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                       COPYRIGHT CAREY SUBLETTE
       This material may be excerpted, quoted, or distributed freely
    provided that attribution to the author (Carey Sublette) and
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    URL of the source.
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NOTE TO THE READER: This document began its life as pure ASCII text in the days when 
the number of homepages on the World Wide Web was in the single digits. It is slowly 
evolving into a true web document with graphics and full html formatting, as time allows. 
Since web browsers are now ubiquitous and standards are fairly well established, I am 
abandoning efforts to maintain a "plain text-ish" version of the NWFAQ. I will post a zip file 
of the full NWFAQ on the web, with all necessary GIFs and JPGs needed to view it, to make 
downloading the full document easier. The sections shown in this index are being completed 
and posted as time allows.

Section 0. INTRODUCTION
Nuclear weapons are the most destructive technology ever developed. From the day fission was 
discovered in 1938, the problem of controlling this technology has been of central importance to the 
human race. The world in which this discovery was made - convulsed by war, paranoia, and totalitarian 
cruelty - made the translation of theoretical possibility into actuality inevitable. The world has been 
fortunate in the extreme that their only role so far has been to close the worst chapter in the history of 
war, instead of opening a new one. 

In the face of their terrible possibilities, the question "What is to be done?" will never leave us. How can 
we prevent their use? How can we keep them from evil men? Can we hope to eliminate them entirely? 
Although these are really questions about human institutions, they cannot be answered without a deep 
understanding of what nuclear weapons are, and aren't. 

The topic is complex and technical: steeped in physics, mathematics, and esoteric engineering. Born in 
war, the subject has been highly classified from the beginning making it even more inaccessible. Yet this 
complexity and secrecy has not prevented their acquisition by any nation with an industrial infrastructure 
advanced enough to build them, and a matching desire. The obstacle to would-be members to the nuclear 
club has not been discovering how they work, but simply obtaining the tools and materials to make them. 

During the Cold War immense empires devoted to the development, manufacture, and potential use of 
these weapons developed in the United States and Soviet Union. Although motivated by the natural desire
for self-protection, much that occurred within these secret enclaves was less than noble. Political 
posturing, personal ambition, profiteering, and plain carelessness all had their role in deciding the 



expenditure of staggering amounts of public funds, the exposure of millions of people to risk and injury, 
and the creation of products and by-products that will burden future generations. Secrecy has been used as
a screen from accountability, a tool for personal advancement, and an insider's weapon against challenges
as often as a genuine means for protecting national security. 

We are faced with many urgent questions of public policy relating to nuclear weapons. What is the 
appropriate inventory and force structure for defense in the post-Cold War world? How much should we 
spend on weapons labs? How do we deal with potential nuclear weapons states such as North Korea, Iraq,
and Iran? Do we need nuclear testing to maintain a safe arsenal? Is a complete test ban feasible? How do 
we clean up the massively contaminated nuclear weapons production sites? What do we do with the 
mountain of weapons materials being retired from the arsenals of the US and former USSR? 

Informed public input into these questions is important in a democracy. Yet the complexity of the topic 
and the deliberate manipulation of information through secrecy laws has left the public, even the 
technically trained public, largely ignorant and misinformed. A firm grasp of the basics, and ready access 
to information is essential to successfully influencing government policy. 

The NWFAQ attempts to make a contribution in this direction. I have tried to assemble a survey of the 
subject that is brief yet accurate. My original project was to use a question and answer format, but the 
complexity and inter-relatedness of the subject matter caused this scheme to quickly break down. Instead 
I am using systematic discussions organized by topic. I have preserved a section in the question-and-
answer format but often it will function more as an index, referring the reader to the appropriate topic 
discussion. 

All of the information in this FAQ is derived from the open literature, I have never had access to any 
classified information relating to nuclear weapons or nuclear technology. I have spent considerable effort 
in researching the basic science and technology relating to nuclear weapons, and have concluded that 
much of the published information on the design and functioning of nuclear weapons is incorrect or 
misleading. I have attempted to verify all published aspects of the design and performance of nuclear 
weapons through independent analysis, a project that continues. 

Errors have undoubtedly crept into this FAQ, corrections are appreciated. If you are seeking to influence 
my judgments on technical matters, I recommend supplying specific references and detailed technical 
argument. See the header at the top of this page for email addresses. 

EXPLANATION OF ORGANIZATION
This has grown into something more than a FAQ. My objectives in developing this have been twofold:

1. to provide a convenient survey of the fundamentals of nuclear weapons, including summaries of 
key information; and 

2. to collect together and interpret information that is difficult to obtain.

Unfortunately these objectives tend to conflict. The first of these tends to encourage brevity and 
simplicity in presentation, the second encourages elaboration and detail. Trying to reconcile these has 
been a problem, and combined with the somewhat haphazard nature of the preparation process, has led to 
a less elegant structure than I would have liked. 

To make things a bit more manageable for the reader, I am providing an overview of the sections of this 
FAQ. 

List of the sections:

Section  1.0     Types of Nuclear Weapons
Section  2.0     Introduction to Nuclear Weapon Physics and Design
Section  3.0     Matter, Energy, and Radiation Hydrodynamics



Section  4.0     Engineering and Design of Nuclear Weapons
Section  5.0     Effects of Nuclear Explosions
Section  6.0     Nuclear Materials
Section  7.0     Nuclear Weapon Nations and Arsenals
Section  8.0     The First Nuclear Weapons
Section  9.0     Hiroshima and Nagasaki
Section 10.0     Chronology For The Origin Of Atomic Weapons
Section 11.0     Questions and Answers
Section 12.0     Useful Tables
Section 13.0     Bibliography
Section 14.0     Nuclear Weapons FAQ Change History

Sections 1, 2, and 4 each cover the nature, design, and functioning of nuclear weapons. To satisfy both 
people who only want a high level overview, and people who want nitty gritty technical details, these 
sections survey essentially the same territory three times, each one in progressively deeper levels of 
detail. 

Section 3 is a primer on the fundamental physics essential for understanding how weapons work at a 
detailed technical level. Section 4 assumes the reader is familiar with the material in Section 3. The reader
may find it convenient to simply to refer to Section 3 for clarification when necessary. People with some 
physics background may find much of Section 3 unnecessary, but hardly anybody not already acquainted 
with nuclear weapons physics will be familiar with all of it. 

Section 5 surveys the destructive properties of nuclear weapons. 

Section 6 describes the special materials used in making nuclear weapons: their properties, how they are 
used, and how they are produced. 

Section 7 discusses the countries that possess nuclear weapons, their arsenals, and arms limitation treaties 
and understandings. 

Section 8 attempts to collect the available information about the earliest nuclear weapons, both fission 
and fusion. Its purpose is mainly to describe their physical features, and the circumstances surrounding 
their use or testing. 

Section 9 discusses the combat use of nuclear weapons: the attacks on Japan in WW II. It focuses 
especially on the effects and consequences of the attacks. 

Section 10 provides a chronology of the significant events leading up to the development and use of the 
atomic bomb. The reader may find it useful as an adjunct when reading actual histories on the subject to 
maintain the chronological framework. 

Section 11 provides me with some justification for calling this rather bulky work a "FAQ". This is where 
true questions and answers reside. Some are questions that I have actually heard (or read) asked. Others 
are simply miscellaneous items of interest to me which I have posed as a question to give me an excuse to
answer them. 

Section 12, Useful Tables, is a collection of useful reference information in table or chart form. 

The Bibliography, Section 13, is intended to be a readers guide to key literature rather than a massive list 
of references I have consulted (which would run into the thousands of articles if I could even list them). It
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1.0 Types of Nuclear Weapons
Nuclear weapons can be grouped into different classes based on the nuclear reactions that provide their 
destructive energy, and on the details of their design. The popular division of nuclear weapons into fission
bombs and fusion bombs is not entirely satisfactory. The spectrum of weapon design is more complex 
than this simple classification implies. All nuclear weapons so far invented require fission to initiate the 
explosive release of energy. Weapons that incorporate fusion fuel can do so in various ways, with 
different intended effects. This section attempts to survey the basic types of bomb designs systematically. 
More detailed discussions of the physics and design principles of each type will be covered in more detail
in later sections. 

• 1.1 Terminology   
• 1.2 U.S. Nuclear Test Names   
• 1.3 Units of Measurement   
• 1.4 Pure Fission Weapons   
• 1.5 Combined Fission/Fusion Weapons   
• 1.6 Cobalt Bombs   

1.1 Terminology

A variety of names are used for weapons that release energy through nuclear reactions - atomic bombs 
(A-bombs), hydrogen bombs (H-bombs), nuclear weapons, fission bombs, fusion bombs, thermonuclear 
weapons (not to mention "physics package" and "device"). A few comments about terminology is 
probably in order. 

The earliest name for such a weapon appears to be "atomic bomb". This has been criticized as a misnomer
since all chemical explosives generate energy from reactions between atoms - that is, between intact 
atoms consisting of both the atomic nucleus and electron shells. Further the fission weapon to which 
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"atomic bomb" is applied is no more "atomic" than fusion weapons are. However the name is firmly 
attached to the pure fission weapon, and well accepted by historians, the public, and by the scientists who 
created the first nuclear weapons. 

Since the distinguishing feature of both fission and fusion weapons is that they release energy from 
transformations of the atomic nucleus, the best general term for all types of these explosive devices is 
"nuclear weapon" (hence the name of this FAQ). 

Fusion weapons are called "hydrogen bombs" (H-bombs) because isotopes of hydrogen are principal 
components of the nuclear reactions involved. In fact, in the earliest fusion bomb designs deuterium 
(hydrogen-2) was the sole fusion fuel. Fusion weapons are called "thermonuclear weapons" because high 
temperatures are required for the fusion reactions to occur. 

1.2 Nuclear Test Names

Before discussing U.S. nuclear tests, the designation system used to identify the tests and each bomb that 
is tested should be clarified. Each test bomb has a code name that identifies it, the actual test has another 
code name. Thus the first atomic bomb was called Gadget, and it was tested in operation Trinity. 

The early test operations were conducted as part of a test series, a large scale operation where many 
scientists, support technicians, military personnel, etc. assemble in order to set off and observe a number 
of devices over several weeks or months. This test series has another code name. For example the second 
and third test explosions of nuclear weapons (which were the fourth and fifth nuclear explosions of 
course) were part of the Crossroads test series. The two tests were designated Able and Baker. Sometimes
the U.S. conducted two sequences of tests for different purposes jointly as a single series. When this 
occurred the name for each sequence was combined to form the name of the entire series (e.g. Tumbler-
Snapper). 

In the early test series, the same test names were reused several times. Thus there was an Able test in the 
Crossroads, Ranger, Buster-Jangle, and Tumbler-Snapper test series. To unambiguously identify each test
the convention is to list the series code name, followed by the test name: Crossroads Able, Ranger Able, 
and so on. After mid-1952 unique test names began to be used, so that this convention was no longer 
strictly necessary. However it is useful to specify the series as well, so I have adopted the general practice
of identifying tests by the series-test combination. 

After 1961 the test series system was dropped as underground testing in Nevada became routine, all of 
which are usually considered part of the Nevada Series. Actually these tests are also still designated as 
being part of specific test series, but now each "series" simply corresponds to a government fiscal year 
(Operation Niblick is FY64, Operation Whetstone is FY65, etc.) and loses any real meaning. There was a 
final series of open air testing in the Pacific (the Pacific Series: Dominic I and Dominic II)in 1962, and a 
few special test programs (Plowshare, Vela Uniform Seismic Detonation). For Nevada Series tests after 
1961, and all U.S. tests after 1963, I often follow the common practice of simply identifying them by their
test names. 

The code names of the actual devices are generally not well known. Many remained classified until 
recently (or still are). Since a bomb can only be tested once, identifying the device by the test in which it 
was detonated is unambiguous. In the open literature the test name has usually been used to designate the 
bomb that was tested, a convention followed here as well. 

British tests follow a similar nomenclature but are not as systematic. Except for the first test (Hurricane), 
each test has both a series and test identifier. Sometimes the test identifier alone is unique, sometimes not.
A variety of test series qualifiers may be attached to the series name (different from the actual test name), 
but the pattern for doing so is unclear. For example the Grapple series included the test Grapple 1/Short 
Granite (with Grapple 1 by itself uniquely identifying the test), but multiple tests all with the series 



designation Grapple Z. As with U.S. tests, both full series and test name designations will be given. 

1.3 Units of Measurement

As a general rule I try to use the metric system throughout this FAQ. Units belonging to the U.S. 
Customary measurement system will crop up periodically since the primary sources of information about 
nuclear weapons in general are from the United States and I have not tried to convert all measurements 
from U.S. sources to metric yet. This presents certain problems when approximate or rounded numbers 
are given - should "50 lb" be rendered "22.7 kg" (falsely implying 3 digit precision) or should it be "25 
kg" (and changing the measurement by 13%)? 

There is also the problem of which "metric" system to use. The metric system was invented in the 
Napoleonic era and an international standards body has existed since 1875. Over the last two centuries 
many metric units had come into use, with many variations by nationality and discipline. In 1960 the SI 
system (Le Systeme International d'Unites) was adopted - a thoroughgoing effort to clean-up and 
regularize the mess that had accumulated. Many of the units that came into use early in the atomic age - 
curies, rems, rads, roentgens, barns, fermis, etc. - were eliminated. These units are outside the SI system, 
but are recognized by the SI standards as anciliary metric units to be discouraged and eventually phased 
out. However the original historical and scientific documents regarding the atomic age, and most writings 
about it since, are completely dominated by these non-SI units. Accordingly I have made no attempt to 
keep to the SI system. 

A continuing source of confusion with nuclear weapons is the meaning of the word "ton". Normally this 
is used as a unit of mass or weight (a distinction I am going to ignore) in either the Metric, British 
Imperial, or U.S. Customary measurement systems (the last two both having two types of tons, short and 
long). In connection with nuclear weapons the term "ton" and its metric extensions (kiloton, megaton, 
etc.) are also used as units of explosive energy output or yield. The confusion is further heightened by the 
non-standard convention sometimes employed in the U.S. or Britain of using the abbreviation MT (or Mt,
or mt) to distinguish metric tons from short tons, while also using MT (or Mt, or mt) to mean "megaton". 

The SI system does not use the ton, but it does recognize a metric unit of 1000 kg called the "tonne" (aka 
the metric ton). In this FAQ I use tonne to mean metric ton. Ton is used either to refer to the 
U.S./Imperial short ton, or for the energy yield of small explosions. Which is which should be apparent 
from context. 

Now the units of explosive energy (megatons, kilotons, or even just tons, depending on yield) are derived 
from attempts to compare the explosive force of a bomb to conventional explosives, the original intention 
was to equate it with tons of trinitrotoluene (TNT) - a workhorse military explosive. This presented 
problems very quickly. To which "tons" does the comparison refer? And the explosive force of TNT is 
not exactly a universal constant. The energy release is affected by such things as charge density, degree of
confinement, temperature, and the reference end state of the explosion products. Energy outputs ranging 
over 980-1100 calories/g are reported. 

To clarify the situation kilotons (megatons, etc.) were redefined to be a metric unit equal to exactly 1012 
calories (4.186x1012 joules). Thus treating kilotons as a metric mass measurement (kilotonnes) of TNT 
gives a value of 1000 c/g, well within the reported range, while treating it as "kilo short tons of TNT" 
gives 1102 c/g, at the extreme upper end of the reported range. Thus a kiloton can be called a "kilo metric
ton of TNT" and a "kilo short ton of TNT" with about equal validity. 

Note that the metric definition of kiloton refers to ALL of the energy immediately released by the device, 
regardless of form. Although chemical explosives release essentially all of their energy as kinetic or blast 
energy, only part of the energy in a nuclear explosion is released in this form (though under most 
conditions, it is the major part). Thus a kiloton nuclear explosion actually has significantly less blast 
effect than a kiloton chemical explosion. 



The proper capitalization of the abbreviations for kiloton and megaton is also non-standard. kt, kt, kT, and
KT can all be found in the literature (the authoritative Effects of Nuclear Weapons avoids the issue by 
never abbreviating these terms). The SI standards guide recognizes the use of a lower case "t" for tonne, 
but no capitalization rule has ever been adopted for the explosive ton. The official SI capitalization rule 
for kilo is "k" and for mega it is "M" (I think it would have been more logical to reserve lower case letters
for metric scale fractional units - deci, centi, milli, etc., while reserving upper case for multiple units - 
deka, kilo, mega, etc., but SI doesn't do this). 

For no particular reason I use the lower case "t" for the explosive yield measurement ton, and I follow the 
SI standard in metric scale abbreviations thus we have kt and Mt for kiloton and megaton. 

1.4 Pure Fission Weapons

These are weapons that only use fission reactions as a source of energy. Fission bombs operate by rapidly 
assembling a subcritical configuration of fissile material (plutonium or enriched uranium) into one that is 
highly supercritical. The original atomic bombs tested in 16 July 1945 (device name: Gadget, test name: 
Trinity) and dropped on Japan in 6 August 1945 (Little Boy, over Hiroshima) and 9 August 1945 (Fat 
Man, over Nagasaki) were pure fission weapons. 

These are the easiest nuclear weapons to design and manufacture, and the capability to do so is a 
prerequisite for developing any of the other weapon types. In addition to the five declared nuclear powers 
(the U.S., the USSR/Russia, Britain, France, and China) which have all acquired and tested these 
weapons, they have also been acquired by Israel, India, South Africa, and Pakistan. India has tested a 
fission bomb, while Israel and South Africa are suspected of having tested one. 

There are practical limits to the size of pure fission bombs. Larger bombs require more fissionable 
material, which: 

1. becomes increasingly difficult to maintain as a subcritical mass before detonation and 
2. makes it harder to assemble into a high efficiency supercritical mass before stray neutrons cause 

predetonation. 

Due to secrecy, and the boosting issue described below, it is somewhat difficult to identify the largest 
pure fission bomb ever tested for certain. It appears to have been the 500 kt Ivy King test by the U.S. (15 
November 1952). The device exploded in this test was the Mk-18 Super Oralloy Bomb ("SOB") designed
by a team led by Ted Taylor. 

1.5 Combined Fission/Fusion Weapons

All nuclear weapons that are not pure fission weapons use fusion reactions to enhance their destructive 
effects. All weapons that use fusion require a fission bomb to provide the energy to initiate the fusion 
reactions. This does not necessarily mean that fusion generates a significant amount of the explosive 
energy, or that explosive force is even the desired effect. 

1.5.1 Boosted Fission Weapons 

The earliest application of fusion to useful weapons was the development of boosted fission weapons. In 
these weapons a few grams of a deuterium/tritium gas mixture are included in the center of the fissile 
core. When the bomb core undergoes enough fission, it becomes hot enough to ignite the D-T fusion 
reaction which proceeds swiftly. This reaction produces an intense burst of high-energy neutrons that 
causes a correspondingly intense burst of fissions in the core. This greatly accelerates the fission rate in 
the core, thus allowing a much higher percentage of the material in the core to fission before it blows 
apart. Typically no more than about 20% of the material in an average size pure fission bomb will split 



before the reaction ends (it can be much lower, the Hiroshima bomb was 1.4% efficient). By accelerating 
the fission process a boosted fission bomb increase the yield 100% (an unboosted 20 kt bomb can thus 
become a 40 kt bomb). The actual amount of energy released by the fusion reaction is negligible, about 
1% of the bomb's yield, making boosted bomb tests difficult to distinguish from pure fission tests 
(detecting traces of tritium is about the only way). 

The first boosted weapon test was Greenhouse Item (45.5 kt, 24 May 1951), an oralloy design exploded 
on island Janet at Enewetak. This experimental device used cryogenic liquid deuterium-tritium instead of 
gas. The boosting approximately doubled the yield over the expected unboosted value. Variants on the 
basic boosting approach that have been tested including the use of deuterium gas only, and the use of 
lithium deuteride/tritide, but it isn't known whether any of these approaches have been used in operational
weapons. 

Due to the marked increase in yield (as well as other reasons - such as reducing the weight of the fission 
system, and eliminating the risk of predetonation) today most fission bombs are boosted, including those 
used as primaries in true fission-fusion weapons. Although boosting can multiply the yield of fission 
bombs, it still has the same fundamental fission bomb design problems for high yield designs. The 
boosting technique is most valuable in small light-weight bombs that would otherwise have low 
efficiency. Tritium is a very expensive material to make, and it decays at a rate of 5.5% per year, but the 
small amounts required for boosting (a few grams) make its use economical. 

1.5.2 Staged Radiation Implosion Weapons 

This class of weapons is also called "Teller-Ulam" weapons, or (depending on type) fission-fusion or 
fission-fusion-fission weapons. These weapons use fusion reactions involving isotopes of light elements 
(e.g. hydrogen and lithium) to remove the yield limits of fission and boosted fission designs, to reduce 
weapon cost by reducing the amount of costly enriched uranium or plutonium required for a given yield, 
and to reduce the weight of the bomb. The fusion reactions occur in a package of fusion fuel ("the 
secondary") that is physically separate from the fission trigger ("the primary"), thus creating a two-stage 
bomb (the fission primary counting as the first stage). X-rays from the primary are used to compress the 
secondary through a process known as radiation implosion. The secondary is then ignited by a fission 
"spark plug" in its center. The energy produced by the fusion second stage can be used to ignite an even 
larger fusion third stage. Multiple staging allows in principle the creation of bombs of virtually unlimited 
size. 

The fusion reactions are used to boost the yield in two ways:

1. By directly releasing a large amount of energy in fusion reactions; 
2. By using high-energy or "fast" neutrons generated by fusion to release energy through fissioning 

of a fissionable jacket around the fusion stage. In the past this jacket was often made of natural or 
depleted uranium, so that energy is produced by fast fission of cheap U-238. Thorium may also be 
used for this purpose, although it is inferior to cheap and abundant depleted uranium. Weapons in 
which there is a premium on weight and size (i.e. virtually all modern strategic weapons) use 
moderately to highly enriched uranium as the jacketing material.

Bombs that release a significant amount of energy directly by fusion, but do not use fusion neutrons to 
fission the fusion stage jacket, are called Fission-Fusion weapons. If they employ the additional step of 
jacket fissioning using fusion neutrons they are called Fission-Fusion-Fission weapons. 

The fast fission of the secondary jacket in a fission-fusion-fission bomb is sometimes thought of, or 
referred to, as a "third stage" in the bomb, and it is in a sense. But care must be taken not to confuse this 
with the true three-stage thermonuclear design in which there is another complete tertiary fusion stage. 

Bombs that are billed as "clean" bombs (a relative term) obtain a large majority of their total yield from 
fusion. The last and largest stage of these bombs is always a pure fusion stage (not counting the spark 
plug), substituting a non-fissionable material for the jacket. The fusion-fraction of these designs as 



demonstrated in tests has been as high as 97% (this was the Tsar Bomba, see below). 

Fission-fusion-fission bomb are dirty, but they have superior "bang for the buck" and "pow per pound". 
They generate a large amount of fission fallout since fission accounts for most of their yield. The 5 Mt 
Redwing Tewa test (20 July 1956 GMT, Bikini Atoll) had a fission fraction of 85%. If the emphasis is on 
cheapness depleted or natural uranium is usually used for the jacket. If the emphasis is on yield per 
weight (like nearly all modern strategic weapons) enriched uranium is used. 

The staging concept allows the use as fuel pure deuterium, or varying mixtures of lithium 6 and 7 in the 
form of a compound with deuterium (lithium 6/7 deuteride). These natural stable isotopes are vastly 
cheaper than the artificially made and radioactive tritium. 

The staged radiation implosion concept was originally conceived by Stanislaw Ulam and then developed 
further in a collaboration between Ulam and Edward Teller in early 1950. The first test of a staged 
thermonuclear device was Ivy Mike on 31 October 1952 (GMT) on Elugelab/Flora island at Enewetak 
Atoll. This experimental device, called Sausage, used pure deuterium fuel (probably the only time this 
was ever done) and a natural uranium jacket. It was designed by the Panda Committee led by J. Carson 
Mark at Los Alamos. Mike a yield of 10.4 Mt, 77% of which was fission. 

The Teller-Ulam concept was later rediscovered by the other four nuclear weapon states, all of which 
have tested and deployed these weapons. No other nation is known to have deployed these designs, 
although the undeclared nuclear powers of Israel and India almost certainly have done development work 
on them. 

Three stage designs have been tested and deployed to produce very high yield weapons. The first three 
stage U.S. test, and probably the first three stage weapon test ever, was the Bassoon device detonated in 
the Redwing Zuni test (27 May 1956 GMT, Bikini Atoll, 3.5 Mt). The largest nuclear explosion ever set 
off (50 Mt) was the Tsar Bomba (King of Bombs), a Soviet three stage fission-fusion-fission design. It 
was exploded on 30 October 1961 over Novaya Zemlya at an altitude of 4000 m. 

By jacketing the third stage with non-fissionable material, three stage devices can produce high yield 
clean weapons. Both Zuni and Tsar Bomba were in fact very clean devices - Zuni was 85% fusion and 
Tsar Bomba was 97% fusion. Both designs permitted replacing the lead or tungsten third stage jacket with
U-238 however. A version of Bassoon called Bassoon Prime was tested in the dirty Tewa test mentioned 
above. A dirty device derived from the Bassoon was weaponized to create the highest yield weapon the 
U.S. ever fielded, the 25 megaton Mk-41. The Tsar Bomba design was for a fission-fusion-fission bomb 
with a staggering yield of at least 100 megatons! 

A possible variation on the staged radiation implosion design is one in which a second fission stage is 
imploded instead of a thermonuclear one. This was actually the initial concept developed by Stanislaw 
Ulam before he realized its possible application to thermnuclear weapons. The advantage of this approach
is that radiation implosion speeds are hundreds of times higher, and maximum densities tens of times 
greater, than those achievable through high explosives. This allows achieving higher yields than is 
practical with high explosive driven fission weapons, and the use of lower grades of fissile material. If 
some fusion fuel is included in this second fission stage to boost yield, a sort of hybrid two-stage boosted 
weapon design results that blurs the distinction between two-stage fission and classic Teller-Ulam 
thermonuclear weapons. The TX-15 "Zombie" developed by the U.S. was originally planned to be a two 
stage pure fission device, but later evolved into this sort of hybrid boosted system. The Zombie was tested
in the Castle Nectar shot (13 May 1954 GMT; Bikini Atoll; 1.69 Mt), and was fielded as the Mk-15. 

1.5.3 The Alarm Clock/Sloika (Layer Cake) Design 

This idea predates the invention of staged radiation implosion designs, and was apparently invented 
independently at least three times. It was first devised by Edward Teller in the United States, who named 
the design "Alarm Clock". Later Andrei Sakharov and Vitalii Ginzburg in the Soviet Union hit upon it 
and dubbed it the "sloika" design. A sloika is a layered Russian pastry, rather like a napoleon, and has 



thus been translated as "Layer Cake". Finally it was developed by the British (inventor unknown). Each 
of these weapons research programs hit upon this idea before ultimately arriving at the more difficult, but 
more powerful and efficient, staged thermonuclear approach. 

This system was dubbed "Layer Cake" by the Soviets because it uses a spherical assembly of concentric 
shells. In the center is a fission primary made of U-235/Pu-239, surrounding it is an (optional) layer of U-
238 for the fission tamper, then a layer of lithium-6 deuteride/tritide, a U-238 fusion tamper, and finally 
the high explosive implosion system. The process begins like an ordinary implosion bomb. After the 
primary in the center completes its reaction, the energy it releases compresses and heats the fusion layer 
to thermonuclear temperatures. The burst of fission neutrons then initiates a coupled fission-fusion-fission
chain reaction. Slower fission neutrons generate tritium from the lithium, which then fuses with 
deuterium to produce very fast neutrons, that in turn cause fast fission in the fusion tamper, which breed 
more tritium. In effect the fusion fuel acted as a neutron accelerator allowing a fission chain reaction to 
occur with a large normally non-fissionable U-238 mass. While spiking the fusion layer with an initial 
dose of tritium is not strictly necessary for this approach, it helps boost the yield. 

The achievable fusion fraction is fairly small, 15-20%, and cannot be increased beyond this point. Its use 
of fusion fuel is also quite inefficient. This design is also limited to the same yield and yield-to-weight 
range as high yield pure fission and boosted fission weapons. This was developed into a deliverable 
weapon by the Soviet Union and the British prior to their development of the staged designs described 
above. The U.S. did not bother to pursue it, partly because Teller did not feel it was sufficiently 
destructive to be worthwhile. 

The first test of this concept was a device designated RDS-6s, (known as Joe 4 to the U.S.) on 12 August 
1953. By using tritium doping it achieved a 10-fold boost over the size of the trigger, for a total yield of 
400 kt. The UK Orange Herald Small device tested in Grapple 2 (31 May 1957) was similar but used a 
much larger fission trigger (300 kt range) apparently without tritium for a total yield of 720 kt, a boost in 
the order of 2.5-fold. This is probably the largest test of this design. 

Although apparently not used in any weapons now in service in the five declared weapons states, it 
remains a viable design that could be attractive to other states that do not have the resources to develop 
the technically more demanding radiation implosion design. Information supplied by Mordechai Vanunu 
indicates that Israel may have developed a weapon of this type. 

This design should probably be considered distinct from other classes of nuclear weapons. This design is 
something of a hybrid and could be considered either a type of boosted fission device, or a one-stage type 
of fission-fusion-fission bomb. 

1.5.4 Neutron Bombs 

Neutron bombs, more formally referred to as "enhanced radiation (ER) warheads", are small 
thermonuclear weapons in which the burst of neutrons generated by the fusion reaction is intentionally 
not absorbed inside the weapon, but allowed to escape. This intense burst of high-energy neutrons is the 
principle destructive mechanism. Neutrons are more penetrating than other types of radiation so many 
shielding materials that work well against gamma rays do not work nearly as well. The term "enhanced 
radiation" refers only to the burst of ionizing radiation released at the moment of detonation, not to any 
enhancement of residual radiation in fallout. 

The U.S. has developed neutron bombs for use as strategic anti-missile weapons, and as tactical weapons 
intended for use against armored forces. As an anti-missile weapon ER weapons were developed to 
protect U.S. ICBM silos from incoming Soviet warheads by damaging the nuclear components of the 
incoming warhead with the intense neutron flux. Tactical neutron bombs are primarily intended to kill 
soldiers who are protected by armor. Armored vehicles are extremely resistant to blast and heat produced 
by nuclear weapons, so the effective range of a nuclear weapon against tanks is determined by the lethal 
range of the radiation, although this is also reduced by the armor. By emitting large amounts of lethal 
radiation of the most penetrating kind, ER warheads maximize the lethal range of a given yield of nuclear 



warhead against armored targets. 

One problem with using radiation as a tactical anti-personnel weapon is that to bring about rapid 
incapacitation of the target, a radiation dose that is many times the lethal level must be administered. A 
radiation dose of 600 rads is normally considered lethal (it will kill at least half of those who are exposed 
to it), but no effect is noticeable for several hours. Neutron bombs were intended to deliver a dose of 8000
rads to produce immediate and permanent incapacitation. A 1 kt ER warhead can do this to a T-72 tank 
crew at a range of 690 m, compared to 360 m for a pure fission bomb. For a "mere" 600 rad dose the 
distances are 1100 m and 700 m respectively, and for unprotected soldiers 600 rad exposures occur at 
1350 m and 900 m. The lethal range for tactical neutron bombs exceeds the lethal range for blast and heat 
even for unprotected troops. 

The neutron flux can induce significant amounts of short lived secondary radioactivity in the environment
in the high flux region near the burst point. The alloy steels used in armor can develop radioactivity that is
dangerous for 24-48 hours. If a tank exposed to a 1 kt neutron bomb at 690 m (the effective range for 
immediate crew incapacitation) is immediately occupied by a new crew, they will receive a lethal dose of 
radiation within 24 hours. 

Newer armor designs afford more protection than the Soviet T-72 against with ER warheads were initially
targeted. Special neutron absorbing armor techniques have also been developed and deployed, such as 
armors containing boronated plastics and the use of vehicle fuel as a shield. Some newer types of armor, 
like that of the M-1 tank, employ depleted uranium which can offset these improvements since it 
undergoes fast fission, generating additional neutrons and becoming radioactive. 

Due to the rapid attenuation of neutron energy by the atmosphere (it drops by a factor of 10 every 500 m 
in addition to the effects of spreading) ER weapons are only effective at short ranges, and thus are found 
in relatively low yields. ER warheads are also designed to minimize the amount of fission energy and 
blast effect produced relative to the neutron yield. The principal reason for this was to allow their use 
close to friendly forces. The common perception of the neutron bomb as a "landlord bomb" that would 
kill people but leave buildings undamaged is greatly overstated. At the intended effective combat range 
(690 m) the blast from a 1 kt neutron bomb will destroy or damage to the point of unusability almost any 
civilian building. Thus the use of neutron bombs to stop an enemy attack, which requires exploding large 
numbers of them to blanket the enemy forces, would also destroy all buildings in the area. 

Neutron bombs (the tactical versions at least) differ from other thermonuclear weapons in that a 
deuterium-tritium gas mixture is the only fusion fuel. The reasons are two-fold: the D-T thermonuclear 
reaction releases 80% of its energy as neutron kinetic energy, and it is also the easiest of all fusion 
reactions to ignite. This means that only 20% of the fusion energy is available for blast and thermal 
radiaiton production, that the neutron flux produced consists of extremely penetrating 14.7 Mev neutrons, 
and that a very small fission explosion (250-400 tons) can be used for igniting the reaction. The more 
typical lithium deuteride fuel would produce much more blast and flash for each unit of neutron flux, and 
would require a much larger fission explosion to set it off. The disadvantage of using D-T fuel is that 
tritium is very expensive, and decays at a rate of 5.5% a year. Combined with its increased complexity 
this makes ER warheads more expensive to build and maintain than other tactical nuclear weapons. To 
produce a 1 kt fusion yield 12.5 g of tritium and 5 g of deuterium are required. 

The U.S. developed and produced three neutron warheads, a fourth was cancelled prior to production. All 
have been retired and dismantled.

• The W66 warhead for the Sprint missile was the first ER warhead to be developed. It was 
manufactured during 1974-75, and was retired in Aug. 1975 after only a few months of service 
when the Sprint system was deactivated (about 70 were made). It had a yield of several kilotons 
(20 kt has been reported) and may or may not have used D-T fuel. 

• The W70 Mod 3 warhead for the Lance missile had a total yield about 1 kt which was 60% fusion 
and 40% fission. It was manufactured during 1981-83, and was retired by 1992; 380 were built. 

• The W79 Mod 0 warhead for the 8 inch artillery shell had a variable yield from 100 T to 1.1 kt. At



the lowest yield it was a pure fission weapon, at the highest yield 800 T was from fusion (73%) 
and 300 T from fission. It was manufactured during 1981-1986; this version began retirement in 
the mid-80s, all were retired by 1992; 325 were built. 

• The W82 Mod 0 155 mm artillery shell, with variable yields similar tot he W79, was canceled in 
Oct 1983 without going in to production. 

The Soviet Union, China, and France are all known to have developed neutron bomb designs and may 
have them in service. A number of reports have claimed that Israel has developed neutron bombs which, 
though they could be valuable on an armor battleground like the Golan Heights, are difficult to develop 
and require sigificant testing. This makes it unlikely that Israel has in fact acquired them. 

1.6 Cobalt Bombs and other Salted Bombs

A "salted" nuclear weapon is reminiscent of fission-fusion-fission weapons, but instead of a fissionable 
jacket around the secondary stage fusion fuel, a non-fissionable blanket of a specially chosen salting 
isotope is used (cobalt-59 in the case of the cobalt bomb). This blanket captures the escaping fusion 
neutrons to breed a radioactive isotope that maximizes the fallout hazard from the weapon rather than 
generating additional explosive force (and dangerous fission fallout) from fast fission of U-238. 

Variable fallout effects can be obtained by using different salting isotopes. Gold has been proposed for 
short-term fallout (days), tantalum and zinc for fallout of intermediate duration (months), and cobalt for 
long term contamination (years). To be useful for salting, the parent isotopes must be abundant in the 
natural element, and the neutron-bred radioactive product must be a strong emitter of penetrating gamma 
rays. 

Table 1.6-1 Candidate Salting Agents

Parent        Natural   Radioactive  Half-Life 
Isotope      Abundance    Product

Cobalt-59     100%        Co-60      5.26 years
Gold-197      100%        Au-198     2.697 days
Tantalum-181   99.99%     Ta-182     115 days
Zinc-64        48.89%     Zn-65      244 days

The idea of the cobalt bomb originated with Leo Szilard who publicized it in Feb. 1950, not as a serious 
proposal for weapon, but to point out that it would soon be possible in principle to build a weapon that 
could kill everybody on earth (see Doomsday Device in Questions and Answers). To design such a 
theoretical weapon a radioactive isotope is needed that can be dispersed world wide before it decays. 
Such dispersal takes many months to a few years so the half-life of Co-60 is ideal. 

The Co-60 fallout hazard is greater than the fission products from a U-238 blanket because 

1. many fission-produced isotopes have half-lives that are very short, and thus decay before the 
fallout settles or can be protected against by short-term sheltering; 

2. many fission-produced isotopes have very long half-lives and thus do not produce very intense 
radiation; 

3. the fission products are not radioactive at all.

The half-life of Co-60 on the other hand is long enough to settle out before significant decay has 
occurred, and to make it impractical to wait out in shelters, yet is short enough that intense 
radiation is produced. 

Initially gamma radiation fission products from an equivalent size fission-fusion-fission bomb are 
much more intense than Co-60: 15,000 times more intense at 1 hour; 35 times more intense at 1 



week; 5 times more intense at 1 month; and about equal at 6 months. Thereafter fission drops off 
rapidly so that Co-60 fallout is 8 times more intense than fission at 1 year and 150 times more 
intense at 5 years. The very long lived isotopes produced by fission would overtake the again Co-
60 after about 75 years. 

Zinc has been proposed as an alternate candidate for the "doomsday role". The advantage of Zn-64
is that its faster decay leads to greater initial intensity. Disadvantages are that since it makes up 
only half of natural zinc, it must either be isotopically enriched or the yield will be cut in half; that 
it is a weaker gamma emitter than Co-60, putting out only one-fourth as many gammas for the 
same molar quantity; and that substantially amounts will decay during the world-wide dispersal 
process. Assuming pure Zn-64 is used, the radiation intensity of Zn-65 would initially be twice as 
much as Co-60. This would decline to being equal in 8 months, in 5 years Co-60 would be 110 
times as intense. 

Militarily useful radiological weapons would use local (as opposed to world-wide) contamination, 
and high initial intensities for rapid effects. Prolonged contamination is also undesirable. In this 
light Zn-64 is possibly better suited to military applications than cobalt, but probably inferior to 
tantalum or gold. As noted above ordinary "dirty" fusion-fission bombs have very high initial 
radiation intensities and must also be considered radiological weapons. 

No cobalt or other salted bomb has ever been atmospherically tested, and as far as is publicly 
known none have ever been built. In light of the ready availability of fission-fusion-fission bombs,
it is unlikely any special-purpose fallout contamination weapon will ever be developed. 

The British did test a bomb that incorporated cobalt as an experimental radiochemical tracer 
(Antler/Round 1, 14 September 1957). This 1 kt device was exploded at the Tadje site, Maralinga 
range, Australia. The experiment was regarded as a failure and not repeated. 
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2.0 Introduction to Nuclear Weapon Physics and Design
Discussions of physical principle, particularly nuclear physics, is unavoidable in most of the sections of 
this FAQ. In this section I set forth the basic principles behind all nuclear weapons, although some 
familiarity with physics is assumed. Section 4 deals with the design and engineering of nuclear weapons 
in more detail, and the physics discussions there can be considered a continuation of Section 2. 

• 2.1 Fission Weapon Physics   
• 2.1.1 The Nature Of The Fission Process   
• 2.1.2 Criticality   
• 2.1.3 Time Scale of the Fission Reaction   
• 2.1.4 Basic Principles of Fission Weapon Design   
• 2.2 Fusion Weapon Physics   
• 2.2.1 Candidate Fusion Reactions   
• 2.2.2 Basic Principles of Fusion Weapon Design   

2.1 Fission Weapon Physics

Nuclear fission occurs when the nuclei of certain isotopes of very heavy elements, isotopes of uranium 
and plutonium for example, capture neutrons. The nuclei of these isotopes are just barely stable and the 
addition of a small amount of energy to one by an outside neutron will cause it to promptly split into two 
roughly equal pieces, with the release of a great deal of energy (180 MeV of immediately available 
energy) and several new neutrons (an average of 2.52 for U-235, and 2.95 for Pu-239). If on average one 
neutron from each fission is captured and successfully produces fission then a self-sustaining chain 
reaction is produced. If on average *more* than one neutron from each fission triggers another fission, 
then the number of neutrons and the rate of energy production will increase exponentially with time. 

Two conditions must be met before fission can be used to create powerful explosions: 1) the number of 
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neutrons lost to fission (from non-fission producing neutron captures, or escape from the fissionable 
mass) must be kept low, and 2) the speed with which the chain reaction proceeds must be very fast. A 
fission bomb is in a race with itself: to successfully fission most of the material in the bomb before it 
blows itself apart. The degree to which a bomb design succeeds in this race determines its efficiency. A 
poorly designed or malfunctioning bomb may "fizzle" and release only a tiny fraction of its potential 
energy. 

2.1.1 The Nature Of The Fission Process

The nucleus of an atom can interact with a neutron that travels nearby in two basic ways. It can scatter the
neutron - deflecting the neutron in a different direction while robbing it of some of its kinetic energy. Or 
it can capture the neutron, which in turn can affect the nucleus in several ways - absorption and fission 
being most important here. The probability that a particular nucleus will scatter or capture a neutron is 
measured by its scattering cross-section and capture cross-section respectively. The overall capture cross-
section can be subdivided into other cross-sections - the absorption cross-section and the fission cross-
section. 

The stability of an atomic nucleus is determined by its binding energy - the amount of energy required to 
disrupt it. Any time a neutron or proton is captured by an atomic nucleus, the nucleus rearranges its 
structure. If energy is released by the rearrangement, the binding energy decreases. If energy is absorbed, 
the binding energy increases. 

The isotopes important for the large scale release of energy through fission are uranium-235 (U-235), 
plutonium-239 (Pu-239), and uranium-233 (U-233). The binding energy of these three isotopes is so low 
that when a neutron is captured, the energy released by rearrangement exceeds it. The nucleus is then no 
longer stable and must either shed the excess energy, or split into two pieces. Since fission occurs 
regardless of the neutron's kinetic energy (i.e. no extra energy from its motion is needed to disrupt the 
nucleus), this is called "slow fission". 

By contrast, when the abundant isotope uranium-238 captures a neutron it still has a binding energy 
deficit of 1 MeV after internal rearrangement. If it captures a neutron with a kinetic energy exceeding 1 
MeV, then this energy plus the energy released by rearrangement can over come the binding energy and 
cause fission. Since a fast neutron with a large kinetic energy is required, this is called "fast fission". 

The slow fissionable isotopes have high neutron fission cross-sections for neutrons of all energies, while 
having low cross-sections for absorption. Fast fissionable isotopes have zero fission cross-sections below 
a certain threshold (1 MeV for U-238), but the cross-sections climb quickly above the threshold. 
Generally though, slow-fissionable isotopes are more fissionable than fast-fissionable isotopes for 
neutrons of all energies. 

A general trend among the elements is that the ratio of neutrons to protons in an atomic nucleus increases 
with the element's atomic number (the number of protons the nucleus contains, which determines which 
element it is). Heavier elements require relatively more neutrons to stabilize the nucleus. When the 
nucleus of a heavy element like uranium (atomic number 92) is split the fragments, having lower atomic 
numbers, will tend to have excess neutrons. These neutrons are shed very rapidly by the excited 
fragments. More neutrons are produced on average than are consumed in fission. 

Fission is a statistical process. The nucleus rarely splits into pieces with nearly the same mass and atomic 
number. Instead both the size and atomic numbers of the fragments have a Gaussian distributions around 
two means (one for the lighter fragment around 95, one for the heavier around 135). Similarly, the 
number of neutrons produced varies from zero to six or more, and their kinetic energy varies from 0.5 
MeV to more than 4 MeV, the most probable energy is 0.75 MeV, the average (and median) is 2 MeV. 

A breakdown of the energy released by fission is given below: 



                                          MeV
Kinetic energy of fission fragments  165 +/- 5
Instantaneous gamma rays               7 +/- 1
Kinetic energy of neutrons             5 +/- 0.5
Beta particles from product decay      7 +/- 1
Gamma rays from product decay          6 +/- 1
Neutrinos from product decay          10
TOTAL                                200 +/- 6

All of the kinetic energy is released to the environment instantly, as are most of the instantaneous gamma 
rays. The unstable fission products release their decay energies at varying rates, some almost 
immediately. The net result is that about 180 MeV is actually available to generate nuclear explosions, the
remainder of the decay energy shows up over time as fallout (or is carried away by the virtually 
undetectable neutrinos). 

2.1.2 Criticality

A neutron entering a pure chunk of one of the slow-fissionable isotopes would have a high probability of 
causing fission compared with the chance of unproductive absorption. If the chunk is large and compact 
enough, then the rate of neutron escape from its surface will be so low that it becomes a "critical mass", a 
mass in which a self-sustaining chain reaction occurs. Non-fissionable materials mixed with these 
isotopes tend to absorb some of the neutrons uselessly, and increase the required size of the critical mass 
or may even make it impossible to achieve altogether. 

Typical figures for critical masses for bare (unreflected) spheres of fissionable materials are: 

U-233                16 kg
U-235                52 kg
Pu-239 (alpha phase) 10 kg

2.1.3 Time Scale of the Fission Reaction

The amount of time taken by each link in the chain reaction is determined by the speed of the neutrons 
and the distance they travel before being captured. The average distance is called the mean free path. In 
fissile materials at maximum normal densities the mean free path for fission is roughly 13 cm for 1 MeV 
neutrons (a typical energy for fission neutrons). These neutrons travel at 1.4x10^9 cm/sec, yielding an 
average time between fission generations of about 10^-8 sec (10 nanoseconds), a unit of time sometimes 
called a "shake". The mean free path for scattering is only 2.5 cm, so on average a neutron will be 
scattered 5 times before causing fission. 

Actual 1 MeV mean free path values are:
         Density   M.F.P. (cm)
U-233      18.9     10.9
U-235      18.9     16.5
Pu-239     19.4     12.7

This shows that fission proceeds faster in some isotopes than others. 

The rate of multiplication can be calculated from the multiplication coefficient k given by: 

     k = f - (lc + le)

where f =  avg. neutrons generated per fission



      lc = avg. neutrons lost to capture
      le = avg. neutrons lost by escaping assembly

When k = 1 an assembly is exactly critical and a chain reaction will be self supporting, although it will 
not increase in rate. When k 1 then it is super-critical and the reaction will continually increase. To make 
an efficient bomb k must be as high as possible, usually somewhere near 2, when the chain reaction starts.

Many discussions of fission describe the chain reaction as proceeding by discrete generations. Generation 
zero has 1 neutron, generation one has 2 neutrons, generation two has 4 neutrons, etc. until, say, 2x10^24 
atoms have been split - which produces 20 kilotons of energy. The formula for this is: 

Number of atoms split = 2^(n-1), where n is the generation number. 

Thus 2x10^24 = 2^(n-1) implies n = (log2 (2x10^24)) + 1 = 81.7 generations. That is, it takes about 82 
generations to complete the fission process for a 20 kt bomb, if the reaction starts from one neutron. 

This calculation is a useful simplification, but the fission process does not really proceed by separate 
steps, each completing before the next begins. It is really a continuous process, the current oldest 
generation of neutrons starts creating the next generation even while it is still being formed by neutrons 
from still older generations. An accurate calculation thus requires the use of formulas derived from 
calculus. 

We find that both the number of neutrons present in the assembly (and thus the instantaneous rate of the 
fission reaction), and the number of fissions that have occurred since the reaction began, increase at a rate
proportional to e^((k-1)*(t/g)), where e is the natural log base (2.712...), g is the average generation time 
(time from neutron emission to fission capture), and t is the elapsed time. 

If k=2, then a single neutron will multiply to 2x10^24 neutrons (and splitting the same number of atoms) 
in roughly 56 shakes (560 nanoseconds), yielding 20 kilotons of energy. This is one-third less time than 
the previous approximate calculation. Due to the exponential rate of increase, at any point in the chain 
reaction 99% of the energy will have been released in the last 4.6 generations. It is a reasonable 
approximation to think of the first 53 generations as a latency period leading up to the actual explosion, 
which only takes 3-4 generations. 

The extremely rapid buildup in the fission rate as the reaction proceeds has some important consequences 
that should be pointed out. The longer a neutron takes to cause fission, the less significant it is in 
contributing to the chain reaction. This is because it becomes quickly outnumbered by the descendants of 
neutrons that undergo fission capture sooner. Thus faster, more energetic, neutrons contribute 
disproportionately compared to slower neutrons. This is called "time absorption" since it has the same 
effect as a neutron absorber with a cross-section inversely proportional to velocity. Similarly, if a neutron 
leaves the critical mass and is scattered back in, then its contribution is also considerably reduced. 

2.1.4 Basic Principles of Fission Weapon Design

The principle issues that must solved to construct a fission weapon are: 

1. Keeping the fissionable material in a subcritical state before detonation; 
2. Bringing the fissionable material into a supercritical mass while keeping it free of neutrons; 
3. Introducing neutrons into the critical mass when it is at the optimum configuration (i.e. at 

maximum supercriticality); 

Keeping the mass together until a substantial portion of the material has fissioned. 

Solving issues 1, 2 and 3 together is greatly complicated by the unavoidable presence of naturally 
occurring neutrons. Although cosmic rays generate neutrons at a low rate, almost all of these 



"background" neutrons originate from the fissionable material itself through the process of spontaneous 
fission. Due to the low stability of the nuclei of fissionable elements, these nuclei will occasionally split 
without being hit by a neutron. This means that the fissionable material itself periodically emits neutrons. 

The process of assembling the supercritical mass must occur in significantly less time than the average 
interval between spontaneous fissions to have a reasonable chance of succeeding. This problem is 
difficult to accomplish due to the very large change in reactivity required in going from a subcritical state 
to a supercritical one. The time required to raise the value of k from 1 to the maximum value of 2 or so is 
called the reactivity insertion time, or simply insertion time. 

It is further complicated by the problem of subcritical neutron multiplication. If a subcritical mass has a k 
value of 0.9, then a neutron present in the mass will (on average) create a chain reaction that dies out in an
average of 10 generations. If the mass is very close to critical, say k=0.99, then each spontaneous fission 
neutron will create a chain that lasts 100 generations. This persistence of neutrons in subcritical masses 
further reduces the time window for assembly, and requires that the reactivity of the mass be increased 
from a value of less than 0.9 to a value of 2 or so within that window. 

Simply splitting a supercritical mass into two identical parts, and bringing the parts together rapidly is 
unlikely to succeed since neither part will have a sufficiently low k value, nor will the insertion time be 
rapid enough with achievable assembly speeds. 

2.1.4.1 Assembly Techniques - Achieving Supercriticality 

The key to achieving objectives 1 and 2 is revealed by the fact that the critical mass (or supercritical 
mass) of a fissionable material is inversely proportional to the square of its density. By contriving a 
subcritical arrangement of fissionable material whose average density can be rapidly increased, we can 
bring about the sudden large increase in reactivity needed to create a powerful explosion. As a general 
guide, a suitable highly supercritical mass needs to be at least three times heavier than a mass of equal 
density and shape that is merely critical. Thus doubling the density of a pit that is slightly sub-critical 
(thereby making it into nearly four critical masses) provides sufficient reactivity insertion for a bomb. 

Two general approaches have been used for achieving this idea: implosion assembly, and gun assembly. 
Implosion is capable of very short insertion times, gun assembly is much slower. 

2.1.4.1.1 Implosion Assembly 

The key idea in implosion assembly is to compress a subcritical spherical, or sometimes cylindrical, 
fissionable mass by using specially designed high explosives. Implosion works by initiating the 
detonation of the explosives on their outer surface, so that the detonation wave moves inward. Careful 
design allows the creation of a smooth, symmetrical implosion shock wave. This shock wave is 
transmitted to the fissionable core and compresses it, raising the density to the point of supercriticality. 

Implosion can be used to compress either solid cores of fissionable material, or hollow cores in which the 
fissionable material forms a shell. It is easy to see how implosion can increase the density of a hollow 
core - it simply collapses the cavity. Solid metals can be compressed substantially by powerful shock 
waves also though. A high performance explosive can generate shock wave pressures of 400 kilobars 
(four hundred thousand atmospheres), implosion convergence and other concentration techniques can 
boost this to several megabars. This pressure can squeeze atom closer together and boost density to twice 
normal or even more (the theoretical limit for a shock wave in an ideal monatomic gas is a four-fold 
compression, the practical limit is always lower). 

The convergent shock wave of an implosion can compress solid uranium or plutonium by a factor of 2 to 
3. The compression occurs very rapidly, typically providing insertion times in the range to 1 to 4 
microseconds. The period of maximum compression lasts less than a microsecond. 

A two-fold compression will boost a slightly sub-critical solid mass to nearly four critical masses. Such a 



solid core design was used for Gadget, the first nuclear explosive ever tested, and Fat Man, the atomic 
bomb dropped on Nagasaki. In practice hollow core designs also achieve greater than normal densities 
(i.e. they don't rely on collapsing a hollow core alone). 

In addition to its major objective of achieving supercriticality, compression has another important effect. 
The increased density reduces the neutron mean free path, which is inversely proportional to density. This
reduces the time period for each generation and allows a faster reaction that can progress farther before 
disassembly occurs. Implosion thus considerably increases a bomb's efficiency. 

The primary advantages of implosion are: 

a. high insertion speed - this allows materials with high spontaneous fission rates (i.e. 
plutonium) to be used;

b. high density achieved, leading to a very efficient bomb, and allows bombs to be made with 
relatively small amounts of material;

c. potential for light weight designs - in the best designs only several kilograms of explosive 
are needed to compress the core. 

The principal drawback is its complexity and the precision required to make it work. Implosion designs 
take extensive research and testing, and require high precision machining and electronics. 

2.1.4.1.2 Gun Assembly 

Assembling a critical mass by firing one piece of fissionable material at another is an obvious idea and 
was the first approach developed for designing atomic bombs. But it is probably not obvious how you 
take two subcritical masses and obtain the equivalent of three critical masses by bringing them together. 

This can be made clear by conducting a thought-experiment. Imagine a spherical pit made up of about 
three critical masses of fissionable material. Now remove a core (like an apple core) from the pit with a 
mass slightly less than critical. Since the center of the pit is now hollow, its effective density has been 
reduced to 2/3 of the original density. Since we now have two critical masses remaining in the pit, and the
reduction in density leads to a further reduction of (2/3)^2 = 4/9, the pit now contains only 2*(4/9) = 8/9 
of a critical mass. 

The two sub-critical pieces can be brought together by firing the cylindrical core down a gun barrel into 
the center of the hollowed-out pit. The insertion time is large - over 1 millisecond. This is the design used 
in Little Boy, the bomb dropped on Hiroshima (except that a slightly less efficient squat cylinder was 
used, rather than a spherical pit). 

The primary advantage of gun assembly is simplicity. It is as close to a fool-proof design as ordinance 
technology allows. 

The drawbacks are: 

a. the lack of compression, which requires large amounts of fissionable material, and leads to 
low efficiency;

b. only uranium-235 (and possibly U-233) can be used due to the slow insertion speed;

c. the weight and length of the gun barrel makes the weapon heavy and fairly long. 

2.1.4.2 Initiating Fission 

Assembly techniques only address issues 1 and 2, reconfiguring sub-critical masses rapidly into 



supercritical ones. The next problem is to make sure fission does occur when it is desired. 

Since neutrons are generated periodically by spontaneous fission, one approach would be to hold the 
supercritical mass together after it is assembled until spontaneous neutrons start the reaction. This is at 
least possible for gun assembly, but it is unsatisfactory for implosion since the highly compressed pit 
begins expanding soon after the shock wave dies out. Even in a compressed pit the fission reaction takes 
about 250 nanoseconds, roughly the duration of the maximum compression. It is therefore important to 
initiate the chain reaction very soon after maximum compression is achieved, or even slightly before. 

A better method is to have some sort of neutron generator whose operation is precisely synchronized with
the assembly process. Three general mechanisms have been developed for this, all of which use charged 
particle reactions to generate neutrons. 

The first type of generator to be invented relies on the fact that one of the neutrons in beryllium-9 is easily
knocked loose. Occasionally if it is struck by an alpha particle, like those produced by some produced by 
some radioactive isotopes, a neutron will be released as a result of the collision: 

Be-9 + He-4 -> Be-8 + n + He-4

This happens in only 0.008% of collisions, so a strong alpha emitter (like polonium-210) is required to 
achieve the neutron flux needed by an implosion weapon. A neutron generation rate of 10-100 million 
neutrons per second is needed to ensure the prompt initiation of the reaction, thus 100-1000 billion alphas
per second are required (3-30 curies of radioactive material). The generator is located in the center of the 
pit. Clever designs (still classified in the US, though detailed descriptions now exist in the open literature)
are needed to keep the alpha emitter and beryllium separate, but still allow the implosion process to bring 
them together rapidly. This type of generator was used in all of the early atomic weapons. 

The major problem with the beryllium/alpha emitter generators is that the strong emitters used have very 
short half-lifes (138.4 days for Po-210). Maintaining a inventory of weapons thus requires continual 
manufacture and replacement of generators. Also, due to difficulties in precisely controlling the mixing of
the beryllium and polonium it is difficult to control the initiation of the fission reaction accurately. These 
types of generators had a tendency to start the reaction later than optimum. 

A somewhat similar approach is to use the implosion to initiate a neutron generating fusion reactions with
tritium and deuterium (described in Section 2.2 below). It may seem surprising that this can be made to 
work, given the well known fact that fission explosions are required to produce the temperatures that 
fusion reactions normally need. Three considerations overcome this obstacle. First, an exceedingly low 
rate of fusion is actually required. One neutron (and thus one fusion) every 10 nanoseconds is sufficient, a
rate that is only some 10^-24 as fast as an actual fusion explosion would need. Second, implosions focus 
energy and can reach very high temperatures near the center. Theoretically the temperature at the center is
infinitely high, but lack of perfect symmetry reduces this. Even so, a high precision implosion can reach 
temperatures of several hundred thousand degrees C. Third, the velocity of atoms in a gas or plasma is a 
statistical (Maxwellian) distribution. A very small portion of the atoms can greatly exceed the average 
energy. Thus enough atoms in the D-T mixture near the center can reach fusion energies to produce the 
required rate of neutron production. This type of implosion initiator is even more difficult to engineer 
than the Be/Po-210 type since the very high precision implosion is required to achieve the required 
symmetry. The major advantage is that the short half-life Po-210 is not needed. 

A more sophisticated system is to use an electronically controlled particle accelerator called a pulse 
neutron tube. These generators use the deuterium+deuterium or deuterium+tritium fusion reactions to 
produce large amounts of neutrons. A very short surge of high voltage current accelerates a pulse 
deuterium or tritium nuclei to energies sufficient to cause fusion reactions, then slams them into a 
deuterium or tritium rich target. A short pulse containing millions of neutrons is produced. The timing of 
the pulse can be precisely controlled. Because of the large number of neutrons produced, the generator 
can be located anywhere in the weapon with assurance that a sufficient number will reach the pit. This is 
the initiator commonly used in most modern nuclear weapons. 



2.1.4.3 Preventing Disassembly and Increasing Efficiency 

By the time a significant percentage of the atoms have fissioned, their thermal kinetic energy is so high 
that the pit will expand enough to shut down the reaction in only a few of shakes. This severely limits the 
efficiency of fission weapons (percentage of material fissioned). The practical efficiency limit of a typical
pure fission bomb is about 25%, and could be much less. The Fat Man implosion bomb was 17% efficient
(counting only the energy produced by the fissile core, the natural uranium tamper contributed another 
4% through fast fission). Little Boy had an efficiency of only 1.4%. Very large pure fission bombs can 
achieve efficiencies approaching 50% but have been supplanted by thermonuclear weapon technology. 
Anything that will increase the confinement time of the fissionable core or decrease the generation time, 
even slightly, can cause a significant increase in bomb yield. 

As noted above, compressing the fissionable material through implosion makes the largest contribution to
a bomb's efficiency. By doubling the density of the pit the length of a shake is cut in half, thus allowing 
almost twice as many fission generations to occur during the brief period before expansion halts the 
reaction. 

Another approach for increasing efficiency is reducing the rate of expansion through better confinement 
of the critical mass. A layer of dense material called a "tamper" (typically made of natural or depleted 
uranium or tungsten) surrounds the critical mass. A bare hot critical mass does not expand uniformly. The
material in the center of the mass is confined by the pressure of the outer layers of the mass, and thus does
not expand initially. In the absence of a tamper the outer surface of the mass has no external pressure 
holding it in, and thus begins rapid expansion immediately. The material blows off at supersonic speeds, 
and an expansion wave moves inward at the speed of sound. 

A tamper improves confinement for two reasons. First, the expanding material must drive a shock wave 
through the dense tamper rather than expanding into a vacuum. This dramatically reduces the rate of 
expansion. Second, a layer of the tamper next to the mass is heated by the explosion and exerts pressure 
on the surface holding it together. This delays disassembly further since the expansion wave must first 
traverse this hot tamper layer before the fissile material can begin to expand. 

The tamper has an additional benefit, it can also scatter or "reflect" neutrons back into the critical mass 
after they escape from its surface. This means that a smaller amount of fissionable material is necessary to
make the critical mass. The importance of this effect is often overstated in the nuclear weapons literature 
however. Only a portion of the neutrons are scattered back, and since it takes on average several shakes 
for the neutrons that do return to reenter the critical mass, their significance is further reduced through 
"time absorption" (see section 2.1.3). This is offset somewhat by the fact that some neutron multiplication
occurs in natural uranium tampers through fast fission of U-238. 

2.2 Fusion Weapon Physics

Fusion reactions, also called thermonuclear reactions, are reactions between the nuclei of certain isotopes 
of light elements. If the nuclei collide with sufficient energy (provided by heat in a bomb, or by a particle 
accelerator in the laboratory) then there is a significant chance that they will merge to form one or more 
new nuclei with the release of energy. Different nuclei combinations have different inherent likelihoods 
of reacting in a collision at a particular temperature. The rates of all fusion reactions is affected by both 
temperature and density. The hotter and denser the fusion fuel, the faster the fusion "burn". 

The fusion reactions that occur in stars are not the same as the ones that occur in thermonuclear weapons 
or (laboratory fusion reactors). The somewhat complex catalyzed fusion cycle in stars that converts light 
hydrogen (protium) into helium is extremely slow, which is why the lifetime of the Sun is measured in 
billions of years. The fusion reactions used in bombs and prospective powerplant designs are simple, and 
extremely fast - which is essential since the fuel must be fully consumed within microseconds. These 
reactions thus are based on the same general principles as stellar fusion, but are completely different in 
detail. 



2.2.1 Candidate Fusion Reactions

The most important fusion reactions for thermonuclear weapons are given below: 

1. D + T - He-4 + n + 17.588 MeV 
2. D + D - He-3 + n + 3.268 MeV 
3. D + D - T + p + 4.03 MeV 
4. He-3 + D - He-4 + p + 18.34 MeV 
5. Li-6 + n - T + He-4 + 4.78 MeV 
6. Li-7 + n - T + He-4 + n - 2.47 MeV 

[D and T stand for deuteron or deuterium (H-2), and triton or tritium (H-3) respectively.] 

At the temperatures found in fission bombs reaction 1 has a rate 100 times faster than the next fastest 
candidate (reactions 2 and 3 combined), which are in turn 10 times faster than reaction 4. The rates of 
reactions 1 - 4 all increase rapidly (exponentially) with temperature, but not in the same proportion. At the
higher temperatures achievable by fusion, reaction 4 exceeds the combined rate of reactions 2 and 3. 
Other reactions also occur between the isotopes listed here, but the reactions rates are too low to be 
important. 

Some additional important facts about these reactions: 

The neutron produced in reaction 1 is extremely energetic, it carries away 14.06 MeV of the reaction 
energy, the alpha particle (He-4 nucleus) only 3.52 MeV. 

The neutron produced in reaction 2 has an energy of only 2.45 MeV (similar to the faster fission 
neutrons), with the He-3 carrying 0.82 MeV. The division of energy in reaction 3 is 1.01 MeV for the 
triton, and 3.03 MeV for the proton. The two D+D reactions are equally likely and each will occur half 
the time. 

In reaction 4 the alpha particle carries off 3.67 MeV, the proton 14.67 MeV. 

Reactions 5 and 6 are not thermonuclear reactions, strictly speaking. They are neutronic reactions, like 
fission, and do not require heat or pressure, just neutrons in the correct energy range. This distinction is 
usually ignored in the literature about nuclear weapons however. The Li-6 + n reaction requires neutrons 
with energies is the low MeV range or below. The Li-7 + n reaction is only significant when the energies 
are above 4 MeV. 

2.2.2 Basic Principles of Fusion Weapon Design

2.2.2.1 Designs Using the Deuterium+Tritium Reaction 

At ordinary material densities (e.g. liquid hydrogen, compressed hydrogen gas, or hydrogen-rich solids) 
reaction 1, the D+T reaction, is the only reaction that can occur to a significant extent at the temperature 
of an atomic bomb (50-100 million degrees, the temperature at the center of the Sun is only 14 million 
degrees!). This reaction can be used by simply allowing the fission explosion to heat up the fuel to fusion 
temperatures, requiring at most modest compression by the fission reaction itself. The high energy 
neutrons produced by this reaction are thus used to "boost" fission bombs. 

The shortcoming with using the D+T reaction is that tritium is radioactive and decays at a rate of 5.5% 
year. This means that it does not occur in nature and must be manufactured through the use of reaction 5 
in a nuclear reactor. In a weapons program tritium must compete with plutonium production in weapons 
production reactors, and it costs 80 times as much to produce one gram tritium compared with one gram 



of plutonium due its low atomic weight. It would be far too expensive to produce enough to make high 
yield fusion bombs. The decay also means that it must be continually replenished. This reaction, using 
reactor manufactured tritium, has been used in low-yield neutron bombs where large amounts of tritium 
are not necessary 

The production of tritium through reaction 5 can also be carried out in an atomic bomb, using the 
neutrons that escape from the critical assembly. This approach was used in the first hydrogen bomb tested
by the Soviets. A large bomb cannot be manufactured using this method though because there are 
insufficient neutrons produced. On average each fission produces roughly one spare neutron, and releases 
180 MeV of energy. If the spare neutron is captured by Li-6, producing one atom of tritium, which then 
fuses, we get a total energy production of 22.4 MeV. We would expect then that the fusion yield would be
no more than about 10% of that of the fission trigger. If the fusion energy were the only contribution to 
the bomb's yield, then there would be no point in using this technique. The 14.1 MeV neutron from the 
D+T reaction can however cause fission in U-238, which is used in the fission tamper. This extra fission 
reaction doubles the bombs yield. Due to the low fusion yield inherent to the design this could be 
considered a type of fusion-boosted fission weapon. 

2.2.2.2 Designs Using Other Fuels 

It is militarily desirable to use fuels that are cheaper, and more stable than tritium. Deuterium, the sole 
fuel in reactions 2 and 3, is relatively cheap (especially considering its enormous energy content) and is 
completely stable. Pure deuterium has been used in at least one fusion weapon test - Ivy Mike, arguably 
the first true fusion weapon explosion in history (1 November 1952). Unfortunately deuterium, like all 
elemental hydrogen, is difficult to store. It must either be highly compressed, or liquified at extremely low
temperatures. This problem can be overcome by combining the deuterium chemically with lithium to 
form lithium deuteride, a stable solid. An additional benefit is that through reactions 5 and 6, the lithium 
can itself participate in the fusion reaction. 

To make use of these fuels, the slower reaction rates must be offset by compressing them to densities 
hundreds or thousands of times greater than those of normal conditions. At any given temperature the 
reaction rate goes up with the square of the density, a thousand-fold compression gives a million-fold 
reaction rate increase. 

The work required to compress a gas is proportional to its temperature (at these pressures the physical 
strength of materials is negligible, and everything can be considered a gas). To minimize the work 
required for compression, or alternatively to achieve maximum compression for a given amount of work, 
it is important to keep the fusion fuel from getting hot until after the desired density is reached. 

The key to making large fusion bombs is finding a way for using the energy of an atomic bomb trigger to 
compress a mass of deuterium sufficiently for the D-D reactions to become practical, followed by heating 
of the mass to ignition temperatures after the proper density has been achieved. The technique for doing 
this is staged radiation implosion, also called the Teller-Ulam configuration after its original joint 
inventors, Stanislaw Ulam and Edward Teller (also reinvented independently by Andrei Sakharov and his 
associates, and by others in Britain, France, and China). 

The Teller-Ulam configuration makes use of the fact that at the high temperatures of a fission bomb 80% 
or more of the energy exists as soft X-rays, not kinetic energy. The transport of energy by radiation from 
the fission core greatly exceeds the core's expansion rate (a mere 1000 km/sec or so). It is possible then to
use this energy to compress, and ignite a physically separate mass of fusion fuel (the second stage) 
through radiation implosion before the expanding trigger disrupts it. 

The principles of the Teller-Ulam configuration are more easily explained with the help of the diagram 
below. The bomb casing is roughly cylindrical, with the fission trigger at one end. The fusion fuel 
(lithium deuteride in the diagram) is a cylinder or ellipsoid wrapped in a pusher/tamper - a layer of very 
dense material (uranium or tungsten). Running down the axis of the fuel cylinder is a Pu-239 or U-235 
rod, 2-3 cm or so in diameter. Lining the casing is a layer of plastic or plastic foam. Separating the trigger



from the fuel package is a thick plug of dense material (again U or W). 

 

Components of the Teller-Ulam design: 

• External Casing (made of structural material: steel, aluminum, plastic, etc.) 
• Primary (fission trigger) 
• Radiation Shield (high-Z material: uranium or tungsten; this may also contain boron-10 as a 

neutron absorber) 
• Hohlraum or Radiation Case (high-Z material: uranium, lead, or tungsten, etc.) 
• Radiation Channel (gap between the casing and the fusion pusher tamper; basically empty, often 

filled with plastic foam) 
• Fusion Pusher/Tamper (high-Z material: natural/depleted uranium, HEU, tungsten, lead, etc.) 
• Fusion Fuel (usually Li-6 deuteride; also natural lithium deuteride, liquid deuerium, etc.) 
• Spark Plug (fissionable rod of HEU or plutonium) 

When the trigger explodes, the X-rays escaping from the fission trigger fill the radiation channel, the 
space between the bomb casing and the fusion capsule, with a photon gas. This space is filled with plastic 
foam, essentially just carbon and hydrogen, which becomes completely ionized and transparent as the x-
rays penetrate. The inner casing and outer capsule surfaces are heated to very high temperatures. The 
uranium shield between the trigger and the fusion capsule, and capsule pusher/tamper, prevents the fusion
fuel from becoming heated prematurely. 

Thermal equilibrium is established extremely rapidly, so that the temperature and energy density is 
uniform throughout the radiation channel. As the surface of the tamper becomes heated, it expands and 
ablates (blows off the fuel capsule surface). This ablation process, essentially a rocket turned inside out, 
generates tremendous pressure on the fuel capsule and causes an accelerating implosion. Thermal 
equilibrium assures that the implosion pressure is very uniformly distributed. The transparent carbon-
hydrogen plasma retards the early expansion of the tamper and casing plasmas, keeping the radiation 
channel from being blocked by these opaque high-Z materials until equilibrium is fully established. 

The force that compresses and accelerates the fusion fuel inward is provided solely by the ablation 
pressure. The other two possible sources of pressure - plasma pressure (pressure generated by the thermal 
motion of the plasma confined between the casing and the fuel capsule) and radiation pressure (pressure 
generated by thermal X-ray photons) do not directly influence the process. 

The pressure exerted by the plasma causes cylindrical (or spherical) implosion of the fusion capsule, 
consisting of the pusher/tamper, fuel, and the axial fissionable rod. The capsule is compressed to perhaps 
1/30 of its original diameter for cylindrical compression (1/10 for spherical compression), and thus 
reaches or exceeds 1000 times its original density. It is noteworthy that at this point the explosive force 
released by the trigger, an amount of energy sufficient to destroy a small city, is being used simply to 
squeeze several kilograms of fuel! 

It is unlikely that the fissionable rod reaches such extreme compression however. Located at the center, it 
will experience an extremely violent shock wave that will heat it to high temperatures but compress it 



only modestly, increasing its density by a factor of 4 or so. This is sufficient to make the rod super-
critical. Depending on the degree of symmetry, and the physics of the particular capsule collapse process 
higher densities are possible. Thermalized neutrons trapped in the fusion fuel, which are left over from 
the intense fission neutron flux, initiate a chain reaction as soon as the rod becomes critical. The rod 
fissions at an accelerating rate as it, and the rest of the fuel capsule continue to implode and acts as the 
fusion "spark plug". Combined with the high temperatures generated by the convergent shock wave, this 
raises the temperature of the fusion fuel around the rod high enough to initiate the fusion reaction. Self-
supporting fusion burning then spreads outward. The fusion tamper prevents the escape of thermal 
radiation from the fuel. As the temperature rises the fusion reactions accelerate, enhancing the burn 
efficiency considerably. The temperatures generated by fusion burning can exceed 300 million K, 
considerably more than that produced by fission. 

The fuel in the fusion capsule consists of lithium deuteride that may be enriched in the Li-6 isotope 
(which makes up 7.5% of natural lithium). Natural lithium has been used with success in fusion bomb 
designs, but modern light weight designs seem to use lithium enriched in Li-6. 

There is some tritium generated by the fission neutrons, but as noted above the contribution to bomb yield
is insignificant. Far more tritium is produced by the D+D reactions, either directly by reaction 3, or by 
reaction 5 via the neutrons produced in reaction 2. 

Since the D+T reaction rate is so high, and there is large excess of deuterium, the tritium is consumed 
almost as fast it is produced. The 14.1 MeV neutrons can also produce large amounts of tritium from Li-7 
through reaction 6. 

A large part of the fusion fuel can be burned before expansion quenches the reaction by reducing the 
density, which takes some 20-40 nanoseconds. The power output of a fusion capsule is noteworthy. The 
largest bomb ever exploded had a yield of 50 Mt, almost all produced by its final fusion stage. Since 50 
Mt is 2.1x10^17 joules, the power produced during the burn was around 5.3x10^24 watts. This is more 
than one percent of the entire power output of the Sun (4.3x10^26 watts)!! The peak output was possibly 
even greater. 

The 2.45 MeV and 14.1 MeV neutrons that escape from the fusion fuel can also contribute greatly to 
bomb yield by inducing fission in the highly compressed fusion tamper. This extra boost can release most
of the explosion energy, and commonly accounts for half of the yield of large fission-fusion-fission 
bombs and can reach at least 85% of the total yield. 

The Teller-Ulam fusion bomb described so far is called a "two stage bomb". The fission trigger (the first 
stage) compresses the fusion capsule (the second stage). As powerful as the trigger is, there is a limit to 
how large a capsule it can compress in the brief time available. If a still bigger bomb is desired, then the 
explosion of the fusion secondary can be used to compress and explode a larger third stage. Each stage 
can be 10-100 times the size of the previous stage. The 50 Mt bomb mentioned above was a three stage 
weapon. 
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3.0 Matter, Energy, and Radiation Hydrodynamics
This section provides background in the fundamental physical phenomena that govern the design of 
nuclear weapons, especially thermonuclear weapons. This section does not address nuclear physics which
are introduced in Section 2, and discussed further in Section 4. It addresses instead the behavior of matter 
at high densities and temperatures, and the laws controlling its flow. 

Although the reader may be able to follow the discussions of physics and design in Section 4 without it, 
familiarity with the principles discussed here is essential for genuine insight into the design of nuclear 
weapons. Since the same principles tend to crop up repeatedly in different contexts, and it is inconvenient 
to explain basic physics while addressing engineering considerations, I provide an overview of the non-
nuclear physical principles involved below. Section 2 provides a discussion of the nuclear reactions 
involved. 

Readers with a grounding in physics will find much of this discussion too elementary to be of interest. 
Please skip anything you are already familiar with. 

• 3.1 Thermodynamics and the Properties of Gases   
• 3.2 Properties of Matter   
• 3.3 Interaction of Radiation and Matter   
• 3.4 Hydrodynamics   
• 3.5 Radiation Hydrodynamics   
• 3.6 Shock Waves in Non-Uniform Systems   
• 3.7 Principles of Implosion   
• 3.8 Instability   
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3.1 Thermodynamics and the Properties of Gases

Thermodynamics concerns itself with the statistical behavior of large collection of particles, a substantial 
quantity of matter for example. A literal reading of the term "thermodynamics" implies that the topic of 
discussion is the motion of heat. In fact, thermodynamics specifically addresses the condition of thermal 
equilibrium, where the motion of heat has ceased. The principle motion of interest is the randomized 
motion of the particles themselves, which gives rise to the phenomenon called "heat". It is this 
equilibrium condition of random motion that can be accurately characterized using statistical techniques. 
It is important to realize that the topic of thermodynamics is the study of the properties of matter at least 
as much as it is of heat. 

There are two very important principles of thermodynamics, called the First and Second Laws of 
Thermodynamics. These are often stated in the form: 

1. The total energy in the universe is constant; 
2. The entropy of the universe is always increasing.

A more useful statement of the First Law in practical situations is to say that the change in total energy of 
a system is equal to the work done on the system, plus the heat added to the system. The Second Law 
states that the amount of heat in a closed system never decreases. The implications of these laws are 
discussed further below. 

3.1.1 Kinetic Theory of Gases 

The gaseous state is the simplest form of matter to analyze. This is fortunate, since under the extreme 
conditions encountered in chemical and nuclear explosions, matter can usually be treated as a gas 
regardless of its density or original state. 

The basic properties of a gas can be deduced from considering the motions of its constituent particles (the
kinetic theory). The pressure exerted by a gas on a surface is caused by the individual molecules or atoms 
bouncing elastically off that surface. This pressure is equal to the number of molecules striking the 
surface per unit of time, multiplied by the average momentum of each molecule normal (i.e. at right 
angles) to the surface. The number of impacts per second is proportional (~) to the particle density of the 
gas (rho, particles per unit volume), and how fast the molecules are traveling (the average molecular 
velocity v): 

Eq. 3.1.1-1
 

The average momentum is proportional to v times the mass of the particles (m). The pressure is thus: 

Eq. 3.1.1-2

    P ~ rho*v*v*m.

Actually we can state that: 

Eq. 3.1.1-3

    P = rho*v*v*m/3

since the contribution of molecular velocity normal to the surface in three dimensions is 1/3 of the 
squared magnitude. 



Since v*v*m/2 is the particle kinetic energy (KE_p), we can also say: 

Eq. 3.1.1-4

    P = rho*KE_p*(2/3)

That is, pressure is proportional to the average particle kinetic energy and the particle density, or equal to 
two-thirds of the total kinetic energy, KE, in a given volume of gas (the kinetic energy density). This is 
usually expressed as: 

Eq. 3.1.1-5

     P = 2/3(KE/V), or

     PV = 2/3 KE,

where P is the pressure. 

Now the thing we call temperature is simply the average kinetic energy of the particles of a gas. A 
constant of proportionality is used to convert kinetic energy, measured in joules or ergs, into degrees 
Kelvin (K). Together these considerations give us the Ideal Gas Law: 

Eq. 3.1.1-6

     PV = NkT, where

P = pressure, V = volume, N = number of particles, k = Boltzmann's constant (1.380 x 10^-16 erg/degree 
K), and T = temperature. N/V is of course the particle density (designated n). 

The constant factor 2/3 was absorbed by Boltzmann's constant. As a result, if we want to express the 
average particle kinetic energy of a gas at temperature T we must say: 

Eq. 3.1.1-7

     KE_p = 3/2 kT

An ideal gas (also called a perfect gas) is one in which there are no interactions (that is, repulsive or 
attractive forces) between atoms. For such a gas, the Ideal Gas Law holds true. The simplest case of a 
perfect gas is a perfect monatomic gas, one in which all of the energy in the gas is in the form of particle 
motion (i.e. the particles themselves do not absorb any energy). This is the only case we have considered 
so far. Helium or argon are examples of ideal monatomic gases to a very good approximation (they are 
monatomic, and attractive forces only become significant close to their liquefaction temperatures). 

Molecular or polyatomic gases, ones in which the particles are molecules of two or more atoms, can 
absorb energy through rotation and vibration. Such gases are not monatomic, but they are still ideal. 
Under some conditions gases can absorb energy internally by other processes, like ionization, which 
violate ideal gas behavior. When conditions are such that attractive forces become significant (near liquid 
or solid condensation points) the ideal gas law also breaks down. 

Perfect monatomic gases are of special interest to us here, not only because they are particularly simple to
analyze, but because under many extreme physical regimes all matter tends to behave like a perfect 
monatomic gas (kinetic energy dominates other forms of energy present). 



3.1.2 Heat, Entropy, and Adiabatic Compression 

Simply put, heat is the random motion of the particles in matter. In common usage we talk about 
something with a higher temperature as being "hotter". However temperature is not a universal measure 
of the thing we call heat. Suppose we take a container of a perfect gas, and we squeeze it and reduce its 
volume. To squeeze it and compress the gas we must do work which, by the First Law of 
Thermodynamics, is added to the internal energy of the gas. Since this is a perfect gas, all of the added 
energy appears as kinetic energy. That is, the temperature goes up. But have we actually added heat to 
make it hotter? 

The answer is no. We can get the energy back in the form of work, by letting it expand back to its original
volume. The temperature will also drop back to the original state. This compression process (called 
adiabatic compression) is reversible since we can return to the original state. 

To increase the temperature of the container of gas without changing its volume, we must place it in 
contact with something that is hotter. The heat diffuses from the hotter object to the container. As the gas 
in the container warms, the hotter object grows cooler. 

How can we return the gas to its original state? We must place it in contact with something that is colder 
than the original gas temperature. The heat then diffuses to the colder object. Although the gas in the 
container is now in its original state, the whole system is not. The hotter object is cooler, the colder object
is warmer. This process is irreversible (we say "entropy of the system has increased"). 

Temperature is a measure of heat in a gas only at constant volume. The generalized measure of heat is 
entropy. Entropy is defined as the ratio of the total energy of a system to its temperature. As heat is added 
to a system this ratio increases. Work done on the system leaves the ratio unchanged. 

Adiabatic compression is compression where the entropy is constant (no heat is added or removed). If 
flows of heat occur, then the process is non-adiabatic and causes irreversible change. 

3.1.3 Thermodynamic Equilibrium and Equipartition 

I have just talked about heat flowing from hotter objects to colder ones. This process implies that a system
of objects tends to move to a state where all of the objects are at the same temperature. When this occurs, 
heat ceases to flow. Such a state is called "thermodynamic equilibrium", and all systems tend to evolve 
toward this equilibrium naturally. The faster heat can flow in the system, the faster this equilibrium is 
reached. 

The idea of thermodynamic equilibrium is extremely general. It applies not only to "objects" - physically 
separate parts of a system - but all parts of a system - separate or not. 

For example in a mixture of particles of different types, different gas molecules say, each type of particle 
will be in equilibrium with the others. That is, they will have the same temperature - the same average 
kinetic energy. If each type of particle has a different mass from the others, then each must also have a 
unique average velocity for the kinetic energies of each type to be equal. One implication of this is that 
when a gas becomes ionized, the electrons knocked loose become separate particles and will come into 
thermodynamic equilibrium with the ions and un-ionized atoms. Since they are much lighter than atoms 
or ions, their velocities will be much higher. 

We have also already applied the equilibrium principle in deriving the Ideal Gas Law. The total kinetic 
energy was divided equally among the three spatial directions of motion, e.g. they were in equilibrium 
with each other. These spatial directions are called the "degrees of freedom" of a monatomic perfect gas. 
Since the kinetic energy of a particle in such a gas is 3kT/2, each degree of freedom accounts for kT/2 
energy per particle. This is also true of polyatomic gases, which have additional degrees of freedom (e.g. 
from vibration and rotation). Each available degree of freedom will have kT/2 energy when in 
equilibrium. This is the theorem of equipartition of energy. 



The actual number of available degrees of freedom in a polyatomic gas may vary significantly with 
temperature due to quantum-mechanical considerations. Each degree of freedom has a characteristic 
energy of excitation, and if the value of kT/2 is not large enough then the excitation of a given state will 
be negligible. 

3.1.4 Relaxation 

To reach equilibrium between different particles and different degrees of freedom in a system, the 
different parts of the system must be able to exchange energy. The rate of energy exchange determines 
how long it takes to establish equilibrium. The length of this equilibrating period is called the relaxation 
time of the system. A complex system will typically have several relaxation times for different system 
components. 

The farther a degree of freedom is from equilibrium, the faster it will converge toward the equilibrium 
state. Conversely, as it approaches equilibrium, the rate of convergence declines. This is expressed by the 
standard relaxation equation: 

Eq. 3.1.4-1

    dE/dt = (E_eq - E)/t_relax

where E is the measure of the current energy of the degree of freedom (avg. kinetic energy, temperature, 
number of particles excited, etc.), E_eq is the equilibrium value, and t_relax is the relaxation time. 

The solution of this linear differential equation shows us that the difference between the current state and 
the equilibrium state declines exponentially with time: 

Eq. 3.1.4-2

    E = E_init*Exp[-t/t_relax] + E_eq*(1 - Exp[-t/t_relax])

Over each time interval t_relax, the difference E - E_eq declines by a factor of 1/e. Although according to
this equation complete equilibrium is never formally reached, over a finite (usually small) number of 
relaxation intervals the difference from equilibrium becomes undetectable. 

What determines the value of t_relax? This is determined by how frequently a member of a degree of 
freedom can be expected to undergo an energy exchange event, and how effective that event is in 
transferring energy. 

For particles of similar mass, a single collision can transfer essentially all of the kinetic energy from one 
particle to the other. The relaxation time for bringing two populations of particles with different kinetic 
energies into equilibrium is thus the average time between collisions. In air at normal temperatures and 
pressures, this time is about 0.1 nanoseconds. At higher densities and temperatures, the distances traveled 
between collisions is shorter, and the velocities are higher, so the time is correspondingly shorter. 

If colliding particles have greatly different masses, then the efficiency of each collision in exchanging 
energy is reduced by a factor equal to the mass ratio. In the case of electrons and ions, since electrons are 
lighter than nucleons by a factor of 1836 (about) this ratio is 1/(1836*A), where A is the atomic mass. 
Unless the temperature of the electrons is much colder than that of the ions though, the actual relative 
relaxation rate is much higher than this would indicate because of the high velocities of the light 
electrons. If they are not too far from equilibrium, the actual relaxation time ratio between electrons and 
ions, and ions alone is about equal to the square root of the mass ratio: 1/(1836*A)^0.5. 

3.1.5 The Maxwell-Boltzmann Distribution Law 



So far we have talked about the average velocity and kinetic energy of a particle. In reality, no particle 
will have exactly the average energy. Even if we created a system in which every particle initially had 
exactly the same energy (all were average), within a single relaxation interval the energy would be 
dramatically redistributed. Within a few more intervals a stable continuous energy distribution would be 
established. 

Statistical mechanics shows that the actual equilibrium distribution of particle energies can be described 
by the distribution law worked out first by Maxwell and refined by Boltzmann. The function creates a 
roughly bell-shaped curve, with the peak (most probable) energy at kT. The function declines 
exponentially away from the peak, but never (formally) goes to zero at any energy greater than zero, so 
small numbers of both very fast and very slow particles are present in an equilibrium gas. 

The Maxwell-Boltzmann distribution for energy is: 

Eq. 3.1.5-1

 dN/dE = N*2*Pi*(1/(Pi*kT))^(3/2) Exp(-E/kT) E^(1/2)

where N is the number of particles present. Integrating the above equation over a given energy range 
gives the number of particles in that range. 

Most of the terms in the above equation are simply normalizing factors to make the integral come out 
right (after all, integrating from zero energy to infinity must equal N). The factor that actually determines 
the distribution law is called the Boltzmann factor: Exp(-E/kT). This distribution factor applies to any 
system of particles where each energy state is equally important in a statistical sense (that is, no statistical 
weight is applied to any energy state). A gas where this is true (like the gases treated by classical kinetic 
theory) can be called a Boltzmann gas. There are two other types of gases that follow different 
distribution laws which will be discussed later - the Bose gas and the Fermi gas. 

Below is a plot for the Maxwell-Boltzmann particle density distribution, dN, with kT=1. The peak value 
of dN is at particle energy kT/2, but since the energy density distribution is proportional to dN*E, the 
peak of the energy density distribution is actually 3kT/2. 

Figure 3.1.5-1. Maxwell-Boltzmann Particle Density Distribution for Energy

 



3.1.6 Specific Heats and the Thermodynamic Exponent 

The Ideal Gas Law describes the properties of gases with respect to temperature, that is the kinetic energy
of motion. How do we describe the properties of a gas with respect to the total internal energy? In the 
case of a monatomic gas this is easy of course, since the kinetic energy is the total internal energy:

     PV = NkT = 2/3 KE

How should we handle polyatomic gases? Before we can do this we need some convenient way of 
measuring the thermodynamic properties of different gases. 

As I have explained above, an ideal gas with additional degrees of freedom has a larger internal energy 
than does an monatomic gas at the same temperature. This internal energy, designated U, is also 
proportional to the (absolute) temperature (this is another common way of expressing the concept of ideal
gas). This allows us to establish a constant for each gas that describes how much thermal energy is 
required to raise its temperature a fixed amount. This constant is called the specific heat. 

There are actually two commonly used specific heat definitions for gases, the specific heat at constant 
volume (c_v) and the specific heat at constant pressure (c_p). C_v measures the amount of energy 
required to raise the temperature in a sealed, fixed volume container. In such a container heating also 
causes the pressure to rise. C_p measures the amount of energy required to raise the temperature of a gas 
that is allowed to expand sufficiently to maintain constant pressure. 

These two specific heats are not independent. In fact, the ratio between them is fixed by the number of 
degrees of freedom of the gas. This gives us the constant that we use for describing the thermodynamic 
properties of a gas - the thermodynamic exponent. This constant is represented by the lower case Greek 
letter gamma. It is defined by: 

Eq. 3.1.6-1

     gamma = c_p/c_v

and is equal to 5/3 for a monatomic gas. The thermodynamic exponent has many other names such as the 
adiabatic index, adiabatic exponent, isentropic exponent, and the polytropic exponent. 

Recall that the internal energy density of a monatomic gas (KE/V) is given by: 

     P = 2/3 (KE/V)

Since KE is also the total internal energy we can say: 

Eq. 3.1.6-2

     P = 2/3 U/V

The factor 2/3 happens to be equal to gamma minus 1: 5/3 - 1 = 2/3. This is a special case of a law valid 
for all perfect gases. We can thus write the general law: 

Eq. 3.1.6-3

     P = (gamma - 1)*(U/V)



Why is gamma called the thermodynamic or adiabatic exponent? It is because of the following 
relationship that describes the state of matter undergoing adiabatic compression: 

Eq. 3.1.6-4

    P(V^gamma) = constant

The constant is determined by the gases' original entropy. This is sometimes called the polytropic law. 

The thermodynamic exponent determines the compressibility of a gas. The larger the value of gamma, the
more work is required to reduce the volume through adiabatic compression (and the larger the increase in 
internal energy). An infinitely compressible gas would have an exponent of 1. 

The thermodynamic literature often uses P-V diagrams that plot pressure (P) versus volume (V). A plot of
the adiabatic function on a P-V diagram produces an adiabatic curve, also called an isentropic curve since
every point on the curve has the same entropy. In contrast, isothermal curves lie below the adiabatic curve
with increasing pressure (assuming they start at the same P-V state) since a gas must lose entropy to 
maintain the same temperature. Curves where entropy is increased with increasing pressure lie above 
(these are Hugoniot curves which will be discussed further in connection with shock waves). 

Gamma for a gas is related to the number of degrees of freedom (n_f) by: 

Eq. 3.1.6-5

     gamma = (2/n_f) + 1

Thus a monatomic perfect gas is 2/3 + 1 = 5/3 as noted above. A diatomic gas has a maximum of 7 
degrees of freedom, but only some of them may be excited at a given temperature, with more states being 
excited at higher temperatures. 

If a gas releases energy during compression, thus adding additional kinetic energy, (due to a chemical 
reaction for example) then it will have a higher value of gamma. 

Some example values of gamma are given in the table below. 
Table 3.1.6-1. Examples of Thermodynamic Exponents for Gases

Material Exact Value Approx. Value

Detonating Explosive Gas Mixture - 2.5-3.0

Perfect Monatomic Gas 5/3 1.667

Air 7/5 1.400

Photon Gas 4/3 1.333

Diatomic Gas (fully excited) 9/7 1.286

Infinitely Compressible Gas 1/1 1.000



3.1.7 Properties of Blackbody Radiation 

The equipartition of energy in an equilibrium system also extends to radiant energy present in the system. 
Photons are emitted and absorbed continually by matter, creating an equilibrium photon gas that 
permeates it. This photon must have the same temperature as the rest of the system also. 

The energy distribution in an equilibrium photon gas is determined by quantum mechanical principles 
known as Bose-Einstein statistics. Photons belong to a class of particles called bosons that, by definition, 
obey these statistics. A key feature of bosons is that they prefer to be in the same energy state as other 
bosons. A photon gas is thus an example of a Bose gas. The distribution factor for Bose-Einstein statistics
is: 1/(Exp(E/kT) - 1). 

This fact gives rise to an energy distribution among the particles in a photon gas called the blackbody 
spectrum which has a temperature dependent peak reminiscent of the Maxwell-Boltzmann distribution. 
The term "blackbody" refers to the analytical model used to derive the spectrum mathematically which 
assumes the existence of a perfect photon absorber or (equivalently) a leakless container of energy (called
in German a "hohlraum"). 

The kinetic theory of gases can be applied to a photon gas just as easily as it can to a gas of any other 
particle, but we need to make a few adjustments. From Eq. 3.1.1-1 we had: 

    P ~= rho*v*momentum

Which gave us Eq. 3.1.1-3: 

    P = rho*v*v*m/3

once we had substituted m*v to represent the momentum of a particle. Since photons have zero mass, we 
must use a different expression to express the momentum of a photon. This is given by: 

Eq. 3.1.7-1

    momentum_photon = E_photon/c

where E_photon is the photon energy, and c is the photon velocity (i.e. the speed of light, 2.997 x 10^10 
cm/sec). It is interesting to compare this to an equivalent expression for massive particles: momentum = 
2*KE/v. Substituting Eq. 3.1.7-1, and the photon velocity, into Eq. 3.1.1-3 give us: 

Eq. 3.1.7-2

    P_rad = rho*c*(E_photon/c)/3 = rho*E_photon/3

Since rho*E_photon is simply the energy density of the photon gas, we can say: 

Eq. 3.1.7-3

    P_rad = (U_rad/V)/3

From Eq. 3.1.6-3 it is clear that: 



Eq. 3.1.7-4

    gamma_rad = 1 + 1/3 = 4/3

We can relate the energy density of a blackbody to the thermal radiation emissions (energy flux) from its 
surface (or from a window into an energy container). Assuming the energy field is isotropic, the flux is 
simply the product of the energy density and the average velocity with which the photons emerge from 
the radiating surface. Of course all of the photons have a total velocity equal to c, but only photons 
emitted normal to the surface (at right angles to it) emerge at this velocity. In general, the effective 
velocity of escape is Cos(theta)*c, where theta is the angle between the light ray and the normal vector. 
Now the fraction of a hemisphere represented by a narrow band with width d_theta around theta is 
Sin(theta)*d_theta. Integrating this from zero to 90 degrees gives (in Mathematica notation): 
(U_rad/V)*Integrate[c*Cos(theta)*Sin(theta),{theta,0,90}] = (U_rad/V)*c/2 Since the flux is isotropic, 
half of it is flowing away from the surface. We are only concerned with a the flux flowing out so we must
divide it by another factor of two. This gives: 

Eq. 3.1.7-5

    S = c*(U_rad/V)/4

where S is the flux (emission per unit area). 

At equilibrium the radiation energy density is determined only by temperature, we want then to have a 
way for relating a temperature T to U_rad/V. Using Eq. 3.1.7-3 and a mathematically precise statement of
the second law of thermodynamics, it is easy to show that U_rad/V is proportional to T^4. The standard 
constant of proportionality, called the Stefan-Boltzmann constant and designated sigma, is defined so 
that: 

Eq. 3.1.7-6

    U_rad/V = (4*sigma/c)*T^4

This is a convenient way of formulating the constant, because it allows us to say: 

Eq. 3.1.7-7

    S = sigma*T^4

Eq. 3.1.7-7 is known as the Stefan-Boltzmann Law. The Stefan-Boltzmann constant is derived from 
Planck's constant and the speed of light. It has the value 5.669 x 10^-5 erg/sec-cm^2-K, with T in degrees 
K. Equation 3.1.6-3 of course becomes: 

Eq. 3.1.7-8

    P_rad = ((4*sigma)/(3*c))*T^4

It can easily be seen from the Stefan-Boltzmann Law that the amount of radiant energy present varies 
dramatically with temperature. At room temperature it is insignificant, but it grows very rapidly. At 
sufficiently high temperatures, the energy present in the blackbody field exceeds all other forms of energy
in a system (which is then said to be "radiation dominated"). The average photon energy is directly 
proportional to T, which implies the photon density varies as T^3. In radiation dominated matter we can 



expect the number of photons present to be larger than the number of all other particles combined. 

If both ordinary particles and photons are present, we have a mixture of Boltzmann and Bose gases. Each 
contribute independently to the energy density and pressure of the gas mixture. Since the kinetic energy 
pressure for a perfect gas is: 

  PV = NkT -> P = nkT

and the kinetic energy is: 

Eq. 3.1.67-9

  P = 2/3 KE/V = 2/3 U_kin/V -> U_kin/V = 3/2 nkT

we have: 

Eq. 3.1.7-10

    P_total = nkT + ((4*sigma)/(3*c))*T^4

and: 

Eq. 3.1.7-11

    U_total/V = 3/2 nkT + ((4*sigma)/c)*T^4

We can calculate the relative kinetic and radiation contributions to both pressure and energy at different 
particle densities and temperatures. For example in hydrogen at its normal liquid density, radiation energy
density is equal to the kinetic energy of the ionized gas at 1.3 x 10^7 degrees K. 

The energy distribution of the radiation field with photon energy is given by Planck's Law, which is 
usually stated in terms of photon frequency instead of energy. The energy of a photon of frequency nu is 
simply: 

Eq. 3.1.7-12

    E_phot = h*nu

where nu is in hertz (c/wavelength), and h is Planck's constant (6.62608 x10^-27 erg-sec). Planck's law 
(aka the Planck function) is usually given as: 

Eq. 3.1.7-13

    dE/dnu = ((8*Pi*h*nu^3)/c^3) * (1/(Exp((h*nu)/kT) - 1))

where dE/dnu the energy density/frequency derivative. The last factor in the equation is of course the 
Bose-Einstein distribution factor. Integrating over a range of nu gives the energy density in that frequency
range. For our purposes, it is often more convenient to express the energy density in terms of photon 
energy rather than frequency: 



Eq. 3.1.7-1e

    dE/dE_phot = ((8*Pi*E_phot^3)/(h^3 c^3)) * (1/(Exp(E_phot/kT) - 1))

The Planck distribution always has its peak (the maximum spectral power) at h*nu_max = 2.822 kT, 
while 50% of the energy is carried by photons with energies greater than 3.505 kT, and 10% of the energy
is above 6.555 kT. Most of the energy in the field is thus carried by photons with energies much higher 
than the average particle kinetic energy. 

Below is a diagram of the Planck function at a temperature of 1 KeV, plotting the spectral energy density 
against the photon energy in KeV. 

Figure 3.1.7-1. Blackbody Spectrum

 

3.2 Properties of Matter

I have already discussed one state of matter - gases - at some length. In this section I shift to the 
application of thermodynamic principles to other states of matter, and discuss some properties that are not
strictly thermodynamic in nature. 

3.2.1 Equations of State (EOS) 

An equation of state (EOS) provides a complete description of the thermodynamic properties of a 
substance; i.e. how the density, pressure, and internal energy of a substance relate to each other. The Ideal
Gas Law is a special case of an equation of state for gases. The generalized gas EOS given previously: 

     P = (gamma - 1)*(U/V)

expands the ideal law to all gases if an appropriate value of gamma is chosen. 

Such a simple law is not really adequate for real substances over widely varying conditions. Even with 
comparatively simple substances such as gases, the effective value of gamma can change. As molecular 
gases increase in temperature more degrees of freedom may become excited, the gases may disassociate 
into atoms, and the atoms may become ionized. All of these processes drive down the value of gamma by 
absorbing energy that would otherwise appear as kinetic motion. By considering the regime of interest, 



we can usually choose a suitable value of gamma to permit the use of the simple gas equation. More 
sophisticated approaches are to provide terms for each mechanism that contributes to the total internal 
energy. 

3.2.2 Condensed Matter 

The term "condensed matter" refers to two of the three common states of matter: solids and liquids. It 
describes the fact that the matter is not gaseous, it has condensed to a compact form bound together by 
interatomic attractive forces. At zero pressure (or atmospheric pressure, which is the same thing for 
practical purposes) condensed matter exists in equilibrium. The negative pressure generated by the 
binding forces is exactly balanced by positive forces generated by the mutual repulsion of the outer 
electron shells (Coulomb repulsion) and the thermal motion of the atoms. Condensed matter thus does not
expand to infinitely low density under zero pressure like a gas, it has a definite zero pressure density. 

Another important difference between condensed matter and gases is the strength of the internal repulsive
forces. Coulomb repulsion is much stronger than the kinetic forces produced by thermal motion in gases 
under ordinary conditions, which agrees with the common experience that a brick is harder to compress 
than air. 

If the thermal energy in matter is low enough, the position of atoms are held in fixed positions by 
Coulomb repulsion - it is a solid. When the thermal vibrations become sufficiently energetic, the atoms 
break free from fixed lattice positions and can move around and the solid melts. 

3.2.3 Matter Under Ordinary Conditions 

The operative definition of "ordinary conditions" I am using here are the conditions under which 
condensed matter exists. It will be shown below that regardless of its composition or initial state, at 
sufficiently extreme conditions of pressure or temperature matter ceases to be condensed and tends to 
behave like a perfect gas. 

There are standard definitions of ordinary conditions: STP or Standard Temperature and Pressure (0 
degrees C temperature, 760 mm Hg pressure); or 0 degrees K and zero pressure. The conditions of normal
human experience do not deviate much from STP, and the properties of most substances under these 
conditions are abundantly documented in numerous references. For our purposes "ordinary conditions" 
extends up to temperatures of a few tens of thousands of degrees C, and pressures in the order of several 
megabars (millions of atmospheres). For comparison the conditions in the detonation wave of a powerful 
high explosive do not exceed 4000 degrees C and 500 kilobars; the pressure at the center of the Earth is 
approximately 4 megabars. 

Under our "ordinary conditions" the thermal energy of matter remains below both the binding and 
compressive energies. In this range matter is not appreciably ionized. Its mechanical strength is small 
compared to the pressures of interest, and can usually be neglected. 

Since increasing pressure also strengthens the repulsive forces between atoms by forcing them closer 
together, the melting point goes up as well. In the megabar range matter remains solid even at 
temperatures of 20-30,000 degrees C. However it usually does not matter whether the condensed state is 
liquid or solid, the energy absorbed in melting being too small to notice compared to the compressive and 
thermal energies. 

Some materials undergo abrupt phase changes (discontinuous changes in structure and density) in this 
realm. When phase changes occur with escalating pressure, atoms suddenly rearrange themselves into 
lower energy configurations that are denser. For example iron undergoes a phase change at 130 kilobars. 
The transformation of delta phase plutonium alloys into the denser alpha phase at pressures of a few tens 
of kilobars is of particular significance. 

Despite these differences and added complexities, we can still produce reasonable approximations for 



condensed matter equations of state using a "Gamma Law" similar to the gas law: 

Eq. 3.2.3-1

     P + P_0 = (gamma - 1)*U*(rho/rho_0)

where P is the compression pressure at the state of interest, P_0 is the internal pressure at STP (or some 
other reference state), rho is the density of the state of interest, and rho_0 is the reference density. Note 
that P_0 is exactly balanced by the negative binding pressure under reference conditions. 

This gives us an adiabatic law for condensed matter: 

Eq. 3.2.3-2

     (P + P_0)*(rho_0/rho)^gamma = constant = P_0

Another useful relationship is the equation for internal energy per unit mass (E) rather than energy per 
volume (U): 

Eq. 3.2.3-3

     E = U/rho_0 = (P + P_0) / ((gamma - 1)*rho)

The value of gamma, the "effective thermodynamic exponent", must be determined from experimental 
data. Unfortunately the value of gamma is not constant for condensed matter, it declines with increasing 
density and pressure. It is virtually constant below 100 kilobars, but the decline is in the range of 15-30% 
at 2 megabars. Although the rate of decline varies with substance, the low pressure value still gives a 
reasonable indication of compressibility of a substance at multi-megabar pressures. A common 
assumption in high pressure shock work is that the product of (gamma-1) and density is constant: 

Eq. 3.2.3-4

     (gamma_0 - 1)*rho_0 = (gamma - 1)*rho;

an approximation which seems to work fairly well in practice. Using this approximation, Eq. 3.2.3-3 
becomes particularly convenient since E varies only with P. 

The thermodynamic exponent is usually represented in the literature of solid state or condensed matter 
physics by the "Gruneisen coefficient" designated with the upper case Greek letter GAMMA. The 
relationship between them is: 

Eq. 3.2.3-4

    GAMMA = gamma - 1

Representative values of P_0, density_0, and low pressure gamma for some materials of particular 
interest are given below: 
Table 3.2.3-1. Gamma-Law Equations of State for Selected Materials

Material Density_0 Gamma P_0 (kilobars)



Gold 19.24 4.05 510

Aluminum 2.785 3.13 315

Copper 8.90 3.04 575

Detonating High Explosive - 3.0 -

Uranium 18.90 2.90 547

Tungsten 19.17 2.54 1440

Beryllium 2.865 2.17 604

Lithium 0.534 2.1 -

Zirconium 6.49 1.771 580

Perfect Monatomic Gas - 1.667 -

3.2.4 Matter At High Pressures 

As pressures continue to increase above several megabars, the electronic structure of the atom begins to 
break down. The Coulomb forces become so strong that the outer electrons are displaced from the atomic 
nuclei. The material begins to resemble individual atomic nuclei swimming in a sea of free electrons, 
which is called an electron gas. This gas is governed by quantum mechanical laws, and since electrons 
belong to a class of particles called fermions (which obey Fermi-Dirac statistical laws), it is an example 
of a Fermi gas. 

In contrast to the Bose-Einstein gas of photons, where particles prefer to be in the same energy state, 
fermions cannot be in the same energy state. Even at absolute zero, the particles in a Fermi gas must have 
non-zero energy. The distribution factor for Fermi statistics is: 1/(Exp(E/kT) + 1). 

If all of the electrons are in their lowest energy state, which means the gas is cold (no additional thermal 
energy), it is said to be Fermi degenerate. A fully degenerate state is the lowest energy state that a Fermi 
gas can be in. A degenerate Fermi gas is characterized by the Fermi energy, the highest energy state in the
gas. This is given by: 

Eq. 3.2.4-1

  E_Fermi = 5.84 x 10^-27 (n^(2/3)) erg = 3.65 x 10^-15 n^(2/3) eV

where n is the electron density (electrons/cm^3). The average electron energy is: 

Eq. 3.2.4-2

  E_Favg = 3/5 E_Fermi

and the pressure produced, the Fermi pressure, is: 



Eq. 3.2.4-3

  P_Fermi = 2/3 n*E_Favg = 2/5 n*E_Fermi = 2.34 x 10^-33 (n^(5/3)) bars

Note that relationship between the average energy and the pressure is precisely the same as that for a 
classical perfect gas. 

When the average electron energy exceeds the binding energy of electrons in atoms, then the electrons 
behave as a Fermi gas. If only some of the outer electrons are loosely bound enough meet this criterion, 
then only these electrons count in determining the electron density in the equations above, the remainder 
continue to be bound to the atomic nuclei. 

The Fermi energy of a gas is sometimes characterized by the "Fermi Temperature" (or degeneracy 
temperature). This is defined as T_Fermi such that: 

Eq. 3.2.4-4

  kT_Fermi = E_Fermi

This is not the actual temperature of the gas. Its significance is that if the kinetic temperature is 
substantially lower than T_Fermi then the kinetic energy is small compared to the Fermi energy and the 
gas can be treated reasonably well as if it were completely degenerate ("cold"). 

To illustrate these ideas here are some examples: Uranium at twice normal density (37.8 g/cm^3) would 
have a Fermi energy of 156 eV, and a pressure of 895 megabars. This is much higher than the real 
pressure required to achieve this density (5.0 megabars), and indicates that the uranium is not a Fermi gas 
at this pressure. 

A pressure of 100,000 megabars corresponds to a Fermi energy of 1034 eV, and an average energy of 621
eV. The average energy is about the same as the ionization energy for uranium's 38th ionization state. 
Thus we can expect about 41% of uranium's electrons to dissociate at this pressure, and contribute to the 
electron gas density (1.5 x 10^26 electrons/cm^3). This gives a density estimate of 1560 g/cm^3. 

Deuterium at 1000 times normal liquid density (159 g/cm^3) is a true Fermi gas. It has E_Fermi = 447 eV
(T_Fermi = 5.2 million degrees K), far higher than its ionization energy (13.6 eV), and P_Fermi = 12,500 
megabars. What this says is that at least 12.5 gigabars of pressure is required to achieve the stated density,
and that as long as the entropy increase during compression keeps the temperature below 5 million 
degrees, the gas can be considered cold and the compression process will be efficient. Pressures between 
10 and 100 gigabars are representative of conditions required to create fusion in thermonuclear weapons. 

A useful rule-of-thumb about electron density in various materials can be obtained by observing that most
isotopes of most elements have a roughly 1:1 neutron/proton ratio in the nucleus. Since the number of 
electrons is equal to the number of protons, we can assume that most substances contain a fixed number 
of electrons per unit mass: 0.5 moles/gram (3.01 x 10^23 electrons). This assumption allows us to relate 
mass density to the Fermi gas pressure without worrying about chemical or isotopic composition. 

The stable isotopes of most light elements follow this rule very closely, for two that are commonly used 
as fuel in thermonuclear weapons (Li-6 and D) it is exact. Very heavy elements contain somewhat fewer 
electrons per gram, by 25-30%. The largest deviations are the lightest and heaviest isotopes of hydrogen: 
1 mole/gram for ordinary hydrogen, and 0.333 moles/gram for tritium. 

Since the only way a cold Fermi gas can acquire additional energy is in the form of electron kinetic 
energy, when the thermal energy is substantially above T_Fermi, then the kinetic energy dominates the 
system and the electrons behave like a classical Boltzmann gas. 



Thus as the electronic shells of atoms break down, the value of gamma approaches a limiting value of 5/3 
with respect to the total internal energy, regardless of whether it is thermal or quantum mechanical in 
nature. 

The total pressure present is the sum of the Fermi pressure, the kinetic pressure of the Boltzmann gas 
consisting of the nuclei and non-degenerate electrons, and the pressure of the photon Bose gas. Similarly, 
the energy density is the sum of the contributions from the Fermi, Boltzmann, and Bose gases that are 
present. 

Now when electrons are stripped from atoms through thermal ionization, we also have an electron gas 
which is technically a Fermi gas. We rarely consider thermally ionized plasmas to be Fermi gases though,
because usually the electron densities are so low that the thermal energy is much greater than the Fermi 
energy. 

An important consequence of this is the phenomenon of "ionization compression". At STP most 
condensed substances have roughly the same atom density, on the order of 0.1 moles/cm^3; the densities 
can vary considerably of course due to differing atomic masses. By the rule of thumb above, we can infer 
that electron densities also roughly mirror mass densities. 

If two adjoining regions of STP condensed matter of different electron density are suddenly heated to the 
same extremely high temperature (high enough to fully ionize them) what will happen? 

Since the temperature is the same, the radiation pressure in both regions will be the same also. The 
contribution of the particle pressure to the total pressure will be proportional to the particle density 
however. Initially, in the un-ionized state, the particle densities were about the same. Once the atoms 
become ionized, the particle densities can change dramatically with far more electrons becoming 
available for dense high-Z materials, compared to low density, low-Z materials. Even if the system is 
radiation dominated, with the radiation pressure far exceeding the particle pressures, the total pressures in 
the regions will not balance. The pressure differential will cause the high-Z material to expand, 
compressing the low-Z material. 

The process of ionization compression can be very important in certain thermonuclear systems, where 
high-Z materials (like uranium) are often in direct contact with low-Z materials (like lithium hydrides). 

It is interesting to note that when matter is in a metallic state, the outermost electrons are so loosely bound
that they become free. These electrons form a room-temperature plasma in the metal, which is a true 
Fermi gas. This electron plasma accounts for the conductance and reflectivity of metals. 

3.2.4.1 Thomas-Fermi Theory 

A widely used approximate theory of the high pressure equation of state was developed in 1927-1928 that
ignores the electron shell structure of matter entirely. Called the Thomas-Fermi (TF) theory, it models 
matter as a Fermi gas of electrons with a Boltzmann gas of nuclei evenly distributed in it, using a 
statistical description of how the electron gas behaves in the electrostatic field. 

The Thomas-Fermi theory includes only the repulsive forces of the electron gas, and the thermal pressure,
and ignores the attractive forces that hold solid matter together. It is thus a good approximation of matter 
only at high enough pressures that repulsive forces dominate. Fortunately experimental EOS data is 
available at pressures extending into this range (several megabars). Various adjustments to TF theory 
have been proposed to extend its range of application, such as the Thomas-Fermi-Dirac (TFD) model that 
includes attractive forces (others exist - Thomas-Fermi-Kalitkin, etc.) 

TF theory was employed at Los Alamos together with the existing high-pressure EOS data (at that time 
only up to hundreds of kilobars) to perform the implosion calculations for the plutonium bomb. Elements 
with high electron densities (which, from the above rule-of-thumb, is more or less equivalent to elements 
with high mass densities) are described reasonably well by the Thomas-Fermi model at pressures above 



about 10 megabars. 

3.2.5 Matter At High Temperatures 

If the thermal or kinetic energy of the atoms in a substance exceeds the binding and compressive energies,
then regardless of pressure it becomes a gas. In highly compressed condensed matter, this occurs at 
several tens of thousands of degrees C. When the kinetic energy substantially exceeds the combined 
energies of all other forms of energy present, matter behaves as a perfect gas. 

At sufficiently high temperatures, the outer electrons of an atom can become excited to higher energy 
levels, or completely removed. Atoms with missing electrons are ions, and the process of electron 
removal is called ionization. Then number of electrons missing from an atom is its ionization state. 
Excitation and ionization occurs through collisions between atoms, collisions between atoms and free 
electrons, and through absorption of thermal radiation photons. When all of the atoms have become 
ionized, then matter is said to be "fully ionized" (in contrast the phrase "completely ionized" usually 
refers to an atom that has had all of its electrons removed). 

The energy required to remove an unexcited electron is called the ionization energy. This energy 
increases with each additional electron removed from an atom due to the increase in ionic charge, and the 
fact that the electron may belong to a shell closer to the nucleus. The ionization energy for the first 
ionization state is typically a few electron volts. Hydrogen has one of the highest first ionization energies 
(13.6 eV), but most elements have first ionization energies of 4 - 10 eV. The energy required to remove 
the last electron from a plutonium atom (the 94th ionization state) in contrast is 120 KeV. The first and 
last ionization energies for some elements common in nuclear weapons are: 
Table 3.2.5. Representative First and Last Ionization Energies

Element First Ionization (eV) Last Ionization (eV)

Hydrogen 13.598 -

Lithium 5.39 3rd: 122.4

Beryllium 9.32 4th: 217.7

Oxygen 13.61 8th: 871.1

Uranium 6 92nd: 115,000

Plutonium 6.06 94th: 120,000

There is a simple law for computing the ionization energy of the last electron (the Zth ionization state for 
atomic number Z): 

Eq. 3.2.5-1

     E_i_Z = Z^2 * 13.6 eV

For other ionization states, the other electrons bound to the nucleus provide partial screening of the 
positive charge of the nucleus and make the law more complex. 

The energy required to excite an electron is less than the associated ionization energy (E_i). An excited 
electron is more easily removed from an atom, the energy required being exactly the difference between 
the unexcited ionization energy and the excitation energy. Under high pressures, excited electrons are 



subjected to strong Coulomb forces which tend to remove them from the atom. Also frequent atom-atom, 
atom-electron, and atom-photon interactions will tend to ionize the more weakly bound excited electron. 
Even if it is not removed, electrons tend to drop back to their ground state after awhile with the emission 
of a photon. Excitation is thus unimportant in dense, high pressure gases. 

The average ionization state of a gas depends on the ionization energy for each ionization state, the 
temperature of the gas, and the density. At a temperature T, the average particle is kT. If this value is 
larger than the ionization energy of an electron attached to an atom, then an average collision will remove
it (for hydrogen E_i corresponds to T = 158,000 degrees K). We can thus expect the average ionization 
state to be at least equal to i, where i is the greatest ionization state with ionization energy less than or 
equal to kT. In fact ionization can be appreciably greater than this, with higher states for denser gases at 
the same temperature due to more frequent collisions. If the gas density is comparable to the density of 
condensed matter, then the energy of i is typically in the order of 3kT - 4kT. At the highest temperatures 
in fission weapons (50 to 100 million degrees K), uranium and plutonium can achieve ionization states of 
80 to 85. 

Ionization is a statistical process so often a mixture of ion states is present in varying proportions. At the 
densities and temperatures encountered here though, the effective spread in ionization states is quite 
narrow, and we can assume that there will effectively be only one ionization state at a given temperature. 

Because kT = 120 KeV at 1.4 billion degrees K, complete ionization of these atoms would normally be 
expected only in the most extreme conditions of thermonuclear weapons (densities of 200-500, and 
temperatures of 300-350 million degrees), if at all. Note however, that at these extreme densities the 
atomic shells breakdown and matter exists as a Fermi gas rendering ionization moot. 

Every electron dislodged from an atom becomes an independent particle and acquires its own thermal 
energy. Since the law E = NkT does not distinguish types of particles, at least half of the thermal energy 
of a fully ionized gas resides in this electron gas. At degrees of ionization greater much than 1, the 
thermal energy of the atoms (ions) becomes unimportant. 

Since an ordinary (as opposed to a quantum) electron gas can absorb energy only through kinetic motion, 
it is a perfect gas with gamma equal to 5/3. Although an electron gas is perfect, there are two processes 
that tend to drive the effective value of gamma down below 5/3 when considering large increases in 
internal energy. First, it should be apparent that ionization (and excitation) absorbs energy and thus 
reduces gamma. The second effect is due simply to the increase in N with increasing ionization state. The 
larger the number of free electrons, each sharing kT internal energy, the larger the sink is for thermal 
energy. This second effect tends to overwhelm the absorption of ionization energy as far as determining 
the total internal energy of the gas, but ionization has very important effects on shock waves (discussed 
below). These effects are especially pronounced in regimes where abrupt increases in ionization energy 
are encountered (e.g. the transition from an un-ionized gas to a fully ionized gas; and the point after the 
complete removal of an electron shell, where the first electron of a new shell is being removed). 

At high temperatures and ionization states (several millions of degrees and up), where large amounts of 
energy are required to dislodge additional electrons, both of these ionization effects can often be ignored 
since the net increase in electron number (and absorption of ionization energy) is small even with large 
increases in internal energy, and the energy gap between successive electron shells becomes very large. 

At very high temperatures, the effect of radiant energy must be taken into account when evaluating the 
equation of state. Since the energy present as a blackbody spectrum photon gas increases as the fourth 
power of temperature, while the kinetic energy increases approximately proportionally with temperature 
(it would be strictly proportional but for the increase in N through ionization), at a sufficiently high 
temperature the radiation field dominates the internal energy of matter. In this realm the value of gamma 
is equal to that of a photon gas: 4/3. 



3.3 Interaction of Radiation and Matter

Photons interact with matter in three ways - they can be absorbed, emitted, or scattered - although many 
different physical processes can cause these interactions to occur. For photons with thermal energies 
comparable to the temperatures encountered in thermonuclear weapons, the only significant interactions 
with matter are with electrons. The mechanisms by which photons and electrons interact are conveniently 
divided into three groups: bound-bound, bound-free, and free-free. Bound-bound refers to interactions in 
which both the initial and final states of the electron involved are bound to an atom. Bound-free describes 
interactions in which one state is bound to an atom, and the other is a free electron (it doesn't matter 
whether it is the initial or final state). Free-free interactions are ones in which the electron remains free 
throughout. 

Now each mechanism of photon interaction can operate in a forward or reverse direction. That is, a 
process that absorbs a photon can also operate in reverse and cause photon emission (making absorption 
and emission two sides of the same coin); or a scattering process that removes energy from a photon can 
also add energy. This principle is called microscopic reversibility. 

Frequently, when solving practical problems, we would rather not consider each individual mechanism of
interaction by itself. It is often preferable to have coefficients that describe the overall optical properties 
of the medium being considered. Thus we have absorption coefficients, which combine all of the 
individual absorption mechanisms, emission coefficients, and scattering coefficients. Normally we just 
talk about absorption and scattering coefficients (designated k_a and k_s) because we can combine the 
absorption and emission processes, which offset each other, into a single coefficient (calling this 
combined coefficient an "absorption coefficient" is just a matter of convenience). Henceforth, "absorption
coefficient" will include both absorption and emission unless otherwise stated. To characterize the optical
properties of the medium (also called the "opacity") with a single number we can use the "total absorption
coefficient" (also called the attenuation or extinction coefficient), which is the sum of the absorption and 
the scattering coefficients. 

Since, with few exceptions, the cross section of each mechanism of interaction varies with photon energy,
the optical coefficients vary with photon energy as well. If we are dealing with a monoenergetic flux of 
photons (like laser beams) then we need to have absorption and scattering coefficients for that particular 
photon frequency. If the flux contains photons of different energies then we must compute overall 
coefficients that average the spectral coefficients over the spectral distribution. 

The process of averaging opacity over the photon frequency spectrum is straightforward only if we can 
assume that all photon emissions are spontaneous (independent of other photons). This is valid if the 
medium is optically thin, that is, much less than an absorption mean free path in extent. This type of mean
free path is called the Planck mean free path. If the medium is optically thick (much larger in extent than 
the absorption mean free path) then this assumption is not valid. Due to the quantum statistical behavior 
of photons, the presence of photons increases the likelihood of photon emission to a value above the 
spontaneous level. This effect ("stimulated emission") is responsible for both the existence of the 
blackbody spectrum, and of the phenomenon of lasing. When this effect is taken into account during the 
averaging process, the result is known as the Rosseland mean free path. 

In addition to the total absorption coefficient k, the opacity of a medium can be measured using the mean 
opacity coefficient K. K is a density normalized measure, given in units of cm^2/g (that is total absorption
cross section per gram), while k is the actual opacity of the medium at its prevailing density and is given 
in units of cm^-1. Although K is normalized for mass density, it is often more informative for our 
purposes to express it in terms of particle or atom density (cm^2/mole). The coefficients K and k are 
related to the total photon mean free path (l_phot) by: 

Eq. 3.3-1

     l_phot = 1/(K*rho) = 1/k



3.3.1 Thermal Equilibrium 

In a system in thermal equilibrium the principle of detailed balancing also applies. This principle holds 
that each process is exactly balanced by its exact opposite so that the net state of the system is unchanged.

We have already seen that in an equilibrium system, the intensity of the radiation field and its spectrum 
are governed by the blackbody radiation laws which hold without reference to the actual mechanisms of 
photon emission and absorption. This indicates that in a fundamental sense, these mechanisms are 
basically irrelevant to determining the state of the radiation field in the system. The rates at which they 
occur are governed by quantum principles so that they always generate a blackbody field. If the optical 
coefficients as a function of photon energy are known then computing the overall coefficients across the 
whole radiation spectrum is straightforward. 

Now having said this, a little qualification is in order. The mechanisms of absorption and emission can 
produce local features in the blackbody spectrum. For example, a strong absorption line can create a 
narrow gap at a particular frequency. The energy missing in this gap will be exactly balanced by the 
increased intensity in the remainder of the spectrum, which will retain the same relative frequency-
dependent intensities of the ideal black body spectrum. 

A second caveat is that the blackbody spectrum only applies to systems in thermal equilibrium. Specific 
mechanisms can dominate non-equilibrium situations, and can occur without significant counterbalance 
by the reverse process. Laser emission and fluorescent emission are common examples of non-
equilibrium processes. 

Although the specific interaction mechanisms in an equilibrium system do not affect the radiation 
spectrum, they still affect the optical coefficients because the photon-matter interaction cross sections, 
and thus the spectral coefficients, do depend on the mechanisms involved. The physics of these 
mechanisms is often extremely complex (especially the bound-bound and bound-free processes), even the
process of developing simplifying approximations is hard. It is thus often very difficult to determine what 
the values of the optical coefficients should be. 

If a system approximates thermal equilibrium then the blackbody spectrum can be used to compute 
overall optical coefficients for the medium. The coefficients vary with temperature, not only because the 
peak of the blackbody spectrum varies with temperature, but because the interaction mechanisms are 
usually temperature dependent also (and may be density dependent as well). 

Approximate thermal equilibrium occurs where the change in the radiation field is gradual with respect to
both distance and time (these are necessary and sufficient). Gradual change with distance means that the 
change in energy density is relatively small over the distance l_phot. Gradual change with time means 
that the energy density does not change much over a radiation relaxation period. Radiation relaxation is 
usually so fast that this last condition is of little importance. Since typically the spectral mean free path 
changes with frequency, it is possible for only a portion of the spectrum to be in equilibrium. If the 
portions of the spectrum that are not in equilibrium make only a small contribution to the energy density, 
they can be ignored. 

The conditions for thermal equilibrium exist in the interior (at least one optical thickness from the 
surface) of an optically thick body where the transport process is dominated by scattering. This situation 
also ensures the existence of local thermodynamic equilibrium (LTE), that is the radiation field and 
matter are in thermodynamic equilibrium at every point in the medium. LTE guarantees that the spectral 
distribution of the flux will be a blackbody spectrum, and further that the spectrum at any point will be 
determined by the temperature at that point. 

3.3.2 Photon Interaction Mechanisms 

It is useful to survey the mechanisms by which matter and energy interact in more detail, to gain a deeper 
understanding of the factors that affect opacity. In some systems of interest (such as fully ionized matter) 



the coefficient can be calculated directly from the underlying interaction mechanisms, in others it may be 
extremely difficult and require experimental validation. 

If fact often it is not practical to calculate opacity values directly from basic principles. In these cases they
must be determined by direct measurements in the systems of interest. It is also possible to estimate upper
and lower bounding values, but these are often very loose. 

3.3.2.1 Bound-Bound Interactions 

These interactions occur when an electron bound to an atom (or ion) moves between energy levels as a 
result of photon capture or emission. Capture raises the electron to a higher energy level, emission causes 
the electron to drop to a lower one. The phenomena known as fluorescence is the process of capturing a 
photon, followed by the emission of a lower energy photon as the excited electron drops back to its 
ground state through some intermediate energy absorbing process. 

Photon capture by this mechanism requires that that the photon energy correspond exactly to the energy 
difference between the energy level an electron is currently occupying, and a higher one. The capture 
cross section for a photon meeting this criteria is extremely large, otherwise it is zero. Quantum 
uncertainty gives the absorption line a narrow finite width, rather than the zero width an infinite precision 
match would indicate. 

In principle any atom has an infinite number of possible energy levels. In practice, at some point the 
binding energy to the atom is so weak that the electron is effectively free. The hotter and denser matter 
gets, the lower is the energy level (and the greater is the binding energy) where this occurs. 

In hot dense gases that are not completely ionized (stripped of electrons) line absorption contributes 
significantly to the opacity of the gas, and may even dominate it. 

Fermi gases resemble completely ionized gases in that no electron is bound to a nucleus. In both cases 
bound-bound transitions between atomic quantum energy levels cannot occur. Fermi gases have quantum 
energy levels of their own however, and bound-bound transition between these energy levels are possible.

3.3.2.2 Bound-Free Interactions 

The process in which a bound electron absorbs a photon with energy at least equal to its binding energy, 
and thereby is dislodged from the atom is called the photoelectric effect. This process can occur with any 
photon more energetic than the binding energy. The cross section for this process is quite significant. 
When matter is being heated by a thermal photon flux (that is, the matter is not in thermal equilibrium 
with the flux), photoelectric absorption tends to dominate the opacity. 

The reverse process by which atoms capture electrons and emit photons is called radiative electron 
capture. The balance between these two processes maintains the ionization state of an equilibrium gas. 

3.3.2.3 Free-Free Interactions 

There are two principal mechanisms by which photons interact with free electrons. These are a photon 
emission process called bremsstrahlung (and its reverse absorption process), and photon scattering. 
Naturally, these are the only processes that occur in a completely ionized gas (atoms are completely 
stripped). In a highly ionized gas (all atoms are ionized, and most but not all of the electrons have been 
removed) these processes often dominate the opacity. Theoretically free-free interactions are much easier 
to describe and analyze than the bound-bound and bound-free processes. 

3.3.2.3.1 Bremsstrahlung Absorption and Emission 

The term "bremsstrahlung" is German and means "slowing down radiation". It occurs when an electron is 
slowed down through being scattering by an ion or atom. The momentum, and a small part of the energy, 



is transferred to the atom; the remaining energy is emitted as a photon. Inverse bremsstrahlung (IB) 
occurs when a photon encounters an electron within the electric field of an atom or ion. Under this 
condition it is possible for the electron to absorb the photon, with the atom providing the reaction mass to 
accommodate the necessary momentum change. In principal bremsstrahlung can occur with both ions and
neutral atoms, but since the range of the electric field of an ion is much greater than that of a neutral atom,
bremsstrahlung is a correspondingly stronger phenomenon in an ionized gas. 

In a bremsstrahlung event, we have: 

    m_e*d_v_e = m_i*d_v_i

due to the conservation of momentum (m_e and d_v_e are the electron mass and velocity change, m_i 
and d_v_i are for the ion). Which gives us: 

    m_i/m_e = d_v_e/d_v_i

Since m_i/m_e (the mass ratio between the ion and electron) is 1836*A (where A is the atomic mass of 
the ion), the velocity change ratio is 1/1836*A. Kinetic energy is proportional to m*v^2, so the kinetic 
energy change for the ion is only about 1/1836*A of the energy gained or lost by the electron. 
Bremsstrahlung/IB is thus basically a mechanism that exchanges energy between photons and electrons. 
Coupling between photons and ions must be mediated by ion-electron collisions, which requires on the 
order of 1836*A collisions. 

Unlike the bound-bound and bound-free processes, whose macroscopic cross section is proportional to 
the density of matter, the bremsstrahlung/IB cross sections increase much faster with increasing density. 
It thus tends to dominate highly ionized, high density matter. 

The absorption coefficient k_v from bremsstrahlung (assuming a Maxwellian electron velocity 
distribution at temperature T) in cm^-1 is: 

Eq. 3.3.2.3.1-1

   k_v = 3.69 x 10^8 (1 - Exp(-h*nu/k*T))(Z^3 * n_i^2)/(T^0.5 * nu^3)

or 

Eq. 3.3.2.3.1-2

   k_v = 2.61 x 10^-35 (1 - Exp(-pe/k*T))(Z^3 * n_i^2)/(T^0.5 * pe^3)

where Z is the ionic charge, n_i is the ion density, T is the electron temperature (K), and nu is the photon 
frequency, h is Planck's constant (6.624 x 10^-27 erg cm^2/sec), k is Boltzmann's constant, pe is photon 
energy (eV), and the other units are CGS. 

We can compute the effective overall absorption coefficient by averaging across the frequency spectrum: 

Eq. 3.3.2.3.1-3

   k_1 = 6.52 x 10^-24 (Z^3 * n_i^2)/(T^3.5)



The absorption mean free path (in cm)is simply 1/k_1: 

Eq. 3.3.2.3.1-4

   l_1 = 1.53 x 10^23 (T^3.5)/(Z^3 * n_i^2)

The total amount of energy emitted per cm^3 per sec (assuming electron and photon thermal equilibrium) 
is: 

Eq. 3.3.2.3.1-5

 e = 1.42 x 10^-27 Z^3 n_i^2 T^0.5 ergs/cm^3-sec

The mean free path formulae given above is based on the assumption that all photon emissions are 
spontaneous (i.e. the medium is optically thin). Compensating for stimulated emission gives us the 
Rosseland mean free path for bremsstrahlung, which is longer than the spontaneous value by a constant 
factor: 

Eq. 3.3.2.3.1-6

   l_R = 4.8 x 10^24 (T^3.5)/(Z^3 * n_i^2)

3.3.2.3.2 Scattering 

All of the processes described so far are absorption and emission processes which involve photon 
destruction and creation, and necessarily exchange substantial amounts of energy between matter and the 
radiation field. Photon scattering does not, in general, involve significant exchanges in energy between 
particles and photons. Photon direction and thus momentum is changed, which implies a momentum and 
energy change with the scattering particle. But photon momentum is usually so small that the energy 
exchange is extremely small as well. 

3.3.2.3.2.1 Thomson Scattering 

The only way a photon can interact with an electron in the absence of a nearby atom or ion is to be 
scattered by it. In classical physics this scattering process (which is due to the electron acting as a 
classical oscillator) cannot change the photon energy and has a fixed cross section known as the Thomson
cross section, which is 6.65 x 10^-25 cm^2. This is multiplied by the electron density to obtain the 
scattering coefficient k_s. The scattering mean free path is then: 

Eq. 3.3.2.3.2.1-7

   l_s = 1.50 x 10^24 /(Z * n_i)

Referring to Eq. 3.3.3.1-3, above we can see that at a sufficiently high temperature, the bremsstrahlung 
absorption coefficient may become smaller than the Thomson coefficient, which will then tend to control 
radiation transport. 

3.3.2.3.2.2 Compton Scattering 

When the photon energy becomes comparable to the electron rest-mass (511 KeV), the photon 
momentum is no longer negligible and an effect called Compton scattering occurs. This results in a larger 
energy-dependent scattering cross section. Compton scattering transfers part of the energy of the photon 



to the electron, the amount transferred depends on the photon energy and the scattering angle. 511 KeV is
an energy much higher than the typical thermal photon energies encountered in our domain of interest. At
high thermonuclear temperatures (35 KeV) a significant proportion of photons in the upper end of the 
Planck spectrum will undergo this process. 

In a hot gas, where electrons have substantial kinetic energy, inverse Compton scattering also occurs 
which transfers energy from the electron to the photon. 

3.3.3 Opacity Laws 

As noted earlier, the actual opacity of a material is the sum of the absorption and scattering coefficients: 

Eq. 3.3.3-1

    k_t = k_a + k_s

The total photon mean free path is then: 

Eq. 3.3.3-2

    l_phot = 1/k_t = 1/(k_a+k_s) = 1/((1/l_a)+(1/l_s)) = (l_a*l_s)/(l_a+l_s)

The absorption and scattering coefficients, k_a and k_s, are in turn the sum of all of the component 
absorption and scattering processes described in the subsections above. In some cases, not all of these are 
present to a significant extent, but in others there may be many contributors. In performing photon 
transport calculations though, it is very undesirable to individually model and compute each interaction 
process. These processes tend to be rather complicated in form and, at worst, are almost intractably 
difficult to compute. Simulations that include photon transport as but one component would be 
exorbitantly expensive computation-wise if these processes were always included explicitly. And it is 
completely impossible to conduct analytical studies of transport processes without introducing radical 
simplifications. 

Formulating laws of simpler form is essential to the practical study of photon transport. These laws are 
approximations that describe the dependency of the total opacity on temperature and density in the range 
of interest. They are not universally valid and care must be taken to ensure that the law chosen is actually 
applicable in the range where it is to be applied. 

A popular form of an opacity law is: 

Eq. 3.3.3-3

     K = (K_0 * rho^C * T^-m) + K_1

where K, K_0, and K_1 are the opacities in cm^2/g, rho is density, T is temperature, and C and m are 
constants. According to this law, at high temperatures the opacity converges to K_1, while as T 
approaches zero the opacity goes to infinity (and thus the MFP drops to zero). 

Opacity laws are simplest when we can assume complete ionization of the material. For an optically thick
medium we can easily derive these factors from Equation 3.3.2.3.1-6 and 3.3.2.3.1-7: m = 3.5;
C= 1; and
K_0 = 2.1x10^-25 * Z^3 * (Avg/A)^2;
K_1 = 6.65x10^-25 * Z * (Avg/A);



where Z is the atomic number, Avg is Avogadro's Number, A is the atomic mass. The first term is due 
entirely to bremsstrahlung, and the second term (K_1) is due to Thomson scattering. 

For fusion fuels, usually mixtures of hydrogen, lithium, and helium, complete ionization can be assumed 
due to their relatively low ionization temperatures, and this law is applicable. Higher Z materials that may
be used in the construction of nuclear weapons, like carbon, aluminum, iron, lead, tungsten, and uranium 
must take into account the effects of bound electrons. For these higher Z materials an m value of 1.5 to 
2.5 is typical. For very high Z materials, like uranium, an m value of 3 is commonly assumed. Since 
absorption through bound electrons is due to photon-atom (or photon-ion) interactions, for a given 
ionization state opacity should be roughly proportional to atom (ion) density giving us C = 0. Strict 
proportionality doesn't occur since the ionization state is affected by density. 

The appropriate values of K_0 for high Z materials at the densities and temperatures of interest are not 
readily available however. In the United States, opacities for elements with Z > 71 are still classified. 
Even for elements with Z < 71, for which the opacities are not classified, U.S. government data has not 
yet been released, and little information from other sources appears available in the public domain. 

Parameters for the opacity law can be derived for some elements with Z up to 40 from figures published 
in Los Alamos Report LAMS-1117. This document covers temperatures (0.5 - 8 KeV) and densities (1-30
g/cm^3 for carbon, 3.5-170 g/cm^3 for copper) in the range of interest for radiation implosion systems. 
Table 3.3.4-1. Opacity Law Parameters

Element Z m C K_0 K_1

Carbon 6 4.9 0.92 0.074 0.22

Aluminum 13 5.0 0.93 1.4 0.21

Iron 26 2.9 0.62 6.6 0.15

Copper 29 2.7 0.55 7.0 0.14

Zirconium 40 1.8 0.72 1.2 0.15 

Although some general trends seem apparent in the table above, they cannot be extrapolated easily to 
much higher Z values. We can see that zirconium disrupts trends in C and K_0 indicated by Z=6 through 
Z=29. As we ascend the periodic table and electron shells are successively filled, and new ones started, 
abrupt changes in ionization behavior, and hence opacity will occur. 

3.3.4 Radiation Transport 

The transport of radiation through matter often alters the physical state of matter in significant ways. 
Matter absorbs and emits radiation which leads to it heating up and cooling down. The existence of 
significant radiation transport implies the existence of energy density and temperature gradients, which in 
turn imply the existence of pressure gradients. Given sufficient time, pressure gradients may lead to 
significant fluid flow, and corresponding changes in the density of matter. Problems that include both the 
motion of matter and radiation are the domain of radiation hydrodynamics, which is discussed in another 
subsection below. This subsection generally treats the properties of matter as being static (not affected by 
the transport process), although the effects of heating are considered under radiation heat conduction. 

When a ray of photons pass through a layer of matter, the initial flux is attenuated according to the law: 

Eq. 3.3.4-1



    I_x = I_0 * Exp[-x/l_phot]

The flux attenuates exponentially, decreasing to 1/e over a thickness equal to the photon MFP. The ratio 
x/l_phot is called the "optical thickness", usually designated "tau". If the optical coefficient is not constant
through a layer, then its optical thickness may be found simply be integrating k_t along the photon path. 

The energy flux actually deposited in a thin layer of thickness dx located at x_1 is: 

Eq. 3.3.4-2

    I_x = k_a*dx*I_x_1 = k_a*dx*I_0*Exp[-x_1/l_phot]

since only the absorption cross section actually deposits energy in the layer. 

This model of pure attenuation assumes that photon emission by the layer is not significant. If photon 
emission does occur then instead of merely attenuating towards zero, the photon flux will converge to an 
equilibrium value, e.g. the radiation field and matter will relax to state of equilibrium. The photon MFP 
provides the distance scale required for establishing equilibrium, and accordingly is sometimes called the 
"relaxation length". Since the velocity of photons is c (the speed of light), the relaxation time is l_phot/c. 

An additional limitation of this model which remains even when photon emission is taken into account is 
that it treats only a "ray" of photons - a beam in which all photons travel in the same direction. In practice,
there is always an angular distribution of the photon flux around the net direction of radiation flow. When
the flux drops off rapidly as the angle from the net direction of flow increases, then the "ray" model 
remains a good approximation. 

When there is a substantial flux at large angles from the net direction of flow, then other models of 
photon transport are needed. Photon fluxes with large angular spreads inevitably arise when the flux 
travels through a medium that is several optical thicknesses across, since photons are quickly scattered in 
all directions. Two important approaches to approximating such situations are radiation diffusion and 
radiation heat conduction. 

A final limitation should be noted concerning the "ray" model. For a beam of photons originating outside 
of the optically thin medium and travelling through it, the spectral distribution of the flux can be anything 
at all - a monoenergetic flux like a laser beam, a Boltzmann distribution, etc. A single absorption and 
scattering cross section can only be used if the spectral cross sections are appropriately weighted for the 
flux spectrum. 

3.3.4.1 Radiation Diffusion 

Radiation diffusion (based on the application of diffusion theory) describes photon transport where the 
energy density gradient is small, i.e. in conditions of approximate local thermal equilibrium (LTE). This 
situation exists in the interior (at least one optical thickness from the surface) of any optically thick body. 

The rate of energy is determined by the diffusion equation: 

Eq. 3.3.4.1-1

     S = -((l_phot*c)/3) * Grad(U)

where S is the energy flux (flow rate), c is the speed of light, U is the energy density, and Grad(U) is the 
energy density gradient (the rate at which energy density changes with distance along the vector J). Due 
to the gradual change in state in diffusion, if the thickness of the body is x then the flux can be 



approximated by: 

Eq. 3.3.4.1-2

     S = ((l_phot*c)/x) * U

That is, the flux is inversely proportional to the optical thickness. 

During diffusion, photons are scattered repeatedly and advance in a random walk, travelling much farther 
than the straight-line distance. In the diffusion process a photon undergoes on the order of (x/l_phot)^2 
interactions which the material while advancing the distance x. The characteristic diffusion time t_diff is 
thus (x^2/(c*l_phot)). When the physical scale of a system is much larger than the photon MFP, the 
photon field is effectively trapped and is always in local equilibrium with the state of the material, and it 
is possible for the material to flow faster than the photon flux itself. In the case of stars, where l_phot is 
on the order of a millimeter, but x is on the order of a million kilometers, it can take millions of years for 
photons created in the interior to diffuse to the surface (they are absorbed and reemitted many times 
during the journey of course)! 

It is interesting to note that the Rosseland mean free path is equal to the spectral mean free path when the 
energy of photons is given by: 

   hv = 5.8 kT

This means that when a body is optically thick, and radiant energy transport occurs through radiation 
diffusion, the main energy transport is due to photons with energies much higher than the average particle
kinetic energy. On the other hand when a body is optically thin, and energy is radiated from the entire 
volume, then most of the energy is transported by photons with energies only moderately higher than the 
average kinetic energy. 

This phenomenon is almost always true to some extent, and can greatly affect radiation transport. If the 
MFP increases with energy (as it does with bremsstrahlung in optically thick bodies), then energy 
transport is due to very energetic photons which may only comprise a small fraction of the radiation field.
On the other hand, the converse may be true. This is the case during early fireball growth in nuclear 
explosion, when only the radiation in the normal optical range can escape to infinity from the X-ray hot 
fireball. 

3.3.4.2 Radiation Heat Conduction 

This approximation of radiation transport is very closely related to the diffusion approximation, and like 
diffusion applies when LTE exists. The principle difference between radiation heat conduction and 
diffusion is that the conduction equations are based on temperature gradients, rather than energy density 
gradients. This is important because at LTE, the temperature of matter and radiation are equal, and the 
physical state and thermodynamic properties of matter are a function of temperature. If we want to take 
into account the effects of radiation heating on matter then we must treat the problem in terms of 
temperature. 

3.3.4.2.1 Linear Heat Conduction 

Before considering radiation heat conduction, it is helpful to first look at ordinary heat conduction - the 
familiar conduction process encountered in everyday life. 

The ordinary conductive heat flux is given by: 



Eq. 3.3.4.2.1-1

     S = -kappa * Grad(T)

where S in the flux, kappa is the coefficient of thermal conductivity of the material, and Grad(T) is the 
temperature gradient. Since the conductive flux is proportional to the temperature gradient this is called 
linear heat conduction. 

The basic behavior of linear heat conduction can be observed by considering a uniform medium at zero 
temperature bounded by a flat surface on one side. If an arbitrarily thin layer at this surface were instantly
heated by the application of a pulse of energy E (in erg/cm^2), how would the heat flow through the 
medium? Initially the temperature at the surface is some finite (but arbitrarily high) temperature T_0. At 
the boundary of this heated layer the temperature gradient is infinite since it drops from T_0 to zero 
degrees in zero distance. Since the flux (rate of flow) is proportional to the temperature gradient, the rate 
of flow is infinite as well. At any point where a non-zero temperature is adjacent to the unheated medium 
this will be true. Heat thus instantly diffuses throughout the medium, establishing a temperature profile 
(and temperature gradient) that is highest at the heated surface and drops to zero only at infinity. The rate 
of flow drops with the temperature gradient though, so at great distances the actual flow is extremely 
small. The temperature profile assumes a Gaussian distribution in fact, with nearly all the thermal energy 
located in a region "close" to the surface. 

Figure 3.3.4.1-1. Profile of Linear Heat Conduction

 

What does "close" mean? The scale of the region is determined by the elapsed time since the temperature 
jump was introduced, and the thermal diffusivity of the medium (which is usually designated by chi). The
thermal diffusivity is given by: 

Eq. 3.3.4.2.1-2

     chi = kappa/(rho * c_p)

where kappa is the thermal conductivity of the medium, rho is its density, and c_p is the specific heat at 
constant pressure. The thermal diffusivity of a gas is approximately given by: 

Eq. 3.3.4.2.1-3

     chi = (l_part * v_mean)/3

where l_part is the particle (molecule, atom, etc.) collision mean free path, and v_mean is the mean 
thermal speed of the particles. 

The actual temperature distribution function is: 



Eq. 3.3.4.2.1-4

     T = Q * Exp[(-x^2)/(4*chi*t)] / (4Pi * chi * t)^0.5

where Q is in deg/cm and is given by: 

Eq. 3.3.4.2.1-5

     Q = E/(rho*c_p)

If the process occurs at constant pressure, or: 

Eq. 3.3.4.2.1-6

     Q = E/(rho*c_v)

Q provides a scale factor for the heat profile since it is the surface energy density, divided by the ability of
an infinitely thin layer to absorb heat. 

if constant volume is maintained (c_v is the specific heat at constant volume). From this we can see that 
the depth of the region where most of energy is concentrated is on the order of: 

Eq. 3.3.4.2.1-7

     x ~ (4*chi*t)^(1/2)

At a depth of a few times this value the temperature becomes very small. The depth x can thus be taken as
a measure of the depth of the penetration of heat. 

Of course the prediction of infinite heat propagation velocity (even at infinitesimally small energy flows) 
is not physically real. In a gas it is actually bounded by the ability of "hot" particles to travel several times
the MFP without undergoing collisions, and is thus limited to the velocity of the particles present, and is 
related to the local velocity of sound (the thermal energies and temperatures involved here are so small 
that they are utterly insignificant however). 

3.3.4.2.2 Non-Linear Heat Conduction 

We can easily derive a temperature gradient based equation for radiation transport from the radiation 
diffusion equation Eq. 3.3.4.1-1 by substituting the blackbody radiation energy density expression (see 
Eq. 3.1.7-6) for U: 

Eq. 3.3.4.2.2-1

     S = -((l_phot*c)/3) * Grad(U)

       = -((l_phot*c)/3) * Grad((4*sigma*T^4)/c)

To put this equation in the form of Eq. 3.3.4.2.1-1 we need only compute the appropriate value for kappa:

Eq. 3.3.4.2.2-2



     kappa = ((l_phot*c)/3) * dU/dT = ((l_phot*c)/3) * c_rad

           = (16 * l_phot * sigma * T^3)/3

We can see immediately from the above equation that radiation heat conduction is indeed non-linear: 
kappa has two components that vary with T. The first component is the photon mean free path, l_phot, 
which is determined by the (temperature dependent) opacity and drops to zero at zero temperature. The 
second component, dU/dT, is the radiation specific heat (also designated c_rad): 

Eq. 3.3.4.2.2-3

     c_rad = dU/dT = (16 * sigma * T^3)/c

which varies as the third power of T and thus also drops to zero at T=0. One immediate consequence of 
this is that as T approaches zero, so does the thermal conductivity of the medium. The instantaneous 
permeation of a medium by heat energy as predicted by the linear conduction model thus does not occur, 
in non-linear conduction there is always a definite boundary between heated and unheated matter that 
advances at a finite speed. 

The existence of a well defined boundary with a finite speed means that radiation heat conduction creates 
a "thermal wave" (also called a Marshak wave, or a radiation diffusion wave) with the boundary marking 
the edge of thermal wave front, and the finite speed being the wave velocity. On the other hand, since 
radiation conduction is mediated by photons which travel at the speed of light, the actual bounding 
velocity of thermal waves is much higher than classical kinetic heat conduction which is limited by the 
speed of sound. The temperature profile of a thermal wave differs markedly from the Gaussian 
distribution of linear heat conduction. In a thermal wave the temperature in the heated zone is essentially 
constant everywhere, except near the front where is rapidly drops to zero. The thickness of the zone 
where this temperature drop occurs is the wave front thickness (see Figure 3.3.4.2.2-1). 

Figure 3.3.4.2.2-1. Profile of a Thermal (Marshak) Wave

 

Before we can progress further in studying thermal waves we must obtain expressions for kappa and chi 
that incorporate the opacity of the medium. We are particularly interested in an expression that is valid at 
low temperatures, since this is what determines the rate of advance of the heated zone. At low 
temperatures the opacity becomes very large, so we can neglect the constant factor K_1 in 3.3.-1. The 
photon MFP is the reciprocal of the opacity-density product, so we can represent l_phot by: 

Eq. 3.3.4.2.2-4

     l_phot = 1/((K_0 * rho^C * T^-m) * rho) = A * T^m, m > 0

where A is a constant given by: 

Eq. 3.3.4.2.2-5



     A = 1/(K_0 * rho^(C+1))

Substituting Eq. 3.3.4.2.2-4 into Eq. 3.3.4.2.2-2 give us: 

Eq. 3.3.4.2.2-6

kappa = (16 * A * T^m * sigma * T^3)/3 = (16 * A * sigma * T^n)/3 = B*T^n,

where n = m + 3, and B is a constant given by: 

Eq. 3.3.4.2.2-7

     B = (16 * A * sigma)/3 = (16*sigma) / 3*(K_0 * rho^(C+1))

In a fully ionized gas where bremsstrahlung dominates n = 6.5, in the multiply ionized region it is usually 
in the range 4.5 < n < 5.5. 

For radiation conduction the expression for chi (Eq. 3.3.4.2.1-2) must use c_v rather than c_p: 

Eq. 3.3.4.2.2-8

     chi = kappa/(rho * c_v) = ((l_phot*c)/3) * c_rad/(rho*c_v)

         = (B * T^n)/(rho * c_v) = a * T^n,

where a is a constant: 

Eq. 3.3.4.2.2-9

     a = B/(rho * c_v)

Note that chi now includes both the specific heat of matter and the specific heat of radiation since two 
fluids are involved in the transport process. 

We can now give an expression for the temperature profile in a thermal wave: 

Eq. 3.3.4.2.2-10

     T = ((n*v/a) * dx)^(1/n)

This equation gives T where dx is the distance behind the wave front, where n and a are as defined above,
and v is the front velocity. This equation indicates that the slope dT/dx is extremely steep when dx is near 
zero, then flattens out and eventually increases extremely slowly. The scale of the front thickness where 
this transition occurs is related to the value of (n*v/a). If there some bounding temperature for T, T_1, 
then we can express the effective front thickness (dx_f) by: 

Eq. 3.3.4.2.2-11

     dx_f = (a * T_1^n)/(n*v) = chi[T_1]/(n*v)



Determining exact values for T_1 and v (the position of the front, x_f, as a function of time) require a 
more complete statement of the problem conditions, but a qualitative expression of the relationship 
between x_f, time, and the scale parameters Q and a, can be given: 

Eq. 3.3.4.2.2-12

     x_f ~= (a * Q^n * t)^(1/(n+2)) = (a * Q^n)^(1/(n+2)) * t^(1/(n+2))

For the front velocity v: 

Eq. 3.3.4.2.2-13

     v = dx_f/dt ~= x_f/t ~= [(a*Q^n)^(1/(n+2))]/[t^((1/(n+2))-1)]

                 ~= (a*Q^n)/X_f^(n+1)

These relations show that the front slows down very rapidly. With the parameters a and Q being fixed, the
penetration of the front is the (n+2)th root of the elapsed time. If n~=5 then x_f ~ t^(1/7), and v ~ t^(-6/7) 
~ x_f^(1/6). That is, the distance travelled is proportional to the seventh root of the elapsed time, and the 
velocity is the inverse sixth root of distance. Since the total quantity of heat (determined by Q) is fixed, 
the temperature behind the wave front is a function of how far the front has penetrated into the medium. 
The driving temperature drops rapidly as the wave penetrates deeper, leading to a sharp reduction in 
thermal diffusivity (chi), and thus in penetration speed. 

It should be noted that if Eq. 3.3.4.2.2-12 is reformulated so that the (temperature dependent) parameter 
chi replaces Q we get (to within a constant multiple) the same law for the penetration of heat that was 
seen in linear heat conduction (Eq. 3.3.4.2.1-7): 

Eq. 3.3.4.2.2-14

     x ~ (chi*t)^(1/2)

A specific situation of interest where Q is fixed is the instantaneous plane source problem described for 
linear heat conduction - an instantaneous pulse of thermal energy applied to a plane bounding the medium
of conduction. In this case an exact solution to this problem is possible, but the result includes a term that 
is a very complicated function of n (see Zel'dovich and Raizer, Physics of Shock Waves and High-
Temperature Hydrodynamic Phenomena, for details). Below is the solution equation with an exponential 
approximation used to simplify it. 

Eq. 3.3.4.2.2-15

     x_f = Exp[0.292 + 0.1504*n + 0.1*n^2]*(a * Q^n * t)^(1/(n+2))

The only difference between this equation and Eq. 3.3.4.2-13 is the addition of the function of n. 

Another interesting case is the problem of radiation penetration into a plane with constant driving 
temperature. This situation arises physically when the plane surface is in thermal equilibrium with a large 
reservoir of heat behind it. Examples where this situation include certain phases of fission bomb core 
disassembly, and certain phases of radiation implosion in thermonuclear weapons. Since the peak driving 
temperature is constant, the value of chi remains constant, and we get immediately from Eq. 3.3.4.2.2-14: 



Eq. 3.3.4.2.2-16

     x ~ (chi*t)^(1/2) ~ (a * T^n * t)^(1/2)

Under these conditions the radiation wave still decelerates at a respectable pace, but nearly as fast as in 
the single pulse example. An estimate of the constants for this equation are available for temperatures 
around 2 KeV (23 million degrees K) when the material is cold uranium from the declassified report 
LAMS-364, Penetration of a Radiation Wave Into Uranium. This is a set of conditions of considerable 
interest to atomic bomb disassembly, and of even greater interest to radiation implosion in thermonuclear 
weapons. When x is in cm, T is in KeV, and t is in microseconds, the equation is: 

Eq. 3.3.4.2.2-17

     x = 0.107 * T^3 * t^(1/2)

For example, after 100 nanoseconds at 2 KeV the wave will have penetrated to a depth of 0.27 
centimeters. Note that this equation implies that for uranium n=6. 

If the driving temperature actually increases with time, instead of simply remaining constant, then the 
radiation wave's propensity to slow down with time and distance will become even more reduced. If we 
continue to magnify the rate of temperature increase with time, then at some point the radiation wave 
velocity will remain constant, or even increase with time. As one example of this situation, we can 
consider the case where the temperature behind the wave front is driven by a constant flux S into the 
medium. In this situation the temperature behind the wave constantly increases. The temperature 
(averaged across the heated zone) is approximately: 

Eq. 3.3.4.2.2-18

     T ~ [(S * x_f)/(a * c_v * rho)]^(1/(n+1))

       ~ [S^2/(a * c_v * rho)]^(1/(n+2)) * t^(1/(n+2))

and the heated zone thickness is: 

Eq. 3.3.4.2.2-19

     x_f ~ [(S^n * (a * c_v * rho)]^(1/(n+2)) * t^((n+1)/(n+2))

For n=5, x_f~t^(6/7), T~t^(1/7)~x_f^(1/6), and v~t^(-1/7). This is a very slowly decelerating radiation 
wave. 

An important question is "Under what conditions can the assumption of a stationary medium of 
conduction be made?". We explicitly assumed that the process of heating the material did not change its 
density, nor set in motion through the pressure gradients created. We have already seen that a constant 
density and temperature, there will be a characteristic pressure produced through particle kinetic energy 
and radiation pressure. We will see in the following section, Section 3.4 Hydrodynamics, that a given 
pressure and density will produce a pressure wave, which may be a shock wave, with a constant velocity. 
If the radiation front is decelerating, then at some point, if the medium is thick enough, and the heat 
transmission process is uninterrupted, this pressure wave must overtake the radiation front. When this 
occurs, we move into the realm of radiation hydrodynamics proper, discussed in detail in Section 3.5 
Radiation Hydrodynamics. 



3.4 Hydrodynamics

Hydrodynamics (also called gas or fluid dynamics) studies the flow of compressible fluids, and the 
changes that occur in the state of the fluid under different conditions. Radiation gas dynamics adds the 
energy transfer effects of thermal radiation. This becomes significant only when the gas is hot enough for 
radiation transport to be appreciable compared to the energy transport of fluid flow. Before dealing with 
the effects of radiation, it is necessary to review the basics of conventional hydrodynamics. 

3.4.1 Acoustic Waves 

Any local pressure disturbance in a gas that is not too strong will be transmitted outward at the speed of 
sound. Such a spreading disturbance is called an acoustic wave. This speed, designated c_s, is a function 
of gas pressure, density (rho) and gamma; or equivalently by the temperature and R (the universal gas 
constant per unit mass): 

Eq. 3.4.1-1

     c_s = (gamma*pressure/rho)^0.5 = (gamma*R*T)^0.5

Since we have previously dealt with k (Boltzmann's constant), n (particle density), and rho (mass density)
but not R is useful to note that: 

Eq. 3.4.1-2

     R = k*n/rho = k*m_part

where m_part is the average mass of a particle. 

If the local pressure disturbance is cyclical in nature, creating alternating high and low pressures, a series 
of acoustic waves is produced that evokes the sensation of sound. The pressure of sound waves is usually 
quite weak compared to ambient air pressure, for example even a 130 dB sound (an intensity that inflicts 
pain and auditory damage on humans) causes only a 0.56% variation in air pressure. 

3.4.2 Rarefaction and Compression Waves 

A disturbance that decreases gas pressure is called a rarefaction wave, a disturbance that increases 
pressure is a compression wave. With either type of acoustic wave the change in state of the gas is 
essentially adiabatic. 

When a gas is adiabatically expanded the speed of sound decreases, when it is adiabatically compressed 
c_s increases. The speed of sound thus decreases behind the leading edge of a rarefaction wave, and 
increases behind the leading edge of a compression wave. Because of this rarefaction waves tend to 
stretch out as the propagate, each portion of the disturbance progressively lagging farther and farther 
behind the leading edge which propagates at the speed of the undisturbed gas. Lagging portions of 
compression waves tend to catch up with the leading edge since they propagate at higher speeds through 
the disturbed (compressed) gas. The pressure profile of the compression wave thus becomes steeper and 
steeper. When a portion of the wave catches up with the leading edge, the slope at that point becomes 
infinitely steep, i.e. a sudden pressure jump occurs. A wave that causes an instantaneous pressure increase
is called a shock wave. 

3.4.3 Hydrodynamic Shock Waves 

Compression waves are fundamentally unstable. They naturally tend to steepen in time and eventually (if 
they propagate long enough) will become infinitely steep: a shock wave. On the other hand, rarefaction 



waves are stable and a rarefaction shock (a sudden pressure drop) is impossible. 

3.4.3.1 Classical Shock Waves 

The idealized representation of shock waves used in shock wave theory assumes the pressure jump at the 
front of the wave is a mathematical discontinuity. When a particle of matter passes through an ideal shock
front it undergoes an instantaneous change in state. The pressure it is subjected to increases, it is 
compressed to higher density, its temperature increases, and it acquires velocity in the direction of shock 
wave travel. 

A classical shock wave is distinguished from non-classical shocks by the assumption that the only process
of energy transport or change of state present is the shock compression itself. 

A diagram of such a shock wave is given below. The subscript 0 designates the initial unshocked state, 
and 1 designates the shock compressed state. 

Figure 3.4.3.1-1. Classical Shock Wave

 

There is a fundamental difference between continuous compression waves and shock waves. The change 
of state in a compression wave is always adiabatic no matter how steep the pressure profile. It can be 
shown theoretically that in an instantaneous pressure jump adiabatic compression is impossible, there 
must be an increase in entropy. 

Of course truly instantaneous changes cannot occur in reality. So, just how sudden is this shock transition 
really? It turns out that the shock transition occurs over a distance which is on the order of the molecular 
collision mean free path in the substance propagating the shock wave. That is to say, only one or two 
collisions are sufficient to impart the new shocked state to matter passing through the shock front. In 
condensed matter, this path length is on the order of an atomic diameter. The shock front is thus on the 
order of 1 nanometer thick! Since shock waves propagate at a velocity of thousands of meters per second, 
the transition takes on the order of 10^-13 seconds (0.1 picoseconds)!! 

Physically the change in entropy in real shock waves is brought about by viscous forces and heat 
conduction connected with the discrete nature of matter at the scale of the shock front thickness. Since 
even very fast continuous compression occurs many orders of magnitude slower than shock compression, 
with a compression front thickness correspondingly thicker, viscosity is almost always negligible (thus 
validating the idea of adiabatic compression). 

The shock velocity D is always supersonic with respect to the unshocked matter. That is, D is always 
higher than the speed of sound c_s for the material through which the shock is propagating. 

The shock velocity is always subsonicwith respect to the compressed material behind the front. That is, D 
- u_p is always less than the speed of sound in the shock compressed material. This means that 
disturbances behind the shock front can catch up to the shock wave and alter its behavior. 

Obviously a shock wave does work (expends energy) as it travels since it compresses, heats, and 
accelerates the material it passes through. The fact that events behind the shock front can catch up to it 
allows energy from some source or reservoir behind the shock wave (if any) to replenish the energy 
expended (a fact of great significance in detonating high explosives). 



Mathematically it is often simpler to view a shock front as stationary, and assume that matter is flowing 
into the shock front at a velocity u_0 equal to -D, and that it is compressed and decelerated to u_1 by 
passing through the front (u_1 = u_p - D). This is actually the natural way of viewing shock waves in 
certain situations, like the supersonic flow of air into a nozzle. 

It is also often convenient to use the "specific volume" instead of density to simplify the mathematics. 
Specific volume v_0 is defined as 1/rho_0; v_1 = 1/rho_1. 

There is a simple relationship between u_0, u_1, and the density ratio between the shocked and 
unshocked material (rho_1/rho_0). It can easily be understood by considering the requirement for the 
conservation of mass. Since matter cannot accumulate in the infinitely thin shock front, the mass flow rate
on either side must be the same. That is: 

Eq. 3.4.3.1-1

     u_0*rho_0 = u_1*rho_1

which gives: 

Eq. 3.4.3.1-2

     u_0/u_1 = rho_1/rho_0 = D/(D - u_p)

We can gain some intuitive idea of the behavior of a shock wave by examining some limiting cases, very 
weak and very strong shocks. When we talk about the strength of a shock wave a number of different 
measures of "strength" can be used. In ordinary gases (i.e. not condensed matter) the pressure ratio 
p_1/p_0, or the Mach number (D/c_s) are convenient. In either case a very weak shock was a value not 
much higher than 1, a very strong shock has a value of 10-100 (easy to reach for a gas at atmospheric 
pressure). 

Since the "initial pressure" in condensed matter cannot be measured directly, we use the absolute pressure
increase instead of pressure ratios for measuring shock strength. Absolute shock velocity, or more rarely 
Mach number, is also used. To reach similar limiting "strong shock" conditions for condensed matter, 
shock velocities of >30 km/sec, and pressures of 10-100 megabars are required, and are beyond the reach 
of chemical explosives (maximum values are about 400 kilobars and 9 km/sec). 

A very weak shock wave travels only very slightly faster than sound, it creates a small pressure increase 
behind the front, imparts a small velocity to the material it passes through, and causes a extremely small 
entropy increase. The velocity of sound behind a weak shock is about the same as it is in front. The 
behavior of a weak shock wave is thus not much different from an acoustic wave (in fact an acoustic 
wave can be considered to be the limiting case of a weak shock). 

As shock strength increases, the proportions by which the energy expended by the wave is divided 
between compressive work, entropic heating, and imparting motion also changes. The density of matter 
crossing the shock front cannot increase indefinitely, no matter how strong the shock. It is limited by the 
value of gamma for the material. The limiting density increase is: 

Eq. 3.4.3.1-3

    density_ratio = rho_1/rho_0 = v_0/v_1 = (gamma + 1)/(gamma - 1)

Consequently, for a perfect monatomic gas the limit for shock compression is 4. Material with higher 
gammas (e.g. essentially all condensed matter) has a lower compressive limit. In regimes where abrupt 



increases in ionization energy absorption occur (initial ionization, initial electron removal from a new 
shell), the effective gamma can be driven down to the range of 1.20 to 1.25, leading to density increases 
as high as 11 or 12. As shocks continue to increase in strength above such a regime the kinetic excitation 
again dominates, and the value of gamma rises back to 5/3 (until the next such regime is encountered). 

There is also a limiting ratio between the shock velocity D and u_p: 

Eq. 3.4.3.1-4

     u_p =  D*(density_ratio - 1)/density_ratio

For a perfect gas this is 3/4 of the shock velocity. 

In a strong shock, the limiting partition of energy between kinetic energy and internal energy 
(compression plus entropy) in the compressed material is 50/50. Since the degree of compression (and 
thus compressive work) has a fixed limit, entropy must increase without limit. In an extremely strong 
shock (one where the limiting ratios are approached), almost all of the energy expended goes into kinetic 
energy and entropic heating. 

There are three basic equations, called the Rankine-Hugoniot shock relations (jump conditions), that 
taken together define the classical shock transition. They are easily derived from conservation laws, in 
fact one of them has already been given (using the conservation of mass): 

Eq. 3.4.3.1-5a  Rankine-Hugoniot Relation 1a

    u_0*rho_0 = u_1*rho_1

or 

Eq. 3.4.3.1-5b  Rankine-Hugoniot Relation 1b

    D*rho_0 = (D - u_p)*rho_1

The mass entering the shock front in a unit of time dt (equal to A*dt*u_0*rho_0) undergoes a velocity 
change of u_0-u_1, and thus a momentum change of change A*dt*u_0*rho_0*(u_0-u_1). Conservation 
of momentum requires that the momentum change be balanced by the force acting over the time dt 
(momentum is force*time). This force is (p_1 - p_0)*A*dt. We can then derive the second shock relation:

Eq. 3.4.3.1-6  Rankine-Hugoniot Relation 2

    p_1 - p_0 = u_0*rho_0*(u_0-u_1) = D*rho_0*u_p

The kinetic energy entering the shock front in a unit of time dt is equal to mass*(u_0^2)/2, or 
A*dt*(u_0^3)*rho_0/2. The conservation of energy requires that the energy exiting the front be the same,
divided between the kinetic energy leaving the front and the change in internal energy. The kinetic energy
leaving the shock front is obviously mass*(u_1)^2/2, and the energy converted to internal energy must 
then be mass*(u_0^2 - u_1^2)/2. Dividing by the mass we get the third shock relation: 

Eq. 3.4.3.1-7  Rankine-Hugoniot Relation 3a

    E_1 - E_0 = 1/2 (u_0^2 - u_1^2) = 1/2 (2*u_p*D - u_p^2)



where (E_1 - E_0) is the change in internal energy per unit mass. Another useful form of this relation, 
obtained by making the appropriate substitutions, is: 

Eq. 3.4.3.1-8  Rankine-Hugoniot Relation 3b

    E_1 - E_0 = 1/2 (p_1 + p_0)(v_0 - v_1)

R-H relations 1 and 2 are independent of the material being shocked. Solving the third relation requires 
having an equation of state for the material. The form given in Eq. 3.4.3.1-8 is convenient when we are 
dealing with traditional equations of state, which are expressed in terms of pressure and volume. For an 
EOS suitable for use with Eq. 3.4.3.1-7, see Subsection 3.4.3.3 below (Linear Equation of State for Shock
Compression). 

If we use the gas law EOS, we can write an expression for specific volume as a function of the initial state
of the material (p_0, v_0), gamma, and the shock pressure (p_1): 

Eq. 3.4.3.1-9

    v_1 = [p_0*v_0*(gamma + 1) + p_1*v_0*(gamma - 1)]/

          [p_0*(gamma - 1) + p_1*(gamma + 1)]

Plotted on the a P-V diagram (pressure vs. volume, see 3.1.5 above) this function defines a Hugoniot 
curve. This curve is the locus of all possible shock states (produced by shocks of varying strength) from a 
given initial state. The shock velocity D happens to be equal to the slope of the straight line (called the 
Rayleigh Line) connecting state 0 and state 1 on the Hugoniot. Relation 1b can then give the particle 
velocity u_p. 

For convenience, D can be calculated from: 

Eq. 3.4.3.1-10

     D^2 = v_0^2 * (p_1 - p_0)/(v_0 - v_1)

Or, if we are dealing with a gas we can include the equation of state and omit v_1 explicitly: 

Eq. 3.4.3.1-11

     D^2 = (p_1(1 + gamma) - p_0(1 - gamma))v_0/2

The Hugoniot curve lies above the isentropic curve defined by: 

Eq. 3.4.3.1-12

    p_1*(v_1^gamma) = p_0*(v_0^gamma),

although the two curves are very close together for weak shocks. 

Below are curves for isentropic compression, and the shock Hugoniot for a perfect gas with gamma = 5/3.
Note that the Hugoniot is very close to the isentrope at low pressures and volume changes, but diverges 
rapidly as V/V_0 approaches 0.25 (the limiting shock compression).



Figure 3.4.3.1-2. Isentrope and Hugoniot Curves for a Perfect Gas

 

Since force*distance defines work done, and any two points in the P-V diagram define changes in 
pressure and volume, the area under a curve connecting two points gives the energy change involved in 
moving between the two states. Expressed in differential form this is: 

Eq. 3.4.3.1-13

     dE = -p * dv

Adiabatic changes move along the isentropic curve, and the energy change is the area below it. Shock 
jumps however move instantaneously between the two points, and the energy change must be calculated 
by the finite difference form: 

Eq. 3.4.3.1-14

    delta E = -(p_1 + p_0)/2 * delta v.

This is the area under the Rayleigh Line connecting the two states. The difference between this area and 
the area under the isentropic curve passing through state 0 and p_1 gives the increase in entropy due to 
shock compression. 

Here is an example of some actual shock Hugoniot data. It is a plot of the full Los Alamos Scientific 
Laboratory Shock Hugoniot data set for uranium (from LASL Shock Hugoniot Data, ed. S.P. Marsh, 
1980) supplemented with a few higher pressure data points found in Skidmore, I.C. and Morris, E., 
"Experimental Equation of State Data for Uranium and its Interpretation in the Critical Region" 
(Thermodynamics of Nuclear Materials, 1962). The pressure is in kilobars, and goes up to 6.45 megabars.
For convenience (mine), the orientation of the plot differs from that traditionally used for Hugoniot 
curves (such as the perfect gas Hugoniot above). The raw data is plotted with two approximation 
functions: 

Eq. 3.4.3.1-15

For p < 165 kilobars

    V/V_0 = 1 - 0.00059916*p

For 165 kilobars < p < 6.45 megabars

    V/V_0 = 0.68632 + 0.28819*Exp[-p/600] - 0.000027021*p

(with pressure p in kilobars) that fits it quite accurately. 



Figure 3.4.3.1-3. LASL Data Set for Uranium

 

3.4.3.2 Detonation Waves 

A detonation wave is a shock wave in an explosive that is supported by the chemical energy released by 
reactions triggered by the change of state at the shock front. The ability of an explosive to support a 
detonation wave is the definition of "high explosive" (HE). Low explosives, like black powder ("gun 
powder") and smokeless powder, merely burn very fast without producing true shock waves. 

The chemical reaction in a high explosive takes much longer than the shock transition. The time scale is 
typically between 1 nanosecond and 1 microsecond, and is thus 1,000 to 1,000,000 times slower than the 
shock jump. The thickness of the reaction zone thus ranges from on the order of several microns to 
several millimeters. The ability for the energy released by the high explosive reaction products to reach 
the detonation front, and thus maintain it, is due to the fact that shock front propagation is subsonic with 
respect to the shocked explosive. 

A given explosive has a characteristic detonation velocity, D. This is the steady state velocity of a 
detonation wave travelling through the explosive. Representative values for the explosives of major 
interest in the design of nuclear weapons are given below, density and form are given for each measured 
velocity: 

Table 3.4.3.2-1. Detonation Velocities of Explosives

Explosive D (m/sec) Density/Form

HMX (cyclotetramethylene tetranitramine) 9110 1.89/pressed

RDX/cyclonite 
(cyclotrimethylenetrinitramine)

8700 1.77/pressed

PETN (pentaerythritol tetranitrate) 8260 1.76/pressed

Composition B (63 RDX/36 TNT/1 wax) 7920 1.72/cast 

TATB/TATNB (triamino trinitrobenzene) 7760 1.88/pressed

DATB/DATNB (diamino trinitrobenzene) 7520 1.79/pressed



TNT (trinitrotoluene) 6640 1.56/cast

Baratol (76 barium nitrate/24 TNT) 4870 2.55/cast

Boracitol (60 boric acid/40 TNT) 4860 1.59/cast(?)

Plumbatol (70 lead nitrate/30 TNT) 4850 2.89/cast

The detonation velocity is closely related the energy density of the explosive. Generally the more 
powerful the explosive, the higher the detonation velocity. Not surprisingly, higher detonation velocities 
correspond to higher detonation pressures. 

Shock waves travelling at velocities higher than the steady detonation velocity (called a strong 
detonation) will tend to slow down with time to the steady state value (called a Chapman-Jouget, or CJ, 
detonation). Shock waves that are slower than the detonation velocity (a weak detonation) will tend to 
accelerate (as long as they are strong enough to initiate the explosion process to begin with). 

Besides the energetic reactions of the explosive, expansion of the compressed reaction product gases 
behind the detonation front also affect the detonation velocity. If the detonation wave is propagating 
down a cylinder of explosive, gases can expand out to the side immediately behind the wave front. This 
robs energy from the detonation wave and tends to slow it down. The narrower the cylinder, the greater 
the reduction in detonation velocity. If the cylinder is narrow enough, the detonation front cannot be 
sustained and it dies out entirely. In most explosives the drop in velocity becomes significant when the 
diameter is in the range of 1-5 cm, with failure occurring with diameters in the range of 0.25-1.5 cm. A 
notable exception to this is PETN, which does not suffer velocity decreases until the diameter is below 
0.2 cm, with failure at only 0.08 cm (HMX does nearly as well). For this reason PETN is used to make a 
flexible detonating cord called "primacord". The velocities in the table above were generally measured 
using 2.5 cm cylinders, and thus may not represent the maximum CJ detonation velocities. 

Some insight into the detonation process can be gained by considering a detonation beginning at the rear 
surface of an unconfined block of explosive which is wide enough for the edge effect to be negligible. 
Also assume the detonation front is a plane wave (not curved). The explosive is accelerated in the forward
direction by passing through the detonation front, in other words, it gains forward momentum. The 
conservation of momentum requires that there be a balancing rearward flow. This is brought about by the 
expansion of the detonation gases out the rear surface of the explosive (a process known as escape). 

The expansion of the reaction products (and a corresponding drop in pressure) actually begins as soon as 
the explosive passes through the shock front. As expansion proceeds with increasing distance from the 
shock front, the pressure steadily drops, and the internal energy of the gases is progressively converted to 
kinetic energy directed opposite to the shock wave direction of travel. The rear surface of the reaction 
zone (called the CJ surface) is defined by the point where the expansion has accelerated the gases 
rearward enough that they are travelling at exactly the local speed of sound relative to the shock front 
(energy released behind this point cannot reach the front). Behind this surface the gases (which are still 
moving forward) continue to expand and decelerate until a point is reached where they are motionless, 
from this point on the gases move rearward with increasing velocity. 

The region of decreasing pressure behind the shock front is sometimes called the Taylor wave. 

In a plane detonation propagating through a solid high explosive, the thickness of the zone of forward 
moving gases grows linearly with detonation wave travel, and is about half the distance the detonation 
wave has traversed since initiation. 



Figure 3.4.3.2-1. Detonation Wave Profile

 

3.4.3.3 Linear Equation of State for Shock Compression 

There is a specialized but very useful equation of state that describes the behavior of materials under 
shock compression. This is called the Linear EOS or the Linear Hugoniot. This EOS describes a very 
simple relationship between the velocity of the shock wave, and the particle velocity behind the shock: 

Eq. 3.4.3.3-1

     D = C + Su_p

where D is the shock velocity, u_p is the particle velocity, C is the speed of sound in the material at zero 
pressure, and S is a constant for the particular material. 

Conservation of mass requires that the degree of compression, rho/rho_0, be equal to: 

Eq. 3.4.3.3-2

     rho/rho_0 = D/(D - u_p)

Substituting the Linear EOS for U_p, with appropriate rearrangements gives us: 

Eq. 3.4.3.3-3

     rho/rho_0 = S/(S + C/D - 1)

This implies that the limiting shock compression as D becomes large compared to C is: 

Eq. 3.4.3.3-4

     rho/rho_0 = S/(S - 1)

The Linear EOS turns out to be quite accurate for virtually all materials under a wide range of conditions, 
reaching into extreme shock pressures. That this is so is really quite surprising. A wide variety of physical
processes occur as materials are shocked from STP to extreme pressures and temperatures. In particular, it
will be recalled from section 3.2.2 that the compressibility of the material (indicated by gamma) steadily 
declines with pressure. No strong theoretical basis exists to explain the linear relationship, or the value of 
S. 



A recent LANL report on this (General Features of Hugoniots, by J.D. Johnson, LA-13137-MS, April 
1996) shows that the linear range extends up to the astonishing pressure of ~5 gigabars, and shock 
velocities of ~200 km/sec. 

A correspondence can be drawn though between the limiting density given by the linear EOS, and the 
limiting density of shock compression in a perfect gas: 

Eq. 3.4.3.3-5

     rho/rho_0 = S/(S - 1) = (gamma + 1)/(gamma - 1)

Which implies: 

Eq. 3.4.3.3-6

     gamma = 2S - 1, or S = (gamma + 1)/2

If we use the value of gamma for a perfect monatomic gas, 5/3, we get: 

Eq. 3.4.3.3-7

     S = 4/3 = 1.333

Interestingly, the value of S for the elements varies from about 0.9 to 1.9 (most between 1.1 and 1.6), with
the distribution centered around 1.33. 

Deviations in the linear relationship occur when significant phase changes occur. These show up as kinks 
in the slope, but affect the overall trend only slightly. 
Table 3.4.3.3-1. Linear Equation of State Parameters

Material C (m/sec) S rho_0

Li-6 Deuteride 6590 1.09 0.789

Beryllium 7990 1.124 1.845

Lithium ? 1.15 0.534

Uranium Hydride 2190 1.21 10.92

Tungsten 4040 1.23 19.24

Thorium 2180 1.24 11.68

Perfect Monatomic Gas - 1.333 -

Uranium 2510 1.51 18.93

Lead 2050 1.52 11.34



Gold 3260 1.56 19.24

Mercury 1800 1.75 13.54

Iron 3770 1.9 7.84

Plutonium 2300 ? 19.80

3.5 Radiation Hydrodynamics

Many elements of radiation hydrodynamics of have already been discussed: the properties of blackbody 
radiation and photon gases, and the mechanisms of interaction between radiation and matter. This section 
focuses specifically on radiating fluid flow, in particular the limiting case of compressive flows - shock 
waves, and on how radiation can give rise to hydrodynamic flow. 

3.5.1 Radiative Shock Waves 

Classical shock waves assume the only process that affects the state of the shocked material is the 
compression jump at the shock front. In an extremely strong shock the temperature of the material behind 
the front becomes high enough to radiate significantly, and the thermal radiation transport of energy must 
be taken into account. The key distinguishing feature of all radiative shock waves is that the radiation of 
the shocked gas preheats the matter ahead of the kinetic shock jump. Conditions in radiative shock waves 
are always extreme enough to allow us to treat the shocked material as a gas, and usually a perfect gas. 

Classical shocks can be quite luminous of course, but the actual energy flux from radiation is insignificant
compared to the hydrodynamic energy flux, resulting in negligible preheating. In air and most other gases
the preheating from a classical shock wave is virtually zero because the gas is also transparent to the 
emitted radiation. 

High explosives are incapable of generating radiative shocks. Radiative shock waves arise in collisions at 
celestial velocities (meteors, comets, etc.), astrophysics (stellar dynamics), and nuclear explosions. 

Radiative shock waves can be conveniently divided into four classes in order of increasing strength:

1. Subcritical Shocks 
2. Critical Shocks 
3. Supercritical Shocks 
4. Radiation Dominated Shocks

Ionization effects occur in radiative shock regimes. Initial ionization occurs in the subcritical region. 
Additional shell ionization effects occur in the supercritical region, and (depending on the element 
involved) perhaps in the subcritical region as well. 

3.5.2 Subcritical Shocks 

In these shocks the preheating is relatively small. More precisely, the temperature of the preheated gas is 
always less than the final (equilibrium) temperature of the gas behind the shock front. An illustrative 
shock temperature profile is given below. 



Figure 3.5.2-1. Subcritical Shock Wave

 

We can see that a small amount of preheating occurs immediately ahead of the shock. The thickness of 
the preheating layer is approximately equal to the average photon mean free path in the cold gas. The 
shock jump heats the gas further, creating a temperature spike just behind the front. This layer of 
superheated gas cools by radiation to the final shock temperature, creating the preheated layer in the 
process. The superheated gas layer is also about one photon mean free path in thickness. 

In air at STP, radiation transport begins to be significant when the shocked gas temperature reaches some 
50,000 degrees K. This corresponds to a shock velocity of 23 km/sec (Mach 70), and a preheating temp of
6300 K. The preheating layer will be only 1 mm or so thick. 

Subcritical radiative shocks are strong enough to achieve compressions close to the limiting value of 
(gamma + 1)/(gamma - 1); a factor of 4 for perfect monatomic gases. In strong subcritical shocks in low-
Z gases (e.g. air) an effective gamma value of 1.25 is typical due to energy absorption in ionization, 
resulting in a density increase of 9. 

The temperature increase in the preheating layer increases the gas pressure above its initial state, and the 
resulting pressure gradient generates a weak compression wave in front of the shock. The density increase
ahead of the shock front is always small in subcritical shocks. For example, a Mach 70 shock in air results
in a density increase on the order of 1% ahead of the front. Most of the compression occurs in the shock 
jump, but it continues to increase as the superheated gas cools to the final temperature (accompanied by a 
proportionality much smaller pressure increase as cooling proceeds). 

The relationship between the temperature and density at different points in a radiative shock wave, and 
the final temperature and density, is given by the general law: 

Eq. 3.5.2-1

     T/T_final = eta(1- eta)/(eta_final * (1 - eta_final))

where T_final is the final temperature; eta is the volume ratio V_shock/V_0 (the reciprocal of the density 
ratio); and eta_final is final (and maximum) value of shock compression for the gas in question. This 
shows that when the preheating is small, so is the compression. When the shock jump compresses the gas 
to a density close to the final value, the peak temperature is not much higher than the final one. 

These effects increase as shock strength comes closer to the critical value (a shock temp of 285,000 K for 
air at STP). When the final shock temp is 100,000 K (D = 41 km/sec), preheating reaches 25,000 K; at 
150,000 K (D = 56.5 km/sec), preheating is 60,000 K; at 250,000 K (D = 81.6 km/sec), preheating is 
175,000 K. Above about 90,000 K the preheating layer begins thick enough that it obscures the 
superheated shock in visible light, an observer in front of the shock sees only the lower temperature 
preheated layer. 

hen the radiation energy density can be neglected, T_final can be calculated from the equation: 

Eq. 3.5.2-2



     T_final =  (2*(gamma - 1)*rho*D^2)/(n*k*(gamma + 1)^2)

where n is the particle density. 

Applying the above equation to regimes where strong ionization effects occur presents problems. 
Ionization increases the particle density, and absorbs additional energy thus driving down the effective 
value of gamma. If pre-shock values of gamma and n are used in these cases the calculated value of 
T_final may be greatly overestimated. In ionization regimes closed form equations are not satisfactory 
and numerical methods are required for exact answers. It also fails close to critical shock conditions when
the radiation energy intensity can no longer be neglected. This failure occurs around the point where 
T_final reaches 70% of T_critical. 

Overall, subcritical shocks are not notably different from classical shocks. The energy transport is still 
dominated by the shock compression, and the equations governing the shock behavior deviate little from 
the classical equations. 

3.5.3 Critical Shock Waves 

At critical strength, the radiative preheating equals the final shock temperature. At this point the radiation 
energy flux equals that of the hydrodynamic energy flux. Above this point we enter the regime of 
radiation hydrodynamics proper. The increasing dominance of radiation transport now begins to 
approximate the conditions of thermal waves (radiation diffusion or Marshak waves) discussed in Section
3.3.4.2.2 Non-Linear Heat Conduction. Here the driving temperature for the Marshak wave is provided by
the superheated layer behind the shock front, and the Marshak wave itself is the preheating layer in front 
of the shock. 

Figure 3.5.3-1. Critical Shock Wave

 

In air initially at STP, critical strength and is reached at a temperature of 285,000 K (T_critical). This 
corresponds to a shock velocity of 88.1 km/sec. It is this temperature and shock condition that marks the 
moment of "hydrodynamic separation" encountered during the cooling of the early fireball of a nuclear 
explosion, where the hydrodynamic shock takes over from radiation flux in driving the fireball expansion,
and causes the brightness of the fireball to fall from its first peak to a temporary minimum. 

Determining the exact value of the critical shock velocity and temperature generally requires numerical 
techniques. 

The thickness of the preheated layer becomes greater than a mean free path as shocks near critical 
strength since the energy flux from the preheated layer becomes so large that it contributes to preheating 
air even further ahead. The density increase ahead of the shock front is still small. 

3.5.4 Supercritical Shock Waves 

In these shocks the principal transport of energy is carried out by radiation through the leading Marshak 



wave. Nearly all of this energy transport is completed before the arrival of the hydrodynamic shock front. 
The compression wave in the preheated region is still relatively weak however, virtually all of the 
compression occurs as matter crosses the shock front. Recall though, that in shocks of this strength the 
energy expended in compression is negligible compared to that expended in heating and shock 
acceleration. 

Figure 3.5.4-1. Supercritical Shock Wave

 

The preheating temperature is the same as the final temperature in all supercritical shocks. As shock 
intensity increases above critical strength the preheated layer becomes progressively thicker, while the 
superheated layer becomes thinner. So in a supercritical shock the preheating layer is typically several 
free paths thick, while the superheated shock layer is less than one free path thick. This is because of the 
T^4 relationship with radiation flux and radiation density, which causes the shock superheated layer to 
cool extremely rapidly. The maximum temperature behind the shock wave is: 

Eq. 3.5.4-1

    T_shock = T_final * (3 - gamma)

or 4/3 final for a perfect gas. Since the preheating zone is optically thick, energy transport ahead of the 
shock front is governed by radiation heat conduction. 

Since the shock front temperature is constant, we have here the situation of radiation transport with 
constant driving temperature governed by equations Eq. 3.3.4.2.2-16 and 3.3.4.2.2-17 (3.3.4.2.2 Non-
Linear Heat Conduction). According to these laws, the Marshak wave decelerates rapidly as it moves 
ahead of the driving temperature front. Because of this there must be a point where the Marshak wave 
velocity has slowed to exactly the same velocity as the shock front, this point determines the thickness of 
the preheating layer. 

In air, a shock with a final temperature of 750,000 K has a preheated layer some 14 mean free paths thick 
(about 2 m). At 500,000 K the layer is only 3.4 MFPs thick (40 cm). 

It is a supercritical shock that is responsible for the first flash of a nuclear explosion. Even though the 
fireball is only a few meters across in this phase (for a kiloton range explosion), and even though air is 
transparent only to an extremely small fraction of the emitted photons, this is still sufficient to make the 
early fireball as bright (or brighter) at a distance as the later fireball at its maximum size. 

3.5.5 Radiation Dominated Shock Waves 

In extremely large shocks the radiation pressure and energy density exceeds the kinetic pressure and 



energy of the gas. At this point we basically have a shock in a photon gas. We might say that the gas 
particles (ions and electrons) are just "along for the ride". Accordingly, it is the properties of a photon gas 
(gamma = 4/3) that dominates the situation. The maximum shock compression is thus: (4/3 + 1)/(4/3 - 1) 
= 7. 

In uranium at normal density (18.9), as might be encountered in the core or tamper of an implosion bomb 
near maximum power output, the point where radiation and kinetic energy densities are the same is 
reached at 4.8 x 10^7 degrees K. In a lithium deuteride Fermi gas at a density of 200 (typical of 
compressed fusion fuel) this point is 1.35 x 10^8 K. 

In radiation dominated shocks the preheating effect is so large that the one hallmark of classical shock 
waves - the sudden jump in pressure and density at the hydrodynamic shock front - diminishes and 
completely disappears in a sufficiently strong shock. This point is finally reached when the ratio between 
radiation pressure and gas pressure is 4.45. This corresponds to a temperature of 1.75 x 10^8 degrees K in
U-238 (density 18.9), or 2.2 x 10^8 K in LiD (density 200). 

Since fission bomb core temperatures can exceed 100 million degrees, and fusion fuel can exceed 300 
million degrees, we can expect radiation dominated shock waves to be the normal means of energy 
transport through matter within a bomb. The temperatures can be expected to cool to being simply a 
supercritical shock about the time it escapes the bomb casing. 

The absence of a sudden pressure jump indicates that the hydrodynamic component of a radiative shock 
wave has completely disappeared. In this case the radiation dominated shock wave is a pure Marshak 
wave setting in motion hydrodynamic flow. 

Figure 3.5.5-1. Radiation Dominated Shock Wave (Marshak Wave)

 

The shock velocity relationship Eq. 3.4.3.1-9 given for classical shock waves: D^2 = v_0^2 * (p_1 - p_0)/
(v_0 - v_1) is still valid. By replacing specific volumes with initial density and eta_max; and substituting 
the sum of kinetic pressure and the blackbody radiation pressure for (p_1 - p_0) we get: 

Eq. 3.5.5-1

     D_rad^2 = ((4*sigma/3*c)*T^4 + nkT)/(rho*(1 - eta_max))

             = ((gamma + 1)*((4*sigma/3*c)*T^4 + nkT))/(2*rho)

where k is the Boltzmann's constant (1.380 x 10^-16 erg/degree K), sigma is the Stefan-Boltzmann 
constant (5.669 x 10^-5 erg/sec-cm^2-K), and T is temperature (degrees K), c is the speed of light, and n 
is particle density. Since this equation includes the combined energy densities of thermal radiation and 
particle kinetics, it can be used for other radiative shocks as well. 

The speed of sound in radiation dominated matter is: 



Eq. 3.5.5-2

     c_s_rad = [gamma*((4*sigma/3*c)*T^4 + nkT)/rho]^0.5

Using this shock velocity relationship we can calculate the shock velocity in a material such as uranium. 
At 10^8 degrees K it is 1480 km/sec; at 4.8 x 10^7 K it has slowed to 533 km/sec; at 10^7 K it is a mere 
166 km/sec. Although 1480 km/sec is very fast, being 160 times higher than the detonation velocity of the
best conventional explosives, it is interesting to note that the energy density in the nuclear explosive is 
some 100 million times higher. The principle reasons for this disparity are that velocity only increases 
with the square root of energy density, and the high mass density of the fission explosive. 

3.5.6 Thermal Waves with Hydrodynamic Flow 

To review briefly, Section 3 initially treated the subjects of radiation transport and hydrodynamics 
separately:

• Section 3.3.4.2, Radiation Heat Conduction, discussed the process of heat transport by radiation in
the absence of hydrodynamic flow; 

• Section 3.4, Hydrodynamics, discussed shock hydrodynamics in the absence of radiation transport.

So far in this section we have discussed how shocks of increasing strength give rise to radiation transport 
as an important mechanism. Now I want to turn this around, and consider how radiation heating can give 
rise to hydrodynamic shocks. This is very important when we are dealing with the heating of cold matter 
by a radiation flux before a shock wave has become established, or in any situation where a radiation flux 
is the essential force in driving the hydrodynamic phenomena (especially if the flux varies with time). 

As we have seen, the behavior of the driving temperature behind a thermal wave with respect to time 
determines the how the wave velocity varies with time. For a constant temperature radiation diffusion has 
a marked tendency to slow with time and penetration distance, decreasing as t^-(1/2). 

Now the pressure in the heated zone is the sum of the kinetic and radiation pressures (given by Eq. 3.1.7-
10): 

    P_total = n*k*T + (4*sigma/3*c)*T^4

and the velocity of a compression wave produced by this pressure (from Eq. 3.5.5-1) is: 

     D = (((gamma + 1)*P_total)/(2*rho))^(1/2)

assuming as we have with other very strong shocks that the initial pressure is negligible compared to 
P_total, and the compression approaches its limiting value. This shows that for a constant temperature 
T_0, the compression wave velocity is also constant. If the process continues long enough, the wave must
eventually overtake the thermal wave front and drive ahead of it. 

This shock, that now leads the original thermal wave, may very likely be itself a radiating shock wave 
which is preceded by a thermal wave. But the difference is this - the new temperature driving this thermal
wave (call it T_1) is different from the original temperature T_0 that created the driving pressure for the 
shock. The new T_1 is produced by the process of shock compression, and is likely much cooler than 
T_0. Also the location of the driving temperature source is no longer fixed with respect with to the 
medium of conduction, it now advances with the shock wave at velocity D. 

Conversely, the process of radiation conduction behind the shock front has been greatly altered also. The 
original thermal wave is now penetrating in a moving medium, that has been compressed and preheated. 



The pressure behind the leading shock remains in equilibrium, but the physical state of the medium is not 
uniform. Behind the point where the shock overtook the thermal wave, the pressure is created by a high 
temperature (T_0) at the original density of the medium. Ahead of this point, the density is higher, but the
temperature is lower. 

Now suppose that the T_0 is not constant, but is increasing with time. Depending on the rate of increase, 
the thermal wave may have a constant velocity, or be increasing as well. But this also creates increasing 
pressure, and an increasing shock velocity. Will the shock overtake the thermal wave now? Through some
sophisticated analysis techniques, general laws have been developed that describe the conditions under 
which the pressure wave will overtake the thermal wave, or not. 

Let the driving temperature vary by the power law: 

Eq. 3.5.6-1

T_0 = constant * t^q

where q > 0 (if q=0 we have the case of constant temperature described above). From Eq. 3.3.4.2.2-14 
(which shows the relationship between depth of penetration x, and chi and t) and Eq. 3.3.4.2.2-8 (which 
shows that chi ~ T^n)we get: 

Eq. 3.5.6-2

     x ~ (chi*t)^(1/2) ~ T^(n/2) * t^(1/2) ~ t^((n*q + 1)/2)

where n is the opacity-related exponent for the medium of conduction. The speed of the thermal wave is: 

Eq. 3.5.6-3

     dx/dt ~ x/t ~ t^((n*q - 1)/2)

If we assume that kinetic pressure dominates radiation pressure (as must be the case at least for the early 
phase whenever cold material is heated) then we can also say: 

Eq. 3.5.6-4

     D ~ T^(1/2) ~ t^(q/2)

Analysis shows (see Zel'dovich and Raizer, Physics of Shock Waves and High-Temperature 
Hydrodynamic Phenomena, pg. 677) that if: 

     (nq - 1)/2 < q/2

(showing that the shock velocity increases with time faster than thermal wave velocity), and 

      q < 1/(n - 1)

then the situation described above holds - the thermal wave initially runs ahead of the shock, but the 
shock eventually overtakes it, and leads the thermal wave for all later times. 



The opposite situation exists if: 

     (nq - 1)/2 > q/2

(showing that the thermal wave velocity increases with time faster than shock velocity), and 

      q > 1/(n - 1).

In this case the shock initially leads, but is later overtaken by the thermal wave, after which the 
significance of the hydrodynamic motion steadily shrinks as the thermal wave moves farther and farther 
ahead (i.e. the ratio of shocked material to thermal wave heated material becomes small). 

In the case that: 

     (nq - 1)/2 = q/2,

and

      q = 1/(n - 1)

the speeds of the shock and thermal waves increase at the same rate. Separate phases of hydrodynamic an 
heat conduction transport do not exist, and the medium is heated and set in motion almost simultaneously.

3.6 Shock Waves in Non-Uniform Systems

So far I have discussed shock waves passing through a uniform medium where physical properties like 
density do not change. We are necessarily interested in the behavior of shocks in non-uniform systems 
since nuclear weapon design techniques include:

• Compression of one material (uranium say) by shock waves generated in another (high explosive);
and 

• Generation of shock waves by collisions between two materials.

3.6.1 Shock Waves at an Interface 

The dimensions of the components of a nuclear weapon are small. This means that shock waves 
propagating in these components must eventually reach a boundary (in contrast explosion shocks in the 
atmosphere or ocean may die out without encountering a boundary). Since the most important physical 
property of a material for determining shock behavior is density, two basic types of interfaces exist:

• an interface where the shock enters a material of lower density; and 
• an interface where the shock enters a material of higher density.

A shock wave is not affected by an interface ahead of the shock until the leading edge of the wave 
reaches it. In classical shocks this means that the shock propagates in a uniform manner until the shock 
front is actually at the interface at which point it will undergo an instantaneous change in behavior. In 
radiation shocks the leading edge is the edge of the Marshak wave preheating zone. This results in a more
gradual interaction. 

Two conditions that must be satisfied when a shock reaches an interface are:

• the pressures on both sides of the interface must equal; and 



• the particle velocities on both sides of the interface must equal.

3.6.1.1 Release Waves 

When shock waves meet a boundary with a lower density material a release wave is generated. This is a 
rarefaction wave, a reduction or release in pressure that converts internal energy of the shock compressed 
gas into kinetic energy. 

The limiting case of a release wave is the arrival of a shock at a vacuum interface, also called a free 
surface. We can claim that the shock disappears in any meaningful sense at this point. All we have is a 
mass of compressed, moving material adjacent to a vacuum. The compressed material immediately begins
to expand, converting the internal energy into even greater kinetic motion. In gases this expansion process
is called escape. The expansion in turn creates a rarefaction wave that propagates back into the shock 
compressed material at the local speed of sound c_s. 

3.6.1.1.1 Free Surface Release Waves in Gases 

Let us assume that material supporting the shock wave is a gas. Since the pressure change in a rarefaction 
wave is always continuous (no instantaneous pressure drops), the pressure at the leading edge of the 
escaping gas is zero (in keeping with the requirement of equal pressures at the gas/vacuum interface) and 
the process of converting internal energy into kinetic energy is complete. The front edge thus immediately
accelerates to the final maximum velocity (escape velocity) when it reaches the free surface. Farther back 
in the release wave the pressure increases and the velocity decreases. At the release wave boundary 
(which moves backward at c_s) the pressure and velocities are the same as in the original shock wave. 

The escape velocity of a gas is equal to: 

Eq. 3.6.1.1.1-1

     u_escape = (2*c_s)/(gamma - 1)

If we use a frame of reference in which the unshocked gas was stationary we get: 

Eq. 3.6.1.1.1-2

     u_escape = (2*c_s)/(gamma - 1) + u_particle

and the rear edge of the release wave travels backwards at 

Eq. 3.6.1.1.1-3

     v_release = u_particle - c_s

The release wave thus stretches itself out with time at a speed of: 

Eq. 3.6.1.1.1-4

     ((2/(gamma - 1)) + 1)*c_s

which for a perfect monatomic gas is 4*c_s. 

3.6.1.1.2 Free Surface Release Waves in Solids 



If the material is not a gas but a solid (and the shock has not vaporized it), the situation is a bit different. 
The solid cannot expand indefinitely, so expansion halts when it reaches the normal zero pressure density.
The release propagates backward at c_s as before. In metals at moderate shock strengths (1 megabar and 
below), this expansion causes a phenomena called "velocity doubling", since the release wave doubles the
velocity imparted by the shock. This doubling law begins to break down when shock strengths are high 
enough to cause substantial entropy increases. 

Another important difference in solids is the existence of tensile strength. We have seen that in detonation
waves that the pressure drops rapidly a short distance behind the shock front. When high explosives are 
used to generate shocks in metal plates a phenomenon called "spalling" can occur due to the interaction 
between the tensile properties of the metal, the release wave, and this shock pressure drop. 

As the rarefaction wave moves back into the plate, it causes the pressure to drop from the shock peak 
pressure to zero. As it moves farther back into the plate it continues to cause pressure drops of the same 
absolute magnitude. When it encounters pressures below the shock peak this means that the pressure in 
the plate goes negative, that is, tensile stress is produced (you can think of this as the faster moving part 
of the plate pulling the slower moving part of the plate along). If the negative pressure exceeds the tensile 
strength of the metal, the plate will fracture. The fracture may simply open a void in the plate, but often 
the velocity doubled layer will peel off entirely and fly off the front of the plate. 

If the original plate was actually a stack of two or more plates, the shock propagation into the plate stack 
would occur as before. However when the release wave reaches the boundary between plates, and if 
tensile stress exists at that point, the front plate will fly off and a new release wave will begin at the front 
side of the plate behind it. 

3.6.1.1.3 Shock Waves at a Low Impedance Boundary 

If the boundary is with a second material of lower density, rather than a true vacuum, we have a low 
impedance boundary. If this second material has a density much lower than the first, then the situation is 
essentially the same as the free surface case as far as the first material is concerned. The pressure at the 
release wave front will be negligible compared to the shock pressure and the escape velocity will be 
virtually the same. 

The increased particle velocity at the front of the release wave acts like a piston in the second material, 
driving a shock wave ahead of itself. Since the particle velocity is steady behind a shock front, and the 
particle velocity on both sides of the material interface must be the same, we can see that the particle 
velocity behind the shock front in the second material will be the same as the velocity of the release wave 
front (i.e. the velocity of material ahead of a piston is the same as the piston itself). If we assume that the 
second material is a gas, and that the shock is strong enough to reach the limiting compression, then the 
second shock wave velocity will be: 

Eq. 3.6.1.1.3-3

     D_2ndshock = u_escape * (gamma + 1)/2

The pressure in this shock will be negligible compared to the original shock of course. 

If the density of the second material is not negligible compared to the first, the result is intermediate 
between the case above and the case of a shock propagating through a material of unchanging density. 
The pressure at the interface drops, but not as drastically. The velocity of the release wave front is lower, 
and creates a shock in the second material that is slower, but with a higher pressure. The rear of the 
release wave travels backwards at the same speed (c_s), but since the pressure drop at the release front is 
not as sharp, and it moves forward more slowly, the pressure gradient in the release wave is not as steep. 

3.6.1.2 Shock Reflection 



When shock waves meet a boundary with a higher density material a shock wave is reflected back into 
the first material, increasing its pressure and entropy, but decreasing its velocity. 

3.6.1.2.1 Shock Waves at a Rigid Interface 

The limiting case of an interface with a higher density material, is an infinitely rigid boundary. With such 
an interface there is no shock wave transmitted into the second material, all of the energy is reflected. 
This causes a doubling of pressure, and a decrease in particle velocity to zero. An interface between air 
and a solid (like the ground) is essentially a rigid interface. 

3.6.1.2.2 Shock Waves at a High Impedance Boundary 

If the second material is not enormously denser than the first, a transmitted shock is created in the second 
material, along with the reflected shock in the first. The shock reflection causes an increase in pressure 
and decrease in particle velocity in the first material. Continuity in pressure at the interface indicates that 
the transmitted shock must also be higher in pressure than the original shock, but the particle velocity 
(and shock velocity) will be lower. 

3.6.2 Collisions of Moving Bodies 

The detonation of high explosives is one way of generating shock waves. Another is high velocity 
collision between two materials. 

When two bodies come into contact at a given velocity, the material at the colliding surface of each body 
must instantly change velocity so that the relative motion of the two surfaces is zero (due to symmetry we
may consider either one to be stationary, or both to be moving, at our convenience, as long as the 
collision velocity is the same). A pressure must be generated by the collision exactly sufficient to 
accomplish this velocity transformation. 

To illustrate the situation, first consider the head on collision between two moving plates of identical 
composition, and equal mass and velocity magnitude |V|. At the moment of contact the colliding surfaces 
will come to rest, and a shock wave will begin to propagate into each plate of sufficient strength to cause 
a velocity change of magnitude |V|. If |V| is not too great, then the shock velocity will be close to the 
acoustic speed in the plates. When the shocks reach the opposite surface of each plate, all portions of both
plates will be at rest. A release wave will begin at the plate free surfaces, resulting in velocity doubling. 
When the release waves reach the original impacting surfaces, both plates will have returned to their 
original (zero pressure) physical state, but they will now have velocities of magnitude |V| headed in 
opposite directions to their original motion; they will have "bounced" off each other. 

What we have just described is an elastic collision, a collision in which no kinetic energy is dissipated. 
This the limiting case for colliding bodies at low velocities. If the collision velocities are below the 
acoustic speed in the bodies then the collision forces are transmitted by acoustic waves. If the velocities 
become too large then true shock waves are formed. At still higher velocities, entropic heating and 
equation of state effects start to deviate from the velocity doubling rule. At this point the collisions 
become progressively less elastic with increasing speed. 

Typically we encounter colliding bodies in physical systems in which we view one body as stationary. 
The impacting body travels at velocity V, and after collision shock waves propagate into the bodies with 
u_p equal to V/2 (if they are of identical composition). The actual shock front velocity depends on the 
degree of compression, which can be found by consulting the Rankine-Hugoniot relations, and the initial 
state and the EOS of the material. 

3.6.2.1 Collisions of Bodies With Differing Impedance 

The description above assumed that the colliding bodies had identical densities and compressibilities, 
which is often not true. When a low density body collides with a high density body, a higher velocity 



shock is transmitted into the lower density body. If a more high compressibility body collides with low 
compressibility body, then the shock-mediated velocity change of the high compressibility body will be 
much greater (the situation is identical to that described in 3.6.1.2.2 Shock Waves at a High Impedance 
Boundary, except that the high compressibility/low impedance material has not been previously shocked).

An interesting situation occurs if a low impedance material is trapped between two high impedance 
bodies during a collision. This may occur if one or both high impedance bodies have low impedance 
material covering their surface, or it they are not colliding in an effective vacuum and a stationary fluid is 
caught between them. For specificity, let us assume that a moving high impedance body collides with a 
stationary body consisting of a low impedance and high impedance layer. 

At the moment of collision, a relatively low pressure, high velocity shock is set up in the low impedance 
material, which is greatly accelerated. The colliding body in decelerated to a much smaller extent. The 
shock is transmitted through the low impedance layer, and is reflected at the high impedance boundary, 
bringing the material to a near-halt again. The intensified reflected shock travels back to the first body, 
and is reflected again. Each reflection increases the pressure of the shock, and the density of the low 
impedance material, and incrementally transmits momentum from the first high impedance body to the 
second. After enough reflections have occurred the first will have been decelerated, and the second body 
accelerated sufficiently to bring them to rest with respect to each other. In the process, the low impedance
material will have been highly compressed by repeated reflected shocks. 

3.6.3 Collisions of Shock Waves 

Shock reflections at an interface are an example of a shock wave collision. The general case of head on 
shock collisions presents no additional difficulties. From the point of collision, waves must propagate in 
either direction. The properties of each wave must be such that they bring the pressures and particle 
velocities on both sides of the collision interface into equilibrium. Symmetrical shock collisions act 
exactly like a shock wave encountering an infinitely rigid interface from the point of view of both shocks.

Entirely new phenomena occur though when shock collisions are not head on. The discussion below 
assumes we are dealing with strong shocks and/or dense matter (the effects are somewhat different for 
low density gases and moderate or weak shocks). 

At very small angles, the point of collision moves very rapidly along the interface (V/Sin alpha; where 
alpha is the collision angle, 0 for head on). If the speed with which the collision point moves is supersonic
with respect to the material behind the reflected shocks then the only new phenomena are that the shocks 
are reflected at an angle, and the pressure behind the reflected shocks is increased. 

As alpha increases, the speed of travel of the collision point decreases and the reflected shock pressure 
increases. At a certain critical value of alpha (generally around 70 degrees) the collision point travels at 
sonic velocity or less, and a new shock front is formed by the collision (a phenomenon called the Mach 
effect). This shock, called the Mach stem, bridges the two principal colliding shocks, replacing the V-
shaped two-shock collision with a three sided shock collision. The stem travels parallel to the direction of 
travel of the collision point. 

At the critical angle where the Mach front is formed the pressure reaches to a maximum, which can be 
some six to eight times the original shock pressure. Above the critical angle, the pressure drops again. 
When alpha reaches 180 degrees the two shocks are no longer colliding and the pressure drops back to its 
original value. 

3.6.4 Oblique Collisions of Moving Bodies 

A phenomenon of some importance related to the Mach effect arises when oblique collisions are between 
two bodies in a void, not shocks travelling through a continuous medium. In this case there is nothing for 
a shock to travel through ahead of the collision point, so a Mach stem cannot form. Instead at the critical 
angle where the collision point is sonic or subsonic with respect to the reflected shock, a high velocity jet 



of material is ejected along the collision point trajectory. This is variously called the Neumann, Monroe, 
hollow charge, or shaped charge effect. When the collision is cylindrical or conical instead of planar, a jet
is always created regardless of the angle of collision. 

This effect is used in conventional weapons systems such as anti-tank missiles to create jets capable of 
penetrating thick armor. The effect can also arise in implosion systems when shock wave irregularities 
occur. In this case it is very undesirable because it disrupts the implosion. 

3.7 Principles of Implosion

The term "implosion", which denotes a violent inward collapse or compression, fits many different 
physical schemes for rapidly compressing materials to high densities. An implosion may be adiabatic or 
shock induced, or both; the geometry of the compression may be one, two, or three dimensional. This 
subsection surveys these various implosive systems, describing their principles and properties. 

3.7.1 Implosion Geometries 

An compression process can be symmetric about one, two, or three spatial axes. 

A good example of one dimensional compression (linear compression) is the compression of the fuel/air 
mixture in the cylinder of an internal combustion engine. If r_0 is the original length of the gas column in 
the cylinder, and r_1 is the length after compression, then the density increase is: 

Eq. 3.7.1-1

     rho_1/rho_0 = r_0/r_1

That is to say, it is inversely proportional to the change in scale (the relative change in length). 

Two dimensional compression (cylindrical compression) can be thought of as squeezing a tube so that its 
radius decreases uniformly (it doesn't get squashed flat). If r_0 denotes the original radius, and r_1 the 
radius after compression then we can say: 

Eq. 3.7.1-2

     rho_1/rho_0 = (r_0/r_1)^2

I.e. it is inversely proportional to the SQUARE of the change in scale. 

Three dimensional compression (spherical compression) can be thought of as squeezing a sphere so that 
its radius decreases uniformly. In this case we can say: 

Eq. 3.7.1-3

     rho_1/rho_0 = (r_0/r_1)^3

I.e. it is inversely proportional to the CUBE of the change in scale. 

For the same change in scale, a higher dimensional implosion produces a much greater degree of 
compression. The relatively sluggish linear case in fact is rarely though of as being an "implosion". 

The spherical implosion gives the most rapid compression and, being symmetrical in all directions, is also



relatively easy to analyze theoretically. It is the most widely used geometry for implosion in nuclear 
weapon designs. 

3.7.2 Classes of Implosive Processes 

In addition to geometry, another critical factor in characterizing implosion systems is the pressure-time 
curve that actually causes the compression. 

At one extreme, we have gradual homogenous adiabatic compression. In this case the pressure exerted on 
the implosion system increases continuously, at a slow enough rate that the pressure within the implosion 
system is uniform everywhere. This type of implosion does not increase entropy and allows arbitrarily 
high degrees of compression, if sufficient force can be exerted. 

The other extreme is shock compression. Here the pressure increase is instantaneous, and entropy is 
always increased. There is a theoretical limit to the degree of compression achievable in this manner, 
regardless of the shock pressures available. 

Other important cases can be defined that lie between these extremes, depending of the pressure-time 
function. For example, pressure curves that increase exponentially with time (physically unachievable, 
generally speaking) allow infinitely high compression in arbitrarily short length of time. 

In characterizing the properties of different classes of implosions we use spherical compression as the 
model, due to its theoretical simplicity, and practical interest. 

The reader interested in exploring classes of implosions and their properties is referred to the excellent 
papers by J. Meyer-ter-Vehn (and others): 

Meyer-ter-Vehn, J.; Schalk, C. 1982. Selfsimilar Spherical Compression Waves in Gas Dynamics, Z. 
Naturforsch. 37a, 955-969. 

Meyer-ter-Vehn, J. 1992. Physics of Inertial Fusion, in Proceedings of the International School of Physics
"Enrico Fermi", Course CXVI, Status and Perspectives on Nuclear Energy: Fission and Fusion, 395-423.

3.7.3 Convergent Shock Waves 

This is the most obvious method of achieving implosion, and was the first two and three dimensional 
implosion system to be developed (during the Manhattan Project). The idea is to create a cylindrical or 
spherical inward directed shock wave which converges on the material to be compressed. 

In a convergent shock wave the flow of matter behind the shock front is also convergent (inward 
directed). This means that following the shock compression there is an adiabatic compression phase in 
which the kinetic energy of the shocked material is converted into internal energy, causing the flow to 
decelerate. The pressure behind the shock front, rather than remaining constant as in a classical shock 
wave, continues to rise. This increasing pressure is transmitted to the shock front, causing it to 
continuously strengthen and accelerate. 

In theory the acceleration of the shock front continues without limit as the shock approaches the center, 
achieving infinite velocity, pressure, and temperature. Since the area of the shock front is diminishing, the
actual total energy in the shock front decreases, reaching zero at the center. 

Although the increase in shock strength is unbounded in principle, subject only to the granularity of 
atomic structure, in practice the symmetry of the implosion breaks down long before then, providing a 
much lower limit to the maximum degree of energy cumulation. In contrast to plane or divergent shocks, 
which are stable, convergent shocks are unstable and irregularities will grow with time. 

The increase in density at the shock front is bounded of course, and so is the maximum density due to 



adiabatic compression. In fact, when the shock reaches the center, the density is everywhere uniform. The
temperature and pressure profile established at this point increases without limit toward the center. 

The degree of shock intensification depends on the geometry (planar, cylindrical, or spherical), and the 
equation of state of the material. It is higher for less compressible materials. 

The scaling laws make use of the parameter alpha given in the table below (assuming a gas law EOS): 
Table 3.7.3-1. Alpha Values for Varying Gammas and Geometries

Gammas: 1 6/5 7/5 5/3 3

Cylindrical 1 0.861 0.835 0.816 0.775

Spherical 1 0.757 0.717 0.688 0.638

The velocity of the converging shock front is given by: 

Eq.  3.7.3-1

     V = K1*r^[(alpha-1)/alpha]

where alpha is selected from the above table, and the proportionality constant K1 is determined by initial 
conditions (V_0 and r_0). If the value of gamma is 3 (close to that of uranium) in a spherical implosion 
then alpha is 0.638. This gives us: 

Eq.  3.7.3-2

     V_Usphere = K1*r^(-0.567)

The shock velocity is thus approximately proportional to the inverse square root of the radius. 

The pressure behind the shock front is given by: 

Eq.  3.7.3-3

     P = K2*r^[2*(alpha-1)/alpha]

Again K2 is established by initial conditions (p_0, r_0). For gamma=3, this is: 

Eq.  3.7.3-4

     P_Usphere = K2*r^(-1.134)

The pressure is thus approximately proportional to the inverse of the radius. 

Side note:
The scaling laws for implosion were obtained by consulting several mutually supporting 
sources that analyze the theoretical properties of converging shock waves, which cross checks
with published data on converging shock waves. These laws also appear generally consistent 
with the known properties of the Fat Man implosion bomb.



There is a curious belief found in the public domain nuclear weapons literature that implosion 
shock velocity scales with the inverse square (NOT square root) of the radius, and thus the 
pressure scales as the inverse FOURTH power of the radius (see for example Lovins, 1980, 
Nature V. 283, pg. 821). Since the area of the shock front is proportional to r^2, and the 
energy density in a shock wave is proportional to the pressure, this belief leads to the 
astonishing (and impossible) conclusion that the TOTAL energy in the shock increases 
rapidly, and without limit (i.e. it is a source of "free energy", in contravention to the laws of 
thermodynamics).

The origin of this belief appears to be a comment in a biography of Edward Teller (Energy 
and Conflict: The Life and Times of Edward Teller), judging by a statement made by De 
Volpi in Proliferation, Plutonium, and Policy, 1979, pg. 300.

The time for the shock wave to reach the center from r_0, and V_0 is 

Eq.  3.7.3-4

     t_c = (r_0/V_0)*alpha

The location of the shock front at time t is: 

Eq.  3.7.3-5

     r(t) = (t_c - t)^alpha * K3

Where K3 can be calculated by: 

Eq.  3.7.3-6

     K3 = (r_0^(1-alpha) * V_0^alpha)/(alpha^alpha)

The compression achieved at the shock front has the classical shock compression limit: nu = (gamma + 
1)/(gamma - 1). 

Now the maximum degree of compression would be achieved if all of the kinetic energy were converted 
into internal energy, bringing the imploding gas to rest. We can make a somewhat naive estimate of what 
this compression limit is by remembering that in an extremely strong shock, energy is divided equally 
between kinetic energy and internal energy. Then by using the gas law EOS and the adiabatic 
compression law, we can calculate the additional density increase if the kinetic energy were converted to 
internal energy adiabatically: 

Eq.  3.7.3-7

     rho_2/rho_1 = 2^(1/gamma-1)

where rho_1 is the shock compressed density and rho_2 is the adiabatically compressed density. 

This gives us for gamma = 5/3 a density increase of 

Eq.  3.7.3-8



     rho_2/rho_1 = 2^1.5 = 2.82, or rho_2/rho_0 = 11.3.

For gamma = 3 (more typical of condensed matter) the increase is: 

Eq.  3.7.3-9

     rho_2/rho_1 = 2^0.5 = 1.41, or rho_2/rho_0 = 2.82.

This estimate is naive because the state of zero flow is never achieved. When the shock reaches the 
center, the gas is still flowing inward everywhere. An accurate value for rho_2/rho_0 at this moment, 
when gamma = 5/3, is 9.47. 

In an extremely intense implosion shock that ionizes the material through which it passes the initial shock
compression is much greater than in an ideal gas. The shocked gas acts as an ideal monatomic gas with a 
gamma of 5/3. If we assume an initial compression of 12 (3 times higher than for an ideal monatomic gas)
then the final density after convergence will be on the order of 30. 

3.7.3.1 Convergent Shocks With Reflection 

When a converging shock reaches the center of the system it should, theoretically, create a reflected 
shock moving outward driven by the increasing pressure toward the center. This shock is a relatively slow
one (compared to the imploding phase). The reflected shock front reverses the inflow of gas. Behind the 
front the gas is expanding outward, again quite slowly compared to its inward velocity. The density 
reaches a new maximum at the shock front, but falls rapidly behind it reaching zero at the center. This is a
consequence of the increasing entropy toward the center, but is augmented by the fact that pressure drops 
behind a diverging shock front. The new density maximum is thus a local phenomenon at the shock front.
Matter is actually being driven outward from the center and for any volume around the center, the density 
falls continuously once the reflected shock front has passed. You can think of the implosion as having 
"bounced" at the center, and is now rebounding outward. 

The compression achieved at the shock front for gamma = 5/3 in spherical geometry is rho_3/rho_0 = 
32.0 For 7/5 it reaches a value of 216. For cylindrical geometry and gamma = 5/3, rho_3/rho_0 is 22.8. If 
we get a factor of 4 initial compression enhancement due to an ionizing shock, and a gamma of 5/3 
afterward, then the compression for spherical geometry will be 96, and 68.4 for cylindrical geometry. 

Whether the high densities achieved at the outgoing shock front are "useful" or not depends on the 
characteristic length scale of the physical processes being enhanced by the compression. In a fission 
reaction the scale is given by the neutron mean free path, the average distance a neutron travels between 
interactions, which is typically a few centimeters. If the thickness of the shock compressed layer is less 
than this, the reaction will be more affected by the average density of the core than by the local density at 
the front. In a fusion reaction the reaction rate at a given temperature is governed by the local density of 
the fuel, so the reaction rate will be enhanced by the rebounding shock. 

It appears that the peak compression at the reflected shock is less than that predicted by theory and it not 
hard to guess why. Before this second symmetric shock phase begins the implosion has to pass through a 
singularity in the center where the shock front decreases to zero size, and increases to infinite strength. 
Since implosion symmetry breaks down before this point, we actually get a turbulent flow that dissipates 
some of the inflowing kinetic energy as heat. We thus get an expanding stagnation front with higher 
entropy increases, and lower compressions than theory would indicate. 

The problem of non-ideal behavior near the center can be alleviated by placing a high impedance 
boundary around the center of the system - a small high density object - to reflect the shock back outward 
before it converges to the point where asymmetry becomes severe. This also reduces the amount of 
energy deposited as heat at the center, which is probably an advantage, but it starts to change the 



character of the implosion from the simple ideal shock implosion model. 

If the main imploding mass is surrounded by a higher density imploding shell (which presumably 
originated the initial convergent shock) then additional compression is achieved when the outgoing shock 
is reflected at this high density interface. If a high density central mass is also present a series of 
alternating inward and outward reflected shocks can be created that achieve very high densities. In this 
case it is the kinetic energy of the decelerating high density layer (acting as a pusher/tamper) being 
brought to rest that is supplying the additional compressive work. Such a system is of course much more 
complex than a simple convergent shock implosion. 

3.7.4 Collapsing Shells 

A variation of implosion that is of considerable interest is the collapse of a hollow cylindrical or spherical
shell. We consider two cases here:

1. a shell initially at a uniform velocity, but not acted on by outside forces; 
2. a shell initially at rest, but reacting to an external pressure.

It is apparent that if another body is located at the center of the hollow cavity, a collapsing shell can be 
used to create a convergent shock with reflection. 

3.7.4.1 Shell in Free Fall 

The first case is often referred to as a "free falling" shell, although it is not really falling, just imploding 
due to inertia. We assume that every particle in the shell has a velocity vector directed towards the center 
of the hollow shell, and that the magnitude is uniform everywhere. 

This situation is typical of a thin shell that has just been accelerated by an imploding shock wave after the
velocity doubling pressure release has been completed. 

As the shell implodes the area of its outer surface gets smaller. This means that the shell is either getting 
thicker, or it is getting denser, or both. 

If it is getting thicker, then the inner surface is moving farther than the outer surface, which means that it 
is also moving faster than the outer surface. Since they were initially moving at the same speed, the inner 
surface must be accelerating. Due to the conservation of momentum and energy, this means that the outer 
surface is also slowing down. This is the only situation possible in a shell made of incompressible 
material. 

This transfer of momentum creates a pressure gradient in the shell. Moving from the outer surface inward,
the pressure increases from zero at the surface to a maximum that marks the division between the 
accelerating and decelerating regions. The pressure then drops to zero again at the inner surface. This 
maximum pressure will be much closer to the inner surface than the outer surface. Real materials are 
compressible to some extent so the pressure increase inside the shell is also accompanied by an increase 
in density. 

3.7.4.2 Shell Collapse Under Constant Pressure 

To investigate the second case, let us assume that the shell is initially at rest with no forces acting upon it. 
Then let a uniform external pressure be applied suddenly (we will ignore the mechanism by which the 
pressure is generated). The sudden pressure jump will create an acoustic of shock compression wave that 
will move inward, accelerating and compressing the shell. When the wave reaches the inner surface, a 
release wave will be generated that will move outward at the speed of sound. When the edge of the 
release wave, the point where the pressure drop begins, reaches the outer surface it will halt (we assume it
cannot propagate beyond the shell, or alter the pressure being exerted). A pressure profile will have been 
established in the shell, dropping from the maximum applied pressure at the outer surface to zero at the 



inner surface. Similarly, a continuous density and velocity profile will exist. 

If the shock was strong enough to convert the shell into a gas, then the inner surface will begin imploding 
at escape velocity when the shock reaches it. The leading edge of the implosion, travelling at high speed, 
but with zero density and pressure will reach the center of the void far ahead of the outer surface. If the 
shell remains solid, then the inner surface will undergo "velocity doubling", and drop to its zero pressure 
density. 

The external pressure, not balanced by any internal pressure until the inner surface reaches the center, will
cause the shell to continue to accelerate. The acceleration will be transmitted to the inner surface by the 
pressure gradient. 

3.7.5 Methods for Extreme Compression 

What densities are actually achievable with real implosion systems and real materials? We must consider 
actual compressibility limitations, and how close physical implosion systems can get to the ideal limiting 
case. 

Although the value of gamma for condensed matter at zero pressure (and compression) is greater than the 
5/3 of a perfect gas, this is partially offset by the fact that the value of gamma always falls as the density 
of condensed matter increases (approaching 5/3 as a limit). However, extremely high shock pressures are 
required to approach the limiting shock compression value, even using the STP gammas. For example the
STP value of gamma for uranium (2.9) drops to 2.4 when its density has been doubled. Using the STP 
value we can estimate a limiting compression for uranium of ((2.9 + 1)/(2.9 - 1) = 2.05. 

This degree of compression is actually achieved at a shock strength of 7 megabars, approaching the 
practical limits of high explosive implosion. A static pressure of 5 megabars would have been sufficient 
to achieve this density through adiabatic compression. The 2 megabars of "lost compression" in the shock
is due to energy expended in heating the uranium. The inefficiency of shock compression starts to 
increase rapidly above this point. A 20 megabar shock compresses uranium by a factor of 2.5, comparable
to 12 megabars for shockless compression. In extremely strong shock waves, the energy of the shock is 
divided equally between heating and kinetic energy, with a negligible portion going into actual 
compression. 

To achieve much higher compressions we have two options: successive shock waves, or adiabatic (i.e. 
non-shock induced) compression. 

The description of a single shock implosion given in subsection 3.7.2 shows that adiabatic compression 
naturally follows the implosion shock, but the amount of compression achievable is still limited. If much 
higher densities are required some method of enhancing the adiabatic compression process is required. 

By dividing the pressure increase into two or more shock steps, the inefficiency of very strong shocks can
be dramatically reduced. In fact, two shocks are sufficient to eliminate most of the entropic heating for 
pressure increases up to many tens of megabars. 

If the pressure increase is divided between a large number of weak shocks, the effect is essentially 
identical to adiabatic compression. In fact, true adiabatic compression can be considered the limiting case 
of an infinite number of infinitely weak shocks. Conversely in very rapid adiabatic compression where 
the pressure gradients are steep, the inherent instability of compression waves tends to cause the pressure 
gradient to break up into multiple shocks. Thus for practical purposes the multi-shock and adiabatic 
compression approaches are closely related, and either model can suffice for analyzing and modelling 
extreme compression. 

Two general styles of multi-shock implosion are possible. The first has already been described - a 
convergent shock system with reflection. In this system, each successive shock is going in the opposite 
direction as the previous one, and requires shock drivers on each side. An alternative approach is 



unidirectional shock sequences. In this approach a succession of shocks travel in one direction in "follow-
the-leader" style. 

In an optimal unidirectional multi-shock implosion system the shocks would be timed so that they all 
reach the center simultaneously (each successive shock is faster and will tend to overtake the earlier 
shocks). If they overtake each other earlier, then a single intense shock will form. If they do not merge 
before reaching the center, then shock wave rebounds will collide with incoming shocks, creating 
complicated shock reflection effects. Similarly the time pressure curve in adiabatic compression should 
avoid steepening into a single strong shock, or breaking up into a rebounding shock sequence. 

The maximum speed of high density compression is determined by the speed of the leading edge of the 
pressure gradient, and the thickness of the material to be compressed. In true adiabatic (shockless) 
compression, this speed is the acoustic velocity in the uncompressed material. Since normal acoustic 
velocities are on the order of 1-3 km/sec, and material thicknesses are at least a few cm, this compression 
time is on the order of 10-100 microseconds. And since nuclear bombs typically disassemble in a 
microsecond or less, it is clear that an initial strong shock with a velocity approaching 100 km/sec is 
unavoidable. 

Let us consider an example where the fuel being compressed is Li6D, and the total pressure increment is 
10,000 megabars. The density of the fuel being compressed (designated rho_init) is 0.82, and if the initial 
shock pressure (p_0)is 50 megabars then the shock velocity is roughly: 

Eq.  3.7.5-1

D_0 = [p_0(gamma + 1)/2*rho_init]^0.5

    = [((5 x 10^7 bars)*(10^6 dynes/cm^2/bar)*(1 + 5/3))/(2 * 0.82)]^0.5

    = 9.0 x 10^6 cm/sec

Since this an ionizing shock in Li6D initially at STP, the density after initial shock compression (rho_0) 
may be as high as 12 or so. 

From the adiabatic law: 

   P_1 * V_1^gamma = P_final * V_final^gamma

we get the following expression for the adiabatic compression ratio: 

Eq.  3.7.5-2

   (P_final/P_0)^(1/gamma) = V_0/V_final = rho_final/rho_0

If all of the remaining pressure increase is adiabatic and gamma = 5/3, then 

   rho_final/rho_0 = 200^(3/5) = 24.0

giving a final density of around 288. 

The next question is how many discrete shocks are necessary to approach this performance. To examine 
this, we will assume a plane geometry for the shocks (i.e. they neither diverge or converge). 



The compression ratio from a shock is: 

Eq.  3.7.5-3

   V_i/V_i+1 = [(gamma + 1)*P_i+1 + (gamma - 1)*P_i] /

               [(gamma - 1)*P_i+1 + (gamma + 1)*P_i]

where i is the pre-shock state and i+1 is the post-shock state. If we divide the pressure jump from P_0 to 
P_final into n jumps with the same pressure ratio (P_r) then the ratio for a single jump is: 

Eq.  3.7.5-4

   P_r = P_i+1/P_i = Exp[ln(P_final/P_1) / n]

where i = 1, 2 ... n (this numbering explains why the initial shock was called the zeroth shock). 

The compression ratio with each shock in the sequence is: 

Eq.  3.7.5-5

   rho_r = rho_i+1/rho_i  = [(gamma + 1)*P_r + (gamma - 1)] /

                            [(gamma - 1)*P_r + (gamma + 1)]

and the total compression by this sequence is obviously: 

Eq.  3.7.5-6

   rho_final/rho_0  = (rho_i+1/rho_i)^n = (rho_r)^n

By computing various values of n, and assuming gamma = 5/3, for the earlier example we find: 
Table 3.7.5-1. Total Compression Vs. Number of Shock Steps

n Density Ratio (rho_final/rho_1) Pressure Ratio (P_r)

1 3.92 200.00

2 10.07 14.14

3 15.20 5.85

4 18.26 3.76

5 20.05 2.89

10 22.92 1.70

25 23.84 1.24



50 23.98 1.11

infinity 24.00 1.00

We see from the table that on the order of five shocks can capture a large majority of the adiabatic 
compression. Another way of looking at it is: we are assured of losing little compression if a continuous 
pressure gradient breaks up into shocks each with a pressure jump of less than 3 or so. 

In this analysis I have implicitly assumed that the shock sequence is unidirectional (i.e. the compression is
caused by a sequence of shocks travelling in the same direction). This need not necessarily be the case. 
The implications for compression efficiency in the reflected shock described system at the end of Section 
7.2.3.1 are of course the same. 

In a unidirectional shock sequence, to achieve maximum compression throughout the layer each shock 
should be timed so that they all reach the opposite interface of the material simultaneously. If the 
thickness of the material is d, then the transit time for the initial shock is: 

Eq.  3.7.5-7

     t_transit_0 = d/D_0

Each shock in the following sequence travels through material that has been compressed and accelerated. 
For the ith shock we can say: 

Eq.  3.7.5-8

D_i = [[(gamma + 1)*(P_r^i)*P_0 + (gamma - 1)*(P_r^(i-1))*P_0] /

      [2*(rho_r^(i-1))*rho_0]] + (1 - (1/rho_r))*D_i-1

except for the first shock in the sequence where we have: 

Eq.  3.7.5-9

D_1 =  [[(gamma + 1)*P_0 + (gamma - 1)*P_0] / 2*rho_0] +

       (1 - ((gamma-1)/(gamma+1)))*D_0

Since the driving interface of the layer is accelerated by the initial shock, the distance required to traverse 
the layer is less for subsequent shocks. When combined with the increasing shock velocities in the initial 
frame of reference, and multiplicative nature of the pressure increases, we can easily see that the driving 
pressure must rise very rapidly close to t_transit_0. 

Brueckner and Jorna [Laser Driven Fusion, Reviews of Modern Physics, Vol. 46, No. 2; April 1974; pg. 
350] derive an expression for how pressure must change with time using an assumption of adiabatic 
compression, treating i as a continuous variable, taking gamma as 5/3, and apparently also treating d as 
being constant: 

Eq.  3.7.5-10

     P(t_i)/P_0 = [[3*(t_i/(t_transit_0 - t_i)) / (8*(5^0.5))] + 1]^5



Plotting this function of P(t_i) vs. t_i shows this quasi-asymptotic rise. 

The geometry of the systems we are actually interested are not really planar, but spherical or cylindrical 
instead. Still, this model provides valuable insight. Since the fuel volume is proportional to r^3 (for 
spherical geometry) or r^2 (for cylindrical geometry), it follows that most of the fuel mass resides at a 
fairly small radial distance from the surface. Half of the fuel is within 0.103 radii of the surface of a 
spherical mass, 0.146 radii of a cylindrical one. The effects of shock front convergence at these small 
radial distances is slight. 

The fact that the opposite side of a fuel layer containing most of the fuel is not a free surface also relaxes 
the pressure history requirements. It does not matter whether the shock sequence or pressure gradient 
converges to a single shock at this point since the shocks will continue onward toward the center. The 
pressure increase does not need to be as fast or steep. It is important to avoid the buildup of excessively 
strong shocks in this outer layer of fuel, but farther in toward the center it does not matter much since 
inefficient compression here has little effect on the overall compression. 

How to achieve the desired pressure-time curve in a fusion bomb where the shock production system (the 
fission trigger) destroys itself in a very short burst of energy, is a difficult and intriguing problem. 

Possible approaches include using:

1. a radiation barrier between the primary and secondary with variable opacity to create a suitable 
time-dependent energy flux; 

2. a pusher that transfers momentum and energy to the fuel over time by multiple reflected shocks 
and adiabatic compression; 

3. layers of materials of different densities (shock buffers) to create multiple reflected shocks (this 
option can be considered a variant of the second); or 

4. modulating the production of energy to provide the desired quasi- exponential pressure-time curve
directly (e.g. tailoring the neutron multiplication rate, use of fusion boosting, use of multiple 
staging, or some combination of these). 

Finally, we should not over look the importance of ionization compression (Section 3.2.4 Matter At High 
Pressures). When matter is heated until it becomes highly ionized, dense high-Z material will tend to 
expand and compress low-Z material due to the particle pressure of the ionized electrons. As an example 
the initial densities of uranium and lithium deuteride are 0.058 and 0.095 moles/cm^3 respectively. If 
adjacent bodies of uranium and lithium deuteride are heated until the uranium reaches its 80th ionization 
state (81 particles per atom, counting the ion), the lithium and deuterium will be completely ionized, and 
the particle densities become

1. Uranium: 0.058 * (80 + 1) = 4.7 
2. Lithium Deuteride: 0.095 * ((3 + 1) + (1 + 1)) = 0.57

a particle density ratio of 8.2. The uranium will tend to expand, compressing the lithium deuteride, until 
the particle densities are the same. Ionization compression can thus lead to compression factors above 8 in
this case. 

3.8 Instability

Instabilities arise when force is exerted (or work is done) at a fluid interface. In unstable situations small 
deviations from symmetry or planarity tend to grow with time, magnifying the original imperfections. 
Since in the real world perfect symmetry or plane surfaces never exist (if only due to the atomic 
granularity of matter), unstable situations inevitably disrupt themselves with time. The key question is 
whether the initial irregularity magnitude, the rate of growth, and the length of time the unstable situation 
lasts are together sufficient to cause significant disruption. 



3.8.1 Rayleigh-Taylor Instability 

Probably the best known instability is the Rayleigh-Taylor instability. It arises when a denser fluid exerts 
force on a less dense one. The classic example of this is trying to float water on oil. Even if a (nearly) 
perfect layer of water can be initially established on top of the oil layer, it quickly sinks through to the 
bottom. The water-on-oil system is not stable. 

The water sinks to the bottom because, as is generally true in physical systems, the water-on-oil system 
evolves to a configuration of lower potential energy. The energy gained by the oil rising is more than 
offset by the energy given up by the water sinking. No matter how perfect the water layer is initially, it 
will eventually sink to the bottom unless other stabilizing forces exist (like surface tension). 

The smoother the interface is, the slower the instability develops. By the same token it is a rapidly 
accelerating process. Each increase in irregularity leads to even more rapid growth. The growth in 
irregularities is in fact exponential with time. Even absolutely perfect interfaces cannot prevent this from 
occurring since Brownian motion will create atomic scale irregularities where none initially existed. 

This issue arose during the Manhattan Project when the forces involved in atomic bomb assembly and 
disassembly were being considered. Atomic bombs are made of materials of different densities. Large 
forces are generated by high explosive implosion, and immensely larger ones are generated by the fission 
energy release. Do instability problems arise that constrain the design, or limit the efficiency of the 
bomb? 

A typical law governing the growth of Rayleigh-Taylor instabilities is: 

Eq.  3.8.1-1

     P = e^t*[a*k*(rho_1 - rho_2)/(rho_1 + rho_2)]^0.5

where P is the perturbation amplification, a is acceleration, rho_1 and rho_2 are the densities of the denser
and lighter liquids, t is time, k is the perturbation wave number (determined by the scale of the 
perturbation relative to the scale of the whole interface), and e is the natural logarithm base. From this we 
can see that the exponential growth rate is affected by the relative and absolute densities of the fluids, and
the acceleration (that is to say, the force exerted across the interface). 

It is evident from the above equation that for a fixed velocity increment, the amplification of irregularities
is lower for higher accelerations (there is less time for growth). In the limiting case of shock acceleration, 
it does not occur at all. It is only when unbalanced forces exist for significant time intervals that the 
instability becomes a problem. 

This can occur during adiabatic compression, the collapse of thick shells, or when expansive forces are 
being generated by explosive reactions. The possible instability of the fissile core/tamper interface in both
Manhattan Project bomb designs caused substantial concern (later shown to be unwarranted). 

Despite considerable attention paid to this potential problem, it appears that it is largely a non-issue in 
weapons design. Due to the extremely short time scales involved, and the dominance of shock 
compression phenomena, significant instability problems do not appear to arise often. In fission bombs 
this is mostly a problem during the adiabatic compression phase behind the convergent shock wave of an 
implosion. It can also be an important factor during the confinement and expansion of the fusion fuel in a 
thermonuclear secondary, where a low density fuel first halts the pusher implosion, then drives the pusher
outward. 

3.8.2 Richtmyer-Meshkov Instability 

Unlike Rayleigh-Taylor, which does not arise in true shock compression, Richtmyer-Meshkov instability 



is a phenomenon only found during shock compression (or a very steep compression wave that 
approximates a true shock). This instability is caused by irregularities in an interface between two media 
of differing density, and the effects of shock velocity variation with density. When the shock arrives at the
interface, the portions of the transmitted shock front in the denser medium will lag behind the portions in 
the less dense one. If the shock is initially travelling in a less dense medium, there will be a reflected 
shock as well. The reflected shock will also be irregular since the first part of the shock to encounter the 
interface will be reflected back before the later parts. An initially flat shock thus gives rise to transmitted, 
and possibly reflected shocks, that are no longer flat, and this waviness may tend to grow with time. In a 
plane shock, once the shock has finished crossing the interface, or has finished being reflected, the shock 
will tend to return to planarity due to the inherent stability of plane shock waves. Convergent shocks are 
not stable though, so Richtmyer-Meshkov can be a serious problem in implosion systems. In addition, the 
shock front irregularities generate vortexes through the Helmholtz instability effect behind the front 
which can lead to mixing that continues long after the shock has passed by. 

Richtmyer-Meshkov instability also differs from Rayleigh-Taylor in that it will arise no matter which side
of the interface the compression force arrives from. Shocks travelling from low density regions to high 
density ones, and from high density regions to low density both cause this phenomenon (although the 
later case causes transmitted shocks only). The growth of the instability with time is linear instead of 
exponential though, which tends to limit its severity. 

3.8.3 Helmholtz Instability 

This instability is found in systems where flow occurs parallel to the interface between two fluids (this 
sliding motion is also called "shear"). Slight wavy irregularities in the interface cause the flow on either 
side to be diverted form a straight flow into a longer path, just as air is diverted as it flows over a curved 
airplane wing. By Bernoulli's principle the pressure in this region must drop, as it does to create lift with a
wing. These pressure imbalances cause the wavy irregularities to grow in amplitude. When the height of 
irregularities reach a certain fraction of their wavelength they will curl, just like a breaking ocean wave. 
The rotational motion of the curl quickly becomes a vortex, which mixes the two fluids together. The 
effect of Helmholtz instability is to create a mixing layer consisting of a series of vortices maintained and 
driven like roller bearings by the fluid flow on either side. 

Helmholtz instability arises in implosion systems as a side effect of other processes. Mach reflection from
a surface creates a region of fluid flow behind the Mach front(the slip stream), which is subject to 
Helmholtz instability. Shock reflection and refraction at an irregular interface associated with Richtmyer-
Meshkov instability also produces regions of fluid flow that can cause Helmholtz instability effects. 
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4.0 Engineering and Design of Nuclear Weapons
This section collects material in the open literature to provide a coherent survey of nuclear weapons 
technology. Everything in this section is in the public domain (not the same thing as being unclassified 
however), or is reasonable extrapolation or speculation based on public domain material. It was prepared 
without my ever having had access to any material on nuclear weapons not in the public domain. Much of
the source material has been in the public domain for decades. Lest I be accused of providing instructions 
for building atomic bombs, I will point out that the discussion is general in nature and nowhere are 
detailed designs described. The actual construction of even a simple device requires specific dimensions, 
masses, and specifications of composition. I do not provide these, nor have I ever seen or attempted to 
prepare such a detailed design. 

Preparing an actual weapon design (without extensive experimentation with real explosive and nuclear 
materials) requires significant amounts of numeric modelling of hydrodynamic and neutron transport 
effects. I do not discuss these computational techniques at all, although this is mainly to avoid excessive 
technical detail since the methods themselves are also not classified and are readily available in standard 
texts.

To use an architectural metaphor, the type of information set forth here can be compared to a general 
description of building construction techniques. To actually construct a building however, detailed 
blueprints prepared by an architect are required. A survey of construction techniques merely gives one an 
idea of what kinds of buildings can be built, and allows one to make general estimates of things like the 
amount and kind of materials required and the cost. It does not provide one with the knowledge required 
to actually build one.

Lack of knowledge has never been an obstacle to any nation in developing nuclear weapons. The problem
is in obtaining the necessary tools and materials. Nothing I say here could be of any interest or assistance 
to a nation pursuing a nuclear weapons program. Admittedly, the situation with respect to terrorist 
acquisition of weapons is a bit different. But even here, actual weapon construction requires a type of 

file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq0.html


information I do not provide, and most importantly it requires access to the proper materials. Preventing 
access to these materials is the only way of providing security from the spread nuclear weapons. 
Suppressing discussion of unclassified or public domain information does not provide any measure of 
security. It provides instead only a potentially dangerous illusion of security.

Interestingly enough, the United States government conducted a controlled experiment called the Nth 
Country Experiment to see how much effort was actually required to develop a viable fission weapon 
design starting from nothing. In this experiment, which ended on 10 April 1967, three newly graduated 
physics students were given the task of developing a detailed weapon design using only public domain 
information. The project reached a successful conclusion, that is, they did develop a viable design 
(detailed in the classified report UCRL-50248) after expending only three man-years of effort over two 
and a half calendar years. In the years since, much more information has entered the public domain so 
that the level of effort required has obviously dropped further.

This experiment established an upper limit on the required level of effort that is so low that the hope that 
lack of information may provide even a small degree of protection from proliferation is clearly a futile 
one.

The material in this section has been shown to persons knowledgeable in the field, who have agreed with 
my assessment that this material does not constitute a proliferation risk. I have also offered to submit the 
material to the Department of Energy for review to determine whether any material constituting such a 
risk is present, but this offer has apparently been declined since I have received no response.

• 4.1 Elements of Fission Weapon Design   
• 4.1.1 Dimensional and Temporal Scale Factors   
• 4.1.2 Nuclear Properties of Fissile Materials   
• 4.1.3 Distribution of Neutron Flux and Energy in the Core   
• 4.1.4 History of a Fission Explosion   
• 4.1.5 Fission Weapon Efficiency   
• 4.1.5.1 Efficiency Equations   
• 4.1.5.2 Effect of Tampers and Reflectors on Efficiency   
• 4.1.5.3 Predetonation   
• 4.1.6 Methods of Core Assembly   
• 4.1.6.1 Gun Assembly   
• 4.1.6.2 Implosion Assembly   
• 4.1.6.3 Hybrid Assembly Techniques   
• 4.1.7 Nuclear Design Principles   
• 4.1.7.1 Fissionable Materials   
• 4.1.7.2 Composite Cores   
• 4.1.7.3 Tampers and Reflectors   
• 4.1.8 Fission Initiation Techniques   
• 4.1.9 Testing   
• 4.2 Fission Weapon Designs   
• 4.2.1 Low Technology Designs   
• 4.2.2 High Efficiency Weapons   
• 4.2.3 Low Yield Weapons   
• 4.2.4 High Yield Weapons   
• 4.2.5 Special Purpose Applications   
• 4.2.6 Weapon Design and Clandestine Proliferation   
• 4.3 Fission-Fusion Hybrid Weapons   
• 4.3.1 Fusion Boosted Fission Weapons   
• 4.3.2 Neutron Bombs ("Enhanced Radiation Weapons")   
• 4.3.3 The Alarm Clock/Layer Cake Design   
• 4.4 Elements of Thermonuclear Weapon Design   
• 4.4.1 Development of Thermonuclear Weapon Concepts   
• 4.4.2 Schematic of a Thermonuclear Device   

file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-3.html#Nfaq4.3.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-3.html#Nfaq4.3.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-3.html#Nfaq4.3.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-3.html#Nfaq4.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.6
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-2.html#Nfaq4.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.9
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.8
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.7.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.7.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.7.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.7
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.6.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.6.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.6.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.6
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.5.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.5.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.5.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-1.html#Nfaq4.1


• 4.4.3 Radiation Implosion   
• 4.4.3.1 The Role of Radiation   
• 4.4.3.2 Opacity of Materials in Thermonuclear Design   
• 4.4.3.3 The Ablation Process   
• 4.4.3.4 Principles of Compression   
• 4.4.3.5 Ignition   
• 4.4.3.6 Burn and Disassembly   
• 4.4.4 Implosion Systems   
• 4.4.5 Fusion Stage Nuclear Physics and Design   
• 4.4.5.1 Fusionable Isotopes   
• 4.4.5.2 Neutronic Reactions   
• 4.4.5.3 Fusion Fuels   
• 4.4.5.4 Fusion Tampers   
• 4.5 Thermonuclear Weapon Designs   
• 4.5.1 Principle Design Types   
• 4.5.2 "Dirty" and "Clean" Weapons   
• 4.5.3 Maximum Yield/Weight Ratio   
• 4.5.4 Minimum Residual Radiation (MRR or "Clean") Designs   
• 4.5.5 Radiological Weapon Designs   
• 4.6 Weapon System Design   
• 4.6.1 Weapon Safety   
• 4.6.2 Variable Yield Designs   
• 4.6.3 Other Modern Features   
• 4.7 Speculative Weapon Designs   
• 4.8 Simulation and Testing   

file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.8
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.7
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.6.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.6.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.6.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.6
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-5.html#Nfaq4.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.5.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.5.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.5.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.5.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.6
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.5
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.4
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.3
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.2
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3.1
file:///home/user/Schreibtisch/Hew/Nwfaq/Nfaq4-4.html#Nfaq4.4.3




Back to top of Section 4 

4.1 Elements of Fission Weapon Design

4.1.1 Dimensional and Temporal Scale Factors 

In Section 2 the properties of fission chain reactions were described using two simplified mathematical 
models: the discrete step chain reaction, and the more accurate continuous chain reaction model. A more 
detailed discussion of fission weapon design is aided by introducing more carefully defined means of 
quantifying the dimensions and time scales involved in fission explosions. These scale factors make it 
easier to analyze time-dependent neutron multiplication in systems of varying composition and geometry.

These scale factors are based on an elaboration of the continuous chain reaction model. It uses the 
concept of the "average neutron collision" which combines the scattering, fission, and absorption cross 
sections, with the total number of neutrons emitted per fission, to create a single figure of merit which can
be used for comparing different assemblies. 

The basic idea is this, when a neutron interacts with an atom we can think of it as consisting of two steps:

1. the neutron is "absorbed" by the collision; and 
2. zero or more neutrons are emitted.

If the interaction is ordinary neutron capture, then no neutron is emitted from the collision. If the 
interaction is a scattering event, then one neutron is emitted. If the interaction is a fission event, then the 
average number of neutrons produced per fission is emitted (this average number is often designated by 
nu). By combining these we get the average number of neutrons produced per collision (also called the 
number of secondaries), designated by c: 

Eq. 4.1.1-1
   c = (cross_scatter + cross_fission*avg_n_per_fission)/cross_total

the total cross section, cross_total, is equal to: 

Eq. 4.1.1-2
     cross_total = cross_scatter + cross_fission + cross_absorb

The total neutron mean free path, the average distance a neutron will travel before undergoing a collision, 
is given by: 

Eq. 4.1.1-3
     MFP = 1/(cross_total * N)

where N is the number of atoms per unit volume, determined by the density. 

In computing the effective reactivity of a system we must also take into account the rate at which 
neutrons are lost by escape from the system. This rate is measured by the number of neutrons lost per 
collision. For a given geometry, the rate is determined by the size of the system in MFPs. Put another 
way, for a given geometry and degree of reactivity, the size of the system as measured in MFPs, is 
determined only by the parameter c. The higher the value of c, the smaller the assembly can be. 

An indication of the effect of c on the size of a critical assembly can be gained by the following table of 
critical radii (in MFPs) for bare (unreflected) spheres: 

Table 4.1.1-1. Critical Radius (r_c) vs Number of Secondaries (c )
c value          r_c
        (crit. radius in MFP)
1.0            infinite
1.02           12.027
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1.05            7.277
1.10            4.873
1.20            3.172
1.40            1.985
1.60            1.476

If the composition, geometry, and reactivity of a system are specified then the size of a system in MFPs is
fixed. From Eq. 4.1.1-3 we can see that the physical size or scale of the system (measured in centimeters, 
say) is inversely proportional to its density. Since the mass of the system is equal to volume*density, and 
volume varies with the cube of the radius, we can immediately derive the following scaling law: 

Eq. 4.1.1-4
    mcrit_c = mcrit_0/(rho/rho_0)^2 = mcrit_0/C^2

That is, the critical mass of a system is inversely proportional to the square of the density. C is the degree 
of compression (density ratio). This scaling law applies to bare cores, it also applies cores with a 
surrounding reflector, if the reflector is density has an identical degree of compression. This is usually not
the case in real weapon designs, a higher degree of compression generally being achieved in the core than
in the reflector. 

An approximate relationship for this is: 

Eq. 4.1.1-5
    mcrit_c = mcrit_0/(C_c^1.2 * C_r^0.8)

where C_c is the compression of the core, and C_r is the compression of the reflector. Note that when 
C_c = C_r, then this is identical to Eq. 4.1.1-4. For most implosion weapon designs (since C_c > C_r) we 
can use the approximate relationship: 

Eq. 4.1.1-6
    mcrit_c = mcrit_0/C_c^1.7

These same considerations are also valid for any other specified degree of reactivity, not just critical 
cores. 

Fission explosives depend on a very rapid release of energy. We are thus very interested in measuring the 
rate of the fission reaction. This is done using a quantity called the effective multiplication rate or "alpha".
The neutron population at time t is given by: 

Eq. 4.1.1-7
     N_t = N_0*e^(alpha*t)

Alpha thus has units of 1/t, and the neutron population will increase by a factor of e (2.71...) in a time 
interval equal to 1/alpha. This interval is known as the "time constant" (or "e-folding time") of the system,
t_c. The more familiar concept of "doubling time" is related to alpha and the time constant simply by: 

Eq. 4.1.1-8
     doubling_time = (ln 2)/alpha = (ln 2)*t_c

Alpha is often more convenient than t_c or doubling times since its value is bounded and continuous: zero
at criticality; positive for supercritical systems; and negative for subcritical systems. The time constant 
goes to infinity at criticality. The term "time constant" seems unsatisfactory for this discussion though 
since it is hardly constant, t_c continually changes during reactivity insertion and disassembly. Therefore 
I will henceforth refer to the quantity 1/alpha as the "multiplication interval". 

Alpha is determined by the reactivity (c and the probability of escape), and the length of time it takes an 
average neutron (for a suitably defined average) to traverse an MFP. If we assume no losses from the 
system then alpha can be calculated by: 



Eq. 4.1.1-9
     alpha = (1/tau)*(c - 1) = (v_n/total_MFP)*(c - 1)

where tau is the average neutron lifetime between collisions; and v_n is the average neutron velocity 
(which is 2.0x10^9 cm/sec for a 2 MeV neutron, the average fission spectrum energy). The "no losses" 
assumption is an idealization. It provides an upper bound for reaction rates, and provides a good 
indication of the relative reaction rates in different materials. For very large assemblies, consisting of 
many critical masses, neutron losses may actually become negligible and approach the alphas given 
below. 

The factor c - 1 used above is the "neutron number", it represents the average neutron excess per 
collision. In real systems there is always some leakage, when this leakage is taken in account we get the 
"effective neutron number" which is always less than c - 1. When the effective neutron number is zero the
system is exactly critical. 

4.1.2 Nuclear Properties of Fissile Materials 

The actual value of alpha at a given density is the result of many interacting factors: the relative neutron 
density and cross sections values as a function of neutron energy, weighted by neutron velocity which in 
turn is determined by the fission neutron energy spectrum modified by the effects of both moderation and 
inelastic scattering. 

Ideally the value of alpha should be determined by "integral experiments", that is, measured directly in 
the fissile material where all of these effects will occur naturally. Calculating tau and alpha from 
differential cross section measurements, adjusted neutron spectrums, etc. is fraught with potential error. 

In the table below I give some illustrative values of c, total cross section, total mean free path lengths for 
the principal fissionable materials (at 1 MeV), and the alphas at maximum uncompressed densities. 
Compression to above normal density (achievable factors range up to 3 or so in weapons) reduce the 
MFPs, alphas (and the physical dimensions of the system) proportionately. 

Table 4.1.2-1 Fissile Material Properties
Isotope   c   cross_total total_MFP density    alpha      t_double
                (barns)     (cm)            (1/microsec)  (nanosec)
U-233   1.43      6.5       3.15     18.9        273         2.54
U-235   1.27      6.8       3.04     18.9        178         3.90
Pu-239  1.40      7.9       2.54     19.8        315         2.20

Values of c and total MFP can be easily calculated for mixtures of materials as well. In real fission 
weapons (unboosted) effective values for alpha are typically in the range 25-250 (doubling times of 2.8 to
28 nanoseconds). 

All nations interested in nuclear weapons technology have performed integral experiments to measure 
alpha, but published data is sparse and in general is limited to the immediate region of criticality. 
Collecting data for systems at high densities requires extremely difficult high explosive experiments, and 
data for high alpha systems can only be done in actual nuclear weapon tests. 

Some integral alpha data is available for systems near prompt critical. The most convenient measurements
are of the negative alpha value for fast neutron chain reactions at delayed criticality. Since at prompt 
critical alpha is exactly zero, the ratio of the magnitude of this delayed critical measurement to the 
fraction of fission neutrons that are delayed allows the alpha value to be calculated. These were the only 
sort of alpha measurements available to the Manhattan Project for the design of the first atomic bombs. 

The most informative values are from the Godiva and Jezebel unreflected reactor experiments. These two 
systems used bare metal weapon grade cores, so the properties of weapons material was being measured 
directly. Godiva consisted of oralloy (93.71 wt% U-235, 5.24 wt% U-238, 1.05 wt% U-234), Jezebel of 
weapon-grade delta-phase plutonium alloy (94.134 wt% Pu-239, 4.848 wt% Pu-240, 1.018 wt% gallium) 



Table 4.1.2-2 Properties of Bare Critical Metal Assemblies
Mass, Density, and Measured Alpha are at Delayed Critical (D.C.)
Assembly  Material  Mass   Density  Meas. Alpha  Del. Neutron  Calc. Alpha
  Name               kg            (1/microsec)   Fraction     (1/microsec)
Godiva    Oralloy   52.25  18.71     -1.35        0.0068            199
Jezebel   WG-Pu     16.45  15.818    -0.66        0.0023            287

The calculated values of alpha from the Godiva and Jezebel experiments are reasonably close to those 
calculated above from 1 MeV cross section data. Adjusting for density, we get 270/microsecond for U-
235 (1 Mev data) vs 199/microsecond (experimental), and for plutonium 252/microsecond vs 
287/microsecond. 

The effective value of alpha (the actual multiplication rate), taking into account neutron leakage, varies 
with the size of the system. If the system radius R = r_c, then it is exactly one critical mass (m = M_crit), 
and alpha is zero. The more critical masses present, the closer alpha comes to the limiting value. This can 
be estimated from the relation: 

Eq. 4.1.2-1
     alpha_eff = alpha_max*[1 - (r_c/R)^2]
               = alpha_max*[1 - (M_crit/m)^(2/3)]

Notice that using the two tables above we can immediately estimate the critical mass of a bare plutonium 
sphere: 
mass_crit = [(2*1.985*2.54 cm)^3]*(Pi/6)*19.8 g/cm^3 = 10,600 grams The published figure is usually 
given as 10.5 kg. 

4.1.3 Distribution of Neutron Flux and Energy in the Core 

Since neutron leakage occurs at the surface of a critical or supercritical core, the strength of the neutron 
flux is not constant throughout the core. Since the rate of energy release at any point in the core is 
proportional to the flux at that point, this also affects the energy density throughout the core. This is a 
matter of some significance, since it influences weapon efficiency and the course of events in terminating 
the divergent fission chain reaction. 

4.1.3.1 Flux Distribution in the Core 

For a bare (unreflected) critical spherical system, the flux distribution is given by: 

Eq. 4.1.3.1-1
     flux(r) = max_flux * Sin(Pi*r/(r + 0.71*MFP))/(Pi*r/(r + 0.71*MFP))

(using the diffusion approximation) where Sin takes radians as an argument. 

If we measure r in MFPs, then by referring to Table 4.1.1-1 we can relate the flux distribution to the 
parameter c. Computing the ratio between the flux at the surface of the critical system, and the maximum 
flux (in the center) we find: 

Table 4.1.3-1 Relative Flux at Surface
c value   flux(r_c)
1.0       0.0 (at the limit)
1.02      0.0587
1.05      0.0963
1.10      0.1419
1.20      0.2117
1.40      0.3182
1.60       0.4018

This shows that as c increases, the flux distribution becomes flatter with less drop in the flux near the 
surface. 



The flux distribution function above applies only to bare critical systems. If the system is supercritical, 
then the flux distribution becomes flatter, since neutron production over-balances loss. The greater the 
value of alpha for the system, the flatter it becomes. The addition of a neutron reflector also flattens the 
distribution, even for the same degree of reactivity. The flux distribution function is useful though, since 
the maximum rate of fission occurs at the moment when the core passes through second criticality (on the
way to disassembling, see below). 

4.1.3.2 Energy Distribution in the Core 

As long as the geometry doesn't change, the relative flux distribution remains the same throughout the 
fission process. The fission reaction rate at any point in the core is proportional to the flux. The net 
burnup of fissile material (and total energy release) is determined by the reaction rate integrated over 
time. 

This indicates that the degree of burnup (the efficiency of utilization) varies throughout the core. The 
outer layers of material will be fissioned less efficiently than the material near the center. The steeper the 
drop off in flux the greater this effect will be. We can thus expect less efficient utilization of fissile 
material in small cores, and in materials with low values of c. From the relatively low value of c for U-
235 compared to U-233 and Pu-239, we can expect that U-235 will be used less efficiently. This is 
observed in pure fission tests, the difference being about 15% in nominal yield (20 kt) pure fission 
designs. 

The energy density (energy content per unit volume) in any region of the core is determined not only by 
the total energy produced in that region, but also by the flow of heat in to and out from the region. 

The energy present in the core rises by a factor of e (2.71...) every multiplication interval (neglecting any 
losses from the surface). Nearly all of the energy present has thus been produced in the last one or two 
multiplication intervals, which in a high alpha system is a very short period of time (10 nanoseconds or 
less). There is not much time for heat flow to significantly alter this energy distribution. 

Close to the end point of the fission process, the energy density in the core is so high that significant flow 
can occur. Since most of the energy is present as a photon gas the dominant mechanism is radiation 
(photon) heat transport, although electron kinetic heat transport may be significant as well. This heat flow
can be modelled by the diffusion approximation just like neutron transport, but in this case estimating the 
photon mean free path (the opacity of the material) is quite difficult. A rough magnitude estimate for the 
photon MFP is a few millimeters. 

The major of effect of energy flow is the loss of energy from a layer about 1 photon mean free path thick 
(referred to as one optical thickness) at the surface of the core. In a bare core this cooling can be quite 
dramatic, but the presence of a high-Z tamper (which absorbs and re-emits energy) greatly reduces this 
cooling. Losses also occur deeper in the core, but below a few photon MFPs it becomes negligible. 
Otherwise, there is a significant shift in energy out of the center of the core that tends to flatten the energy
distribution. 

The energy density determines the temperature and pressure in the core, so there is also a variation in 
these parameters. Since the temperature in radiation dominated matter varies with the fourth power of the 
energy density, the temperature distribution is rather flat (except near the surface perhaps). The pressure 
is proportional to the energy density, so it varies in similar degree. 

4.1.4 History of a Fission Explosion 

To clarify the issues governing fission weapon design it is very helpful to understand the sequence of 
events that occurs in every fission explosion. The final event in the process - disassembly - is especially 
important since it terminates the fission energy release and thus determines the efficiency of the bomb. 

4.1.4.1 Sequence of Events 



Several distinct physical states can be identified during the detonation of a fission bomb. In each of these 
states a different set of physical processes dominates. 

4.1.4.1.1 Initial State 

Before the process that leads to a fission explosion is initiated, the fissile material is in a subcritical 
configuration. Reactivity insertion begins by increasing the average density of the configuration in some 
way. 

4.1.4.1.2 Delayed Criticality 

When the density has increased just to the point that a neutron population in the mass is self-sustaining, 
the state of delayed criticality has been achieved. Although nearly all neutrons produced by fission are 
emitted as soon as the atom splits (within 10^-14 sec or so), a very small proportion of neutrons (0.65% 
for U-235, 0.25% for Pu-239) are emitted by fission fragments with delays of up to a few minutes. In 
delayed criticality these neutrons are required to maintain the chain reaction. These long delays mean that 
power level changes can only occur slowly. All nuclear reactors operate in a state of delayed criticality. 
Due to the slowness of neutron multiplication in this state it is of no significance in nuclear explosions, 
although it is important for weapon safety considerations. 

4.1.4.1.3 Prompt Criticality 

When reactivity increases to the point that prompt neutrons alone are sufficient to maintain the chain 
reaction then the state of prompt criticality has been reached. Rapid multiplication can occur after this 
point. In bomb design the term "criticality" usually is intended to mean "prompt criticality". For our 
purposes we can take the value of alpha as being zero at this point. The reactivity change required to 
move from delayed to prompt criticality is quite small (for plutonium the prompt and delayed critical 
mass difference is only 0.80%, for U-235 it is 2.4%), so in practice the distinction is unimportant. Passage
through prompt criticality into the supercritical state is also termed "first criticality". 

4.1.4.1.4 Supercritical Reactivity Insertion 

The insertion time of a supercritical system is measured from the point of prompt criticality, when the 
divergent chain reaction begins. During this phase the reactivity climbs, along with the value of alpha, as 
the density of the core continues to increase. Any insertion system will have some maximum degree of 
reactivity which marks the end of the insertion phase. This phase may be terminated by reaching a plateau
value, by passing the point of maximum reactivity and beginning to spontaneously deinsert, or by 
undergoing explosive disassembly. 

4.1.4.1.5 Exponential Multiplication 

This phase may overlap supercritical insertion to any degree. Any neutrons introduced into the core after 
prompt criticality will initiate a rapid divergent chain reaction that increases in power exponentially with 
time, the rate being determined by alpha. If exponential multiplication begins before maximum reactivity,
and insertion is sufficiently fast, there may be significant increases in alpha during the course of the chain 
reaction. Throughout the exponential multiplication phase the cumulative energy released remains too 
small to disrupt the supercritical geometry on the time scale of the reaction. Exponential multiplication is 
always terminated by explosive disassembly. The elapsed time from neutron injection in the supercritical 
state to the beginning of explosive disassembly is called the "incubation time". 

4.1.4.1.6 Explosive Disassembly 

The bomb core is disassembled by a combination of internal expansion that accelerates all portions of the 
core outward, and the "blow-off" or escape of material from the surface, which generates a rarefaction 
wave propagating inward from the surface. The drop in density throughout the core, and the more rapid 
loss of material at the surface, cause the neutron leakage in the core to increase and the effective value of 



alpha to decline. 

The speed of both the internal expansion and surface escape processes is proportional to the local speed of
sound in the core. Thus disassembly occurs when the time it takes sound to traverse a significant fraction 
of the core radius becomes comparable to the time constant of the chain reaction. Since the speed of 
sound is determined by the energy density in the core, there is a direct relationship between the value of 
alpha at the time of disassembly and the amount of energy released. The faster is the chain reaction, the 
more efficient is the explosion. 

As long as the value of alpha is positive (the core is supercritical) the fission rate continues to increase. 
Thus the peak power (energy production rate) occurs at the point where the core drops back to criticality 
(this point is called "second criticality"). Although this terminates the divergent chain reaction, and 
exponential increase in energy output, this does not mean that significant power output has ended. A 
convergent chain reaction continues the release of energy at a significant, though rapidly declining, rate 
for a short time afterward. 30% or more of the total energy release typically occurs after the core has 
become sub-critical. 

4.1.4.2 The Disassembly Process 

The internal expansion of the core is caused by the existence of an internal pressure gradient. The escape 
of material from the surface is caused by an abrupt drop in pressure near the surface, allowing material to 
expand outward very rapidly. Both of these features are present in every fission bomb, but the degree to 
which each contributes to disassembly varies. 

Consider a spherical core with internal pressure declining from the center towards the surface. At any 
radius r within the core the pressure gradient is dP/dR. Now consider a shell of material centered at r, that 
is sufficiently thin so that the slope of the pressure gradient does not change appreciably across it. The 
mass of the shell is determined by its area, density, and thickness: 

    m = thickness * area * density

The outward force exerted on the shell is determined by the pressure difference across the shell and the 
shell area: 

    F = dP/dR * thickness * area

From Newton's second law of motion we know that acceleration is related to force and mass by: 

    a = F/m
so:
    a = (dP/dR * thickness * area)/(thickness * area * density)
      = (dP/dR)/density

If density is constant in the core, then the outward acceleration at any point is proportional to the pressure 
gradient; the steeper the gradient, the greater the acceleration. The kinetic energy acquired comes at the 
expense of the internal energy of the expanding material. 

The limiting case of a steep pressure gradient is a sudden drop to zero. In this case the acceleration is 
infinite, the internal energy of the material is completely converted to kinetic energy instantaneously and 
it expands outwards at constant velocity (escape velocity). The edge of the pressure drop propagates back 
into the material as a rarefaction wave at the local speed of sound. The pressure at the leading edge of the 
expanding material (moving in the opposite direction at escape velocity) is zero. The pressure 
discontinuity thus immediately changes into a continuous pressure change of steadily diminishing slope. 
See Section 3.6.1.1 Release Waves for more discussion of this process. 

In a bare core, thermal radiation from the surface causes a large energy loss in a surface layer about one 
optical thickness deep. Since energy lost from the core by thermal radiation cannot contribute to 



expansion, this has the effect of delaying disassembly. It does create a very steep pressure gradient in the 
layer however, and a correspondingly high outward acceleration. Deeper in the core, the pressure gradient
is much flatter and the acceleration is lower. After the surface layer has expanded outward by a few times 
its original thickness, it has acquired considerable velocity, and the surface pressure drop rarefaction has 
propagated a significant distance back into the core. At this point the pressure and density profile of the 
core closely resembles the early stages of expansion from an instantaneous pressure drop, the 
development of the profile having been delayed slightly by the time it took the surface to accelerate to 
near escape velocity. 

A bomb core will typically be surrounded by a high-Z tamper. A layer of tamper (about one optical 
thickness deep) absorbs the thermal radiation emitted by the core and is heated by it. As its temperature 
increases, this layer begins to radiate energy back to the core, reducing the core's energy loss. In addition, 
the heating also generates considerable pressure in the tamper layer. The combined effect of reduced core 
surface cooling, and this external pressure is to create a much more gradual pressure drop in the outer 
layer of the core and a correspondingly reduced acceleration. 

The expanding core and heated tamper layer creates a shock wave in the rest of the tamper. This has 
important consequences for the disassembly process. The rarefaction wave velocity is not affected by the 
presence of the tamper, but the rate at which the density drops after arrival of the rarefaction wave is 
strongly affected. The rate of density drop is determined by the limiting outward expansion velocity, this 
is in turn determined by the shock velocity in the tamper. The denser the tamper the slower the shock, and
the slower the density decrease behind the rarefaction wave. In any case the shock velocity in the tamper 
is much slower than the escape velocity of expansion into a vacuum. The disassembly of a tamped core 
thus more closely resembles one dominated by internal expansion rather than surface escape. 

4.1.4.3 Post Disassembly Expansion 

The expanding core creates a radiation dominated shock wave in the tamper that compresses it by at least 
a factor of 7, and perhaps as high as 16 due to ionization effects. This pileup of high density material at 
the shock front is called the "snow plow" effect. By the time this shock has moved a few centimeters into 
the tamper, the rarefaction wave will have reached the center of the core and the entire core will be 
expanding outward uniformly. 

The basic structure of the early fireball has now developed, consisting of a thin highly compressed shell 
just behind the shock front containing nearly all of the mass that has been shocked and heated so far. This 
shell travels outward at nearly the same velocity as the shock front. The volume inside this shell is a 
region of very low density. Temperature and pressure behind the shock front is essentially uniform 
though since nearly all of the energy present is contained in the radiation field (i.e. it exists as a photon 
gas). Since the shock wave is radiation dominated, the front does not contain an abrupt pressure jump. 
Instead there is a transition zone with a thickness about equal to the radiation mean free path in the high-Z
tamper material (typically a few millimeters). In this zone the temperature and pressure climb steadily to 
their final value. 

This overall explosion structure remains the same as the shock expands outward until it reaches a layer of 
low-Z material (a beryllium reflector, or the high explosive). 

The transition zone marking the shock front remains thin as long as the shock is travelling through opaque
high-Z material. Low-Z material becomes completely ionized as it is heated, and once it is completely 
ionized it is nearly transparent to radiation and is no longer efficiently heated. When the shock front 
emerges at the boundary of the high-Z tamper and the low-Z material, it spits into two regions. A 
radiation driven shock front moves quickly away from the high-Z surface, bleaching the low-Z material to
transparency. This faster shock front only creates a partial transition to the final temperature and pressure.
The transition is completed by a second shock, this one a classical mechanical shock, driven by the 
opaque material. 

4.1.5 Fission Weapon Efficiency 



Fundamental to analyzing the design of fission bombs is understanding the factors that influence the 
efficiency of the explosion - the percentage of fissile material actually fissioned. The efficiency and the 
amount of fissile material present determine the amount of energy released by the explosion - the bomb's 
yield. 

I have organized my discussion of design principles around the issue of efficiency since it is the most 
important design characteristic of any fission device. Any weapon designer must have a firm grasp on the 
expected efficiency in order to make successful yield predictions, and a firm grasp on the factors affecting
efficiency is required to make design tradeoffs. 

In the discussion below (and in later subsections as well) I assume that the system under discussion is 
spherically symmetric, and of homogenous density, unless otherwise stated. Spherical symmetry is the 
simplest geometry to analyze, and also happens to be the preferred geometry for efficient nuclear 
weapons. 

4.1.5.1 Efficiency Equations 

It is intrinsically difficult to accurately predict the performance of a particular design from fundamental 
physical principles alone. To make good predictions on this basis requires sophisticated computer 
simulations that include hydrodynamic, radiation, and neutronic effects. Even here it is very valuable to 
have actual test data to use for calibrating these simulation models. 

Nuclear weapon programs have historically relied heavily on extrapolating tested baseline designs using 
scaling laws like the efficiency equations I discuss below, especially in the early years of development. 
These equations are derived from idealized models of bomb core behavior and consequently have serious 
limitations in making absolute efficiency estimates. The predictions of the Theoretical Section at Los 
Alamos underestimated the yield of the first atomic bomb by a factor of three; an attempts a few years 
later to recompute the bomb efficiency using the best models, physical data, and computers available at 
the time led to a yield overestimate by a factor of two. 

From the description of core disassembly given above we can see that two possible idealizations are 
possible for deriving convenient efficiency equations: 

• uniform expansion of a core; and 
• surface escape from a core initially at constant pressure.

The basic approach is to model how quickly the core expands to the point of second criticality. To within 
a constant scaling factor, this fixes the efficiency of the explosion. 

In the first modelling approach, the state of second criticality is based on the average density of the entire 
core. In the second approach, second criticality is based on the surface loss of excess critical masses from 
a residual core which remains at constant initial density. 

The first efficiency equation to be developed was the Bethe-Feynmann equation, prepared by Hans Bethe 
and Richard Feynman at Berkeley in 1942 based on the uniform expansion model. A somewhat different 
efficiency equation was presented by Robert Serber in early 1943 at Los Alamos, which was also based 
on uniform expansion but also explicitly included the exponential growth in energy release (which the 
Bethe-Feynmann equation did not). A problem with these derivations is that to keep the resultant 
formulas relatively simple, they assume that the expanding core remains at essentially constant density 
during deinsertion, which is only true (even approximately) when the degree of supercriticality is small. 

For the purposes of this FAQ I have taken the second approach for deriving an efficiency equation, using 
the surface escape model. This model has the advantage that the residual core remains at constant density 
regardless of the degree of supercriticality. Comparing it to the other efficiency equations provides some 
insight into the sensitivity of the assumptions in the various models. 



4.1.5.1.1 The Serber Efficiency Equation Revisited 

Let us first consider the factors that affect the efficiency of a homogenous untamped supercritical mass. In
this system, disassembly begins as fissile material expands off the core's surface into a vacuum. We make
the following simplifying assumptions: 

• Reactivity deinsertion is complete when the rarefaction wave reaches the critical radius of the 
core; 

• The value of alpha does not change until the rarefaction wave reaches the critical radius, then it 
goes to zero; 

• The temperature is uniform through the core, and no energy is lost.

If r is the initial outer radius, and r_c is the critical radius, then the reaction halts when: 

Eq. 4.1.5.1.1-1
     Integral[c_s(t) dt] = r - r_c
where c_s(t) is the speed of sound at time t.

If kinetic pressure is negligible compared to radiation pressure (this is true in all but extremely low yield 
explosions), then: 

Eq. 4.1.5.1.1-2
     c_s(t) = [(E(t)*gamma)/(3*V*rho)]^0.5

where E(t) is the cumulative energy produced by the reaction, V is the volume of the core, and rho is its 
density. 

We also have: 

Eq. 4.1.5.1.1-3
     E(t) = (E1/(c - 1)) * e^(alpha*t)

where E1 is a constant that gives the energy yield per fission (E1 = 2.88 x 10^-4 erg/fission). Thus: 

Eq. 4.1.5.1.1-4
     Eff(t) = E(t)/E_total =  (E1/((c - 1)*E_total)) * e^(alpha*t)

where Eff(t) is the efficiency at time t, and E_total is the energy yield at 100% efficiency. 

Thus: 

Eq. 4.1.5.1.1-5
  r - r_c = Integral[(E(t)*gamma/(3*V*rho))^0.5 dt]
          = (gamma*E1/(3*M*(c-1)))^0.5 * Integral[e^(alpha*t/2)dt]
          = (gamma*E1/(3*M*(c-1)))^0.5 * 2/alpha * e^(alpha*t/2)

where M is the fissile mass. 

Rearranging and squaring we get: 

Eq. 4.1.5.1.1-6
e^(alpha*t) = (r - r_c)^2 * ((3M*(c-1))/(gamma*E1)) * (alpha^2)/4

Substituting into the efficiency equation: 

Eq. 4.1.5.1.1-7
     Eff(t) = [3*alpha^2 * M * (r - r_c)^2]/(4*gamma*E_total)

If E2 is a constant equal to fission energy/gram in ergs (7.25 x 10^17 erg/g for Pu-239), and gamma is 



equal to 4/3 for a photon gas, then: 

Eq. 4.1.5.1.1-8
     Eff(t) = [9*alpha^2 * (r - r_c)^2]/(16*E2)

We can observe at this point that efficiency is determined by the actual value of alpha and the difference 
between the actual radius of the assembly, and the radius of the mass just sufficient to keep the chain 
reaction going. Note that it is the values of these parameters WHEN DISASSEMBLY ACTUALLY 
OCCURS that are relevant. 

Now using r = r_c(1 + delta) so that (r - r_c) = delta*r_c, we get: 

Eq. 4.1.5.1.1-9
     Eff(t) = [9*alpha^2 * delta^2 *  r_c^2]/(16*E2)

If we let tau = (total_MFP/v_n) then: 

Eq. 4.1.5.1.1-10
     alpha_max = (v_n/total_MFP)*(c - 1) = (c - 1)/tau
and
Eq. 4.1.5.1.1-11
     alpha_eff = ((c - 1)/tau)*[1 - (1/(1 + delta)^2)]

Now: 

Eq. 4.1.5.1.1-12
Eff(t) = ((c-1)/tau)^2 * 9/(16*E2) * r_c^2 * delta^2 *[1-(1/(1+ delta)^2)]^2
       = ((c-1)/tau)^2 * 9/(16*E2) * r_c^2 *[delta - (delta/(1+ delta)^2)]^2

In the range of 0 < delta < 1 (up to 8 critical masses), the expression 

     [delta - (delta/(1+ delta)^2)]^2

is very close to 0.6*delta^3, giving us: 

Eq. 4.1.5.1.1-13
     Eff(t) = 0.338*((c-1)/tau)^2 * r_c^2/E2 * delta^3
            = 0.338/E2 * alpha_max^2 * r_c^2 * delta^3

This last equation is identical with the equation derived by Robert Serber in the spring of 1943 and 
published in The Los Alamos Primer, except that his constant is 0.667 (i.e. gives efficiencies 1.98 times 
higher). Serber derived his efficiency equation from rough dynamical considerations without using a 
hydrodynamic model of disassembly and admits that his result is 2-4 time higher than the true value. This 
is consistent with the above derivation. 

Both the equation given above and Serber's equation differ significantly from the Bethe-Feynman 
equation however, which gives an efficiency relationship of: 

Eq. 4.1.5.1.1-14
Eff = (1/(gamma - 1)E2) * alpha_max^2 * r_c^2 *
      (delta*(1 + 3*delta/2)^2)/(1 + delta)

after reformulating to equivalent terms. This is a much more linear relationship between delta and 
efficiency, than the cubic relationship of Serber. Due to the crudeness of all of these derivations, the 
significance of this difference cannot be assessed at present. 

Equation 4.1.5.1.1-13 shows that efficiency is proportional to the square of the maximum multiplication 
rate of the material, and the critical radius (also due to material properties), and is the cube of the excess 
critical radius excess delta. 



Extending to larger values, we can approximate it in the range 1 < delta < 3 (up to 64 critical masses), 
with the expression: 

Eq. 4.1.5.1.1-15
     Eff(t) = 0.338/E2 * alpha_max^2 * r_c^2 * delta^(7/3)

4.1.5.1.2 The Density Dependent Efficiency Equation 

The efficiency equations given above leave something to be desired for evaluating fission weapon 
designs. I have included it to assist in making comparisons with the available literature, but I will give it a
different form below. 

The choice of fissile materials available to a weapon designer is quite limited, and the nuclear and 
physical properties of these materials are fixed. It is desirable then to separate these factors from the 
factors that a designer can influence - namely, the mass of material present, and the density achieved. The
density is of particular interest since it is the only factor that changes in a given design during insertion. 
Understanding how efficiency changes with density is essential to understanding the problem of 
predetonation for example. 

Returning to equation Eq. 4.1.5.1.1-8: 

          Eff(t) = [9*alpha^2 * (r - r_c)^2]/(16*E2)

we want to reformulate it so that it consists of two parts, one that does not depend on density, and one that
depends only on density. 

Let the composition and mass of the system be fixed. We will normalize the radius and density so that 
they are expressed relative to the system's critical state. If rho_crit and r_crit are the values for density 
and radius of the critical state, and rho_rel and r_rel are the values of the system that we want to evaluate:

Eq. 4.1.5.1.2-1
     rho_rel = rho_actual/rho_crit
and
Eq. 4.1.5.1.2-2
     r_rel = r_actual/r_crit

When the system is exactly critical, rho_rel = 1 and r_rel = 1. Of course we are interested in states where 
rho_rel > 1, and r_rel < 1. We can relate r_rel to rho_rel: 

Eq. 4.1.5.1.2-3
     r_rel = (1/rho_rel)^(1/3) * r_crit

Using this notation, and letting alpha_max_c be the value of alpha_max at the critical state density, we 
can write: 

     alpha = alpha_max_c * rho_rel * (1 - (r_c/r_rel)^2)

In this case r_c refers to the effective critical radius at density rho_rel not rho_crit; that is, r_c IS NOT 
r_crit. Instead it is equal to r_crit/rho_rel. Using this, and the relation for r_rel above, we can eliminate 
r_crit: 

Eq. 4.1.5.1.2-4
alpha = alpha_max_c * rho_rel * (1 - ((1/rho_rel)/(1/rho_rel)^(1/3))^2)
      = alpha_max_c * rho_rel * (1 - (rho_rel)^(-4/3))

Substituting into the efficiency equation: 

Eq. 4.1.5.1.2-5
Eff = (9/16*E2) * alpha^2 * (r_rel - r_c)^2



we get: 

Eq. 4.1.5.1.2-6
Eff = (9/(16*E2))*(alpha_max_c*rho_rel*(1 - (rho_rel)^(-4/3)))^2 *
      (r_rel - r_c)^2

Splitting constant and density dependent factors between two lines: 

Eq. 4.1.5.1.2-7
Eff = (9/(16*E2)) * alpha_max_c^2 *
         rho_rel^2 * (1-(rho_rel)^(-4/3))^2 * (r_rel - r_c)^2

We can eliminate r_rel and r_c, replacing them with expressions of rho_rel and r_crit: 

Eq. 4.1.5.1.2-8
  r_rel - r_c = (1/rho_rel)^(1/3) * r_crit) - (r_crit/rho_rel)
              = ((1/rho_rel)^(1/3) - (1/rho_rel)) * r_crit

Substituting again: 

Eq. 4.1.5.1.2-9
Eff = (9/(16*E2)) * alpha_max_c^2 * r_crit^2 *
    rho_rel^2 * (1-(rho_rel)^(-4/3))^2 * ((1/rho_rel)^(1/3)-(1/rho_rel))^2

Recall that the rho_rel, the relative density, is not generally the compression ratio compared to normal 
density. This is true only if amount of fissile material in the system is exactly one critical mass at normal 
density (as was approximately true in the Fat Man bomb). For "sub-crit" systems, rho_rel is smaller than 
the actual compression of the material since compressive work is required to raise the initial sub-critical 
system to the critical state. For a system consisting of more than one critical mass (at normal density), 
rho_rel is higher than the actual compression. 

By looking in turn at each of the density dependent terms we can gain insight into the significance of the 
efficiency equation. First note that alpha_max_c is a fundamental property of the fissile material and does
not change, even though it is system dependent (being normalized to the critical density of the system). 

The term (rho_rel^2) is introduced by the reduction of the MFP with increasing density and contributes to
enhanced efficiency at all values of rho_rel. 

The term (1-(rho_rel)^(-4/3)))^2 represents the effect of neutron leakage. At rho_rel=1 the value is 0. It 
has a limiting value of 1 when rho_rel is high, i.e. no leakage occurs. As this term approaches one, and 
leakage becomes insignificant, it ceases to be a significant contributor to further efficiency enhancement. 

The term ((1/rho_rel)^(1/3)-(1/rho_rel))^2 describes the distance the rarefaction wave must travel to shut 
down the reaction. At rho_rel=1 it is 0. It initially increases rapidly, but soon slows down at reaches a 
maximum at about rho_rel = 5.196. Thereafter it declines slowly. This signifies that fact that once the 
critical radius of the system at rho_rel is small compared to the physical radius no further efficiency gain 
is obtained from this source. Instead further increases in density simply reduce the scale of the system, 
allowing faster disassembly. 

We can provide some approximations for the efficiency equation to make the overall effect of density 
more apparent. 

In the range of 1 < rho_rel < 2 it is approximately: 

Eq. 4.1.5.1.2-10
   Eff = (9/(16*E2)) * alpha_max_c^2 * r_crit^2 * ((rho_rel - 1)^3)/8

In the range of 2 < rho_rel < 4.5 it is approximately: 



Eq. 4.1.5.1.2-11
   Eff = ((9/(16*E2)) * alpha_max_c^2 * r_crit^2 * ((rho_rel - 1)^(2.333))/8

In the range of 4 < rho_rel < 8 it is approximately: 

Eq. 4.1.5.1.2-12
   Eff = (9/(16*E2)) * alpha_max_c^2 * r_crit^2 * ((rho_rel - 1)^(1.8))/5

4.1.5.1.3 The Mass and Density Dependent Efficiency Equation 

The maximum degree of compression above normal density that is achievable is limited by technology. It 
is of interest then to consider how the amount of material present affects efficiency at a given level of 
compression, since it is the other major parameter that a designer can manipulate. 

To examine this we would like to reintroduce an explicit term for mass. To do this we renormalize the 
equation to a fixed standard density rho_0 (the uncompressed density of the fissile material), and use 
rho_0 and the corresponding value of the critical mass M_c to replace the scale parameter r_crit. Thus: 

Eqs. 4.1.5.1.3-1 through 4.1.5.1.3-5
     alpha_max_crit = alpha_max_0 * (rho_crit/rho_0)
     m_rel = m/M_c
     rho_crit = rho_0/m_rel^(1/2)
     rho_rel = rho/rho_crit = (rho/rho_0)*m_rel^(1/2)
     r_crit = ((m/rho_crit)*(3/(2Pi)))^(1/3)
            = (m*m_rel^(1/2)/rho_0)^(1/3) * (3/2Pi)^(1/3)
            = (m^(3/2)/(M_c^(1/2) * rho_0))^(1/3) * (3/2Pi)^(1/3)
            = m^(1/2) * (M_c^(1/2) * rho_0)^(-1/3) * (3/2Pi)^(1/3)

Assuming the density rho >= rho_crit, we get: 

Eq. 4.1.5.1.3-6
Eff = (9/(16*E2))*(3/(2Pi))^(2/3) * alpha_max_0^2 *
      (rho_crit/rho_0)^2 * (rho/rho_crit)^2 *
      (m^(1/2) * (M_c^(1/2) * rho_0)^(-1/3))^2 *
      (1-((rho_0/rho)^(4/3) * m_rel^(-2/3)))^2 *
      (((rho_0/rho)^(1/3) * m_rel^(-1/6)) - ((rho_0/rho) * m_rel^(-1/2)))^2

Simplifying: 

Eq. 4.1.5.1.3-7
Eff = (9/(16*E2))*(3/(2Pi))^(2/3) * alpha_max_0^2 *
      (rho/rho_0)^2 * m/(M_c^(1/3) * rho_0^(2/3)) *
      (1-((rho_0/rho)^(4/3) * m_rel^(-2/3)))^2 *
      m_rel^(-1) * (((rho_0 * m_rel)/rho)^(1/3) - (rho_0/rho))^2

Then: 

Eq. 4.1.5.1.3-8
Eff = (9/(16*E2))*(3/(2Pi))^(2/3) * alpha_max_0^2 * m/(M_c^(1/3)) * (M_c/m)
      (rho^2)/(rho_0^(8/3)) * (1 - ((rho_0/rho)^(4/3) * m_rel^(-2/3)))^2 *
      (((rho_0 * m_rel)/rho)^(1/3) - (rho_0/rho))^2

And finally: 

Eq. 4.1.5.1.3-9
Eff = (9/(16*E2))*(3/(2Pi))^(2/3) * alpha_max_0^2 * M_c^(2/3) *
      (rho/(rho_0^(4/3)))^2 * (1 - ((rho_0/rho)^(4/3) * m_rel^(-2/3)))^2 *
      (((rho_0 * m_rel)/rho)^(1/3) - (rho_0/rho))^2

The first line of this equation consists entirely of constants, some of them fixed by the choice of material 
and reference density. From the next two lines it is clear that the density dependency is the same. The 
effect of increasing the mass of the system is to modestly reduce leakage and retard disassembly. 



4.1.5.1.4 The Mass Dependent Efficiency Equation 

It is useful to also have an equation that considers only the effect of mass. Including this as the only 
variable allows presenting a simplified form that makes the effect of varying the mass in a particular 
design easier to visualize. Also in gun-type designs no compression occurs, so the chief method of 
manipulating yield is by varying the mass of fissile material present. 

Taking the mass and density dependent equation, we can set the density to a fixed nominal value, rho, and
then simplify. Let rho = rho_0: 

Eq. 4.1.5.1.4-1
Eff = (9/16*E2)*(3/2Pi)^(2/3) * alpha_max_0^2 * M_c^(2/3) *
      (rho_0/(rho_0^(4/3))^2 *(1 - ((rho_0/rho_0)^(4/3) * m_rel^(-2/3)))^2 *
      (((rho_0 * m_rel)/rho_0)^(1/3) - (rho_0/rho_0))^2
    = (9/16*E2)*(3/2Pi)^(2/3) * alpha_max_0^2 * M_c^(2/3) *
      rho_0^(-2/3) * (1 - m_rel^(-2/3))^2 * ((m_rel)^(1/3) - 1)^2

Since M_c/rho_0 is the volume of a critical assembly (m_rel = 1): 

Eq. 4.1.5.1.4-2
Eff = (9/16*E2)*(3/2Pi)^(2/3) * alpha_max_0^2 * vol_crit^(2/3) *
      (1 - m_rel^(-2/3))^2 * ((m_rel)^(1/3) - 1)^2

And finally: 

Eq. 4.1.5.1.4-3
Eff = (9/16*E2)*(2^(2/3)) * alpha_max_0^2 * r_crit^2 *
      (1 - m_rel^(-2/3))^2 * ((m_rel)^(1/3) - 1)^2

Again the top line consists of numeric and material constants, the second of mass dependent terms. This 
equation shows that efficiency is zero when m_rel = 1, as expected. Efficiency is negligible when m_rel <
1.05, similar to the power of conventional explosives. It climbs very quickly however, increasing by a 
factor of 400 or so between 1.05 and 1.5, where efficiency becomes significant. The Little Boy bomb had 
m_rel = 2.4. If its fissile content had been increased by a mere 16%, its yield would have increased by 
75% (whether this could be done while maintaining a safe criticality margin is a different matter). 

4.1.5.1.5 Limitations of the Efficiency Equations 

These formulas provide good scaling laws, and a rough means to calculate efficiency. But we should 
return to the simplifying assumptions made earlier to understand their limitations. 

It is obvious that alpha is not constant during disassembly. As material blows off, the size of the core and 
the value of alpha both decrease, which has a negative effect on efficiency. This is the most important 
factor not accounted for, and results in a lower effective coefficient in the efficiency equation. 

The assumption about uniform temperature, and no energy loss is also not really true. The energy 
production rate in any region of the core is proportional to the neutron flux density. This density is highest
in the center and lowest at the surface (although not dramatically so). Furthermore, the high radiation 
energy density in the core corresponds to a high radiation loss rate from the surface. Based on the Stefan-
Boltzmann law it would seem that the loss rate from a bare core could eventually match the energy 
production rate. This doesn't really occur because of the high opacity of ionized high-Z material; thermal 
energy from inside the core cannot readily reach the surface. But by the same token, the surface can cool 
dramatically. Since core expansion starts at the surface, and the rate is determined by temperature, this 
surface cooling can significantly retard disassembly. 

When scaling from known designs, most of these issues have little significance since the deviations from 
the theoretical model used for the derivations affects both system similarly. 



The efficiency equations also breaks down at very small yields. To eliminate gamma from the equations I 
assumed that the core was radiation dominated at the time of disassembly. When yields drop to the low 
hundreds of tons and below, the value of gamma approximates that of a perfect gas which changes only 
the constant term in the equations, reducing efficiency by 20%. When yields drop to the ton range then 
the properties of condensed matter (like physical strength, heat of vaporization, etc.) become apparent. 
This tends to increase the energy release since these properties resist the expansion effects. 

There is another factor that imposes an effective upper limit on efficiency regardless of other attempts to 
enhance yield. This is the decrease in fissile content of the core. The alert reader may have noticed that it 
is possible to calculate efficiencies that are greater than 1 using the equations. This is because energy 
release is represented as an exponentially increasing function of time without regard for the amount of 
energy actually present in the fissile material. At some point, the fact that the fission process depletes the 
fissile material present must have an effect on the progress of the chain reaction. 

The limiting factor here is due to the dilution of the fissile material by the fission products. Most isotopes 
have roughly the same absorption cross section for fast neutrons, a few barns. The core initially consists 
of fissile material, but as the chain reaction proceeds each fission event replaces one fissile nucleus with 
two fission product nuclei. When 50% of the material has fissioned, for every 100 initial fissile atoms 
there are now 50 remaining, and 100 non-fissile atoms, i.e. the fissile content has declined to only 33%. 
This parasitic absorption will eventually extinguish the reaction entirely, regardless of what yield 
enhancement techniques are used (generally at an efficiency substantially below 50%). 

4.1.5.2 Effect of Tampers and Reflectors on Efficiency 

So far I have been explicitly assuming a bare fissile mass for efficiency estimation. Of course, most 
designs surround the core with layers of material intended to scatter escaping neutrons back into the 
fissile mass, or to retard the hydrodynamic expansion. 

I use the term "reflector" to refer to the neutron scattering properties of the surrounding material, and 
"tamper" to refer to the effect on hydrodynamic expansion. The distinction is logical because the two 
effects are fundamentally unrelated, and because the term tamper was borrowed from explosive blasting 
technique where it refers only to the containment of the blast. This distinction is not usually made in US 
weapons programs, from Manhattan Project on. The custom is to use "tamper" to refer to both effects, 
although "neutronic tamper" and "reflector" are used if the neutron reflection effect alone is intended. 

4.1.5.2.1 Tampers 

In the bare core, the fissile material that has been reached by the inward moving rarefaction wave expands
outward very rapidly. In radiation dominated matter, expansion into a vacuum reaches a limiting speed of 
six times the local speed of sound in the material (this is the velocity at the outer surface of the expanding 
sphere of material). The density of matter behind the rarefaction front (which moves toward the center of 
the core) thus drops very rapidly and is almost immediately lost to the fission reaction. 

If a layer of dense material surrounds the core then something very different occurs. The fissile material is
not expanding into a vacuum, instead it has to compress and accelerate matter ahead of it. That is, it 
creates a shock wave. The expansion velocity of the core is then limited to the velocity of accelerated 
material behind the expanding shock front, which is close to the shock velocity itself. If the tamper and 
fissile core have similar densities, then this expansion velocity is similar to the speed of sound in the core 
and only 1/6 as fast as the unimpeded expansion velocity. 

This confining effect means that the drop in alpha as disassembly proceeds is not nearly as abrupt as in a 
vacuum. It thus reduces the importance of the inaccurate assumption of constant alpha used in deriving 
the efficiency equation. 

Another important effect is caused by the radiation cooling of the core. In a vacuum this energy is lost to 
free space. An opaque tamper absorbs this energy, and a layer of material one mean free path thick is 



heated to nearly the temperature and pressure of the core. The expansion shock wave then arises not at the
surface of the core, but some distance away in the tamper (on the order of a few millimeters). A 
rarefaction wave must then propagate back to the surface of the core before its expansion even begins. In 
effect, this increases size of the expansion distance term ((1/rho_rel)^(1/3)-(1/rho_rel))^2 in the efficiency
equation. 

4.1.5.2.2 Reflectors 

In a bare core, any neutron that reaches the surface of the core is lost forever to the reaction. A reflector 
scatters the neutrons, a process that causes some fraction of them to eventually reenter the fissile mass 
(usually after being scattered several times). Its effect on efficiency then can be described simply by 
reducing the neutron leakage term (rho_rel)^(-4/3) by a constant factor, or by reducing the reference 
density critical mass terms. 

The leakage or critical mass adjustments must take into account time absorption effects. This means that 
leakage cannot simply be reduced by the probability of a lost neutron eventually returning, and the 
reflected critical mass cannot be based simply on the steady state criticality value. For example when an 
efficiently reflected assembly is only slightly supercritical, then multiplication is dependent mostly (or 
entirely) on the reflected neutrons that reenter the core. On average each of these neutrons spends quite a 
lot of time outside the core before being scattered back in. The relevant value for alpha_max in this 
system is not the value for the fissile material, but is instead: 

     alpha _max = 1/(average neutron life outside of core)

This is likely to be at least an order of magnitude larger than the core material alpha_max value. 

4.1.5.3 Predetonation 

An optimally efficient fission explosion requires that the explosive disassembly of the core occur when 
the neutron multiplication rate (designated alpha) is at a maximum. Ideally the bomb will be designed to 
compress the core to this state (or close to it) before injecting neutrons to initiate the chain reaction. If 
neutrons enter the mass after criticality, but before this ideal time, the result is predetonation (or 
preinitiation): disassembly at a sub-optimal multiplication rate, producing a reduced yield. 

How significant this problem is depends on the reactivity insertion rate. Something like 45 multiplication 
intervals must elapse before really significant amounts of energy are released. Prior to this point 
predetonation is not possible. The number of these intervals that occur during a period of time is obtained 
by integrating alpha over the period. When alpha is effectively constant it is simply alpha*t. 

During insertion, alpha is not constant. When insertion begins its value is zero. If a neutron is injected 
early in insertion and insertion is slow, we can accumulate 45 multiplication intervals when alpha is still 
quite low. In this case a dramatic reduction in yield will occur. On the other hand, if it were possible for 
insertion to be so fast that full insertion is achieved before accumulating enough multiplication intervals 
to disassemble the bomb then no predetonation problem would exist. 

To evaluate this problem let us consider a critical system with initial radius r_0 undergoing uniform 
spherical compression, with the radius decreasing at a constant rate v, then alpha is: 

Eq. 4.1.5.3-1
     alpha = alpha_max_0 * ((r_0/(r_0 - v*t))^3 - ((r_0 - v*t)/r_0))

Integrating, we obtain: 

Eq. 4.1.5.3-2
  Int[alpha] = alpha_max_0*(r_0^3/(2v*(r_0-v*t)^2) - (t-(v*t^2)/(2*rc)))

Which allows to compute the number of elapsed multiplication intervals between times t_1 and t_2. 



For example, consider a system with the following parameters with a critical radius r = 4.5 cm, a radial 
implosion velocity v = 2.5x10^5 cm/sec, and alpha_max_0 = 2.8x10^8/sec. Figure 4.1.5.3-1 shows the 
accumulation of elapsed neutron multiplication intervals (Y axis) as implosion proceeds (seconds on X 
axis). 

Figure 4.1.5.3-1. Elapsed Multiplication Intervals Vs Implosion Time

 

Recall that disassembly occurs when the speed of sound, c_s, integrated over the life of the chain reaction
is equal to r - r_c, the difference between the outer radius and the critical radius. Since c_s is proportional 
to the square root of the energy released, it increases by a factor of e every 2 multiplication intervals. 
Disassembly thus occurs quite abruptly, effectively occurring over a period of two multiplication 
intervals. The condition for disassembly is thus: 

Eq. 4.1.5.3-3
     r(t) - r_c(t) =  2*c_s(t)/alpha(t) for some time t.

Since r - r_c is a polynomial function, and c_s is a transcendental (exponential) function, no closed form 
means of calculating t is possible. However these functions are monotonically increasing in the range of 
values of interest so numeric and graphical techniques can easily determine when the disassembly 
condition occurs. The value of alpha at that point then determines efficiency. 

Taking our previous example (r = 4.5 cm, v = 2.5x10^5 cm/sec, alpha_max = 2.8x10^8/sec) we can plot 
the net implosion distance (r - r_c) and the integrated expansion distance (2*c_s/alpha) against the 
implosion time. This is shown in the log plot in Figure 4.1.5.3-2 for the period between 1 and 1.3 
microseconds. Distance is in centimeters (Y axis) and time is in seconds (X axis). If a neutron is present 
at the beginning of insertion, we see that the disassembly condition occurs at t = 1.25x10^-6 sec. At this 
point 52 multiplication intervals have elapsed, and the effective value of alpha is 8.6x10^7/sec. The 
corresponding yield is about 0.5 kt. 



Figure 4.1.5.3-2. Implosion Distance and Expansion Distance Plotted Against 
Implosion Time

 

The parameters above approximately describe the Fat Man bomb. This shows that even in the worst case, 
neutrons being present at the moment of criticality, quite a substantial yield would have been created. 
Predetonation does not necessarily result in an insignificant fizzle. It is not feasible though to make a high
explosive driven implosion system fast enough to completely defeat predetonation through insertion 
speed alone (radiation driven implosion and fusion boosting offer means of overcoming it however). 

The likelihood of predetonation occurring depends on the neutron background, the average rate at which 
neutron injection events occur. I use the term "neutron injection event" instead of simply talking about 
neutrons for a specific reason: the major source of neutrons in a fission device is spontaneous fission of 
the fissile material itself (or of contaminating isotopes). Each spontaneous fission produces an average of 
2-3 neutrons (depending on the isotope). However, these neutrons are all released at the same moment, 
and thus either a fission chain reaction is initiated at the moment, or they all very quickly disappear. Each 
fission is a single injection event, neutrons from other sources are uncorrelated and are thus individual 
injection events. 

Now neutron injection during insertion is not guaranteed to initiate a divergent chain reaction. At 
criticality (alpha equals zero), each fission generates on average one fission in the next generation. Since 
each fission produces nu neutrons (nu is in the range of 2-3 neutrons, 2.9 for Pu-239), this means that 
each individual neutron has only 1/nu chance of causing a new fission. At positive values of alpha, the 
odds are better of course, but clearly we must consider then the probability that each injection actually 



succeeds in creating a divergent chain reaction. This probability is dependent on alpha, but since non-
fission capture is a significant possibility in any fissile system, it does not truly converge to 1 regardless 
of how high alpha is (although with plutonium it comes close). 

Near criticality the probability of starting a chain reaction (P_chain) for a single neutron is thus about 
34% for plutonium, and 40% for U-235. Since spontaneous fission injects multiple neutrons, the P_chain 
for this injection event is high, about 70% for both Pu-239 and U-235. 

If the average rate of neutron injection is R_inj, then the probability of initiating a chain reaction during 
an insertion time of length T is the Poisson function: Eqs. 4.1.5.3-4 P_init = 1 - e^((-T/R_inj)*P_chain) If 
T is much smaller than R_inj then this equation reduces approximately to P_init = (T/R_inj)*P_chain. 

When T is much smaller than R_inj predetonation is unlikely, and the yield of the fission bomb (which 
will be the optimum yield) can be predicted with high confidence. As the ratio of T/R_inj becomes larger 
yield variability increases. When (T/R_inj)*P_chain is equal to ln 2 (0.693...) then the probability of 
predetonation and no predetonation is equal, although when predetonation occurs close to full assembly 
the yield reduction is small. As T/R_inj continues to increase predetonation becomes virtually certain. 
With a large enough value to T/R_inj the yield becomes predictable again, but this time it is the minimum
yield that results when neutrons are present at the beginning of insertion. For an implosion bomb a typical
spread between the optimum and minimum yields is something like 40:1. 

In the Fat Man bomb the neutron source consisted of about 60 g of Pu-240, which produced an average of
one fission every 37 microseconds. The probability of predetonation was 12% (from a declassified 
Oppenheimer memo), assuming an average P_chain of 0.7 we can estimate the insertion time at 6.7 
microseconds, or 4.7 microseconds if P_chain was close to 1. The chance of large yield reduction was 
much smaller than this however. There was a 6% chance of a yield < 5 kt, and only a 2% chance of a 
yield < 1 kt. As we have seen, in no case would the yield have been smaller than 0.5 kt or so. 

Spontaneous fission is not the only cause for concern, since neutrons can enter the weapon from outside. 
Natural neutron sources are not cause for concern, but in a combat situation very powerful sources of 
neutrons may be encountered - other nuclear weapons. 

One kiloton of fission yield produces a truly astronomical number of excess neutrons - about 3x10^24, 
with a fluence of 1.5x10^10 neutrons/cm^2 500 m away. A kiloton of fusion yields 3-4 times as many. 
The fission reaction itself emits all of its neutrons in less than a microsecond, but due to moderation these 
neutrons arrive at distant locations over a much longer period of time. Most of them arrive in a pulse 
lasting a millisecond, but thermal neutrons can continue to arrive for much longer periods of time. This is 
not the whole problem though. Additional neutrons called "delayed neutrons" continue to be emitted for 
about a minute from the excited fission products. These amount to only 1% or so of the prompt neutrons, 
but this is still an average arrival rate of 2.5x10^6 neutrons/cm^2-sec for a kiloton of fission at 500 m. 
With weapons sensitive to predetonation, careful spacing of explosions in distance and time may be 
necessary. Neutron hardening - lining the bomb with moderating and neutron absorbing materials - may 
be necessary to hold predetonation problems to a tolerable level (it is virtually impossible to eliminate it 
entirely in this way). 

4.1.6 Methods of Core Assembly 

The principal problem in fission weapon design is how to rapidly assemble or compress the fissile 
material from a subcritical state to a supercritical one. Methods of doing this can be classified in two 
ways:

• Whether it is subsonic or supersonic; and 
• Number of geometric axes along which compression occurs.

Subsonic assembly means that shock waves are not involved. Assembly is performed by adiabatic 
compression, or by continuous acceleration. As a practical matter, only one subsonic assembly scheme 



needs to be considered: gun assembly. 

Supersonic assembly means that shock waves are involved. Shock waves cause instantaneous 
acceleration, and naturally arise whenever the very large forces required for extremely rapid assembly 
occur. The are thus the natural tools to use for assembly. Shocks are normally created by using high 
explosives, or by collisions between high velocity bodies (which have in turn been accelerated by high 
explosive shocks). The term "implosion" is generally synonymous with supersonic assembly. Most 
fission weapons have been designed with assembly schemes of this type. 

Assembly may be performed by compressing the core along one, two, or three axes. One-D compression 
is used in guns, and plane shock wave compression schemes. Two and three-D compression are known as
cylindrical implosion and spherical implosion respectively. Plane shock wave assembly might logically 
be called "linear Implosion", but this term has been usurped (in the US at any rate) by a variant on 
cylindrical implosion (see below). The basic principles involved with these approaches are discussed in 
detail in Section 3.7, Principles of Implosion. 

To the approaches just mentioned, we might add more some difficult to classify hybrid schemes such as: 
"pseudo-spherical implosion", where the mass is compressed into a roughly spherical form by convergent 
shock waves of more complex form; and "linear implosion" where a compressive shock wave travels 
along a cylindrical body (or other axially symmetric form - like an ellipsoid), successively squeezing it 
from one end to the other (or from both ends towards the middle). Schemes of this sort may be used 
where high efficiency is not called for, and difficult design constraints are involved, such as severe size or
mass limitations. Hybrid combinations of gun and implosion are also possible - firing a bullet into an 
assembly that is also compressed. 

The number of axes of assembly naturally affect the overall shape of the bomb. One-D assembly methods
naturally tend to produce long, thin weapon designs; 2-D methods lead to disk-shaped or short cylindrical 
systems; and 3-D methods lead to spherical designs. 

The subsections detailing assembly methods are divided in gun assembly (subsonic assembly) and 
implosion assembly (supersonic assembly). Even though it superficially resembles gun assembly, linear 
implosion is discussed in the implosion section since it actually has much more in common with other 
shock compression approaches. 

The performance of an assembly method can be evaluated by two key metrics: the total insertion time and
the degree of compression. Total insertion time (and the related insertion rate) is principally important for 
its role in minimizing the probability of predetonation. The degree of compression determines the 
efficiency of the bomb, the chief criteria of bomb performance. Short insertion times and high 
compression are usually associated since the large forces needed to produce one also tend to cause the 
other. 

4.1.6.1 Gun Assembly 

This was the first technique to be seriously proposed for creating fission explosions, and the first to be 
successfully developed. The first nuclear weapon to be used in war was the gun-type bomb called Little 
Boy, dropped on Hiroshima. Basic gun assembly is very simple in both concept and execution. The 
supercritical assembly is divided into two pieces, each of which is subcritical. One of these, the projectile,
is propelled into the other, called the target, by the pressure of propellant combustion gases in a gun 
barrel. Since artillery technology is very well developed, there are really no significant technical problems
involved with designing or manufacturing the assembly system. 

The simple single-gun design (one target, one projectile) imposes limits on weapon, mass, efficiency and 
yield that can be substantially improved by using a "double-gun" design using two projectiles fired at 
each other. These two approaches are discussed in separate sections below. Even more sophisticated 
"complex" guns, that combine double guns with implosion are discussed in Hybrid Assembly techniques. 



Gun designs may be used for several applications. They are very simple, and may be used when 
development resources are scarce or extremely reliability is called for. Gun designs are natural where 
weapons can be relatively long and heavy, but weapon diameter is severely limited - such as nuclear 
artillery shells (which are "gun type" weapons in two senses!) or earth penetrating "bunker busters" (here 
the characteristics of a gun tube - long, narrow, heavy, and strong - are ideal). 

Single guns are used where designs are highly conservative (early US weapon, the South African fission 
weapon), or where the inherent penalties of the design are not a problem (bunker busters perhaps). 
Double guns are probably the most widely used gun approach (in atomic artillery shells for example). 

4.1.6.1.1 Single Gun Systems 

We might conclude that a practical limit for simple gun assembly (using a single gun) is a bit less than 2 
critical masses, reasoning as follows: each piece must be less than 1 critical mass, if we have two pieces 
then after they are joined the sum must be less than 2 critical masses. 

Actually we can do much better than this. If we hollow out a supercritical assembly by removing a chunk 
from the center like an apple core, we reduce its effective density. Since the critical mass of a system is 
inversely proportional to the square of the density, we have increased the critical mass remaining material
(which we shall call the target) while simultaneously reducing its actual mass. The piece that was 
removed (which will be called the bullet) must still be a bit less than one critical mass since it is solid. 
Using this reasoning, letting the bullet have the limiting value of one full critical mass, and assuming the 
neutron savings from reflection is the same for both pieces (a poor assumption for which correction must 
be made) we have: 

Eq. 4.1.6.1.1-1
     M_c/((M - M_c)/M)^2 = M - M_c

where M is the total mass of the assembly, and M_c is the standard critical mass. The solution of this 
cubic equation is approximately M = 3.15 M_c. In other words, with simple gun assembly we can achieve
an assembly of no more than 3.15 critical masses. Of course a practical system must include a safety 
factor, and reduce the ratio to a smaller value than this. 

The weapon designer will undoubtedly surround the target assembly with a very good neutron reflector. 
The bullet will not be surrounded by this reflector until it is fired into the target, its effective critical mass 
limit is higher, allowing a larger final assembly than the 3.15 M_c calculated above. 

Looking at U-235 critical mass tables for various candidate reflectors we can estimate the achievable 
critical mass ratios taking into account differential reflector efficiency. A steel gun barrel is actually a 
fairly good neutron reflector, but it will be thinner and less effective than the target reflector. M_c for U-
235 (93.5% enrichment) reflected by 10.16 cm of tungsten carbide (the reflector material used in Little 
Boy) is 16.5 kg, when reflected by 5.08 cm of iron it is 29.3 kg (the steel gun barrel of Little Boy was an 
average of 6 cm thick). This is a ratio of 1.78, and is probably close to the achievable limit (a beryllium 
reflector might push it to 2). Revising Eq. 4.1.6.1.1-1 we get: 

Eq. 4.1.6.1.1-2
     M_c/((M - (1.78 M_c))/M)^2 = M - (1.78 M_c)

which has a solution of M = 4.51 M_c. If a critical mass ratio of 2 is used for beryllium, then M = 4.88 
M_c. This provides an upper bound on the performance of simple gun-type weapons. 

Some additional improvement can be had by adding fast neutron absorbers to the system, either natural 
boron, or boron enriched in B-10. A boron-containing sabot (collar) around the bullet will suppress the 
effect of neutron reflection from the barrel, and a boron insert in the target will absorb neutrons internally 
thereby raising the critical mass. In this approach the system would be designed so that the sabot is 
stripped of the bullet as it enters the target, and the insert is driven out of the target by the bullet. This 
system was apparently used in the Little Boy weapon. 



Using the M_c for 93.5% enriched U-235, the ratio M/M_c for Little Boy was (64 kg)/(16.5 kg) = 3.88, 
well within the limit of 4.51 (ignoring the hard-to-estimate effects of the boron abosrbers). It appears then
that the Little Boy design (completed some six months before the required enriched uranium was 
available) was developed with the use of >90% enrichment uranium in mind. The actual fissile load used 
in the weapon was only 80% enriched however, with a corresponding WC reflected critical mass of 26.5 
kg, providing an actual ratio of 64/26.5 = 2.4. 

The mass-dependent efficiency equation shows that it is desirable to assembly as many critical masses as 
possible. Applying this equation to Little Boy (and ignoring the equation's limitations in the very low 
yield range) we can examine the effect of varying the amount of fissile material present: 

1.05    80 kg
1.1    1.2 tons
1.2     17 tons
1.3     78 tons
1.4    220 tons
1.5    490 tons
1.6    930 tons
1.8    2.5 kt
2.0    5.2 kt
2.25  10.5 kt
2.40  15.0 kt      LITTLE BOY
2.5   18.6 kt
2.75  29.6 kt
3.0  44 kt
3.1  

If its fissile content had been increased by a mere 25%, its yield would have tripled. 

The explosive efficiency of Little Boy was 0.23 kt/kg of fissile material (1.3%), compared to 2.8 kt/kg 
(16%) for Fat Man (both are adjusted to account for the yield contribution from tamper fast fission). Use 
of 93.5% U-235 would have at least doubled Little Boy yield and efficiency, but it would still have 
remained disappointing compared to the yields achievable using implosion and the same quantity of 
fissile material. 

4.1.6.1.2 Double Gun Systems 

Significant weight savings a possible by using a "double-gun" - firing two projectiles at each other to 
achieve the same insertion velocity. With all other factors being the same (gun length, projectile mass, 
materials, etc.) the mass of a gun varies with the fourth power of velocity (doubling velocity requires 
quadrupling pressure, quadrupling barrel thickness increases mass sixteen-fold). By using two projectiles 
the required velocity is cut by half, and so is the projectile mass (for each gun). On the other hand, to keep
the same total gun length though, the projectile must be accelerated in half the distance, and of course 
there are now two guns. The net effect is to cut the required mass by a factor of eight. The mass of the 
breech block (which seals the end of the gun) reduces this weight saving somewhat, and of course there is
the offsetting added complexity. 

A double gun can improve on the achievable assembled mass size since the projectile mass is divided into
two sub-critical pieces, each of which can be up to one critical mass in size. Modifying Eq. 4.1.6.1.1-1 we
get: 

Eq. 4.1.6.1.1-3
        M_c/((M - 2M_c)/M)^2 = M - 2M_c

with a solution of M = 4.88 M_c. 

Taking into account the effect of differential reflector efficiency we get mass ratios of ratios of 3.56 
(tungsten carbide) and 4 (beryllium) which give assembled mass size limits of M = 7.34 M_c and M = 8 
M_c respectively. 



Another variant of the double gun concept is to still only have two fissile masses - a hollow mass and a 
cylindrical core as in the single gun - but to drive them both together with propellant. One possible design
would be to use a constant diameter gun bore equal to the target diameter, with the smaller diameter core 
being mounted in a sabot. In this design the target mass would probably be heavier than the core/sabot 
system, so one end of the barrel might be reinforced to take higher pressures. Another more unusual 
approach would be to fire the target assembly down an annular (ring shaped) bore. This design appears to 
have been used in the U.S. W-33 atomic artillery shell, which is reported to have had an annular bore. 

These larger assembled masses give significantly more efficient bombs, but also require large amounts of 
fissile material to achieve them. And since there is no compression of the fissile material, the large 
efficiency gains obtainable through implosive compression is lost. These shortcomings can be offset 
somewhat using fusion boosting, but gun designs are inherently less efficient than implosion designs 
when comparing equal fissile masses or yields. 

4.1.6.1.3 Weapon Design and Insertion Speed 

In addition to the efficiency and yield limitations, gun assembly has some other significant shortcomings: 

First, guns tend to be long and heavy. There must be sufficient acceleration distance in the gun tube 
before the projectile begins insertion. Increasing the gas pressure in the gun can shorten this distance, but 
requires a heavier tube. 

Second, gun assembly is slow. Since it desirable to keep the weight and length of the weapon down, 
practical insertion velocities are limited to velocities below 1000 m/sec (usually far below). The diameter 
of a core is on the order of 15 cm, so the insertion time must be at least a 150 microseconds or so. 

In fact, achievable insertion times are much longer than this. Taking into account only the physical 
insertion of the projectile into the core underestimates the insertion problem. As previously indicated, to 
maximize efficiency both pieces of the core must be fairly close to criticality by themselves. This means 
that a critical configuration will be achieved before the projectile actually reaches the target. The greater 
the mass of fissile material in the weapon, the worse this problem becomes. With greater insertion 
distances, higher insertion velocities are required to hold the probability of predetonation to a specified 
value. This in turn requires greater accelerations or acceleration distances, further increasing the mass and
length of the weapon. 

In Little Boy a critical configuration was reached when the projectile and target were still 25 cm apart. 
The insertion velocity was 300 m/sec, giving an overall insertion time of 1.35 milliseconds. 

Long insertion times like this place some serious constraints on the materials that can be used in the bomb
since it is essential to keep neutron background levels very low. Plutonium is excluded entirely, only U-
235 and U-233 may be used. Certain designs may be somewhat sensitive to the isotopic composition of 
the uranium also. High percentages of even-numbered isotopes may make the probability of 
predetonation unacceptably high. 

The 64 kg of uranium in Little Boy had an isotopic purity of about 80% U-235. The 12.8 kg of U-238 and
U-234 produced a neutron background of around 1 fission/14 milliseconds, giving Little Boy a 
predetonation probability of 8-9%. In contrast to the Fat Man bomb, predetonation in a Little Boy type 
bomb would result in a negligible yield in nearly every case. 

The predetonation problem also prevents the use of a U-238 tamper/reflector around the core. A useful 
amount of U-238 (200 kg or so) would produce a fission background of 1 fission/0.9 milliseconds. 

Gun-type weapons are obviously very sensitive to predetonation from other battlefield nuclear explosions.
Without hardening, gun weapons cannot be used within a few of kilometers of a previous explosion for at 
least a minute or two. 



Attempting to push close to the mass limit is risky also. The closer the two masses are to criticality, the 
smaller the margin of safety in the weapon, and the easier it is to cause accidental criticality. This can 
occur if a violent impact dislodges the projectile, allowing it to travel toward the target. It can also occur 
if water leaks into the weapon, acting as a moderator and rendering the system critical (in this case though
a high yield explosion could not occur). 

Due to the complicated geometry, calculating where criticality is achieved in the projectile's travel down 
the barrel is extremely difficult, as is calculating the effective value of alpha vs time as insertion 
continues. Elaborate computation intensive Monte Carlo techniques are required. In the development of 
Little Boy these things had to be extrapolated from measurements made in scale models. 

4.1.6.1.4 Initiation 

Once insertion is completed, neutrons need to be introduced to begin the chain reaction. One route to 
doing this is to use a highly reliable "modulated" neutron initiator, an initiator that releases neutrons only 
when triggered. The sophisticated neutron pulse tubes used in modern weapons are one possibility. The 
Manhattan Project developed a simple beryllium/polonium 210 initiator named "Abner" that brought the 
two materials together when struck by the projectile. 

If neutron injection is reliable, then the weapon designer does not need to worry about stopping the 
projectile. The entire nuclear reaction will be completed before the projectile travels a significant 
distance. On the other hand, if the projectile can be brought to rest in the target without recoiling back 
then an initiator is not even strictly necessary. Eventually the neutron background will start the reaction 
unaided. 

A target designed to stop the projectile once insertion is complete is called a "blind target". The Little Boy
bomb had a blind target design. The deformation expansion of the projectile when it impacted on the stop 
plate of the massive steel target holder guaranteed that it would lodge firmly in place. Other designs 
might add locking rings or other retention devices. Because of the use of a blind target design, Little Boy 
would have exploded successfully without the Abner initiators. Oppenheimer only decided to include the 
initiators in the bomb fairly late in the preparation process. Even without Abner, the probability that Little
Boy would have failed to explode within 200 milliseconds was only 0.15%; a delay as long as one second
was vanishingly small - 10^-14. 

Atomic artillery shells have tended to be gun-type systems, since it is relatively easy to make a small 
diameter, small volume package this way (at the expense of large amounts of U-235). Airbursts are the 
preferred mode of detonation for battlefield atomic weapons which, for an artillery shell travelling 
downward at several hundred meters per second, means that initiation must occur at a precise time. Gun-
type atomic artillery shells always include polonium/beryllium initiators to ensure this. 

4.1.6.2 Implosion Assembly 

High explosive driven implosion assembly uses the ability of shock waves to instantaneously compress 
and accelerate material to high velocities. This allows compact designs to rapidly compress fissile 
material to densities much higher than normal on a time scale of microseconds, leading to efficient and 
powerful explosions. The speed of implosion is typically several hundred times faster than gun assembly 
(e.g. 2-3 microseconds vs. 1 millisecond). Densities twice the normal maximum value can be reached, 
and advanced designs may be able to do substantially better than this (compressions of three and four fold
are often claimed in the unclassified literature, but these seem exaggerated). Weapon efficiency is 
typically an order of magnitude better than gun designs. 

The design of an implosion bomb can be divided into two parts:

1. The shock wave generator: the high explosive system that generates an initial shock wave of the 
appropriate shape; 

2. The implosion hardware: the system of inert materials that is driven by the shock wave, which 



consists of the nuclear explosive materials, plus any tampers, reflectors, pushers, etc. that may be 
included.

The high explosive system may be essentially unconfined (like that in the Fat Man bomb), but increased 
explosive efficiency can be obtained by placing a massive tamper around the explosive. The system then 
acts like a piston turned inside out, the explosive gases are trapped between the outer tamper and the inner
implosion hardware, which is driven inward as the gases expand. The added mass of the tamper is no 
doubt greater than the explosive savings, but if the tamper is required anyway (for radiation confinement, 
say) then it adds to the compactness of the design. 

If you have not consulted Section 3.7 Principles of Implosion, it may be a good idea to do so. 

4.1.6.2.1 Energy Required for Compression As explained in Section 3.4 Hydrodynamics, shock 
compression dissipates energy in three ways:

1. through work done in compressing the shocked material, 
2. by adding kinetic energy to the material (accelerating it), and 
3. by increasing the entropy of the material (irreversible heating).

Only the first of these is ultimately desirable for implosion, although depending on the system design 
some or all of the kinetic energy may be reclaimable as compressive work. The energy expended in 
entropic heating is not only lost, but also makes the material more resistant to further compression. 

Shock compression always dissipates some energy as heat, and is less efficient than gentle isentropic 
(constant entropy) compression. Examining the pressure and total energy required for isentropic 
compression thus provides a lower bound on the work required to reach a given density. 

Below are curves for the energy required for isentropic and shock compression of uranium up to a 
compression factor of 3. For shock compression only the energy the appears as internal energy 
(compression and heating) are included, kinetic energy is ignored. 

Figure 4.1.6.2.1-1. Required Energy for Shock and Isentropic Compression of 
Uranium

 



The energy expenditure figures on the X axis are in ergs/cm^3 of uncompressed uranium, the y axis gives
the relative volume change (V/V_0). Shock compression, being less efficient, is the upper curve. It can be
seen that as compression factors rise above 1.5 (a V/V_0 ratio of 0.67), the amount of work required for 
shock compression compared to isentropic compression rises rapidly. The kink in the shock compression 
curve at V/V_0 of 0.5 is not a real phenomenon, it is due to the transition from experimental data to a 
theoretical Thomas-Fermi EOS. 

It is interesting to note that to double the density of one cubic centimeter of uranium (18.9 grams) 1.7 x 
10^12 ergs is required for shock compression. This is the amount of energy found in 40 grams of TNT, 
about twice the weight of the uranium. The efficiency of an implosion system at transferring high 
explosive energy to the core is generally not better than 30%, and may be worse (possibly much worse if 
the design is inefficient). This allows us the make a good estimate of the amount of explosive required to 
compress a given amount of uranium or plutonium to high density (a minimum of 6 times the mass of the 
fissile material for a compression factor of 2). 

These curves also show that very high shock compressions (four and above) are so energetically 
expensive as to be infeasible. To achieve a factor of only 3, 7.1x10^11 ergs/g of uranium is required. 
Factoring implosion efficiency (30%), the high explosive (if it is TNT) must have a mass 56 times that of 
the material being compressed. Reports in the unclassified literature of compressions of four and higher 
can thus be safely discounted. 

Compression figures for plutonium are classified above 30 kilobars, but there is every reason to believe 
that they are not much different from that of uranium. Although there are large density variations from 
element to element at low pressure, the low density elements are also the most compressible, so that at 
high pressures (several megabars) the plot of density vs atomic number becomes a fairly smooth function.
This implies that what differences there may be in behavior between U and Pu at low pressure will tend to
disappear in the high pressure region. 

Actually, even in the low pressure region the available information shows that the difference in behavior 
isn't all that great, despite the astonishingly large number of phases (six) and bizarre behavior exhibited 
by plutonium at atmospheric pressure. The highest density phases of both metals have nearly identical 
atomic volumes at room pressure, and the number of phases of both metals drops rapidly with increasing 
pressure, with only two phases existing for both metals above 30 kilobars. The lowest density phase of 
plutonium, the delta phase, in particular disappears very rapidly. The amount of energy expended in 
compression at these low pressures is trivial. The compression data for uranium is thus a good substitute 
for plutonium, especially at high pressures and high compressions. 

The shock and isentropic pressures required corresponding to the compression energy curves are shown 
below. The pressures shown on the X axis are in kilobars, the y axis gives the relative volume change (V/
V_0). 



Figure 4.1.6.2.1-2. Required Pressure for Shock and Isentropic Compression of 
Uranium

 

Since the compression energies of interest vary by many orders of magnitude over compressions ranging 
up to 3, it is often more convenient to look at logarithmic plots or energy. Figure 4.1.6.2.1-3, below, gives
the isentropic curve from 10^7 ergs/cm^3 to 10^12 ergs/cm^3. Since the energy for shock compression is 
virtually identical to the isentropic value at small compressions, the curve for shock compression is given 
for compression energies of 10^10 erg/cm^3 (V/V_0 ~ 0.9) 



Figure 4.1.6.2.1-3. Logarithmic Plot of Energy Required for Isentropic Compression 
of Uranium

 

Figure 4.1.6.2.1-4. Logarithmic Plot of Energy Required for Shock Compression of 
Uranium

 

4.1.6.2.2 Shock Wave Generation Systems 



The only practical means of generating shock waves in weapons is through the use of high explosives. 
When suitably initiated, these energetic materials support detonation waves: a self-sustaining shock wave 
that triggers energy releasing chemical reactions, and is driven by the expanding gases that are produced 
by these reactions. 

Normally a high explosive is initiated at a single point. The detonation propagates as a convex detonation 
wave, with a more or less spherical surface, from that point. 

To drive an implosion, a divergent detonation wave must be converted into a convergent one (or a planar 
one for linear implosion). Three approaches can be identified for doing this. 

4.1.6.2.2.1 Multiple Initiation Points 

In this approach, the high explosive is initiated simultaneously by a large number of detonators all over its
surface. The idea is that if enough detonation points exist, then it will approximate the simultaneous 
initiation of the entire surface, producing an appropriately shaped shock from the outset. 

The problem with this approach is that colliding shock waves do not tend to "smooth out", rather the 
reverse happens. A high pressure region forms at the intersection of the waves, leading to high velocity 
jets that outrun the detonation waves and disrupting the hoped for symmetry. 

The multiple detonation point approach was the first one tried at Los Alamos during the Manhattan 
Project to build a spherical implosion bomb. Attempts were made to suppress the jetting phenomenon by 
constantly increasing the number of points, or by inserting inert spacers at the collision points to suppress 
the jets. The problems were not successfully worked out at the time. 

Since the war this approach has been used with reasonable success in laboratory megagauss field 
experiments employing the simpler cylindrical geometry. There is also evidence of continuing US interest
in this approach. It is not clear whether this technique has been successfully adapted for use in weapons. 

4.1.6.2.2.2 Explosive Lenses 

The basic idea here is to use the principle of refraction to shape a detonation wave, just as it is used in 
optics to shape a light wave. 

Optical lenses use combinations of materials in which light travels at different speeds. This difference in 
speed gives rise to the refractive index, which bends the wave when it crosses the boundary between 
materials. 

Explosive lenses use materials that transmit detonation or shock waves at different speeds. The original 
scheme used a hollow cone of an explosive with a high detonation velocity, and an inner cone of an 
explosive with a low velocity. The detonator initiates the high velocity explosive at the apex of the cone. 
A high velocity detonation wave then travels down the surface of the hollow cone, initiating the inner 
explosive as it goes by. The low velocity detonation wave lags behind, causing the formation of a concave
(or planar) detonation wave. 

With any given combination of explosives, the curvature of the wave produced is determined by the apex 
angle of the lens. The narrower the angle, the greater the curvature. However, for a given lens base area 
the narrower angle, the taller the lens, and the greater its volume. Both of these are undesirable in 
weapons, since volume and mass are at a premium. 

To create a spherical implosion wave, a number of inward facing lenses need to be arranged on the 
surface of a sphere so that the convergent spherical segments that each produces merge into one wave. 
There is substantial advantage in using a large number of lenses. Having many lenses means that each 
lens has a small base area, and needs to produce a wave with a smaller curvature, both of which reduce 
the thickness of the lens layer. A more symmetrical implosion can probably be achieved with more lenses



also. 

It is important to have the lens detonation points (and optical axes) spaced as regularly as possible to 
minimize irregularities, and to make the height of each lens identical. The largest number of points that 
can be spaced equidistantly from their neighbors on the surface of a sphere is 20 - corresponding to the 20
triangular facets of an icosahedron (imagine the sphere encased in a circumscribed polyhedron, with each 
facet touching the sphere at one point). The next largest number is 12 - corresponding to the 12 
pentagonal facets of the dodecahedron. 

12 lenses, even 20 lenses, is an undesirably small number (although some implosion systems have used 
the 20 point icosahedral layout). A close approximation to strict regularity can be achieved with more 
points by interleaving a dodecahedron and icosahedron to produce a polyhedron tiled with hexagonal and 
pentagonal facets, 20 hexagons and 12 pentagons, for a total of 32 points. This pattern is the same 
familiar one found on a soccer ball, and was used as the original implosion system lens layout in Gadget, 
and other early US nuclear weapons. 

Designs with 40, 60, 72, and 92 lenses have also been used (although these do not rely on Platonic solids 
for providing the layout pattern). More lenses lead to a thinner, less massive explosive lens shell, and 
greater implosion uniformity. The penalty for more lenses is more fabrication effort, and a more powerful
and complex initiation system (not a trivial problem originally, but greatly simplified by modern pulse 
power technology). A simple implosion system could be very massive. The 32 point systems used in early
US nuclear weapons had an external diameter of 1.4 m and weighed over 2000 kg. Current systems may 
be less than 30 cm, and weigh as little as 20 kg, but probably do not follow the same design approach as 
earlier weapons. 

To a degree these multi-lens systems all suffer from the same shortcoming as the basic multi-point 
detonation approach: strict uniformity of the spherical implosion wave is unachievable. The detonation 
wave spreads out radially from each detonation point, so each wave produces a circular segment of a 
spherical wave. If you consider an icosahedron or a "soccer ball", you can see that when circles are 
inscribed in each of the regular polygons they touch each of their neighbor circles at one point. This 
marks the moment when the individual wavelets start to merge into a single wave. The gaps left between 
the inscribed circles however are irregular areas where distortions are bound to arise as the wave edges 
spread into them, possibly even leading to jetting. 

Since the shock wave created by the lens exits from it at the velocity of the slow (and relatively weak) 
explosive, it desirable to have a layer of powerful explosive inside the lens system (perhaps the same one 
used as the fast lens component). This layer provides most of the driving force for the implosion, for the 
most part the lens system (which may well be much more massive) simply provides a mechanism for 
spherical initiation. 

Ideally, the best combination of explosives is the fastest and slowest that are available. This provides the 
greatest possible refractive index, and thus bending effect, and allows using a wider lens angle. The 
fastest and slowest explosives generally known are HMX (octogen) and baratol respectively. HMX has a 
detonation velocity of 9110 m/sec (at a pressed density of 1.89), the dense explosive baratol (76% barium 
nitrate/24% TNT) has a velocity of 4870 m/sec (cast density 2.55). Explosives with slightly slower 
detonation velocities include the even denser plumbatol - 4850 m/sec (cast density 2.89) for a 
composition of 70% lead nitrate/30% TNT; and the relatively light boracitol - 4860 m/sec (cast density 
1.55) for a composition of 60% boric acid/40% TNT. Mixtures of TNT with glass or plastic microspheres 
have proven to be an effective, light weight, and economical slow explosive in recent unclassified 
explosive lens work (I don't have data on their velocities though). 

During WWII Los Alamos developed lenses using combination of Composition B (or Comp B) for the 
fast explosive (detonation velocity of 7920 m/sec, at a cast density 1.72), and baratol for the slow 
explosive. 

Later systems have used the very fast HMX as a fast explosive, often as a plastic bonded mixture 



consisting almost entirely of HMX. Plumbatol, a denser and slightly slower explosive, may have been 
used in some later lens system designs. Boracitol is definitely known to have been used, probably in 
thermonuclear weapon triggers and perhaps in other types of weapons as well. 

The idea of explosives lenses appears to have originated with M. J. Poole of the Explosives Research 
Committee in England. In 1942 he prepared a report describing a two-dimensional arrangement of 
explosives (RDX and baratol) to create a plane detonation wave. This idea was brought to Los Alamos in 
May 1944 by James Tuck, where he expanded it by suggesting a 3-D lens for creating a spherical 
implosion wave as a solution to making an implosion bomb. A practical lens design was proposed 
separately by Elizabeth Boggs of the US Explosives Research Laboratory, and by Johann Von Neumann. 
The Boggs proposal was the earlier of the two, although it was Von Neumann's proposal who directly 
influenced the Manhattan Project. 

The task of developing a successful spherical implosion wave system is extremely difficult. Although the 
concept involved is simple, actually designing a lens is not trivial. The detonation wave velocity is 
affected by events occurring some distance behind the front. When the wave crosses from the fast 
explosive into the slow explosive it does not instantly assume the steady state detonation velocity of the 
slow explosive. Unlike the analogy with light, the velocity change is gradual and occurs over a significant
distance. Since energy can be lost through the surface of the lens, thus reducing the fast wave velocity, the
test environment of the lens also affects its performance. The behavior of a lens can only be calculated 
using sophisticated 2 and 3-D hydrodynamic computer codes that have been validated against 
experimental data. 

Practical lens development generally requires a combination of experimentation, requiring precision 
explosive manufacture and sophisticated instruments to measure shock wave shape and arrival times, and 
numerical modelling (computer simulation) to extrapolate from test results. An iterative design, test, and 
redesign cycle allows the development of efficient, high-performance lenses. 

During the Manhattan Project, due to the primitive state of computers and high explosive science and 
instrumentation, lenses could only be designed by trial and error (guided to some extent by scaling laws 
deduced from previous experiments). This required the detonation of over 20,000 test lens (and for each 
one tested, several were fabricated and rejected). When successful sub-scale implosion systems were 
scaled up to full size, it was discovered that the lenses had to be redesigned. 

Assembling the lenses into a complete implosion system aggravates the design and development 
problems. To avoid shock wave collisions that disrupt symmetry, the surfaces of the lenses need to be 
aligned very accurately. In a spherical system, the implosion wave that is created is completely hidden by 
the layer of detonating explosive. The chief region of interest is a small region in the center with perhaps 
< 0.1% the volume of the whole system. Very expensive diagnostic equipment and difficult experiments 
are required to study the implosion process, or even to verify that it works at all. Hemispherical tests can 
be quite useful though to validate lens systems before full spherical testing. 

4.1.6.2.2.3 Advanced Wave Shaping Techniques 

The conical lens design used by the Manhattan Project and early U.S. nuclear weapons is not the only 
lens design possible, or even the best. It had the crucial advantage of being simple in form (eliminating 
the need to design or fabricate complex shapes), and of having a single design variable - the cone apex 
angle. This made it possible to devise workable lenses with the crude methods then available. Other 
geometric arrangements of materials that transmit shocks slowly can be used to shape a convex shock into
a concave one. 

The shock slowing component of a lens, such as the inner cone of a conical explosive lens, does not really
need to be another explosive. An inert substance that transmits a shock more slowly than the fast 
explosive detonation wave will also work. The great range of materials available that are not explosives 
gives much greater design flexibility. An additional (potential) advantage is that shock waves attenuate as
they travel through non-explosive materials, and slow down. This can make lens design more complex, 



since this attenuation must be taken into account, but the reduced velocity can also lead to a more 
compact lens. Care must be taken though to insure that the attenuated shock remains strong enough to 
initiate the inner explosive layer. 

By consulting the equation for shock velocity we can see that a high compressibility (low value of 
gamma) and a high density both lead to low shock wave velocities. An ideal material would be a highly 
compressible material of relatively high density. This describes an unusual class of filled plastic foams 
that have been developed at the Allied-Signal Kansas City Plant (the primary supplier of non-nuclear 
components for US nuclear weapons). It is quite possible that these foams were developed for use as 
wave shaping materials. 

By extending the idea of custom tailoring the density and compressibility of materials, we can imagine 
that different arrangements of materials of varying properties can be used to reshape shock waves in a 
variety of ways. 

Inserting low density materials, like solid or foam plastics, into explosives can also inhibit detonation 
propagation and allow the designer to "fold" the path the detonation wave must take. If suitable 
detonation inhibiting bodies are arranged in a grid inside a cone of high explosive, the same effect as the 
high explosive lens can be obtained with a lower lens density and with a larger apex angle. 

French researchers have described advanced lens systems using alternating layers of explosive and inert 
material. This creates an anisotropic detonation velocity in the system, very slow across the layers, but 
fast along the them. A compact lens for producing spherically curved waves has been demonstrated using 
a cylindrical version of this system, with a slow explosive between the inert layers, and a curved "nose 
cone"-like surface covered by fast explosive. 

It is possible to completely and uniformly cover a sphere with circles if the number of lenses (and circles) 
is less than or equal to two. A single lens capable of bending a single detonation wave into a complete 
spherically convergent wave can, in principle, be made so that the resulting wave is entirely uniform. This
extends the principle of the explosive lens to its most extreme form. It is also possible to use two lenses, 
each covering a hemisphere, which meet at the equator of the sphere and can smoothly join two 
hemispherical implosion waves. 

The single point detonation system is illustrated below. This idea makes use of a cardioid-like logarithmic
spiral: 

           fffffff
         fssssssssssf
         fsssssssssssssf
          fCsssssssssssssfD <- Detonator
         fsssssssssssssf
         fssssssssssf           f = fast explosive
           fffffff              s = slow explosive
                                C = core

This not a very practical design as given. The thickness of the slow explosive on the detonator side would
have to be considerable to achieve the necessary bending. Inserting detonation path folding spacers in the 
explosive could also dramatically reduce the size (but making manufacturing extremely difficult). A 
variation on this using the French layered explosive approach has also been proposed. 

It is unlikely that a slow explosive would really be used for the inner slow lens component, since the 
velocity differential is not that great. The high degree of shock bending required strongly encourages 
using something that transmits shocks as slowly as possible such as an advanced inert material. 

Such an implosion system would be extremely difficult to design and possibly to manufacture. The 
continuously varying 3-D surfaces would require considerable experimentation to perfect, and the 
surfaces would be a nightmare to machine. Once an acceptable shape were developed, and suitable molds 
or dies were made, the actual manufacture might be quite easy, requiring only pressing of explosives and 



plastics into molds, or forming metal sheet in a die. The system would remain quite intolerant in any 
imperfections in dimensions or material however. 

The difficulty in making compact and light implosion systems can be judged by the US progress in 
developing them. The initial Fat Man implosion system had a diameter of almost 60 inches. A 
significantly smaller system (30 inches) was not tested until 1951, a 22 inch system in mid-1952, and a 16
inch system in 1955. By 1955 a decade had passed since the invention of nuclear weapons, and hundreds 
of billions of dollars (in today's money) had been spent on developing and producing bombs and bomb 
delivery systems. These later systems must have used some advanced wave shaping technologies, which 
have remained highly classified. Clearly developing them is not an easy task (although the difficulty may 
be conceptual as much as technological). 

4.1.6.2.2.4 Cylindrical and Planar Shock Techniques 

Cylindrical and planar shock waves can be generated using the techniques previously described, making 
allowances for the geometry differences. A cylindrical shock can be created using the 2-D analog of the 
explosive lens, a wedge shaped lens with the same cross section as the conical version. A planar shock is 
simply a shaped shock with zero curvature. 

A complete cylindrical implosion would require several parallel wedge-shaped explosive lenses arranged 
around the cylinder axis to form a star shape. To make the implosion truly cylindrical (as opposed to 
conical) it is necessary to detonate each of these lenses along the entire apex of the wedge simultaneously.
This can be done by using a lens made out of sheets of high explosive (supported by a suitable backing) 
to create a plane shock. The edge of this sheet lens would join the apex of the wedge. This sheet lens need
not extend out radially, it can join at an angle so that it folds into the space between the star points. 

Some special techniques are also available based on the peculiar characteristics of the 1-D and 2-D 
geometries. The basic principle for these techniques is the "flying plate line charge", illustrated below.

 

A metal plate is covered on one side with a sheet of explosive. It is detonated on one edge, and the 
detonation wave travels across the plate. As it does so the detonation accelerates the plate, driving it to the
right. After the explosive has completely detonated the flying plate will be flat again. The angle between 
the original stationary plate and the flying plate is determined by the ratio between the detonation 
velocity, and the velocity of the accelerated plate. When this high velocity plate strikes the secondary 
explosive charge the shock will detonate it, creating a planar detonation. 

As described above, the system doesn't quite work. A single detonator will actually create a circular 
detonation front in the explosive sheet, expanding from the initiation point. This can be overcome by first 
using a long, narrow flying plate (a flying strip if you will) to detonate the edge of wide plate. This wide 
plate can then be used to initiate the planar detonation. 

The flying strip approach can also be used to detonate the cylindrical lens system described above in 
place of the sheet lens. 

The flying plate scheme can be easily extended to create cylindrical detonations.



 

This is a cross section view of a hollow truncated cone covered by a layer of explosives. The wide end of 
the cone is joined to a sheet of explosives with a detonator in the center. 

The single detonator located on the axis causes an expanding circular detonation in the explosive sheet. 
When the shock wave reaches the perimeter, it continues travelling along the surface of the cone. The 
cone collapses starting at the wide end. The angle of the cone is such that a cylindrical flying plate is 
created that initiates a cylindrical detonation in the secondary explosive. 

Flying plate systems are much easier to develop than explosive lenses. Instrumentation for observing their
behavior is relatively simple. Multiple contact pins and an oscilloscope can easily measure plate motion, 
and well established spark gap photography can image the plate effectively. 

4.1.6.2.2.5 Explosives 

The choice of explosives in an implosion system is driven by the desire for high performance, safety, ease
of fabrication, or sometimes by special properties like the slow detonation velocity needed in explosive 
lenses. 

The desire for high performance leads to the selection of very energetic explosives that have very high 
detonation velocities and pressures (these three things are closely correlated). The highest performance 
commonly known explosive is HMX. Using HMX as the main explosive will provide the greatest 
compression. HMX was widely used in US weapons from the late fifties on into the 1970s, often in a 
formula called PBX-9404 (although this particular formulation proved to have particularly serious safety 
problems - causing eight fatalities in a six month period in 1959 among personnel fabricating the 
explosive). HMX is known to be the principal explosive in many Soviet weapon designs since Russia is 
selling the explosive extracted from decommissioned warheads for commercial use. The chemically 
related RDX is a close second in power. It was the principal explosive used in most early US designs, in 
the form of a castable mixture called Composition B. 

In recent years the US has become increasingly concerned with weapon safety, following some prominent
accidents in which HE detonation caused widespread plutonium contamination and in the wake of 
repeated fatal explosions during fabrication. Many of the high energy explosives used, such as RDX and 
HMX, are rather sensitive to shock and heat. While normally an impact on the order of 100 ft/sec is 
required to detonate one these explosives, if a sliding or friction-producing impact occurs then these 
explosives can be set off by an impact as slow as 10 ft/sec (this requires only a drop of 18 inches)! This 
has led to the use of explosives that are insensitive to shock or fire. Insensitive explosives are all based on
TATB, the chemical cousin DATB lacks this marked insensitivity. These explosives have very unusual 
reaction rate properties that make them extremely insensitive to shock, impact, or heat. TATB is 
reasonably powerful, being only a little less powerful than Comp B. A composition known as PBX-9504 
has been developed that adds 15% HMX to a TATB mixture, creating a compromise between added 
power and added sensitivity. 

Another very strong explosive called PETN has not been used much (or at all) as a main explosive in 



nuclear weapons due to its sensitivity, although it used in detonators. 

Fabricating explosives for implosion systems is a demanding task, requiring rigid quality control. Many 
explosive components have complex shapes, most require tight dimensional tolerances, and all require a 
highly uniform product. Velocity variations cannot be greater than a few percent. Achieving such 
uniformity means carefully controlling such factors as composition, purity, particle size, crystal structure, 
curing time and curing temperature. 

Casting was the first method used for manufacturing implosion components since a very homogenous 
product can be produced in fairly complex shapes. Unfortunately the most desirable explosives do not 
melt, which makes casting of the pure explosive impossible. The original solution adopted by the US to 
this problem was to use castable mixtures of the desired explosive and TNT. TNT is the natural choice for
this, being the only reasonably powerful, easily melted explosive available. Composition B, the first 
explosive used, typically consisted of 63% RDX, 36% TNT, and 1% wax (cyclotol, a mixture with a 
higher proportion of RDX to TNT, was used later). Great care must be taken to ensure that the slurry of 
solid explosive and melted TNT is uniform since settling occurs. Considerable attention must be paid to 
controlling the particle size of the solid explosive, and to monitoring the casting, cooling, and curing 
processes. Mold making is also a challenging task, requiring considerable experimentation at Los Alamos
before an acceptable product could be made. 

Pressing is a traditional way of manufacturing explosives products, but its inability to make complex 
shapes, and problems with density variations and voids prevented its use during WWII. Plastic explosives
(that is - soft, pliable explosives) can be pressed into uniform complex shapes quite easily, but their lack 
of strength make them unattractive in practical weapon designs. 

During the forties and fifties advances in polymer technology led to the creation of PBXs (plastic bonded 
explosives). These explosives use a polymer binder that sets during or after fabrication to make a rigid 
mass. The first PBX was developed at Los Alamos in 1947, an RDX-polystyrene formulation later 
designated PBX 9205. Some early work used epoxy binders that harden after fabrication through 
chemical reactions, but current plastic binders are thermosetting resins (possibly in combination with a 
plasticizer). Explosive granules are coated with the plastic binder and formed by pressing, usually 
followed by machining of the billet. 

The desire for maximum explosive energy has led to the selection of polymers and plasticizers that 
actively participate in the explosion, releasing energy through chemical reactions. Emphasis on this has 
led to undesirable side effects - like sensitization of the main explosive (as occurred with PBX-9404), or 
poor stability. In the 1970s the W-68 warhead, the comprising large part of the U.S. submarine warhead 
inventory, developed problems due to decomposition of the LX-09 PBX being used, requiring the 
rebuilding of 3,200 warheads. LX-09 also exhibited sensitivity problems similar to PBX-9404, in 1977 
three men were killed at the Pantex plant in Amarillo from a LX-09 billet explosion. 

Normally the explosive and polymer binder are processed together to form a granulated material called a 
molding powder. This powder is formed using hot pressing - either isostatic (hydrostatic) or hydraulic 
presses, using evaluated molds (1 mm pressure is typical). The formed material may represent the final 
component, but normally additional machining to final specifications is required. 

PBXs contain a higher proportion of the desired explosive, possess greater structural strength, and also 
don't melt. These last two properties make them easier to machine to final dimensions. Plastic bonding is 
very important in insensitive high explosives (IHEs), since mixing the insensitive explosives with the 
more sensitive TNT would defeat the purpose of using them. 

PBX was first used in a full-scale nuclear detonation during the Redwing Blackfoot shot in June 1956. 
PBXs have replaced melt castable explosives in all US weapons. The PBX compositions that have been 
used by the U.S. include PBX-9404, PBX-9010, PBX-9011, PBX-9501, LX-04, LX-07, LX-09, LX-10, 
LX-11. Insensitive PBXs used are PBX-9502 and LX-17. 



Explosive Compositions Used In U.S. Nuclear Weapons

• Baratol: 76% barium nitrate, 24% TNT (typical)
Low velocity castable explosive used in early explosive lenses. 

• Boracitol: 60% boric acid, 40% TNT (typical)
Low velocity castable explosive used in later explosive lens designs. 

• Composition B: 63% RDX, 36% TNT, 1% wax (typical)
High velocity castable main explosive used in early nuclear weapons (e.g. Fat Man; Mks 4, 5 and 
6), also MK 28 and MK 53 (latter warhead still in service). 

• Cyclotol: 75% RDX, 25% TNT
High velocity castable main explosive, basically just Comp B with a higher RDX content for 
higher performance. Used in MK 28 and MK-53 (latter warhead still in service). Substituted for 
PBX-9404 when unacceptable sensitivity problems arose. 

• LX-04: 85% HMX, 15% Viton A
High velocity PBX main explosive. Used in W-62 and W-70. 

• LX-07: 90% HMX, 10% Viton A
High velocity PBX main explosive. Used in W-71. 

• LX-09: 93% HMX, 4.6% pDNPA, 2.4% FEFO
High velocity PBX. Main explosive used in the W-68 warhead. Withdrawn from use due to aging 
problems (binder/plasticizer exudation). Serious safety problems. 

• LX-10: 95% HMX, 5% Viton A; and LX-10-1: 94.5% HMX, 5.5% Viton A
High velocity PBX main explosive. Replaced LX-09 in W-68. Also used in W-70; W-79; and W-
82. 

• LX-11: 80% HMX, 20% Viton A
High velocity PBX main explosive. Used in W-71. 

• LX-17: 92.5% TATB, 7.5% Kel-F 800
High velocity insensitive PBX. One of two IHEs in use. Used in B-83; W-84; W-87; and W-89. 
Stockpile-monitoring of the W87 warhead shows some evidence of stiffening with age, perhaps 
due to an increase in the crystallinity of the binder. 

• PBX-9010: 90% RDX, 10% Kel-F
High velocity PBX main explosive. Used in MK 43 and W-50. 

• PBX-9011: 90% HMX, 10% Estane
High velocity PBX main explosive. Used in MK 57 Mods 1 and 2. 

• PBX-9404: 94% HMX, 3% NC, 3% CEF
High velocity PBX main explosive. Widely used - MK 43; W-48; W-50; W-55; W-56; MK 57 
Mod 2; MK/B 61 Mods 0, 1, 2, 5; and W-69. Serious safety problems. 

• PBX-9501: 95% HMX, 2.5% Estane, 2.5% BDNPA-F
High velocity PBX main explosive. Used in W-76; W-78; and W-88. 

• PBX-9502: 95% TATB, 5% Kel-F
High velocity insensitive PBX. Principal IHE in recent US weapon designs, currently being 
backfitted to earlier warheads replace other plastic bonded explosives. Used in B-61 Mods 3, 4, 6-
10; W-61; W-80; W-85; W-90; and W-91. 

• Plumbatol: 70% lead nitrate, 30% TNT (typical)
The use of this low velocity castable explosive in US nuclear weapons is speculative. 

Explosives And Binder Ingredients Used In U.S. Nuclear Weapons

• Barium nitrate: Heavy metal oxidizer used in baratol slow explosive mixture. 
• BDNPA-F: Liquid polymer/plasticizer mixture used in PBX compositions. 50% bis(2,2-

dinitropropyl), 50% acetal/bis(2,2-dinitropropyl)formal (plasticizer) 
• Boric Acid: Low density, low atomic number inert material used in boracitol slow explosive 

mixture. 
• CEF: Plasticizer used in PBX mixtures. tris-beta-chloroethylphosphate. 
• DATB: Main high explosive, insensitive. 2,4,6-trinitro-1,3-benzenediamine; also called DATNB, 

diamino trinitrobenzene. 
• DNPA (pDNPA): Solid explosive used in a binder mixture. 2,2-dinitropropyl acrylate. 
• FEFO: Liquid explosive used in a binder mixture. 1,1-[methylenebis(oxy)]-bis-[2- fluoro-2,2-



dinitroethane]. 
• HMX: Main high explosive, very powerful. Octahydro-1,3,5,7-tetranitro-1,3,5,7- tetrazocine; also 

called beta-HMX, octogen, cyclotetramethylene tetranitramine, (HMX is WWII code name, from 
His Majesty's eXplosive). Dual use material, export restricted. 

• HNS: Relatively insensitive, a very heat stable high explosive, used in slapper detonators. 1,1'-
(1,2-ethylenediyl) bis-(2,4,6-trinitrobenzene); also called hexanitrostilbene. Dual use material, 
export restricted. 

• Kel-F: Inert plastic binder. Copolymer consisting of chlorotrifluoroethylene / vinylidine fluoride 
(3:1 ratio). 

• Lead nitrate Heavy metal oxidizer used in plumbatol slow explosive mixture. 
• NC: Solid explosive used as a plastic binder. Nitrocellulose. 
• PETN: Sensitive powerful high explosive, used in detonators. 2,2- bis[(nitroxy)methyl]-1,3-

propanediol dinitrate; also called pentaerythritol tetranitrate. 
• RDX: Main high explosive, powerful. hexahydro-1,3,5-trinitro-1,3,5-triazine; also called 

cyclonite, hexogen. Dual use material, export restricted. 
• TATB: Main high explosive, very insensitive and heat stable. Special fine-grained TATB used in 

boosters. 2,4,6-trinitro-1,3,5-benzenediamine; also called TATNB, triaminotrinitrobenzene. Dual 
use material, export restricted. Produced on an industrial scale in the U.S. at a cost of $90 to $250/
kg. Currently available to customers outside DOE for about $200/kg. 

• TNT: Main high explosive, used as a meltable binder. 2-methyl-1,3,5- trinitrobenzene; also called 
trinitrotoluene. 

• Viton A: Rubbery solid used as a plastic binder. Copolymer consisting of 60% Vinylidine 
fluoride/40% hexafluoropropylene. 

Table 4.1.6.2.2.5-1. Basic Properties Of Explosives Used In Us Nuclear Weapons
EXPLOSIVE         DETONATION        DENSITY    SENSITIVITY
               VELOCITY PRESSURE
                m/sec   kilobars
HMX             9110     390      1.89/pressed  Moderate
LX-10           8820     375      1.86/pressed  Moderate
LX-09           8810     377      1.84/pressed  Moderate
PBX-9404        8800     375      1.84/pressed  Moderate
RDX             8700     338      1.77/pressed  Moderate
PETN            8260     335      1.76/pressed    High
Cyclotol        8035      -       1.71/cast       Low
Comp B 63/36    7920     295      1.72/cast       Low
TATB            7760     291      1.88/pressed  Very Low
PBX-9502        7720      -       1.90/pressed  Very Low
DATB            7520     259      1.79/pressed    Low
HNS             7000     200      1.70/pressed    Low
TNT             6640     210      1.56/cast       Low
Baratol 76/24   4870     140      2.55/cast     Moderate
Boracitol 60/40 4860      -       1.55/cast       Low
Plumbatol 70/30 4850      -       2.89/cast     Moderate

4.1.6.2.2.6 Detonation Systems 

Creating a symmetric implosion wave requires close synchronization in firing the detonators. Tolerances 
on the order of 100 nanoseconds are required. 

Conventional detonators rely on electrically heating a wire, which causes a small quantity of a sensitive 
primary explosive to detonate (lead azide, mercury fulminate, etc.). The primary usually then initiates a 
secondary explosive, like PETN or tetryl, which fires the main charge. 

The process of resistively heating the wire, followed by heat conduction to the primary explosive until it 
reaches detonation temperature requires a few milliseconds, with correspondingly large timing errors. 
Conventional detonators thus lack the necessary precision for firing an implosion system. 

One approach to reducing the duration of action of the detonator is to send a sudden, powerful surge of 
current through a very fine wire (made of gold or platinum), heating it to the point of vaporization. This 



technique, called an exploding wire or exploding bridge wire (EBW) detonator, was invented by Luis 
Alvarez at Los Alamos during the Manhattan Project. Current surge rise times of a fraction of a 
microsecond are feasible, with a spread in detonation times of a few nanoseconds. 

An exploding wire detonator can be used to initiate a primary explosive (usually lead azide), as in a 
conventional detonator. But if the current surge is energetic enough, then the exploding wire can directly 
initiate a less sensitive booster explosive (usually PETN). The advantage of doing this is that the 
detonation system is extremely safe from accidental activation by heat, stray currents, or static electricity. 
Only very powerful, very fast current surges can fire the detonators. This type of exploding wire 
detonator is one of the safest types of detonators known. The disadvantage is the need to supply those 
very powerful, very fast current surges. A typical EBW requires 5 KV, with a peak current of at least 500-
1000 amps. A few kiloamps is more typical of most EBW detonators, but a multi-EBW system would 
probably try to minimize the required current. With sufficient care in detonator design and construction, 
inherent detonator accuracies of better than 10 nanoseconds are achievable. 

Since WWII, a number of detonator designs based on exploding foils have been developed. Exploding 
foil detonators could be used to fire the booster explosive directly, as in EBW detonators, but generally 
this implies the use of different concept called a "slapper" detonator. This idea (developed at Lawrence 
Livermore) uses the expanding foil plasma to drive another thin foil or plastic film to high velocities, 
which initiates the explosive by impacting the surface. Normally the driving energy is provided entirely 
by heating of the foil plasma from the current passing through it, but more sophisticated designs may use 
a "back strap" to create a magnetic field that drives the plasma forward. Slappers are fairly efficient at 
converting electrical energy into flyer kinetic energy, it is not hard to achieve 25-30% energy transfer. 

A typical slapper detonator consists of an explosive pellet pressed to a high density for maximum strength
(plastic bonded explosives can also be used). Next to the explosive pellet is an insulation disk with a hole 
in the center which is set against the explosive pellet. An insulating "flyer" film, such as Kapton or Mylar 
with a metal foil etched to one side is placed against the disk. A necked down section of the etched foil 
acts as the bridgewire. The high current firing pulse causes vaporization of the necked down section of 
the foil. This then shears the insulated flyer which accelerates down the barrel of the disk and impacts the 
explosive pellet. This impact energy transmits a shock wave into the explosive causing it to detonate. 

Another possible advantage of a slapper detonator is the ability to initiate an area of explosive surface 
rather than a point. This may make compact implosion systems easier to design. 

This system has several advantages over the EBW detonator. These include: 

1. the metal bridge is completely separated from the explosive by an insulating film and an air gap 
(the bridgewire of an EBW is in direct contact with the explosive); 

2. the explosive can be packed to a high (near crystal) density; 
3. the energy requirement to fire the detonator is lower; and 
4. very insensitive explosives such as HNS can be detonated, which is extremely difficult with the 

EBW approach.

Exploding wire detonators were used in the first atomic device, but have since been replaced in the U.S. 
arsenal by foil slappers, and very probably in all other arsenals as well. Due to the ability of slapper 
detonators to use insensitive primary explosives, these are almost certainly used with all insensitive high 
explosive equipped warheads (unless supplanted by an even more advanced technology - like laser 
detonators). 

More recently laser detonating systems have been developed. These use a high power solid state laser to 
deliver sufficient energy in the form of a short optical pulse to initiate a primary or booster explosive. The
laser energy is conducted to the detonator by a fiber optic cable. This is a safe detonator system, but the 
laser and its power supply is relatively heavy. A typical system might use a 1 W solid state laser to fire a 
single detonator. It is not known if this system has been used in any nuclear weapons. 



Another fast detonator is the spark gap detonator. This uses a high voltage (approx. 5 KV) spark across a 
narrow gap to initiate the primary explosive. If a suitably sensitive primary explosive is used (lead azide, 
or the especially sensitive lead styphnate) then the current required is quite small, and a modest capacitor 
can supply sufficient power (10-100 millijoules per detonator). The chief disadvantage of this detonator 
design is that it is one of the least safe known. Static charges, or other induced currents, can very easily 
fire a spark gap detonator. For this reason they have probably never been used in deployed nuclear 
weapons. 

Detonation systems require a reasonably compact and light high speed pulse power supply. To achieve 
accurate timing and fast response requires a powerful power source capable of extremely fast discharge, 
as well as fast, accurate, and reliable switching components, and close attention to managing the 
inductance of the entire system. 

The normal method of providing the power for an EBW multi-detonator system is to discharge a high 
capacitance, high voltage, low inductance capacitor. Voltage range is several kilovolts, 5 KV is typical. 
Silicone oil filled capacitors using Kraft paper, polypropylene, or Mylar dielectrics are suitable types, as 
are ceramic-type capacitors. Compact power supplies for charging capacitors are readily available. 

The capacitor must be matched with a switch that can handle high voltages and currents, and transition 
from a safe non-conducting state to a fully conducting one rapidly without adding undue inductance to the
circuit. A variety of technologies are available: triggered spark gaps, krytrons, thyratrons, and explosive 
switches are some that could be used. 

The current rise time of the firing pulse can actually be much longer than the required timing accuracy 
since the firing of an EBW detonator is basically determined by achieving a threshold current. As long as 
the current rise is synchronous for all detonators, they will fire simultaneously. Still a rise time of no more
than 2-3 microseconds is desirable. 

The capacitance required for a 5 KV EBW is on the order of 1 microfarad per detonator. A 32 detonator 
system (like Fat Man) thus requires at least 32 mF and to produce a 32 kA current surge. For a rise time 
of 3 microseconds this requires no more than 100 nanohenries of total inductance. A modern plastic cased
capacitor of 40 microfarads, rated at 5 KV, with 100 nanohenries of inductance weighs about 4 kg. 

Triggered spark gaps are sealed devices filled with high pressure air, argon, or SF6. A non-conducting 
gap between electrodes is closed by applying a triggering potential to a wire or grid in the gap. Compact 
versions of these devices are typically rated at 20-100 KV, and 50-150 kiloamps. The triggering potential 
is typically one-half to one-third the maximum voltage, with switch current rise times of 10-100 
nanoseconds. 

Krytrons are a type of cold cathode trigger discharge tube. Krytrons are small gas filled tubes. Some 
contain a small quantity of Ni-63, weak beta emitter (92 yr half-life, 63 KeV) that keeps the gas in a 
slightly ionized state. Applying a trigger voltage causes an ionization cascade to close the switch. These 
devices have maximum voltage ratings from 3 to 10 KV, but peak current rating of only 300-3000 amps 
making them unsuitable for directly firing multiple EBW detonators. They are small (2 cm long), rugged, 
and accurate (jitter 20-40 nanoseconds) however, and are triggered by voltages of only 200-300 V. They 
are very convenient then for triggering other high current devices, like spark gaps, by discharging through
a pulse current transformer (they can, in turn, be conveniently triggered using a small capacitor, pulse 
transformer, and a thyristor). Krytrons are used commercially in powerful xenon flash lamp systems, 
among other uses. Krytrons have faster response times than other types of trigger discharge tubes. A 
vacuum tube relative of the krytron, the sprytron, is very similar and has very high radiation resistance. It 
is probably the sprytron that is actually used in U.S. nuclear weapons. The only manufacturer of krytrons 
and sprytrons is EG&G, the same company that provided the spark gap cascades for Gadget, Fat Man, 
and other early atomic weapons. 

Other switching techniques that have been developed are explosive switches, and various other vacuum or
gas-filled tube devices like hydrogen thyratrons and arc discharge tubes. An explosive switch uses the 



shock wave from an explosive charge to break down a dielectric layer between metal plates. Both this 
technique and the thyratron were under development at Los Alamos at the end of WWII. 

Detonators are wired in parallel for reliability and to minimize inductance. For additional reliability, 
redundant detonation circuits may be used. In the Fat Man bomb the detonators were wired in parallel in 
spark gap triggered circuits. There were four detonating circuits, any two of which provided sufficient 
power for all 32 detonators. Each detonator was wired to two different circuits so that the failure of any 
one detonator circuit (and up to two of them) would not have affected the implosion. The whole system 
was fired by a spark gap cascade - the trigger spark gap supplied a current surge to fire the four main 
circuits simultaneously. 

With sufficient care timing accuracies of 10 nanoseconds are achievable, which is probably better than 
practical implosion systems require (100 nanosecond accuracy is more typical). 

Although the types of switches and capacitors mentioned here are, for the most part, available from many 
commercial sources and have many commercial uses, they are nonetheless subject to dual use export 
controls. Attempts to export of krytrons illegally has been especially well publicized over the years, but 
they are not the only such devices suitable for these applications. 

The detonator bridge wire used in EBWs is typically made of high purity gold or platinum, 20-50 microns
wide and about 1 mm long. PETN is invariably used as the explosive, possibly with a tetryl booster 
charge. Slapper detonators use metal foils (usually aluminum, but gold foil would work well also) 
deposited on a thin plastic film (usually Kapton). A wider variety of primary explosives can be used. 
PETN or HMX may have been used in slappers used in earlier weapon systems, but weapons using IHE 
probably use the highly heat stable HNS. 

A possible substitute for a capacitor bank in a detonation system is an explosive generator, also called a 
flux compression generator (FCG). This consists of a primary coil that is energized to create a strong 
magnetic field by a capacitor discharge. At the moment of maximum field strength an explosive charge 
drives a conducting plate into the field, rapidly compressing it. The rising magnetic field induces a 
powerful high voltage current in a secondary coil. Any of the switching technologies mentioned above 
can then be used to switch the load to the detonating system. A substantial fraction of the chemical energy
of the explosive can be converted to electrical power in this way. 

FCGs can potentially provide ample power for detonators and external neutron initiators at a very modest 
weight. Extensive research on these generators has been conducted at Los Alamos and Lawrence 
Livermore, and they are known to have been incorporated into actual weapon designs (possibly the Mk12,
which had 92 initiation points). 

4.1.6.2.3 Implosion Hardware Designs 

Once created implosion shocks can be used to drive different implosion hardware systems. By implosion 
hardware, I mean systems of materials that are inert from the viewpoint of chemical energy release: the 
fissile material itself, and any reflectors, tampers, pushers, drivers, buffers, etc. 

One approach to designing an implosion hardware system is to simply use the direct compression of the 
explosive generated shock wave to accomplish the desired reactivity insertion. This is the "solid pit 
design" used in Gadget and Fat Man. 

A variety of other designs make use of high velocity collisions to generate the compressive shocks for 
reactivity insertion. These velocities of course are obtained from the energy provided by the high 
explosive shocks. 

4.1.6.2.3.1 Solid Pit Designs 

Since shock waves inherently compress the material through which they pass, an obvious way of using 



the implosion wave is simply to let it pass through the fissile core, compressing it as it converges on the 
center. This technique can (and has) been used successfully, but it has some inherent problems not all of 
which can be remedied. 

First, the detonation pressure of available explosives (limit 400 kilobars) is not high enough for much 
compression. A 25% density increase is all that can be obtained in uranium at this pressure, delta-phase 
plutonium can reach 50% due to the low pressure delta->alpha phase transformation. This pressure can be
augmented in two ways: by reflecting the shock at high impedance interfaces, and by convergence. 

Since the fissile material is about an order of magnitude denser than the explosive itself, the first 
phenomenon is certain to occur to some extent. It can be augmented by inserting one or more layers of 
materials of increasing density between the explosive and the dense tamper and fissile material in the 
center. As a limit, shock pressure can double when reflected at an interface. To approach this limit the 
density increase must be large, which means that no more than 2 or 3 intermediate layers can be used. 

The second phenomenon, shock convergence, is limited by the ratio of the fissile core radius to the outer 
radius of the implosion hardware. The intensification is approximately proportional to this ratio. A large 
intensification thus implies a large diameter system - which is bulky and heavy. 

Another problem with the solid pit design is the existence of the Taylor wave, the sharp drop in pressure 
with increasing distance behind the detonation front. This creates a ramp-shaped shock profile: a sudden 
jump to the peak shock pressure, followed by a slope down to zero pressure a short distance behind the 
shock front. Shock convergence actually steepens the Taylor wave since the front is augmented by 
convergence to a greater degree than the material behind the front (which is at a larger radius). If the 
Taylor wave is not suppressed, by the time the shock reaches the center of the fissile mass, the outer 
portions may have already expanded back to their original density. 

The use of intermediate density "pusher" layers between the explosive and the tamper helps suppress or 
flatten the Taylor wave. The reflected high pressure shock reinforces the pressure behind the shock front 
so that instead of declining to zero pressure, it declines to a pressure equal to the pressure jump at the 
reflection interface. That is, if P is the initial shock pressure, and P -> 0 indicates a drop from P to zero 
through the Taylor wave, then the reflection augments both by p:(P + p) -> (0 + p). 

The Gadget/Fat Man design had an intermediate aluminum pusher between the explosive and the uranium
tamper, and had a convergence factor of about 5. As a rough estimate, one can conclude that the 300 
kilobar pressure of Composition B could be augmented by a factor of 4 by shock reflection (doubling at 
the HE/Al interface, and the Al/U interface), and a factor of 5 by convergence, leading to a shock pressure
of 6 megabars at the plutonium core. Assuming an alpha phase plutonium equation of state similar to that 
of uranium this leads to a compression of a bit less than 2, which when combined with the phase 
transformation from delta to alpha gives a maximum density increase of about 2.5. The effective 
compression may have been significantly less than this, but it is generally consistent with the observed 
yield of the devices. 

4.1.6.2.3.2 Levitated Core Designs 

In the solid pit design, the Taylor wave is reduced but not eliminated. Also, the kinetic energy imparted 
by the convergent shock is not efficiently utilized. It would be preferable to achieve uniform compression 
throughout the fissile core and tamper, and to be able to make use of the full kinetic energy in 
compressing the material (bringing the inward motion of material in the core to a halt at the moment of 
maximum compression). 

This can be accomplished by using a shell, or hollow core, instead of a solid one (see Section 3.7.4 
Collapsing Shells). The shell usually consists of an outer layer of tamper material, and an inner layer of 
fissile material. When the implosion wave arrives at the inner surface of the shell, the pressure drops to 
zero and an unloading wave is created. The shock compressed material (which has also been accelerated 
inward) expands inward to zero pressure, converting the compression energy into even greater inward 



directed motion (approximately doubling it). In this way energy loss by the outward expansion of material
in the Taylor wave region is minimized. 

Simply allowing this fast imploding hollow shell to collapse completely would achieve substantial 
compression. In practice this is never done. It is more efficient to allow the collapsing shell to collide with
a motionless body in the center (the "levitated core"), the collision creating two shock waves - one 
moving inward to the center of the stationary levitated core (accelerating it inward), and one moving 
outward through the imploding shell (decelerating it). The pressure between these two shocks is initially 
constant so that when the converging shock reaches the center of the core, the region extending from the 
center out to the location of expanding shock has achieved reasonably even and efficient compression. 

I use word "reasonably" because the picture is a bit more complicated than just described. First, by the 
time the shell impacts the levitated core it has acquired the character of a thick collapsing shell. The inner 
surface will be moving faster than the outer surface, and a region close to the inner surface will be 
somewhat compressed. Second, the inward and outward moving shocks do not move at constant speed. 
The inward moving shock is a classical converging shock with a shock velocity that accelerates and 
strengthens all the way to the center. The outward moving shock is a diverging or expanding shock that 
slows down and weakens. 

In the classical converging shock region (the levitated core, and the innermost layer of the colliding shell)
high compression is achieved and the material is brought to a halt when the shock reaches the center. In 
the outer diverging region, only about half of the implosion velocity is lost when the diverging shock 
compresses and decelerates it, and there is insufficient time for inward flow to bring it to a halt before the 
converging shock reaches the center. Thus the outer region is still collapsing (slowly) when the inner 
shock reaches complete convergence (assuming that the outer shock has not yet reached the surface of the
pit (tamper shell plus core) and initiated an inward moving release wave). 

Immediately after the converging shock reaches the center, the shock rebound begins. This is an outward 
moving shock that accelerates material away from the center, creating an expanding low density region 
surrounded by a layer compressed to an even greater degree than in the initial implosion. Once the 
rebound shock expands to a given radius the average density of the volume within that radius falls 
rapidly. 

For a radius well outside the classical converging shock region, the true average density may continue to 
increase due to the continuing collapse of the outer regions until the rebound shock arrives. The structure 
of the shell/core system at the time of rebound shock arrival is actually hollow - a low density region in 
the center with a highly compressed shell, but the average density is at a maximum. Whether this 
configuration is acceptable or not depends on the weapon design, it may be acceptable in a homogenous 
un-boosted core but will not be acceptable in a boosted or a composite core design where high density at 
the center is desired. 

Since the divergence of the outward shock is not great, and it is offset somewhat by the slower collapse 
velocity of the outer surface of the thick shell, we can treat it approximately as a constant speed shock 
traversing the impacting shell. The converging shock can be treated by the classical model (see Section 
3.7.3 Convergent Shocks). This allows us to estimate the minimum shell/levitated core mass ratio for 
efficient compression, the case in which the shock reaches the surface of the shell, and the center 
simultaneously. 

If the shell and levitated core have identical densities and compressibilities, then the two shocks will have
the same initial velocity (the velocity change behind the shock front in both cases will be exactly half the 
impact velocity). If the shell has thickness r_shell, then the shock will traverse the shell in time: 

Eq. 4.1.6.2.3.2-1
     t_shell = r_shell/v

If the levitated core has radius r_lcore, the shock will reach the center in time: 



Eq. 4.1.6.2.3.2-2
     t_lcore = (r_lcore/v)*alpha

Alpha is this case is the convergent shock scaling parameter (see Section 3.7.3). For a spherical 
implosion, and a gamma of 3 (approximately correct for most condensed matter, and for uranium and 
plutonium in particular), alpha is equal to 0.638 (the exact value will be somewhat higher than this). 

Since we want t_shell = t_lcore: 

Eq. 4.1.6.2.3.2-3
     r_shell = alpha * r_lcore = 0.638 r_lcore

That is, the thickness of the shell is smaller than the radius of the core by a factor of 0.638. But since 
volume is proportional to the cube of the radius: 

Eq. 4.1.6.2.3.2-4
    m_shell = density*(4*Pi/3)*[(r_shell + r_lcore)^3 - r_lcore^3]
and
Eq. 4.1.6.2.3.2-5
    m_lcore = density*(4*Pi/3)*r_lcore^3

This gives us the mass ratio: 

Eq. 4.1.6.2.3.2-6
     m_shell/m_lcore = ((1.638)^3 - 1^3)/1^3 = 3.4

Thus we want the impacting shell to have at least 3.4 times as much mass as the levitated core. The ratio 
used may be considerably larger. 

Now it is important to realize that in principle the shell/levitated core mass ratio is unrelated to the 
tamper/fissile material mass ratio. The boundary between tamper and fissile material can be located in the
shell (i.e. the shell is partly tamper and partly fissile, the levitated core entirely fissile), it can be located 
between the shell and core (i.e. the shell is tamper and the core is fissile), or it can be located in the core 
(i.e. the shell is tamper, and the core is partly tamper and partly fissile). The tamper/fissile material ratio 
is determined by neutron conservation, hydrodynamic confinement, and critical mass considerations. 

It appears however that the initial practice of the US (starting with the Mk4 design and the Sandstone test 
series) was to design levitated core weapons so that the shell was the uranium tamper, and the levitated 
portion was a solid fissile core. The mass of the tamper would have been similar to that used in the 
Gadget (115 kg), a large enough mass to allow the use of different pit sizes and compositions while 
ensuring sufficient driver mass. These early pure fission bombs were designed to use a variety of pits to 
produce different yields, and to allow the composition (U-235/Pu-239 ratio) to be varied to match the 
actual production schedules of these materials. 

Levitation is achieved by having some sort of support structure that will not disrupt the implosion 
symmetry. The most widely used approach seems to be the use of truncated hollow cones (or conically 
tapered thin walled tubes if you prefer), usually made out of aluminum. Six of these are used, pairs on 
opposite sides of the levitated core for each axis of motion. Supporting wires (presumably under tension) 
have also been used. 

The levitated core of the Hurricane device (the first British test) used "caltrops" (probably six of them) for
support. A caltrops is a four pronged device originally used in the Middle Ages as an obstacle against 
soldiers and horses, and more recently against vehicle tires. Each of the prongs can be thought of as the 
vertex of a tetrahedron, with the point where they all join as the tetrahedral center. A caltrops has the 
property that no matter how you drop it, three of the prongs forms a tripod with the fourth prong pointed 
straight up. Dimples on the core might be used to seat the support prongs securely. 

Another possibility is to use a strong light weight foam to fill the gap between shell and core (such foams 



have been produced at the Allied-Signal Kansas City Plant). A significant problem with using a foam 
support is that plastic foams are usually excellent thermal insulators, which could cause severe problems 
from self-heating in a plutonium levitated core. 

A serious problem with hollow shell designs is the tensile stress generated by the Taylor wave (see 
Section 3.6.1.1.2 Free Surface Release Waves in Solids). As the release wave moves out from the inner 
shell surface, it encounters declining pressure due to the Taylor wave. The "velocity doubling" effect 
generates a pressure drop equal in magnitude to the shock peak pressure. If the pressure that the release 
wave encounters is below this pressure, a negative pressure (tension) is created (you can think of this as 
the faster moving part of the plate pulling the slower part along). This tensile stress builds up the farther 
back the release wave travels. If it exceeds the strength of the material it will fracture or "spall". This can 
cause the entire inner layer of material to peel off, or it may simply create a void. A new release wave will
begin at the spall surface. 

Spalling disrupts implosion symmetry and can also ruin the desired collision timing. It was primarily 
fears concerning spalling effects that prevented the use of levitated core designs in the first implosion 
bombs. 

One approach to dealing with spalling is simply to make sure that excessive tensile stresses do not appear 
in the design. This requires strong materials, and at least one of the following:

1. relatively weak implosion pressures; 
2. a highly suppressed Taylor wave; or 
3. thin shells.

The first option is extremely undesirable, but the latter two can be used in viable designs. 

Another approach is to adopt the "if you can't beat'em, join'em" strategy. Instead of trying to prevent 
separation in the shell, accommodation for the phenomenon is included in the design. This can be done by
constructing the shell from separate layers. When the release wave reaches the boundary between shell 
layers (and tensile stress exists at that point), the inner layer will fly off the outer layer, and a new release 
wave will begin. This will create a series of imploding shells, separated by gaps. 

As each shell layer converges toward the center, the inner surface will accelerate while the outer surface 
will decelerate. This will tend to bring the layers back together. If they do not rejoin before impact occurs 
with the core, a complicated arrangement of shocks may develop. The design possibilities for using these 
multiple shocks will not be considered here. 

The concept of the levitated core and colliding shells can be extended to multiple levitation - having one 
collapsing shell collide with a second, which then collides with the levitated core. The outer shell, due to 
the concentration of momentum in its inner surface and the effects of elastic collision, could enhance the 
the velocity of the inner shell. This idea requires a large diameter system to be practical. It is possible that
the "Type D" pit (that is, the hardware located between the explosive and fissile core) developed in the 
early fifties for the 60 inch diameter HE assemblies then in the US arsenal was such a system. It 
considerably increased explosive yields with identical cores. 

It seems almost certain that the most efficient kiloton range pure fission bomb ever tested - the Hamlet 
device detonated in Upshot-Knothole Harry (19 May 1953) - used multiple levitation. It was described as 
being the first "hollow core" device, presumably the use of a fissile core that itself was an outer shell and 
an inner levitated core. A TX-13D bomb assembly (a 60 inch implosion system using a Type D pit) was 
used with the core. The yield was 37 kt. 

4.1.6.2.3.3 Thin Shell (Flying Plate) Designs 

Thin shell, or flying plate designs, take the hollow core idea to an extreme. In these designs a very thin, 
but relatively large diameter shell is driven inward by the implosion system. As with the regular hollow 



core design, a levitated core in the center is used. 

The advantages of a flying plate design are: a greatly increased efficiency in the utilization of high 
explosive energy; and a higher collision speed - leading to faster insertion and greater compression for a 
given amount of explosive. Thin shell flying plate designs are standard now in the arsenals of the nuclear 
weapon states. 

A thin plate, a few millimeters thick, is thinner than the Taylor wave of an explosive shock. The shock 
acceleration, followed by full release, is completed before the Taylor wave causes a significant pressure 
drop. The maximum initial shock acceleration is thus achieved. 

Even greater energy transfer than this occurs however. When the release wave reaches the plate/explosive
interface (completing the expansion and velocity doubling of the plate), a rarefaction wave propagates 
into the explosive gases. The gases expand, converting their internal energy into kinetic energy, and 
launching a new (but weaker) shock into the plate. A cyclic process thus develops in which a series of 
shocks of diminishing magnitude accelerate the plate to higher and higher velocities. If viewed from the 
inner surface, the observer would see a succession of velocity jumps of diminishing size and at 
lengthening intervals. The plate continues to accelerate over a distance of a few centimeters. 

The maximum velocity achievable by this means can approach the escape velocity of the explosive gases,
which is 8.5 km/sec for Comp B. Velocities up to 8 km/sec have been reported using HMX-based 
explosives. This can be compared to the implosion velocity of the plutonium pit in the Gadget/Fat Man 
design, which was some 2 km/sec. 

Optimum performance is found when a small gap (a few mm) separates the high explosive from the plate.
Among other things, this gap reduces the strength of the Taylor wave. The gap may be an air space, but it 
is usually filled with a low impedance material (like a plastic). 

The mass ratio between the explosive and the plate largely determines the system performance. For 
reasonable efficiency it is important to have a ratio r of at least 1 (HE mass/plate mass). At r=1 about 30%
of the chemical energy in the explosive is transferred to the plate. Below r=1, the efficiency drops off 
rapidly. Efficiency reaches a maximum at r=2, when 35% of the energy is transferred. 

Since a higher mass ratio means more energy available, the actual final velocity and energy in the plate 
increases monotonically with r, as shown in the table below. Higher values of r also cause the plate to 
approach its limiting value with somewhat shorter travel distances. 

Table 4.1.6.2.3.3-1. Flying Plate Drive Efficiency

Plate/HE Mass Ratio (R) Energy Fraction Transferred Relative Velocity Plate/Detonation Velocity Ratio

0.25 0.16 1.00 0.07

0.50 0.22 1.65 0.12

1.00 0.30 2.74 0.20

2.00 0.35 4.18 0.30

5.00 0.30 6.12 0.40

7.00 - 7.65 0.50

10.00 0.25 7.91 0.56



40.00 0.11 10.60 0.75

By the time the flying plate converges from a radius of 10-20 cm to collide with the levitated core, it is no
longer a thin shell. The velocity difference that is inherent in thick shell collapse leads to a collision 
velocity of the inner surface that is higher than the average plate velocity. Collision velocities of 
experimental uranium systems of 8.5 km/sec have been reported. 

The flying plate can be used in a variety of ways. It can be the collapsing shell of a levitated core design. 
Or it can be used as a driver which collides with, and transfers energy to a shell, which then implodes on 
to a levitated core. 

4.1.6.2.3.4 Shock Buffers 

Powerful shock waves can dissipate significant amounts of energy in entropic heating. Energy that 
contributes to entropy increase is lost to compression. This problem can be overcome by using a shock 
buffer. 

A shock buffer is a layer of low impedance (i.e. low density) material that separates two denser layers. 
When a shock is driven into the buffer from one of the dense layers, a weaker shock of low pressure (but 
higher velocity) is created (see 3.6.1.1.3 Shock Waves at a Low Impedance Boundary). This shock is 
reflected at the opposite interface, driving a shock of increased pressure into the second dense layer. This 
shock is still weaker than the original shock however, and dissipates much less entropy. 

A series of shock reflections ensue in the buffer, each one increases the pressure in the buffer, but by 
diminishing amounts (the pressure of the original shock is the limiting value). A series of shocks is driven
into the second dense material, each successive shock creating a pressure jump of diminishing magnitude.

The shock buffer thus effectively splits the original powerful shock into a series of weaker ones, 
essentially eliminating entropic heating. The first two shocks produced account for most of the 
compression. 

The following shocks tend to overtake the leading ones since they are travelling through compressed and 
accelerated material. Ideally, the shock sequence should be timed so that they all converge at the center of
the system. The thickness of the buffer is selected so that this ideal is approached as closely as possible. 
The usual thickness is probably a few millimeters. 

The buffer can be employed to cushion a plate collision also. In this case, the reflected shocks gradually 
decelerate the impactor (driver plate), and accelerate the driven plate, without dissipating heat. This 
converts a largely inelastic supersonic collision into an elastic one. If the mass of the driven plate is 
substantially lower than the mass of the driver, it can be accelerated to greater velocities than the original 
driver velocity. In principle an elastic collision can boost the driven plate two as much as twice the 
velocity of the driver (if the driver/driven plate mass ratio is very large). 

In practice this technique can transfer 65-80% of the driver energy to the driven plate, and provide driven 
plate velocities that are 50% greater than the driver velocity (or more). Since the explosive/plate mass 
ratio required for direct explosive drive increases very rapidly for velocities above 50% of the detonation 
velocity, the buffered plate collision method is the most efficient one for achieving velocities above this. 

In an weapon implosion design a thin uranium or tungsten shell would probably be used as a driver. 

Two likely low density materials for use as buffers are graphite and beryllium. Beryllium is an excellent 
neutron reflector which is commonly used in nuclear weapon designs for this reason. It thus may be a 
convenient shock buffer material that does double duty. Graphite is also a good neutron reflector. From 
information on manufacturing processes used at the Y-12 Plant at Oak Ridge, and the Allied-Signal 



Kansas City Plant, it is known that thin layers of graphite are used in the construction of nuclear weapons.
The use of graphite as a shock buffer is a likely reason. 

4.1.6.2.3.5 Cylindrical Implosion 

The discussion of implosion has implicitly assumed a spherically symmetric implosion since this 
geometry is the simplest, and also the most efficient and widely used. Few changes are needed though to 
translate the discussion above to cylindrical geometry. 

The changes required all relate to the differences in shock convergence in cylindrical geometry. There is a
much lower degree of energy focusing during shock convergence, resulting in lower pressure increase for 
the same convergence ratio (reference radius/inner radius). A cylindrical solid core system would thus be 
much less effective in generating high pressures and compressions. 

For a levitated core design, the shell/levitated core mass ratio must be recalculated. The appropriate value 
for alpha is 0.775 in this case, but the volume only increases by r^2, so: 

Eq. 4.1.6.2.3.4-1
     m_shell/m_lcore = ((1.775)^2 - 1^2)/1^2 = 2.15

The possibility of producing cylindrical implosion by methods that do not work for spherical geometries 
deserves some comment however. The flying plate line charge systems described above (4.1.6.2.2.4 
Cylindrical and Planar Shock Techniques) for initiating a cylindrical implosion shocks in high explosives 
can be used to drive flying plates directly. Such a single-stage system would probably not be capable of 
generating as fast an implosion as a two stage system; one in which the first plate initiates a convergent 
detonation which then drives a second flying plate. A single stage system would be simpler to develop 
and build, and potentially lighter and more compact however. 

Cylindrical implosion systems are easier to develop that spherical ones. This largely because they are 
easier to observe. Axial access to the system is available during the implosion, allowing photographic and
electronic observation and measurement. Cylindrical test systems were used to develop the implosion lens
technology at Los Alamos that was later applied to the spherical bomb design. 

4.1.6.2.3.6 Planar Implosion 

Planar implosion superficially resembles the gun assembly method - one body is propelled toward another
to achieve assembly. The physics of the assembly process is completely different however, with shock 
compression replacing physical insertion. The planar implosion process is some two orders of magnitude 
faster than gun assembly, and can be used with materials with high neutron background (i.e. plutonium). 

By analogy with spherical and cylindrical implosion, the natural name for this technique might be "linear 
implosion". This name is used for a different approach discussed below in Hybrid Assembly Techniques. 

Most of the comments made above about implosion still apply after a fashion, but some ideas, like the 
levitated core, have little significance in this geometry. Planar implosion is attractive where a cylindrical 
system with a severe radius constraint exists. 

Shock wave lenses for planar implosion are much easier to develop than in other geometries. A plane 
wave lens is used by itself, not as part of a multi-lens system. It is much easier to observe and measure the
flat shock front, than the curved shocks in convergent systems. Finally, flat shocks fronts are stable while 
convergent ones are not. Although they tend to bend back at the edges due to energy loss, plane shock 
fronts actually tend to flatten out by themselves if irregularities occur. 

4.1.6.3 Hybrid Assembly Techniques 

For special applications, assembly techniques that do not fit neatly in the previously discussed categories 



may be used. 

4.1.6.3.1 Complex Guns 

Additional improvements in gun system performance are possible by combining implosion with gun 
assembly. The implosion system here would be a very weak one - a layer of explosive to collapse a ring 
of fissile material or dense tamper on to the gun assembled core. This would allow further increases in the
amount of fissile material used, and generate modest efficiency gains through small compression factors. 
A significant increase in insertion speed is also possible, which may be important where battlefield 
neutron sources may cause predetonation (this may make the technique especially attractive for artillery 
shell use). Complex gun approaches have reportedly been used in Soviet artillery shell designs. 

4.1.6.3.2 Linear Implosion 

In weapons with severe size (especially radius) and mass constraints (like artillery shells) some technique 
other than gun assembly may be desired. For example, plutonium cannot be used in guns at all so a 
plutonium fueled artillery shell requires some other approach. 

A low density, non-spherical, fissile mass can be squeezed and deformed into a supercritical 
configuration by high explosives without using neat, symmetric implosion designs. The technique of 
linear implosion, developed at LLNL, apparently accomplishes this by embedding an elliptical or football
shaped mass in a cylinder of explosive, which is then initiated at each end. The detonation wave travels 
along the cylinder, deforming the fissile mass into a spherical form. Extensive experimentation is likely to
be required to develop this into a usable technique.

 

Three physical phenomenon may contribute to reactivity insertion:

• density increase due to collapsing voids in the core; 
• density increase from phase transformations (if delta-phase plutonium is used); and 
• reduction in surface area by deformation into a sphere (or approximate sphere).

Since the detonation generated pressure are transient, and affect different parts of the mass at different 
times, compression to greater than normal densities do not occur. The reactivity insertion then is likely to 
be rather small, and weapon efficiency quite low (which can be offset by boosting). The use of metastable
delta-phase plutonium alloys is especially attractive in this type of design. A rather weak impulse is 
sufficient to irreversibly collapse it into the alpha phase, giving a density increase of 23%. 

The supercritical mass formed by linear implosion is stable - it does not disassemble or expand once the 
implosion is completed. This relieves the requirement for a modulated neutron initiator, since 
spontaneous fission (or a calibrated continuous neutron source) can assure detonation. If desired, a low 
intensity initiator of the polonium/beryllium type can no doubt be used. 

Special initiation patterns may be advantageous in this design, such as annual initiation - where the HE 



cylinder is initiated along the rim of each end to create a convergent shock wave propagating up the 
cylinder. 

4.1.7 Nuclear Design Principles 

The design of the nuclear systems of fission weapons naturally divides into several areas - fissionable 
materials, core compositions, reflectors, tampers, and neutron initiating techniques. 

4.1.7.1 Fissile Materials 

In the nuclear weapons community a distinction is made between "fissile" and "fissionable". Fissile 
means a material that can be induced to fission by neutrons of energy - fast or slow. These materials 
always have fairly high average cross sections for the fission spectrum neutrons of interest in fission 
explosive devices. Fissionable simply means that the material can be induced to fission by neutrons of a 
sufficiently high energy. As examples, U-235 is fissile, but U-238 is only fissionable. 

There are three principal fissile isotopes available for designing nuclear explosives: U-235, Pu-239, and 
U-233. There are other fissile isotopes that can be used in principle, but various factors (like cost, or half-
life, or critical mass size) that prevent them from being serious candidates. Of course none of the fissile 
isotopes mentioned above is actually available in pure form. All actual fissile materials are a mixture of 
various isotopes, the proportion of different isotopes can have important consequences in weapon design. 

The discussion of these materials will be limited here to the key nuclear properties of isotope mixtures 
commonly available for use in weapons. The reader is advised to turn to Section 6 - Nuclear Materials for
more lengthy and detailed discussions of isotopes, and material properties. See also Table 4.1.2-1 for 
comparative nuclear properties for the three isotopes. 

4.1.7.1.1 Highly Enriched Uranium (HEU) 

Highly enriched uranium (HEU) is produced by processing natural uranium with isotopic separation 
techniques. Natural uranium consists of 99.2836% U-238, 0.7110% U-235, and 0.0054% U-234 (by 
mass). Enrichment processes increase the proportion of light isotopes (U-235 and U-234) to heavy ones 
(U-238). Enriched uranium thus contains a higher percentage of U-235 (and U-234) than natural uranium,
but all three isotopes are always present in significant concentrations. The term "HEU" usually refers to 
uranium with a U-235 of 20% or more. Uranium known to have been used in fission weapon designs 
ranges in enrichment from 80-93.5%. In the US uranium with enrichment around 93.5% is sometimes 
called Oralloy (abbreviated Oy) for historical reasons (Oralloy, or Oak Ridge ALLOY, was a WWII 
codename for weapons grade HEU). As much as half of the US weapon stockpile HEU has an enrichment
in the range of 20-80%. This material is probably used in thermonuclear weapon designs. 

The techniques which have actually been used for producing HEU are gaseous diffusion, gas centrifuges, 
electromagnetic enrichment (Calutrons), and aerodynamic (nozzle/vortex) enrichment. Other enrichment 
processes have been used, some even as part of an overall enrichment system that produced weapons 
grade HEU, but none are suitable for the producing the highly enriched product. The original HEU 
production process used by the Manhattan Project relied on Calutrons, these were discontinued at the end 
of 1946. From that time on the dominant production process for HEU throughout the world has been 
gaseous diffusion. The vast majority of the HEU that has been produced to date, and nearly all that has 
been used in weapons, has been produced through gaseous diffusion. Although it is enormously more 
energy efficient, the only countries to have built or used HEU production facilities using gas centrifuges 
has been the Soviet Union, Pakistan, and The United Kingdom. Pakistan's production has been very 
small, the United Kingdom apparently has never operated there facility for HEU production. 

High enrichment is important for reducing the required weapon critical mass, and for boosting the 
maximum alpha value for the material. The effect of enrichment on critical mass can be seen in the 
following table: 



Figure 4.1.7.1.1. Uranium Critical Masses for Various Enrichments and Reflectors
total kg/U-235 content kg (density = 18.9)
Enrichment       Reflector
(% U-235)  None        Nat. U       Be
                       10 cm      10 cm
93.5      48.0/44.5  18.4/17.2  14.1/13.5
90.0      53.8/48.4  20.8/18.7  15.5/14.0
80.0      68. /54.4  26.5/21.2  19.3/15.4
70.0      86. /60.2  33. /23.1  24.1/16.9
60.0     120  /72.   45. /27.   32. /19.2
50.0     170  /85.   65. /33.   45. /23.
40.0     250 /100   100  /40.   70. /28.
30.0     440 /132   190  /57.  130  /39.
20.0     800 /160   370  /74   245  /49.

The total critical mass, and the critical mass of contained U-235 are both shown. The increase in critical 
mass with lower enrichment is of course less pronounced when calculated by U-235 content. Even with 
equivalent critical masses present, lower enrichment reduces yield per kg of U-235 by reducing the 
maximum alpha. This is due to the non-fission neutron capture cross section of U-238, and the softening 
of the neutron spectrum through inelastic scattering (see the discussion of U-238 as a neutron reflector 
below for more details about this). 

U-238 has a spontaneous fission rate that is 35 times higher than U-235. It thus accounts for essentially all
neutron emissions from even the most highly enriched HEU. The spontaneous fission rate in uranium 
(SF/kg-sec) of varying enrichment can be calculated by: 

     SF Rate = (fraction U-235)*0.16 + (1 - (fraction U-235))*5.5

For 93.5% HEU this rate (0.5 n/sec-kg) is low enough that large amounts can be used in weapon designs 
without concern for predetonation. If used in the Little Boy design (which actually used 80% enriched 
uranium, however) it would produce only one neutron every 31 milliseconds on average. No problem 
exists for any design up to the limiting size of gun-type weapons. 50% HEU on the other hand would be 
difficult to use in a gun-type weapon. A beryllium reflector would minimize the mass (and thus the 
amount of U-238 present), but to have a reasonable amount HEU present (e.g. 2.5 critical masses) would 
produce one neutron every 3.2 millisecs, making predetonation a significant prospect. The rate is never 
high enough though to make a significant difference for implosion assembly. 

4.1.7.1.2 Plutonium 

Plutonium is produced by neutron bombardment of U-238, which captures a neutron to form U-239. The 
U-239 then decays into neptunium-239, which decays in turn to form Pu-239. Since the vast majority of 
nuclear reactors use low enriched uranium fuel (< 20% U-235, 3-4% typically for commercial reactors), 
they also contain large amounts of U-238. Plutonium production is thus an inevitable consequence of 
operation in most reactors. 

Pu-239 is the principal isotope produced, and is the most desired isotope for use in weapons or as a 
nuclear fuel. Multiple captures and other side reactions invariably produce an isotope mixture however. 
The principal contaminating isotope is always Pu-240, formed by non-fission neutron capture by Pu-239. 
The exposure of U-238 to neutron irradiation is measured by the fuel "burn-up", the number of megawatt-
days (thermal) per tonne of fuel. The higher the burn-up, the greater the percentage of contaminating 
isotopes. Weapon production reactors use fuel burn-ups of 600-1000 MWD/tonne, light water power 
reactors have a typical design burn-up of 33000 MWD/tonne, and have been pushed to 45000 
MWD/tonne by using higher enrichment fuel. 

Plutonium is commonly divided into categories based on the Pu-240 content:

• < 3% Super grade 
• 3-7% Weapons grade (normally 6-6.5%) 
• 7-19% Fuel grade 



• > 19% Reactor grade (spent fuel of LW power reactors) 

The first US plutonium weapon (Fat Man) used plutonium with a Pu-240 content of only 0.9%, largely 
due to the hurried production schedule (only 100 MWD/tonne irradiations were used to get the plutonium 
out of the pile and into bombs quickly). Modern US nuclear weapons use weapons grade plutonium with 
a nominal 6.5% Pu-240 content. A lower Pu-240 content is not necessary for correct weapon functioning 
and increases the cost. The US has produced low-burnup supergrade plutonium to blend with higher burn-
up feedstocks to produce weapons grade material. Plutonium produced in power reactors varies in 
composition, but its isotope profile remains broadly similar. If U-238 is exposed to extremely high burn-
ups as in some fast breeder reactor designs (100,000 MWD/tonne), or if plutonium is separated from 
spent fuel and used as fuel in other reactors, it tends toward an equilibrium composition. 

Representative plutonium compositions are:

             Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
Weapon Grade   0.0%  93.6%   5.8%   0.6%   0.0%
               0.0%  92.8%   6.5%   0.7%   0.0%
Reactor grade  2.0%  61.0%  24.0%  10.0%   3.0%
Equilibrium    4.0%  32.0%  34.0%  15.0%  15.0%

These isotopes do not decay at the same rate, so the isotopic composition of plutonium changes with time 
(this is also true of HEU, but the decay process there is so slow as to be unimportant). The shortest lived 
isotopes found in weapon, fuel, or reactor grade plutonium in significant quantities are Pu-241 (13.2 yr) 
and Pu-238 (86.4 yr). The other isotopes have half-lives in the thousands of years and thus undergo little 
change over a human lifespan. The decay of Pu-241 (to americium-241) is of particular significance in 
weapons, since weapons grade plutonium contains no Pu-238 to speak of. 

To understand the significance of these composition variations, we need to look at two principal factors: 
the critical mass size, and the spontaneous fission rate. An additional factor, decay self-heating, will be 
considered but is much less important. 

Below are the estimated bare (unreflected) critical masses (kg) for spheres of pure plutonium isotopes in 
the alpha phase (and americium-241, since it is formed in weapons grade plutonium):

Pu-238   9 kg
Pu-239  10 kg
Pu-240  40 kg
Pu-241  12 kg
Pu-242  90 kg
Am-241 114 kg

The most striking thing about this table is that they all have critical masses! In contrast U-238 (or natural 
uranium, or even LEU) has no critical mass since it is incapable of supporting a fast fission chain 
reaction. This means that regardless of isotopic composition, plutonium will produce a nuclear explosion 
if it can be assembled into a supercritical mass fast enough. 

Next observe that the critical masses for Pu-239 and Pu-241 are nearly the same, while the critical masses
for Pu-240 and 242 are both several times higher. Because of this disparity, Pu-239 and Pu-241 tend to 
dominate the fissionability of any mixture, and it is commonplace in the literature to talk about these two 
isotopes as "fissile", while Pu-240 and 242 are termed "non-fissile". However it is not really true that 240 
and 242 are non-fissile, which has an important consequence (shown in the table below): 

Figure 4.1.7.1.2 Critical Masses for Plutonium of Various Compositions
total kg/Pu-239 content kg), density = 19.4
Isotopic Composition     Reflector
 atomic %             None      10 cm nat. U
239   240
100%   0%          10.5/10.5      4.4/4.4
 90%  10%          11.5/10.3      4.8/4.3
 80%  20%          12.6/10.0      5.4/4.3



 70%  30%          13.9/ 9.7      6.1/4.3
 60%  40%          15.4/ 9.2      7.0/4.2
 50%  50%          17.2/ 8.6      8.0/4.0
 40%  60%          20.0/ 8.0      9.2/3.7
 20%  80%          28.4/ 5.7     13. /2.6
  0% 100%          40. / 0.0     20. /0.0

We can see that while the critical mass increases with declining "fissile" isotope content, the mass of Pu-
239 present in each critical system diminishes. This is the exact opposite of the effect of isotopic dilution 
in uranium. In the range of isotopic compositions encountered in normal reactor produced plutonium, the 
content of Pu-239 in the reflected critical assemblies scarcely change at all. Thus regardless of isotopic 
composition, we can estimate the approximate critical mass based solely on the quantities of Pu-239, Pu-
241 (and Pu-238) in the assembly. 

Pu-242, having a higher critical mass, is a more effective diluent but it is only a minor constituent 
compared to Pu-240 in most isotopic mixtures. Even if Pu-242 is considered as the main diluent, the 
picture remains broadly similar. 

The reason a relatively low concentration of Pu-240 is tolerable in weapon grade plutonium is due to the 
emission of neutrons through spontaneous fission. A high performance fission weapon is designed to 
initiate the fission reaction close to the maximum possible compression achievable by the implosion 
system, and predetonation must be avoided. The fastest achievable insertion rate is probably about 1 
microsecond, it was 4.7 microseconds in Fat Man, and many designs will fall somewhere in the middle of
this range. 

We can calculate the spontaneous fission rate in a mass of plutonium with the following formula: 

SF Rate (SF/kg-sec) = (%Pu-238)*1.3x10^4 + (%Pu-239)*1.01x10^-1 +
                      (%Pu-240)*4.52x10^3 + (%Pu-242)*8.1x10^3

For the 6.2 kg of plutonium (about 1% Pu-240) in Fat Man this is about 25,000 fissions/sec (or one every 
40 microseconds). A weapon made with 4.5 kg of 6.5% Pu-240 weapon grade plutonium undergoes 
fission at a rate of 132,000 fission/sec (one every 7.6 microseconds). In an advanced design the window 
of vulnerability, in which a neutron injection will substantially reduce yield, might be as small as 0.5 
microseconds, in this case weapon grade plutonium would produce only a 7% chance of substandard 
yield. 

Even the plutonium found in the discharged fuel of light water power reactors can be used in weapons 
however. With a composition of 2% Pu-238, 61% Pu-239, 24% Pu-240, 10% Pu-241, and 3% Pu-242 we 
can calculate a fission rate of 159,000 fissions/kg-sec. If 6-7 kg were required in a design, then the 
average rate would be about 1 fission/microsecond. A fast insertion would have a significant chance of no
predetonation at all, and would produce a substantial yield (a few kt) even in a worst case. 

The US actually tested a nuclear device made from plutonium with a Pu-240 content of >19% in 1962. 
The yield was less than 20 kt. Although this was first made public in 1977, the exact amount of Pu-240, 
yield, and the date of the test are still classified. 

Plutonium produces a substantial amount of heat from radioactive decay. This amounts to 2.4 W/kg in 
weapon grade plutonium, and 14.5 W/kg in reactor grade plutonium. This can make plutonium much 
warmer than the surrounding environment, and consideration of this heating effect must be taken into 
account in weapon design to ensure that deleterious temperatures aren't reached under any envisioned 
operating conditions. Thin shell designs are naturally resistant to these effects however, due to the large 
surface area of the thin plutonium shell. It can cause problems in levitated cores though, since the pit will 
have little thermal contact with surrounding materials. 

Self heating can be calculated from the following formula: 

Q (W/kg) =  (%Pu-238)*5.67 + (%Pu-239)*0.019 + (%Pu-240)*0.07 +             (%Pu-



241)*0.034 + (%Pu-242)*0.0015 + (%Am-241)*1.06

The extremely weak decay energy of Pu-241 produces little heating considering the very short half-life, 
but Pu-241 decay does alter the isotopic and chemical composition substantially over a course of several 
years. Half of it decays over 13.2 years, giving rise to americium-241. This is a short half-life 
radioisotope with energetic decay. As Pu-241 is converted into americium significant increases in self-
heating increases and radiotoxicity occur; a very slight (and probably insignificant) decline in reactivity 
also occurs. 

Perhaps most important consequence of americium buildup is its effect on the alloy composition. 
Americium is one of the elements that can serve as an alloying agent to stabilize plutonium in the delta 
phase. Since alloying agents for this purpose are usually present to the extent of about 3% (atomic) in 
plutonium, a 0.6% addition of a new alloying agent (americium) is a significant composition change. This
is not a serious problem with weapon grade plutonium, although it does have to be taken into account 
when selecting the alloy. In reactor grade plutonium the effect is quite pronounced since the decay of Pu-
241 can add 10% americium to the alloy over a couple of decades. This would undoubtedly have 
important effects on alloy density and strength. 

When refurbishing nuclear weapons it has been routine practice to extract americium from the plutonium 
and refabricate the pit. This is apparently not essential. The US is currently not refabricating weapon pits, 
and won't in significant numbers for several more years. Since weapon grade plutonium production has 
been shut down in the US, Russia, the UK, and France, the remaining supply of this material will become 
essentially free of Pu-241 (and Am-241 after reprocessing) over the next few decades. 

4.1.7.1.2.1 Plutonium Oxide 

Any sophisticated weapon design would use plutonium in the form of a metal, probably an alloy. The 
possibility of using plutonium (di)oxide (PuO2) in a bomb design is of interest because the bulk of the 
separated plutonium existing worldwide is in this form. A terrorist group stealing plutonium from a 
repository might seek to use the oxide directly in a weapon. 

Plutonium oxide is a bulky green powder as usually prepared. Its color may range from yellow to brown 
however. Oxygen has an extremely small neutron cross section, so plutonium oxide behaves essentially 
like a low density form of elemental plutonium. The maximum (crystal) density for plutonium oxide is 
11.45, but the bulk powder is usually much less dense. A loose, unconsolidated powder might have a 
density of only 3-4. When compacted under pressure, substantially higher densities are achievable, 
perhaps 5-6 depending on pressure used. When compacted under very high pressure and sintered the 
oxide can reach densities of 9.7-10.0 

The critical mass of reactor grade plutonium is about 13.9 kg (unreflected), or 6.1 kg (10 cm nat. U) at a 
density of 19.4. A powder compact with a density of 8 would thus have a critical mass that is (19.4/8)^2 
time higher: 82 kg (unreflected) and 36 kg (reflected), not counting the weight of the oxygen (which adds 
another 14%). If compressed to crystal density these values drop to 40 kg and 17.5 kg. 

4.1.7.1.3 U-233 

Uranium-233 is the same chemical element as U-235, but its nuclear properties are more closely akin to 
plutonium. Like plutonium it is an artificial isotope that must be bred in a nuclear reactor. Its critical mass
is lower than U-235, and its material alpha value is higher, both are close to those of Pu-239. Its half-life 
and bulk radioactivity are much closer to those of Pu-239 than U-235 also. 

U-233 has been studied as a possible weapons material since the early days of the Manhattan Project. It is
attractive in designs where small amounts of efficient material are desirable, but the spontaneous fission 
rate of plutonium is a liability, such as small, compact fission weapons with low performance (and thus 
light weight) assembly systems. It does not seem to have been used much, if at all, in actual weapons by 
the US. It has been employed in many US tests however, possibly indicating its use in deployed weapons.



The reason for this is the difficulty of manufacture. It must be made by costly irradiation in reactors, but 
unlike plutonium, its fertile isotope (thorium-232) is not naturally part of uranium fuel. To produce 
significant quantities of U-233, a special production reactor is required that burns concentrated fissile 
material for fuel - either plutonium or moderately to highly enriched uranium. This further increases cost 
and inconvenience, making it more expensive even than plutonium (which also has the advantage of a 
substantially lower critical mass). Significant resources have been devoted to U-233 production in the US 
however. In the fifties, up to three breeder reactors were loaded with thorium at Savannah River for U-
233 production, and a pilot-scale "Thorex" separation plant was built. 

U-233 has some advantages over plutonium, principally its lower neutron emission background. Like 
other odd numbered fissile isotopes U-233 does not readily undergo spontaneous fission, also important is
the fact that the adjacent even numbered isotopes have relatively low fission rates as well. The principal 
isotopic contaminants for U-233 is U-232, which is produced by an n,2n reaction during breeding. U-232 
has a spontaneous fission rate almost 1000 times lower than Pu-240, and is normally present at much 
lower concentrations. 

If appropriate precautions are taken to use low Th-230 containing thorium, and an appropriate breeding 
blanket/reactor design is used, then weapons-grade U-233 can be produced with U-232 levels of around 5 
parts per million (0.0005%). Above 50 ppm (0.005%) of U-232 is considered low grade. 

Due to the short half-life of U-232 (68.9 years) the alpha particle emission of normal U-233 is quite high, 
perhaps 3-6 times higher than in weapons grade plutonium. This makes alpha->n reactions involving light
element impurities in the U-233 a possible issue. Even with low grade U-233, and very low chemical 
purity uranium the emission levels are not comparable to emissions of Pu-240 in weapon grade 
plutonium, but they may be high enough to preclude using impure U-233 in a gun assembly weapon. If 
purity levels of 1 ppm or better are maintained for key light elements (achievable back in the 1940s, and 
certainly readily obtainable today), then any normal isotopic grade of U-233 can be used in gun designs 
as well. 

Although the U-232 contaminant produces significant amount of self-heating (718 W/kg), it is presnt to 
small a concentration to have a significant effect. A bare critical mass of low grade U-233 (16 kg) would 
emit 5.06 watts, 11% of it due to U-232 heating. 

Potentially a more serious problem is due to the decay chain of U-232. It leads to a series of short-lived 
isotopes, some of which put out powerful gamma emissions. These emissions increase over a period of a 
couple of years after the U-233 is refined due to the accumulation of the longest lived intermediary, Th-
228. A 10 kg sphere of weapons grade U-233 (5 ppm U-232) could be expected to reach 11 millirem/hr at
1 meter after 1 month, 0.11 rem/hr after 1 year, and 0.20 rem/hr after 2 years. Glove-box handling of such
components, as is typical of weapons assembly and disassembly work, would quickly create worker 
safety problems. An annual 5 rem exposure limit would be exceeded with less than 25 hours of assembly 
work if 2-year old U-233 were used. Even 1 month old material would require limiting assembly duties to
less than 10 hours per week. 

Typical critical mass values for U-233 (98.25%, density 18.6) are:

                   Reflector
          None      Nat. U        Be
                5.3 cm  10 cm   4.2 cm
Mass(kg)   16     7.6    5.7      7.6

Self heating can be calculated from the following formula:

Q (W/kg) =  (%U-232)*7.18 + (%U-233)*0.0027 + (%U-234)*0.0018

4.1.7.2 Composite Cores 

If more than one type of fissile material is available (e.g. U-235 and plutonium, or U-235 and U-233) an 



attractive design option is to combine them within a single core design. This eliminates the need for 
multiple weapon designs, can provide synergistic benefits from the properties of the two materials, and 
result in optimal use of the total weapon-grade fissile material inventory. 

U-235 is produced by isotope enrichment and is generally much cheaper than the reactor-bred Pu-239 or 
U-233 (typically 3-5 times cheaper). The latter two materials have higher maximum alpha values, making
them more efficient nuclear explosives, and lower critical masses. Plutonium has the undesirable property
of having a high neutron emission rate (causing predetonation). U-233 has the undesirable property of 
having a high gamma emission rate (causing health concerns). 

By combining U-235 with Pu-239, or U-235 with U-233, the efficiency of the U-235 is increased, and the
required mass for the core is reduced compared to pure U-235. On the other hand, the neutron or gamma 
emission rates are reduced compared to pure plutonium or U-233 cores, and are significantly cheaper as 
well. 

When a higher alpha material is used with a lower alpha material, the high alpha material is always placed
in the center. Two reasons can be given for this. First, the greatest overall alpha for the core is achieved if 
the high alpha material (with the fastest neutron multiplication rate) is placed where the neutron flux is 
highest (i.e. in the center). Second, the neutron leakage from the core is determined by the radius of the 
core as measured in mean free paths. By concentrating the material with the shortest MFP in a small 
volume in the center, the "size" of the core in MFPs is maximized, and neutron leakage minimized. 

Composite cores can be used in any type of implosion system (solid core, levitated core, etc.). The ratio 
of plutonium to HEU used has generally been dictated by the relative inventories or production rates of 
the two materials. These designs have largely dropped out of use in the US (and probably Soviet/Russian)
arsenal as low weight thermonuclear weapon designs came to dominate the stockpile. 

4.1.7.3 Tampers and Reflectors 

Although the term "tamper" has long been used to refer to both the effects of hydrodynamic confinement, 
and neutron reflection, I am careful to distinguish between these effects. I use the term "tamper" to refer 
exclusively to the confinement of the expanding fissile mass. I use "reflector" to describe the 
enhancement of neutron conservation through back-scattering into the fissile core. One material may 
perform both functions, but the physical phenomenon are unrelated, and the material properties 
responsible for the two effects are largely distinct. In some designs one or the other function may be 
mostly absent, and in other designs different materials may be used to provide most of each benefit. 

Since the efficiency of a fission device is critically dependent on the rate of neutron multiplication, the 
effect of neutron conservation due to a reflector is generally more important than the inertial confinement 
effect of a tamper in maximizing device efficiency. 

4.1.7.3.1 Tampers Tamping is provided by a layer adjacent to the fissile mass. This layer dramatically 
reduces the rate at which the heated core material can expand by limiting its velocity to that of a high 
pressure shock wave (a six-fold reduction compared to the rate at which it could expand into a vacuum). 

Two physical properties are required to accomplish this: high mass density, and optical opacity to the 
thermal radiation emitted by core. High mass density requires a high atomic mass, and a high atomic 
density. Since high atomic mass is closely correlated to high atomic number, and high atomic number 
confers optical opacity to the soft X-ray spectrum of the hot core, the second requirement is automatically
taken care of. 

An additional tamping effect is obtained from the fact that a layer of tamper about one optical thickness 
(x-ray mean free path) deep becomes heated to temperatures comparable to the bomb core. The 
hydrodynamic expansion thus begins at the boundary of this layer, not the actual core/tamper boundary. 
This increases the distance the rarefaction wave must travel to cause significant disassembly. 



To be effective, a tamper must be in direct contact with the fissile core surface. The thickness of the 
tamper need not be very large though. The shock travels outward at about the same speed as the 
rarefaction wave travelling inward. This means that if the tamper thickness is equal to the radius of the 
core, then by the time the shock reaches the surface of the tamper, all of the core will be expanding and 
no more tamping effect can be obtained. Since an implosion compressed bomb core is on the order of 3 
cm (for Pu-239 or U-233), a tamper thickness of 3 cm is usually plenty. 

In selecting a tamper, some consideration must be given to the phenomenon of Rayleigh-Taylor 
instability (see Section 3.8). During the period of inward flow following the passage of a convergent 
shock wave, instability can arise if the tamper is less dense than the fissile core. This is affected by the 
pressure gradient, length of time of implosion, implosion symmetry, the initial smoothness of the tamper/
core interface, and the density difference. 

The ideal tamper would the densest available material. The ten densest elements are (in descending 
order):

Osmium    22.57
Iridium   22.42
Platinum  21.45
Rhenium   21.02
Neptunium 20.02
Plutonium 19.84
Gold      19.3
Tungsten  19.3
Uranium   18.95
Tantalum  16.65

Although the precious metals osmium, iridium, platinum, or gold might seem to be too valuable to 
seriously consider blowing up, they are actually much cheaper than the fissile materials used in weapon 
construction. The cost of weapon-grade fissile material is inherently high. The US is currently buying 
surplus HEU from Russia for US$24/g, weapon grade plutonium is said to be valued 5 times higher. In 
the late 1940s U-235 cost $150/g in then-year dollars (worth several times current dollars)! If the precious
metals actually had unique capabilities for enhancing the efficiency of fissile material, it might indeed be 
cost effective to employ them. No one is known to have actually used any of these materials as a fission 
tamper however. 

Rhenium is much cheaper than the precious metals, and is a serious contender for a tamper material. 
Neptunium is a transuranic that is no cheaper than plutonium, and is actually a candidate fissile material 
itself. It is thus not qualified to be considered a tamper, nor is the costly and fissile plutonium. Gold 
would not be seriously considered as a tamper since tungsten has identical density but is much cheaper (it 
has been used as a fusion tamper however). Natural and depleted uranium (DU) has been widely used as a
tamper due in large part to valuable nuclear properties (discussed below). The cheapness of DU 
(effectively free) certainly doesn't hurt. 

Tungsten carbide (WC), with a maximum density of 15.63 (14.7 is more typical of fabricated pieces), is 
not an outstanding tamper material, but it is high enough to merit consideration as a combined 
tamper/reflector material since it is a very good reflector. 

In comparison two other elements normally though of as being dense do not measure up: mercury 
(13.54), and lead (11.35). Lead has been used as a fusion tamper in radiation implosion designs though, 
either as the pure element or as a lead-bismuth alloy. 

4.1.7.3.2 Reflectors 

The usefulness of a material as a reflector is principally determined by its mean free path for scattering. 
The shorter this value, the better the reflector. 

To see the importance of a short MFP, consider the typical geometry of a bomb - a spherical fissile core, 



with radius r_core, surrounded by a spherical reflector. The average distance from the center of the 
assembly at which an escaping neutron is first scattered is r_core + MFP. If the scattering MFP for a 
reflector is comparable to r_core, the reflector volume in which scattering occurs is much larger than the 
volume of the core. The direction of scattering is essentially random, so under these conditions a scattered
neutron is unlikely to reenter the core. Most that eventually do reenter will have scattered several times, 
traversing a distance that is a multiple of the MFP value. Reducing the value of MFP will considerably 
reduce the volume in which scattering occurs, and thus increase the likelihood that a neutron will reenter, 
and reduce the average path it will traverse before doing so. 

Since the neutron population in the core is increasing very fast, approximately doubling in the time it 
takes a neutron to traverse one MFP, the importance of an average reflected neutron to the chain reaction 
is greatly diluted by the "time absorption" effect. It represents an older and thus less numerous neutron 
generation, which has been overwhelmed by more recent generations. This effect can be represented 
mathematically by including in the reflector a fictitious absorber whose absorption cross section is 
inversely proportional to the neutron velocity. Due to time absorption, as well as the effects of geometry, 
effectiveness of a reflector thus drops very rapidly with increasing MFP. 

For a constant MFP, increasing reflector thickness also has a point of diminishing returns. Most of the 
benefit in critical mass reduction occurs with a reflector thickness of one 1 MFP. With 2 MFPs of 
reflector, the critical mass has usually dropped to within a few percent of its value for an infinitely thick 
reflector. Time absorption also causes the benefits of a reflector to drop off rapidly with thicknesses 
exceeding about one MFP. A very thick reflector offers few benefits over a relatively thin one. 

Experimental data showing the variation of critical mass with reflector thickness can be misleading for 
evaluating reflector performance in weapons since critical systems are non-multiplying (alpha = 0). These
experiments are useful when the reflector is relatively thin (a few centimeters), but thick reflector data is 
not meaningful. For example, consider the following critical mass data for beryllium reflected plutonium: 

Table 4.1.7.3.2-1. Beryllium-Plutonium Reflector Savings
Beryllium      Alpha Phase Pu Critical Mass (d = 19.25)
Thickness (cm)  (kg)
 0.00          10.47
 5.22           5.43
 8.17           4.66
13.0            3.93
21.0            3.22
32.0            2.47

The very low critical mass with a 32 cm reflector is meaningless in a high alpha system, it would behave 
instead as if the reflector were much thinner (and critical mass correspondingly higher). Little or no 
benefit is gained for reflectors thicker than 10 cm. Even a 10 cm reflector may offer slight advantage over
one substantially thinner. 

[Note: The table above, combined with the 2 MFP rule for reflector effectiveness, might lead 
one to conclude that beryllium's MFP must be in the order of 16 cm. This is not true. Much of 
the benefit of very thick beryllium reflectors is due to its properties as a moderator, slowing 
down neutrons so that they are more effective in causing fission. This moderation effect is 
useless in a bomb since the effects of time absorption are severe for moderated neutrons.]

In the Fat Man bomb, the U-238 reflector was 7 cm thick since a thicker one would have been of no 
value. In assemblies with a low alpha, additional reflectivity benefits are seen with uranium reflectors 
exceeding 10 cm thick. To reduce the neutron travel time it is also important for the neutron reflector to 
be in close proximity to the fissile core, preferably in direct contact with it. 

Since MFP decreases when the reflector is compressed, it is very beneficial to compress the reflector 
along with the fissile core. 

Many elements have similar scattering microscopic cross sections for fission spectrum neutrons (2.5 - 3.5 



barns). Consequently the MFP tends to correlate with atomic density. Some materials (uranium and 
tungsten for example) have unusually high scattering cross sections that compensate for a low atomic 
density. 

The parameter c (the average number of secondaries per collision) is also significant. This is the same c 
mentioned earlier in connection with the alpha of fissile materials. In reflector materials the effective 
value of c over the spectrum of neutrons present is always less than 1. Only two reflector materials 
produce significant neutron multiplication: U-238 (from fast fission) and beryllium (from the Be-9 + n -> 
2n + Be-8 reaction). Neutron multiplication in U-238 becomes significant when the neutron energy is 
above 1.5 MeV (about 40% of all fission neutrons), but a neutron energy of 4 MeV is necessary in 
beryllium. Further, U-238 produces more neutrons per reaction on average (2.5 vs 2). For fission 
spectrum neutrons this gives U-238 a value of c = 1.05, and Be a value of c = 1.03. Remember, this if for 
fission spectrum neutrons, i.e. neutron undergoing their first collision! The effective value is lower though
since after one or more collisions the energy spectrum changes. 

Each uranium fast fission neutron is considerably more significant in augmenting the chain reaction in the
core, compared to beryllium multiplied neutrons, due to the higher energy of fast fission neutrons. U-238 
fast fission is an energy producing reaction, and generates neutrons with an average energy of 2 MeV. 
The beryllium multiplication reaction absorbs energy (1.665 MeV per reaction) and thus produces slow, 
low energy neutrons for whom time absorption is especially severe. The energy produced by U-238 fast 
fission can also significantly augment the yield of a fission bomb. It is estimated that 20% of the yield of 
the Gadget/Fat Man design came from fast fission of the natural uranium tamper. 

Both beryllium and uranium have negative characteristics in that they tend to reduce the energy of 
scattered neutrons (and reduce the effective value of c below 1). In beryllium this is due to moderation - 
the transfer of energy from the neutron to an atomic nucleus through elastic scattering. In uranium it is 
due to inelastic scattering. 

4.1.7.3.2.1 Moderation and Inelastic Scattering 

The energy loss with moderation is a proportional one - each collision robs the neutron of the same 
average fraction of its remaining energy. This fraction is determined by the atomic weight of the nucleus: 

    E_collision/E_initial = Exp(-epsilon)

the constant epsilon being calculated from: 

    epsilon = 1 + ((A - 1)^2 * ln((A - 1)/(A + 1))/(2*A) )

where A is the atomic number. The equation is undefined when A=1, but taking the limit as it approaches 
1 gives the value for light hydrogen which is epsilon=1. If A is larger than 5 or so then it can be 
approximated by: 

    epsilon ~= 2/(A + 2/3).

Epsilon values for some light isotopes of interest are: 

A  Isotopes Epsilon
1  H         1.000
2  D         0.725
3  T, He-3   0.538
4  He-4      0.425
6  Li-6      0.299
7  Li-7      0.260
9  Be-9      0.207
10 B-10      0.187
12 C-12      0.158



Since epsilon is close to zero when A is large, we can easily see that moderation is significant only for 
light atoms. The atomic weight of beryllium (9) is light enough to make this effect significant. 

The average number of collisions n required to reduce a neutron of energy 

E_initial to E_final can be expressed by:
     n = (1/epsilon) * ln(E_initial/E_final)

Since A=9 for beryllium, it takes 3.35 collisions to reduce neutron energy by half. The average number of
collisions for a neutron reentering the fissile mass will likely be substantially higher than this, unless the 
reflector is thin (in which case most of the neutrons will escape without reflection). For comparison 
carbon (A=12) takes 4.39 collisions to achieve similar moderation, iron (A=56) takes 19.6, and U-238 
takes 165. 

Clearly heavy atoms do not cause significant moderation. However they can experience another 
phenomenon called inelastic scattering that also absorbs energy from neutrons. In inelastic scattering, the 
collision excites the nucleus into a higher energy state, stealing the energy from the neutron. The excited 
nucleus quickly drops back to its ground state, producing an x-ray. Inelastic scattering is mostly important
only in very heavy nuclei that have many excitation states (like tungsten and uranium). The effect drops 
off rapidly with atomic mass. 

In balance, the energy loss by moderation in beryllium is more serious than the energy loss by inelastic 
scattering in uranium. This is partly due to the fact that every elastic collision reduces neutron energy, 
while only some collisions produce inelastic scattering. 

4.1.7.3.2.2 Comparison of Reflector Materials 

Below is a list of candidate materials, and their atomic densities. The list includes the six highest atomic 
density pure elements (C - in two allotropic forms, Be, Ni, Co, Fe, and Cu), and a number of compounds 
that are notable for having high atomic densities. Atomic densities for the major tampers materials are 
also shown. 

Table 4.1.7.3.2.2-1. Candidate Reflector Materials
Cross sections and MFPs are for fission spectrum neutrons
Reflector Material   At. Density  Avg. Cross.  MFP
                      moles/cm^3    barns      cm
Carbon (C,diamond)      0.292       2.37       2.40
Beryllium Oxide (BeO)   0.241       2.79       2.47
Beryllium (Be)          0.205       2.83       2.86
Beryllium Carbide (BeC) 0.190       2.60       3.36
Carbon (C, graphite)    0.188       2.37       3.73
Water (H2O)             0.167       3.54       2.81
Nickel (Ni)             0.152       3.84       2.85
Tungsten Carbide (WC)   0.150       4.55       2.43
Cobalt (Co)             0.148       3.68       3.05
Iron (Fe)               0.141       3.66       3.22
Copper (Cu)             0.141       3.65       3.23
...
Osmium (Os)             0.118
Iridium (Ir)            0.117
Rhenium (Re)            0.110
Platinum (Pt)           0.110
Tungsten (W)            0.105       6.73       2.35
Gold (Au)               0.098
Plutonium (Pu)          0.083
Uranium (U)             0.080       7.79       2.66
Mercury (Hg)            0.068
Lead (Pb)               0.055

From this list it can be seen that the highest atomic density materials consist of light elements. Some 
compounds achieve higher atomic densities than pure elements by packing together atoms of different 



sizes. Thus BeO is denser (in both mass and moles/cm^3) than Be, and WC is denser than W (only in 
moles/cm^3). 

Using critical mass data, some of these materials can be ordered by reflector efficiency. In the ordering 
below X > Y means X is a better reflector than Y, and (X > Y) means that though X is better than Y, the 
difference is so slight that they are nearly equal (MFPs are shown below each material): 

Be  > (BeO  > WC) > U  > W  > Cu > H2O > (Graphite > Fe)
2.86   2.47  2.28  2.66 2.43 3.23  2.82    3.73     3.22

From this the general trend of lower MFPs for better reflectors is visible, but is not extremely strong. The 
effects of neutron multiplication and moderation are largely responsible. As noted earlier this ranking, 
made using critical assemblies, tends to overvalue beryllium somewhat with respect to use in weapons. 
Nonetheless beryllium is still by and large the best reflector, especially when low mass is desirable. 
Uranium and tungsten carbide are the best compromise reflector/tampers. 

Carbon is a fairly good neutron reflector. It has the disadvantage of being a light element that moderates 
neutrons, but being heavier than beryllium (At Wt 12 vs 9) it moderates somewhat less. When used as a 
shock buffer, additional significant benefits from neutron reflection can be obtained. The singularly high 
atomic density and short MFP for diamond makes it an interesting material. Before dismissing the 
possibility out of hand as ridiculous, given its cost, it should be noted that synthetic industrial diamond 
cost only $2500/kg, far less than the fissile material used in the core. It can also be formed into high 
density compacts. 

Iron is a surprisingly good reflector, though not good enough to be considered for this use in sophisticated
designs. It may be important due to its use as a structural material - as in the casing of a nuclear artillery 
shell, or the barrel of gun-type weapon. 

With a 4.6 cm radius core the following reflector thicknesses have been found to be equally effective: 

Be        4.2 cm
U         5.3 cm
W         5.8 cm
Graphite 10.  Cm

Viewed from the other perspective (variation in critical mass with identical thicknesses of different 
materials) we get: 

Table 4.1.7.3.2.2-2. Critical Mass for 93.5% U-235 (kg)
Material    Reflector Thicknesses
          2.54 cm  5.08 cm  10.16 cm
Be         29.2      20.8     14.1
BeO         -        21.3     15.5
WC          -        21.3     16.5
U          30.8      23.5     18.4
W          31.2      24.1     19.4
H2O                  24       22.9
Cu         32.4      25.4     20.7
Graphite   35.5      29.5     24.2
Fe         36.0      29.5     25.3

Below is a plot showing the change of Oralloy critical mass with reflector thickness graphically (taken 
from LA-10860-MS, Critical Dimensions of Systems Containing 235-U, 239-Pu, and 233-U; 1986 Rev.): 



Figure 4.1.7.3.2.2-2. Critical Mass for Oralloy for Various Reflectors

 

The variation of plutonium and U-233 critical masses with reflector thickness can be determined using the
chart below (also taken from LA-10860-MS) with the above chart for Oralloy: 

Figure 4.1.7.3.2.2-3. Plutonium/Oralloy and U-233/Oralloy Critical Mass Ratios for 
Various Reflectors

 



The variation of critical mass with reflector thickness is sometimes also expressed in terms of reflector 
savings, the reduction in critical radius for a given reflector thickness: 

Table 4.1.7.3.2.2-3. Reflector Savings (cm) for Various Reflector/Fissile Material 
Combinations
                              Fissile Material
                  93.5% U-235                  Plutonium
Reflector   Reflector Thicknesses (cm)  Reflector Thicknesses (cm)
Material     1.27  2.54  5.08  10.16     1.27  2.54  5.08  10.16
Be           0.90  1.46  2.14   2.94     0.73  1.11  1.51   1.97
U            0.81  1.31  1.87   2.40     0.66  1.01  1.36   1.66
W            0.82  1.29  1.82   2.29     0.67  1.00  1.33   1.59
Fe           0.59  0.92  1.36   1.70     0.50  0.74  1.04   1.25

4.1.7.3.3 Combined Tamper/Reflector Systems 

In most weapon designs, both the benefits of tamping and neutron reflection are desired. Two design 
options are available: 

1. Use a compromise material that performs both functions; or 
2. Use a layered system - an inner tamper and an outer reflector.

Designs for relatively heavy implosion bombs typically use U-238 (as natural or depleted uranium) as a 
compromise material. It is very good to excellent in both respects, and boosts yield as well. The 
Gadget/Fat Man design used a 120 kg natural uranium tamper (7 cm thick). All of the early U.S. 
implosion designs used uranium as a tamper/reflector. The spontaneous fission rate in U-238 precludes its
use in gun-type designs. 

The Little Boy weapon used tungsten carbide as a compromise material. Its density is fairly high, and it is
an excellent neutron reflector (second only to beryllium among practical reflector materials). It is less 
dense than the uranium core, but since the Little Boy core was not compressed, Rayleigh-Taylor 
instability was not a factor in design. Tungsten metal was used in the South African gun-type weapons, 
this choice places greater emphasis on tamping over reflection, compared to tungsten carbide. It is 
interesting to note the dual-use restrictions placed on tungsten alloys and carbide: 

Parts made of tungsten, tungsten carbide, or tungsten alloys (>90% tungsten) having a mass 
>20 kg and a hollow cylindrical symmetry (including cylinder segments) with an inside 
diameter greater than 10cm but less than 30 cm.

This is clearly based on its use as a reflector in gun-type weapons. 

Beryllium is used as a reflector in modern light weight fission warheads, and thermonuclear triggers. It 
has special value for triggers since it is essentially transparent to thermal radiation emitted by the core. It 
is a very efficient reflector for its mass, the best available. But due to its extremely low mass density, it is 
nearly useless as a tamper. In boosted designs tamping may be unnecessary, but it is also possible to 
insert a (thin) tamper layer between the core and beryllium reflector). The n,2n reaction is also useful in 
boosted designs, since that fraction of fusion neutrons that escape the core without capture or substantial 
scatter still retain enough energy to release reasonably energetic neutrons in the reflector. Beryllium has 
relatively high compressibility, which may also add to its effectiveness as a reflector. 

It is also interesting to note that the Allied-Signal Kansas City Plant has developed a capability for 
depositing tungsten-rhenium films up to 4 mm thick. This would be a nearly ideal material and thickness 
for a tamper in a beryllium reflected flying plate implosion design. By alloying rhenium with tungsten, 
the density of the tungsten can be increased (so that it matches or exceeds the density of alpha phase 
plutonium), and the ductility and workability of tungsten is improved. Notable confirmation of this comes
form the 31 kt Schooner cratering test in 1968 (part of the Plowshare program). Some of the most 
prominent radionuclides in the debris cloud were radioactive isotopes of tungsten and rhenium. 



It is also possible that uranium foils known to have been manufactured for weapons were used as tampers 
in flying plate designs. 

4.1.8 Fission Initiation Techniques 

Once a supercritical mass is assembled, neutrons must be injected to start the chain reaction. 

This is not really a problem for a gun type weapon, since the design allows the supercritical mass to 
remain in the fully assembled state indefinitely. Eventually a neutron from the prevailing background is 
certain to cause a full yield explosion. 

It is a major problem in an implosion bomb since the interval during which the bomb is near optimum 
criticality is quite short - both in absolute length (less than a microsecond), and also as a proportion of the 
time the bomb is in a critical state. 

The first technique to be seriously considered for use in a weapon was simply to include a continuous 
neutron emitter, either a material with a high spontaneous fission rate, or an alpha emitter that knocks 
neutrons loose from beryllium mixed with it. Such an emitter produces neutrons randomly, but with a 
specific average rate. This inevitably creates a random distribution in initiation time and yield (called 
stochastic initiation). By tuning the average emission rate a balance between pre and post detonation can 
be achieved so that a high probability of a reasonably powerful (but uncertain) yield can be achieved. 
This idea was proposed for the Fat Man bomb at an early stage of development. 

A far superior idea is to use a modulated neutron initiator - a neutron emitter or neutron generator that can
be turned on at a specific time. This is a much more difficult approach to develop, regardless of the 
technique used. Modulated initiators can be either internal designs, which are placed inside the fissile pit 
and activated by the implosion wave, or external designs which are placed outside the fission assembly. 

It should be noted that it is very desirable for an initiator to emit at least several neutrons during the 
optimum period, since a single neutron may be captured without causing fission. If a large number can be 
generated then the total length of the chain reaction can be significantly shortened. A pulse of 1 million 
neutrons could cut the total reaction length by 25% or so (approx. 100 nanoseconds), which may be useful
for ensuring optimal efficiency. 

4.1.8.1 Modulated Beryllium/Polonium Initiators 

This general type of initiator was used in all of the early bomb designs. The fundamental idea is to trigger 
the generation of neutrons at the selected moment by mixing a strong alpha emitter with the element 
beryllium. About 1 time out of 30 million, when an alpha particle collides with a beryllium atom a 
neutron is knocked loose. 

The key difficulty here is keeping the alpha emitter out of contact with the beryllium, and then achieving 
sufficiently rapid and complete mixing that a precisely timed burst of neutrons is emitted. 

The very short range of alpha particles in solid matter (a few tens of microns) would make the first 
requirement relatively easy to achieve, except for one thing. Most strong alpha emitters also emit gamma 
rays, which penetrate many centimeters of solid matter and also occasionally knock loose neutrons. 
Finding a radioisotope with sufficiently low gamma emissions greatly restricts the range of choices. A 
suitable radioisotope must also have a relatively short half-life (no more than a few decades) so sufficient 
activity can be provided by a small amount, and be reasonably economical to produce. 

One isotope appears to be the clear favorite when all these factors are considered: polonium 210. 
Although other alpha emitters have been considered, all radioisotope based modulated initiators appear to 
have used Po-210 as the alpha source. This isotope has a half-life of only 138.39 days though. On the one 
hand, this means a strong emitter alpha source can be quite small (50 curies, which emits 1.85 x 10^12 
alphas/sec, weighs only 11 mg). On the other, the Po-210 disappears quickly and must be constantly 



replenished to maintain a standing arsenal. Polonium-208 and actinium-227 have also been considered for
this role. 

The second requirement: carefully timed, fast, efficient mixing, needs very clever designs for implosion 
weapons. After considering several proposals, a neutron initiator called "Urchin" or "screwball" was 
selected by Los Alamos for Gadget/Fat Man. All of the designs considered were based on placing the 
initiator at the center of the fissile mass, and using the arrival of the convergent shock to drive the mixing 
process. This insured that the entire mass was highly compressed (although perhaps not optimally 
compressed), and placed the initiator where the neutrons emitted would be most effective. 

The Urchin was a sphere consisting of a hollow beryllium shell, with a solid spherical beryllium pellet 
nested inside. The polonium was deposited in layer between the shell and the pellet. Both the shell and 
the pellet were coated with a thin metal film to prevent the polonium (or its alpha particles) from reaching
the beryllium. The mixing was brought about by using the Munroe Effect (also called the shaped charge, 
or hollow charge, effect): shock waves collide, powerful high velocity jets are formed. This effect was 
created by cutting parallel wedge-shaped groves in the inner surface of the shell. When the implosion 
shock collapsed these grooves, sheet-like beryllium jets would erupt through the polonium layer, and 
cause violent turbulence that would quickly mix the polonium and beryllium together. 

By placing the small mass of polonium as a layer trapped between two relatively large masses of 
beryllium, the Urchin designers were hedging their bets. Even if the Monroe effect did not work as 
advertised, any mixing process or turbulence present would likely disrupt the carefully isolated polonium 
layer and cause it to mix. 

The whole initiator weighed about 7 grams. The outer shell was 2 cm wide and 0.6 cm thick, the solid 
inner sphere was 0.8 cm wide. 15 parallel wedge-shaped grooves, each 2.09 mm deep, were cut into the 
inner surface of the shell. Both the shell and the inner pellet were formed by hot pressing in a nickel 
carbonyl atmosphere, which deposited a nickel layer on the surfaces. The surfaces of the shell and central 
sphere were also coated with 0.1 mm of gold. Combined with the nickel layer, the gold film provided a 
barrier between the polonium and the beryllium. 

50 curies polonium-210 (11 mg) was deposited on the grooves inside the shell and on the central sphere. 
This much polonium produces a thermal output of 0.1 watts, causing very noticeable warming in such a 
small object. Post war studies showed that no more than 10 curies still provided an acceptable initiation 
effect, allowing the manufacture of initiators that remained usable for up to a year. 

Other designs for generating mixing have been considered. One design considered during or shortly after 
WWII used a spherical shell whose interior surface was covered with conical indentations. The shell was 
coated with a metal film, and polonium was deposited on the interior surface as in the Urchin design. In 
this design the cavity inside the hollow shell was empty, there was no central pellet. The principal 
advantage here is that the initiator could be made smaller while still being reliable. A shortcoming of the 
Urchin was that the Munroe effect is less robust in linear geometry. The formation of a jet when a wedge 
collapses depends on the apex angle and other factors, and could conceivably fail (its use may have been 
due to the more thorough study given the linear geometry by Fuchs during the war). The jet effect is quite
robust in conical geometry however, the collapse of the conical pits producing high velocity jets of 
beryllium metal squirting into the cavity under nearly all conditions. Pyrimidal pits provide similar 
advantages, and have been used in hollow and central sphere equipped initiators. 

The smaller TOM initiator (about 1 cm) that replaced the Urchin was probably based on the hollow 
conical pit (or tetrahedral pit) design. This design was proposed for use in 1948, but not put into 
production until January 1950 by Los Alamos. It was first tested (in a weapon test) in May 1951. One 
advantage of the TOM initiator was more efficient use of the polonium (more neutrons per gram of Po-
210). 

One sophisticated design that was developed and patented by Klaus Fuchs and Rubby Sherr during the 
Manhattan project was based on using the outgoing implosion rebound, rather than the incoming 



converging shock to accomplish mixing. This slight delay in initiation thus achieved was expected to 
allow significantly more compression to occur. 

If internal initiators are used in fusion-boosted designs it is essential that they be quite small, the smaller 
the better (external initiation is best). 

In gun-type weapons initiators are not strictly required, but may be desirable if the detonation time of the 
weapon needs to be precisely controlled. A low intensity polonium source can be used in this case, as can 
a simple system to bring the source and beryllium into contact upon impact by the bullet (like driving a 
beryllium foil coated piston into a sleeve coated with polonium). 

4.1.8.2 External Neutron Initiators (ENIs) 

These devices (sometimes called "neutron generators") rely on a miniature linear particle accelerator 
called a "pulse neutron tube" which collides deuterium and tritium nuclei together to generate high energy
neutrons through a fusion reaction. The tube is an evacuated tube a few centimeters long with an ion 
source at one end, and an ion target at the other. The target contains one of the hydrogen isotopes 
adsorbed on its surface as a metal hydride (which isotope it is varies with the design). 

When a current surge is applied to the ion source, an electrical arc creates a dense plasma of hydrogen 
isotope ions. This cloud of ions is then extracted from the source, and accelerated to an energy of 100-170
KeV by the potential gradient created by a high voltage acceleration electrode. Slamming into the target, 
a certain percentage of them fuse to release a burst of 14.1 MeV neutrons. These neutrons do not form a 
beam, they are emitted isotropically. 

Early pulse neutron tubes used titanium hydride targets, but superior performance is obtained by using 
scandium hydride which is standard in current designs. 

A representative tube design is the unclassified Milli-Second Pulse (MSP) tube developed at Sandia. It 
has a scandium tritide target, containing 7 curies of tritium as 5.85 mg of ScT2 deposited on a 9.9 cm^2 
molybdenum backing. A 0.19-0.25 amp deuteron beam current produces about 4-5 x 10^7 neutrons/amp-
microsecond in a 1.2 millisecond pulse with accelerator voltages of 130-150 KeV for a total of 1.2 x 
10^10 neutrons per pulse. For comparison the classified Sandia model TC-655, which was developed for 
nuclear weapons, produced a nominal 3 x 10^9 neutron pulse. 

A variety of ion source designs can be used. The MSP tube used a high current arc between a scandium 
deuteride cathode and an anode to vaporize and ionize deuterium. Other designs (like the duoplasmotron) 
may use an arc to ionize a hydrogen gas feed. The ion output current limits the intensity of the neutron 
pulse. Public domain ion source designs typically have a ion current limit of several amps. If we assume 
that the TC-655 achieved a 10 amp current from its ion source (the design of which is classified) then we 
can estimate an emission rate of up to 5 x 10^8 neutrons/microsecond in a pulse 6 microseconds long. 

It is misleading though to think of a neutron tube as producing all its neutrons in a sudden burst. From the
perspective of the fission process in a bomb core, it is not sudden at all. A typical core alpha is 
100-400/microsecond, with corresponding neutron multiplication intervals of 2.5-10 nanoseconds. Any 
neutrons that enter the core in one multiplication interval will increase by a factor of e (2.7...) in the next, 
overwhelming the external neutron flux. From this point on, the fission process will proceed on its course 
unaffected by the ENI. Only the neutrons that enter the core during a single multiplication interval really 
count, and they count only insofar as they determine the time that the exponential chain reaction begins. 
Clearly, the vast majority of the neutrons in a 6 microsecond pulse are utterly irrelevant. The important 
factor in determining how effective an ENI is in precisely controlling the start of the chain reaction is the 
beam current intensity and how sharply and precisely it can be turned on. These are the design parameters
that should be optimized in a weapon tube. 

Note that only a small fraction of the neutrons generated will actually get into the core. If we assume a 
compressed core diameter of 6 cm, and a target-to-core distance of 30 cm (remember, it has to be safety 



outside the implosion system!), then only about 3% of the neutron flux will enter the core - an arrival rate 
of 15,000 neutrons/nanosecond using a 10 amp ion source. This many neutrons will significantly 
accelerate the chain reaction, cutting it by some 15 multiplication intervals. 

The ENI does not have to be placed near the actual fission assembly. Since warhead dimensions are 
typically no more than 1-2 meters it can be placed virtually anywhere in the weapon, as long as there isn't 
a thick layer of moderating material (plastic, hydrocarbon fuel, etc.) between the ENI and the fission core.

The power supply required to drive a pulse tube has many similarities to the EBW pulse power supply. A 
pulse of a few hundred volts at a few hundred amps is needed to drive the ion source, and a 130-170 KeV 
pulse of several amps is required to extract the ions and accelerate the beam. This high voltage pulse 
controls actual neutron production and should thus have as fast an onset time as possible. This high 
voltage pulse can be supplied by discharging a capacitor of several KV through a pulse current 
transformer. 

Pulse neutron tubes have been available commercially for decades (in non-miniaturized form) for use as a
laboratory neutron source, or for non-destructive testing. 

An additional type of ENI, not based on fusion reactions, has been successfully tested but apparently 
never deployed. This is the use of a compact betatron, a type of electron accelerator, to produce energetic 
photons (several MeV). These photons cause photon induced fission, and photon -> neutron reactions 
directly in the core. 

4.1.8.3 Internal Tritium/Deuterium Initiators 

Another approach to making an internal neutron initiator is to harness the high temperatures and densities 
achieved near the center of an implosion to trigger D+T fusion reactions. A few tenths of a gram of each 
isotope is placed in a small high pressure sphere at the center of the core in this scheme. 

The number of actual fusions produced is small, but it may seem surprising that any could occur at all. 
The occurrence of fusion during a collision between two nuclei is a statistical process. The probability of 
it occurring on a given collision depends on the collision velocity. The velocity of the nuclei is in turn a 
statistical process which depends upon the temperature. The hydrogen plasma is in thermal equilibrium 
with a mean temperature of a few hundred thousand degrees K, but the Maxwellian energy distribution 
means that a very small number of ions is travelling at velocities very much higher than average. Given 
the very large number of ions present, a significant fusion rate results. Only a few fusions are actually 
necessary for reliable initiation after all. 

The main attraction of this scheme is that the half-life of tritium (12.3 years) is much longer than Po-210, 
so the initiator can be stored ready-to-use for long periods of time. The system is also physically simpler, 
and more compact than ENIs. It is not clear whether this type of initiator has actually been used in 
weapon designs. 

4.1.9 Testing 

Like any munition, the development of a fission weapon will require a variety of tests. These include 
component tests, and perhaps tests of the complete weapon. Tests of components like the firing system, 
detonators, etc. are similar to the requirements of non-nuclear munitions and need no comment. Even 
conservative gun assembly designs will normally require proof testing of the gun/propellant combination 
to verify the internal ballistics. 

In addition to these routine types of tests, fission weapon development requires (or at least benefits 
greatly) from certain types of test that are unique to nuclear weapons. These include nuclear tests, by 
which I mean tests of the nuclear properties of materials and designs, not nuclear explosions (although an 
actual explosion of substantial yield is one possible type of nuclear test). Implosion designs, by which I 
mean any design using shock waves for core assembly, also call for hydrodynamic tests - tests of 



materials under the extreme conditions of shock compression. Combined nuclear and hydrodynamic tests,
called hydronuclear tests, provide a more direct way of developing data for weapon design, evaluating 
design concepts, or evaluating actual designs. "Hydronuclear" is a somewhat vague term. Hydronuclear 
tests can mean shock compression experiments that create sub-critical conditions, or supercritical 
conditions with yields ranging from negligible all the way up to a substantial fraction of full weapon 
yield. Tests of negligible yield are often called "zero yield tests", although this is also not a precise term. 
Generally it is taken to mean a test in which the nuclear energy release is small compared to the 
conventional explosive energy used for assembly - a few kg of HE equivalent for example. However even
in sub-critical tests the nuclear energy release is not actually "zero". It appears that the Comprehensive 
Test Ban Treaty (CTBT) now being negotiated in Geneva will use a "no-criticality" standard for defining 
legal experiments with high explosives and fissile material. 

4.1.9.1 Nuclear Tests 

A variety of nuclear tests are of interest for collecting design data. Since the performance of nuclear 
weapons is the combined effect of many individual nuclear properties, the most desirable measurements 
for weapon design purposes are "integral experiments" - experiments that directly measure overall 
weapon design parameters that combine many different effects. 

Critical mass experiments determine the quantity of fissile material required criticality with a variety of 
fissile material compositions and densities, in various geometries, and with various reflector systems. 
These provide a basic reference for evaluating nuclear computer codes, estimating material requirements 
for weapons, and (extremely important) for doing safety evaluations. The closer the critical mass 
experiment resembles actual weapon configurations, the more useful it is. A considerable amount of 
critical mass data has been published openly which makes it possible to perform reasonably good "first 
cut" weapon design evaluations using scaling laws (like the efficiency equations). Any weapon 
development program will want to perform criticality tests of systems closely resembling actual proposed 
designs, differing only in the amount of fissile material present. 

Critical mass values can be predicted with good accuracy by extrapolation by taking neutron 
multiplication measurements in a succession of sub-critical tests using increasing quantities of fissile 
materials. Such tests can be conducted safety in the laboratory without special protective equipment since 
each successive test allows progressive refinements of critical mass estimates, and allows the calculation 
of safe masses for the next test. Tests intended to closely approach or reach criticality must be conducted 
under stringent safety conditions however. Even a very slight degree of criticality in an unmoderated 
system can produce a deadly radiation flux in seconds. Accidents during critical mass experiments killed 
two researchers at Los Alamos in 1945 and 1946 (Harry Daghlian and Louis Slotin) before manual 
experiments were banned there. 

Basic critical mass tests are basically non-multiplying and do not measure alpha, the extremely important 
fast neutron multiplication parameter. Direct measurements of this require establishing systems with 
significant levels of supercriticality capable of creating rapid increases in neutron populations. 

A variety of laboratory tests can be used for this. All of them depend on creating a supercritical state that 
persists for a very short period of time (milliseconds to microseconds) to prevent melt-down (or worse). 
Such experiments necessarily produce large neutron fluxes, and thus must be conducted under remote 
control. 

One type of experiment creates a transient supercritical state by propelling a small fissile mass though a 
larger slightly sub-critical mass. The supercritical state exists while the small mass is inserted, and 
terminates when the mass exits the other side. Examples of this type of experiment are the "Dragon" 
experiments conducted at Los Alamos in early 1945, in which a fissile mass was dropped through a hole 
bored in a subcritical assembly (so-called because it was like "tickling the tail of a dragon"). Shorter 
assembly times (and thus higher multiplication rates) can be investigated by using a gun instead of gravity
to accelerate the fissile projectile. This approach obviously extends naturally to evaluating a full-up gun 
weapon design with only the amount of fissile material in the bullet or target differing from the actual 



deployment weapon. This type of test was actually used by South Africa for evaluating its gun assembly 
weapon (using a test device named "Melba"). These experiments can explore assembly durations in the 
range of 0.1-10 milliseconds. 

A second type of experiment achieves an even higher multiplication rate under controlled conditions by 
using the thermal expansion of the core to shut down the reaction. This is called a fast neutron pulse 
reactor. A solid core of fissile material is assembled that is slightly supercritical at room temperature, but 
is kept subcritical by the presence of a control rod, by removing a section of reflector, or by controlling 
the insertion of fissile material. When the rod is removed (or reflector is inserted), it becomes 
supercritical and rapidly heats up. The expansion of the material at sonic velocity, mediated by an 
acoustic wave, shuts down the reaction in a matter of microseconds. Assembly durations of 5-500 
microseconds can be investigated. Examples of this type of experiment are a series of fast pulsed reactors 
operated by the US during the late forties and early fifties: the bare uranium core Godiva, the bare 
plutonium core Jezebel, and the reflected uranium and plutonium assemblies Topsy and Popsy. 

These fast metal assemblies can also be used to collect multiplication data at the border of criticality by 
adjusting their density in various ways. All of the mentioned US assemblies have been used to measure 
multiplication rates by studying the change in rates with density in the region between delayed and 
prompt criticality. These measurements can be extrapolated to estimate the maximum values of the 
materials. Although little data on alpha values for weapons-usable material have been published in 
general, results of these types of experiments are available. 

4.1.9.2 Hydrodynamic Tests 

Hydrodynamic tests can evaluate shock compression techniques and designs, and collect data on the 
properties of nuclear materials under shock compression conditions. The latter sort of test requires 
conducting shock experiments with actual nuclear materials of course. 

This is not much of a problem from a safety point of view for uranium since comparatively non-toxic and 
nuclearly inert natural or depleted uranium is available. Hydrodynamic tests on complete implosion 
weapon designs can be conducted for uranium weapons simply by substituting natural uranium or DU for 
the actual U-235 or U-233. 

This is not true for plutonium. There is no non-toxic, non-fissile form of plutonium. The radiotoxicity of 
plutonium make hydrodynamic tests much more hazardous to perform and care to avoid criticality is 
essential. It is interesting to note that a considerable amount of high-pressure shock equation of state data 
has been published for uranium, but very little or none has been for plutonium. Uranium can be used as a 
plutonium substitute to some extent, but the unique and bizarre physical state diagram of plutonium limits
this to some extent. This is especially true in situations were very accurate EOS knowledge is required. 
The small safety margins involved in creating one-point safe sealed pit weapons, and in preparing for 
hydronuclear tests, places a premium on precise knowledge of plutonium behavior. 

Measurements in weapon-type implosion systems are very difficult to make since they must be taken 
through the layer of expanding explosion gases. Flying plate systems are widely used for collecting 
equation of state data ranging up to fairly high shock pressures (several megabars). Advanced weapon 
programs typically use sophisticated instruments like light gas guns to generate very high pressure shock 
data. 

Even with natural uranium or DU, full scale hydrodynamic test of weapon designs will require special test
facilities including heavily reinforced test cells, with provision for instrumentation . The cells will 
unavoidably remain contaminated with detectable levels of uranium, showing the nature of tests that have
been conducted there. 

4.1.9.3 Hydronuclear Tests 

Hydronuclear tests are the ultimate in integral experiments, since they combine the full range of 



hydrodynamic and nuclear effects. Although implosion weapons (i.e. Fat Man) have been successfully 
developed without any tests of this kind, a weapon development program is likely to regard such tests as 
highly desirable. 

In hydronuclear tests of a candidate weapon design data on both the rate of increase of alpha during 
compression, and the maximum alpha value achieved can be collected. The first type of data is useful to 
determine the ideal moment of initiation for maximum efficiency, the second for determining how 
efficient the weapon will be. 

The influence of time absorption and other effects dependent on neutron energy (fission cross sections, 
moderation, inelastic scattering, etc.) changes with effective multiplication rate. This encourages weapon 
developers to conduct tests at very high multiplication rates to collect good data for weapon performance 
prediction. Since weapon efficiency and yield are dependent primarily on the effective multiplication rate,
this means tests with large releases of nuclear energy. Prohibiting tests with substantial nuclear energy 
yields (tens or hundreds of tons) may not prevent a nation from developing fission weapons, but it does at
least restrict its ability to predict weapon yield. 

A serious problem with hydronuclear tests is predicting what is going to happen in advance. On one hand,
it is obvious that if one can predict exactly what will happen, then there is no need for the test at all. On 
the other hand, not being able to estimate the effects reasonably well in advance makes conducting the 
test extremely difficult, even perilous. 

The reason for this should be clear from the efficiency equations. Since at low degrees of supercriticality 
efficiency and yield scale as (rho - 1)^3, fairly small variations in compression cause fairly large 
variations in yield. For example, if a two-fold compression factor is intended in create a supercritical 
density of rho = 1.02 (and a yield of say, 50 kg), then a 5% variation in compression could cause a result 
ranging from a complete failure to approach criticality, to a 45-fold overshoot (2.2 tonnes). Since 
designing suitable instrumentation requires having a fairly good knowledge about the range of conditions 
to be measured, the first would result in no data been collected. The second could destroy the test facility 
(and also result in no data being collected!). Actual US tests have been known to overshoot target yields 
of kilograms, producing yields in the tens and even hundreds of tons. 



Back to top of Section 4 

4.2 Fission Weapon Designs

The design elements outlined in the previous subsections can be applied in various ways to achieve a 
wide variety of weapon designs. The most appropriate design depends on the technology and material 
constraints within which the designer works, and what the design objective is (maximum efficiency, light 
weight, warhead volume and dimension restrictions, ruggedness, safety, etc.). The available fissile 
material is one of the most basic constraints in which there may be little flexibility. In this subsection 
discuss some particular design approaches that have been taken (or might have been, since a lot of this is 
speculation) for various purposes. 

4.2.1 Low Technology Designs 

These are designs that rely on a minimum of exotic technology or lengthy and costly research programs. 
Reasons for using such a design include: limited resources, low cost, low risk, and speed of development. 

Situations where these issues might arise include:

1. A non-industrialized or partially-industrialized nation attempting weapon development; 
2. A country undertaking a crash program due to sudden internal or external political changes; or 
3. A country undertaking a weapon program with very limited objectives (such as merely 

demonstrating that they have nuclear capability).

There is the obstacle that production of weapon-grade fissile material is inherently a rather exotic and 
expensive process. I assume that suitable fissile material is at hand and thus only address actual weapon 
design issues. 

There are a couple of well documented weapon designs that used nothing that would be considered 
particularly exotic or at all high-tech today: the first atomic bombs used in WWII - Little Boy, and Fat 
Man. Both of these devices are described in some detail in Section 7.1. Other weapons that have been 
fairly well documented are quite similar to these: the first Soviet atomic bomb (actually a copy of Fat 
Man), the first British atomic bomb (a Fat Man type weapon with modest improvements), and the South 
African gun-type atomic bomb. 

4.2.1.1 Gun Designs 

These are without a doubt the easiest weapons to manufacture if sufficient HEU is available. Mundane 
ordnance technology suffices for the assembly mechanism, standard industrial techniques are sufficient 
for fabricating a tungsten or tungsten carbide reflector, and a neutron initiator is neither difficult (if a 
modest reactor is at hand for polonium production) or even necessary. 

The Little Boy design was completed (except for the fissile material) in a matter of months, and no need 
was felt to test it before combat use. 

The South African nuclear weapon program is an example of Situation 3 - a limited objective program. 
South Africa intended to use their weapon as a political tool, not a military one. Due to the ease of 
development and inherent reliability a gun design was chosen. 

4.2.1.2 Implosion Designs 

Implosion weapons are more efficient, but are inherently more complex. The two principal problems are 
development of an effective implosion system and a neutron initiator. The basic techniques and designs 
for both are well known today, but actually fabricating working components (and being sure they work!) 
is a different matter entirely. 
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With the advantages of modern commercial technology for manufacturing, instrumentation, and 
computing; of a well developed scientific and engineering base in the open literature covering relevant 
technologies; and with successful approaches already known, the task of converting these approaches to 
proven hardware should take dramatically less effort than they did in 1944-45 (a few thousand person-
years). 

The decision of the USSR and UK to copy the Fat Man design for their first weapons indicates a mix of 
Situations 2 and 3 to varying degrees. Both programs were rushed, and attempted to simply demonstrate a
capability as their first objective. Iraq's crash effort to produce a single weapon during the Gulf War 
probably relied on a simple implosion design for the same reasons. 

4.2.2 High Efficiency Weapons 

Most nuclear weapons programs reach a phase where using scarce and expensive fissile material most 
efficiently becomes a high priority (if fissile material eventually becomes abundant this may be replaced 
by other optimization criteria). 

The principal means of achieving high efficiency in a pure fission design is to maximize the compression 
of the fissile material by concentrating a great deal of compressive energy in the core as uniformly as 
possible. This implies the use of a large mass of high explosives, and a levitated pit design, probably 
together with flying plate techniques. 

The most likely approach is to use a pit within a larger hollow shell that acts as a driver. The high 
explosive layer surrounding the driver shell accelerates it inward, a sufficiently high HE/driver mass ratio 
being used to achieve velocities approaching the theoretical limit (8 km/sec). As the driver collapses and 
thickens, additional concentration of energy on the inner surface may occur. This will create the strongest 
possible shock when it impacts on the pit, the use of a buffer layer (beryllium perhaps) surrounding the 
outer shell of the pit may reduce the energy lost to entropy. The outer pit then implodes on the inner 
levitated portion of the pit. 

This does indeed appear to be the design approach taken in the most efficient pure fission device ever 
tested by the US - the Hamlet device designed by Theodore Taylor, and detonated in Upshot-Knothole 
Harry (19 May 1953). This device used a 60 inch in diameter implosion system (based on the TX-13D 
bomb then in development) that weighed 7000 pounds (8000 pounds was the total device weight). This 
has been described as a test of a "hollow" design, but since the Type D levitated pit used in Hamlet had 
been previously tested in other weapons, and hollow levitated cores had been demonstrated years before, 
this may refer to the use of a hollow driver shell. The yield of Hamlet was predicted to be 37 kt, the actual
yield was 32 kt. 

Other techniques that are valuable:

• The use of an efficient tamper and reflector (preferably non-moderating); 
• The use of a composite core (if two different fissile materials are available); 
• Making the weapon a high yield design, which are inherently efficient (see below); and 
• Fusion boosting, which takes us out of the realm of pure fission designs.

4.2.3 Low Yield Weapons 

This represents one extreme of the weapon design spectrum - nuclear devices intend to make "small" 
explosions. Low yield in this context generally means yields much less than the 20 kts of a nominal 
fission weapon - say, 1-1000 tons. These are, of course, always very large compared to any other types of 
weapon of remotely similar size. They are small only in comparison to the potential capabilities of 
nuclear weapons. 

The smallest nuclear weapons actually deployed have had yields around 10 tons (like the W54), and have 
been intended for short range tactical or nuclear demolition use (e.g. blowing up roads and bridges). 



A low yield weapon can be made simply by taking an existing weapon and reducing its efficiency in 
some manner - like reducing the amount of explosive to create a weak implosion. But this likely result in 
a low-yield the weapon with unnecessarily high mass, volume, and cost. 

A weapon designer will probably want to optimize a low yield weapon toward one of two design goals: 
minimizing its size or minimizing its cost (basically this means minimizing the fissile content of the 
device). Real weapons typically try to strike a balance between the two extremes. 

4.2.3.1 Minimum Size 

A low yield minimum mass or volume weapon would use an efficient fissile material (plutonium or U-
233), a low mass implosion system (i.e. a relatively weak one), and a thin beryllium reflector (thickness 
no more than the core radius). Since volume increases with the cube of the radius, a thick layer of 
anything (explosive or reflector) surrounding the fissile core will add much more mass than that of the 
core itself. 

Referring to the Reflector Savings Table 4.1.7.3.2.2-3 we can see that for beryllium thicknesses of a few 
centimeters, the radius of a plutonium core is reduced by 40-60% of the reflector thickness. Since the 
density difference between these materials is on the order of 10:1, substantial mass savings can be 
achieved. At some point though increasing the thickness of the reflector begins to add more mass than it 
saves, this marks the point of minimum total mass for the reflector/core system. 

In general, minimum mass and minimum volume designs closely resemble each other. The use of a 
hollow core adds negligibly to the overall volume. 

At the low end of this yield range (tens of tons) simply inducing the delta -> alpha phase transition in a 
metastable plutonium alloy may provide sufficient reactivity insertion. In this case a classical implosion 
system is not even necessary, a variety of mechanisms could be used to produce the weak 10-20 kilobar 
shock required to collapse the crystal structure. 

Since the fissile core would be lightly reflected, and weakly compressed, a relatively large amount of 
fissile material is required: perhaps 10 kg for even a very low yield bomb. The efficiency is of course 
extremely poor, and the cost relatively high. 

The absolute minimum possible mass for a bomb is determined by the smallest critical mass that will 
produce a significant yield. Since the critical mass for alpha-phase plutonium is 10.5 kg, and an additional
20-25% of mass is needed to make a significant explosion, this implies 13 kg or so. A thin beryllium 
reflector will reduce this, but the necessary high explosive and packaging will add mass, so the true 
absolute minimum probably lies in the range of 10-15 kg. 

The W54 warhead used in the Davy Crockett had a minimum mass of about 23 kg, and had yields ranging
from 10 tons up to 1 kt in various mods (probably achieved by varying the fissile content). The warhead 
was basically egg-shaped with the minor axis of 27.3 cm and a major axis of 40 cm. The W-54 probably 
represents a near minimum diameter for a spherical implosion device (the U.S. has conducted tests of a 
25.4 cm implosion system however). 

The test devices for this design fired in Hardtack Phase II (shots Hamilton and Humboldt on 15 October 
and 29 October 1958) weighed only 16 kg, impressively close to the minimum mass estimated above. 
These devices were 28 cm by 30 cm, Humboldt used PBX-9404 as the explosive. 

4.2.3.2 Minimum Fissile Content 

The contrasting approach to minimizing size is to make a small explosion in the most efficient way as 
possible. This means applying the same principles as high efficiency design, but simply reducing the 
amount of fissile material to reduce the yield. The mass of the implosion system, and the tamper/reflector 
in this case will result in greater overall mass and volume, even though the fissile material weight is 



reduced. 

Using an advanced flying plate design it is possible to compress a 1 kg plutonium mass sufficiently to 
produce a yield in the 100 ton range. This design has an important implication on the type of fissile 
material that can be used. The high compression implies fast insertion times, while the low mass implies a
low Pu-240 content. Taken together this means that a much higher Pu-240 content than normal weapon 
grade plutonium could be used in this type of design without affecting performance. In fact ordinary 
reactor grade plutonium would be as effective as weapon grade material for this use. Fusion boosting 
could produce yields exceeding 1 kt with this system. 

4.2.4 High Yield Weapons 

A nominal yield fission weapon uses one critical mass of material (at normal density) and has a yield 
around 20 kt. HEU has a larger critical mass than plutonium, but its efficiency is lower so the yield of a 
nominal weapon of either material is roughly the same. 

High yield fission weapons use more than one critical mass of material. These weapons necessarily use 
hollow core designs, since this is the only way to render the core subcritical. High yield designs are 
inherently more efficient than nominal designs (assuming complete assembly occurs) since the large core 
radius reduces neutron leakage, and takes longer to disassemble. The first factor experiences diminishing 
returns as the core size grows and leakage becomes small, eventually becoming negligible for the core as 
a whole. For this reason reflectors have little value in high yield designs, although by reducing the drop in
neutron flux near the surface they help fission this outer layer more efficiently. The second factor (longer 
disassembly time) continues to enhance efficiency regardless of how large the core becomes, eventually 
though other factors begin to limit efficiency (see below). Tampers assist in retarding disassembly in high
yield designs and probably significantly increase efficiency regardless of size. This is because they reduce
the loss of the outer layers of material early in disassembly, allowing more of this material to fission. 

A high yield core becomes critical comparatively early in the implosion process, perhaps before the 
imploding shell has even impacted on the levitated core. This means the period during which 
predetonation can occur is much longer. This considerably limits the usefulness of plutonium in a high 
yield bomb, since large masses also mean higher neutron emission rates. If the amount of explosive is 
limited, the large core implodes at a significantly slower rate as well. 

A plutonium bomb similar to the Fat Man design, but containing four times as much fissile material (25 
kg) would have a core diameter of 18 cm. To implode to the same final density (about 40) at the same 
velocity (2 km/sec) would take 18.7 microseconds, 4 times as long. The very low Pu-240 content of the 
plutonium produced during WWII (0.9%) would still give a reasonable chance of complete assembly but 
more economical grades (with higher Pu-240 content) would not. Such a design would have a yield in 
excess of 100 kt. The limiting efficiency of ~50% (see below) would give a yield of 210 kt. Higher 
implosion velocities are possible (permitting higher probabilities of optimum yield, or cheaper grades of 
plutonium), but this gives an indication of the practical limit for high yield plutonium fission bombs. 

At a time when France had no access to enriched uranium, and had not yet developed fusion boosting 
technology, they developed plutonium bombs with yields of up to 120 kt (the MR31 missile warhead), 
probably the highest yield pure plutonium, pure fission device ever developed. The plutonium grades 
produced by the French had considerably lower burnups than US weapon grade plutonium (up 7% Pu-
240), usually around 2% Pu-240, although "super-super-grade" plutonium (like the WWII US material) 
could have been produced especially for this weapon. 

HEU can be used to make much larger weapons than plutonium due to its very low neutron emission rate.
HEU pure fission weapons exceeding 1 megaton are possible. In very large fission bombs (hundreds of 
kilotons) the major disadvantage of HEU, its lower maximum alpha, disappears. This is because the race 
between the exponential growth in energy release and the disassembly of the core stops being the limiting
factor in efficiency. Instead the problem of dilution of the fissile material by the fission products comes 
into play as the limiting factor. This limits efficiency to a maximum of about 50%. 



An additional advantage in using HEU in large fission bombs is its cheapness relative to Pu-239 and U-
233. 

The largest pure fission bomb ever tested was the Mk 18F Super Oralloy Bomb (SOB) designed under the
leadership of Dr. Theodore B. Taylor at Los Alamos. It demonstrated a yield of 500 kt in the Ivy King test
at Eniwetok (15 November 1952 local). Predicted yield was 400-600 kt. 85% of the yield came from U-
235 fission, the rest presumably from fission of a U-238 tamper. This bomb used the large diameter (60 
inch) 92 point implosion system developed for the Mk 13 high yield fission bomb, and the Mk 6 bomb 
casing and components. The Mk 18 weighed 8600 lb, about 90 were eventually deployed. 

A reasonable assessment of the Mk 18 design is that it had a core containing 75 kg of HEU with a pre-
implosion diameter of at least 24 cm, the levitated pit probably had a mass of 15 kg or so. It likely had a 
natural uranium tamper weighing about 150 kg. A density increase over the normal value of 2-2.5 is 
probable. 

Safety is a serious problem with high yield fission bombs. Since several critical masses are present, 
simply collapsing the hollow space inside the core can render it highly supercritical. This does not require
accurate implosion. Any accidental detonation of the explosive layer would squash a hollow core like a 
stomped tennis ball, and could lead to a very powerful explosion (in the tens of kilotons). Much milder 
accidents could also create serious criticality events. For example the possible breakage of a levitated pit 
support, allowing the levitated core to fall onto the hollow fissile shell. This does not change the overall 
density of the core, but it could create a local region of criticality where the levitated sphere rested on the 
layer of fissile material. Four approaches are available to reduce these problems:

1. Keep the bomb core partially disassembled, with the fissile material brought into its "implosion 
ready" configuration shortly before detonation. 

2. Fill the hollow core with something that will prevent its collapse, then remove the material as part 
of the arming sequence. 

3. Fill the cavity with a good fast neutron absorber (i.e. something containing boron-10) to provide 
an additional margin of criticality safety. 

4. Insert a continuous neutron emitter of sufficient strength to guarantee early predetonation. 

All four of these methods can be used together. The Mk 18 used the first three techniques, while the 
British high yield devices (such as Orange Herald) also used a removable neutron emitter. 

Like several other pure fission bombs designed after the war, the Mk 18 used an automatic in-flight 
insertion mechanism to assemble the core. Just as the Gadget was assembled prior to the Trinity test by 
inserting part of the pit and the covering explosive lenses by hand, a motor was used to insert part of the 
fissile shell high explosive layers. 

To prevent collapse of the core, and to enhance the very marginal degree of criticality safety, chains made
of boral (boron-aluminum alloy) were inserted in the core. These chains had the problem that they could 
not be reinserted once removed. British high yield designs used ball bearings for this purpose, which were
drained out the bottom during arming (these offer the possibility of refilling from the top). Heavy inert 
liquids have also been proposed. 

The British used neutron emitters as a safety in the Orange Herald test device, but this was never adopted 
in the US. 

4.2.5 Special Purpose Applications 

4.2.5.1 Thermonuclear Primaries (Triggers) 

Multi-stage thermonuclear weapons require as their first stage a fission bomb primary or trigger. The 
primary functions as part of a system to create the conditions for thermonuclear energy release. There are 
a number of possible primary design variations, partly due to the different design approaches that exist for



thermonuclear weapons. Thermonuclear weapon and primary design is discussed in Section 4.4, but the 
essential feature of a suitable trigger is easily stated: energy must escape from the fissile core into the 
radiation case (surrounding the primary) very rapidly. This implies that the layers of material surrounding
the fissile core must be transparent to the emitted thermal radiation. It is also desirable that the bulk of the
radiation be emitted at a high temperature since the radiation implosion process is driven most efficiently 
by a high temperature photon gas. Rapid escape of the radiation also means that only a small fraction of 
the energy is deposited as kinetic energy in the trigger debris. This is very important because the impulse 
generated by debris collisions can potentially disrupt the implosion process. 

In Subsection 4.1.2.7 (Post Disassembly Expansion) the progress of the expanding shock from the core is 
described until it reaches low-Z material outside the tamper, like a beryllium reflector or a high explosive 
containing no elements heavier than oxygen. If the mass of this low-Z material is not too great, then it 
will quickly become completely ionized and transparent. The high temperature bomb core will not reach 
thermal equilibrium with the reflector and explosive layers, and radiation will escape through them 
without further substantial heating. 

The ionization of the outer layers of the primary, and the subsequent radiation cooling of the core can be 
significant while the fission energy release is still going on. In this case the cooling of the core surface 
delays expansion and contributes to enhancing primary efficiency. 

Once the core (and tamper, if present) begin expanding it quickly forms a thin shell of high density, high-
Z material which radiates away the trigger's thermal energy into the bomb casing. Nearly all of this 
energy exists as a photon gas with a uniform high temperature in the low density region inside the 
expanding shell. A temperature gradient quickly becomes established across the shell thickness as this 
energy quickly flows from the interior of the fireball into the radiation case. 

If the mass of material outside of the core and tamper is not small however, and worse still, also contains 
significant amounts of high Z material then this process of energy transport out of the core is not efficient.
Instead the core reaches thermal equilibrium with the reflector and explosive, diluting the thermal energy 
with the large mass of material. The thermal energy diffuses out of the opaque mass relatively slowly, and
a large percentage of the energy is converted into kinetic energy in the primary debris. 

The original Fat Man design is good example of a poor trigger. A thick layer of high explosive 
surrounded the tamper and core, and this explosive contained large amounts of barium, a relatively high-Z
material, due to the use of baratol as the slow explosive component of the lens. The explosive energy of 
the core, amounting to some 20 kt was diluted by about 2500 kg of HE in a volume 140 cm across before 
it could escape into the radiation channel. 

The triggers of the earlier thermonuclear devices like the Sausage (Ivy Mike test) and Shrimp (Castle 
Bravo test) were similar to the Fat Man system, but had thinner, less massive explosive lens systems (100 
cm across, 1000 kg of HE) due in part to the use of a larger number of explosives lenses (92 vs 32). But 
the most important difference was the use of boracitol instead of baratol, eliminating any atom with a 
higher Z than oxygen. The thermal radiation emitted by the core was thus able to completely ionize the 
explosive layer, rendering it transparent, and allowing the rest of the energy to escape the core 
unimpeded. 

Modern boosted fission triggers take this evolution towards higher yield to weight, smaller volume, and 
greater ease of radiation escape to an extreme. Comparable explosive yields are produced by a core 
consisting of 3.5-4.5 kg of plutonium, 5-6 kg of beryllium reflector, and some 20 kilograms of high 
explosive containing essentially no high-Z material. Explosives lenses incorporating boracitol or inert 
filled plastic foams may be used or, more likely, the classical explosive lenses may have been replaced 
other advanced wave shaping techniques. 

Light weight primaries of this type invariably use fusion boosting (see Subsection 4.3.1) to compensate 
for the limited degree of reactivity insertion that can be achieved with such small amounts of explosive 
and fissile material. 



In these triggers, thermal radiation escaping from the core completely ionizes the low-Z beryllium and the
explosive layers, even before the core disassembles (that is - while the fission reaction is still underway). 
The approximately 100-fold improvement in yield to mass ratio over Fat Man leads to a similar increase 
in achievable radiation density inside the bomb casing (and a greater than three-fold increase in 
temperature). 

Within these general design guidelines, significantly different types of primaries can still be developed 
(discussed further in Subsection 4.4 Elements of Thermonuclear Weapon Design). 

4.2.5.2 Earth Penetrating Warheads 

The destruction of hardened underground structures (like command bunkers, missile silos, sub pens etc.) 
is much more efficient if the explosion occurs underground. Surface bursts and air bursts do not transmit 
energy efficiently to the ground, giving a moderate sized explosion a relatively small radius of 
effectiveness. An underground explosion, even a relatively shallow one, converts nearly all of its energy 
into a ground shock wave. If the warhead can burrow down to the same depth as the target, its 
effectiveness if enhanced even more because it is closer to its target. A shallow penetrating warhead 
produces very high levels of local fallout contamination, although a deep penetration warhead can 
potentially reduce the amount of radiation found at the surface. 

Designing a weapon that can penetrate deeply into the ground (which may also be paved with thick 
reinforced concrete) is a significant problem. The basic requirement for a ground penetrator weapon is to 
have a nuclear device inside a long, narrow, strong casing that is massive and strong enough to punch 
through concrete, rocks, and soil. The nuclear device must also be rugged enough not to be damaged by 
the shock of impact. Different device designs could be packaged in casing to meet this requirement, but 
spherical implosion systems would need to have a small radius to fit inside such a package. 
Thermonuclear systems have been hardened to withstand accelerations at least up to 3000 Gs. 

This is an application to which gun assembly weapons are uniquely suited. These weapons are intended 
for destroying (like ICBM silos, and control bunkers etc.) 

The requirement for a long thin, heavy, very strong bomb nicely matches the physical features of a gun 
tube. During Desert Storm conventional HE "bunker busters" were made by pouring TNT into actual 
artillery barrels. Such a bomb can penetrate as much as 100m into the ground, and can punch through 
several meters of reinforced concrete in addition. As a result earth penetrating bombs have been the major
application of gun-type weapons since the 1940s. The US deployed gun-type earth penetrating bombs 
such as the Mk-8 "Elsie" and the Mk-11. 

One possible problem with an earth penetrating gun weapon is that essentially all of the fissile material 
remains unchanged after the explosion. The material from one gun-type bomb is sufficient to manufacture
3-4 implosion bombs. Since earth penetrating bombs are inevitably targeted on enemy territory, this 
means a potential future adversary now has access to several bomb's worth of fissile material. Even 
though this is distributed through a few thousand tons of radioactive rock, mining and extracting would 
probably be relatively easy compared to setting up production facilities for fissile material. Soil normally 
contains 1-3 ppm of uranium, so the weapon grade material (50 kg, say) would be diluted by only several 
kg of natural uranium from this source. This problem could be reduced by including at least an equal 
mass of U-238 denaturing material at the far end of the bomb from the target, shielded by a neutron 
absorber. 

The current US ground penetrating warhead is the recently developed B61-11 bomb. It was designed by 
repackaging a B61-7 thermonuclear warhead (which was inherently shock resistant) in a heavy high 
strength steel bomb body with a special nose. The depth of penetration is shallow (~6 meters). 

4.2.6 Weapon Design and Clandestine Proliferation 

A subject of considerable concern throughout the world is the problem of secret acquisition of nuclear 



weapons. Numerous treaties and agreements have been made between the nations of the world to restrict 
the spread and deployment of nuclear weapons, and to formalize the resolve by many nations not to 
acquire them. Even if all nations were to join these protocols, the concern would persist that one or more 
nations might break their agreement in order to gain an advantage over their neighbors. A number of 
regulatory regimes have been set up to circumvent this, but none of them are fool-proof. 

The question arises then, what sorts of weapons could be acquired secretly or illicitly? International 
regulation and approbation towards proliferators impose significant restrictions on the types of activities 
in which a non-nuclear nation can engage in an effort to acquire weapons. The nuclear weapon states had 
the advantage of being able to pursue whatever weapons designs or technologies they wished, and to 
build the best weapons they knew how to build, in whatever numbers they felt they could afford. For 
nations seeking to develop weapons in secret, the technologies and industrial capabilities employed by the
nuclear weapon states will be lacking in whole or in part. Design and development decisions must be 
made to circumvent these disadvantages. 

Of course fears of clandestine proliferation is not limited to what a nation-state might do. There is 
reasonable ground to believe that any nation or national leader can be deterred from using weapons of 
mass-destruction, since the nation itself is also a hostage to others. This assurance does not exist if the 
party possessing these weapons is not a nation, and in fact has no identifiable address. Sub-national 
groups: rebels, guerrillas, criminals, and especially terrorists, are also cause for grave concern. 

4.2.6.1 Clandestine Weapons Development and Testing 

For a clandestine program the principal problem is acquiring weapon-usable fissile material. Without this,
no program is possible. The options are to manufacture it, or to acquire it ready-made. 

Manufacturing weapon-usable material is by any means or measure a very expensive and difficult 
proposition. Even the lowest cost options for limited amounts of material (construction of a 20 MW 
breeder reactor, and plutonium processing plant) run to US$100 million or more (possibly much more), 
and require establishing an entire industry. 

A number of different paths have been chosen by nations attempting to secretly manufacture weapons-
usable fissile material: plutonium reactors (Israel, India, North Korea, and initially Iraq), gaseous 
diffusion plants (Argentina), gas centrifuges (Pakistan, Brazil, Iraq, India), aerodynamic separation 
(South Africa), laser isotope separation (Israel) and even calutrons (Iraq). The choice is largely 
determined by the resources and technical capabilities of the nation, and the peculiar advantages that the 
nation may be able to secure. 

By "peculiar advantages", I mean such things as technical assistance from outside nations (from France to
Israel; collaboration between Israel and South Africa; from China to Pakistan), the ability to disguise it as 
or within a civilian program (Brazil, South Africa, Iraq, India), or the ability to steal or illegally divert 
technology and materials (Pakistan, Iraq, Israel, India, Brazil). Most programs depend on a combination 
of these things. 

Both highly enriched uranium and plutonium have been acquired in secret programs. But so far 
apparently no nation has acquired both. This simply indicates that the cost and effort is so great that a 
nation is likely to successfully pursue only one option. 

The chief problem with acquiring weapons usable material ready-made is finding a supplier. This is 
perhaps not as big a problem for a nation engaging in clandestine proliferation as it might appear. There 
has been a long-established international trade in weapons usable material. Highly enriched uranium is 
used in certain types of research reactors, in naval propulsion reactors, and in certain prototype power 
plants. Small amounts of weapons grade plutonium have been exchanged for research purposes as well. 
The civilian production and trade in reactor grade plutonium is already large and growing. 

No clandestine weapons program is known to have actually made use of acquired weapon-usable fissile 



material, but only just barely. Iraq actually initiated a crash program during the 1990-91 Gulf War to seize
the HEU from an internationally safe guarded research reactor in Iraq, and build a single nuclear weapon 
with it. This effort never got so far as to actually begin making the weapon, although Iraq did abscond 
with the fuel rods and tampered with them. 

Of the three classes of weapon-usable material available for illicit acquisition - HEU, weapon grade 
plutonium, and non-weapon grade plutonium - the scarcest and mostly heavily protected is weapon grade 
plutonium. While the possibility of theft occurring in the territories of the former Soviet Union remains a 
concern, this material is relatively unlikely to be obtained in sufficient quantity by anyone, with or 
without the permission of its owner. HEU has been available for civilian uses for many years, and has not 
always been well guarded. Recent efforts have been undertaken by the US to eliminate the civilian use of 
HEU, but it remains a serious cause for concern. The rapidly expanding civilian production and use of 
non-weapon grade plutonium is the major concern for the present and the future. Many nations have or 
soon will have substantial stockpiles of this material, and will be able to divert significant quantities 
secretly. Secret diversion could then be followed by an abrupt, open, large scale breakout of the 
regulatory regime once a weapon design has been perfected. Numerous stockpiles and a large volume 
trade in plutonium greatly increase the risk of theft. Special attention must thus be paid to the possibilities
of using reactor grade plutonium in clandestine weapons. 

Once weapons-usable material has been acquired, actually designing and manufacturing weapons is the 
next issue. Compared to the problem of manufacturing fissile material, this is comparatively easy 
however. The fundamental technologies to actually build a weapon is possessed by any nation with a 
significant arms industry (that is, virtually any country with a significant military). The technologies used 
to actually build the weapons employed by the US in WWII are crude by today's standards, and are 
widely available. 

Some desirable technologies used in advanced weapons are restricted in their availability. A famous 
example of this are the krytron high-speed switches that were illicitly sought by Iraq, Israel, and Pakistan.
Miniature pulse neutron tubes, high purity beryllium and beryllium fabricating equipment, and advanced 
wave shaping technologies are other examples. But none of these are actually necessary to manufacture 
weapons. 

These technologies are especially valuable for minimizing weapon weight, which is a key consideration if
the weapon is intended to arm a ballistic missile. Ballistic missiles typically have a payload weight limit 
in the range of 500-1000 kg. However, since South Africa actually manufactured a gun-type weapon with
a weight of only 1000 kg, it is likely that this constraint is not too severe. 

At one time computers, useful for numerical simulation in weapon design, were considered to be a 
restricted technology that limited the ability of other nations to develop weapons. However, this 
capability is most important for thermonuclear weapon design, not fission weapons. The computational 
effort required for the neutronic and hydrodynamic computations used in fission weapons is actually quite
modest, easily within the capability of any commercial PC available today. Even with thermonuclear 
weapon design, computational requirements are not that extreme. The initial design effort on most 
weapons in the US arsenal (perhaps all of them) were completed before the first Cray 1 went on line in 
1976. A high end workstation is comparable or superior to the best computers available when most 
current US warheads were developed. Even the lowest performance office computers now on the market 
are orders of magnitude faster than the computers that were used to design the first hydrogen bombs. 

Of course raw computational power is not sufficient. Sophisticated codes, and extensive physical data are 
required to make use of them. Also the connection between weapon simulation and testing should not be 
forgotten. Sophisticated simulation capabilities permit nuclear weapon states to reduce or even eliminate 
the need for weapon tests to develop or prove a design. A country without an experience base in weapon 
design is at a significant disadvantage here. The lack of proven codes will substantially constrain the 
usefulness of computer technology. 

A clandestine weapon developer will presumably use nuclear, hydrodynamic, and hydronuclear tests to 



the greatest practical extent as a substitute for full scale weapon tests. Hydronuclear testing is likely to be 
fairly expensive though, since great caution will be needed to avoid large yield overshoots that disclose 
the program prematurely. This will require numerous tests with scarce and costly fissile material to creep 
up to the desired test yield range. The fissile material can be reclaimed after each test of course (as long as
it is not accidentally dispersed in an overshoot), but this takes time and either requires a large inventory of
fissile material, or a very slow test program. 

Since every nation to develop nuclear weapons appears to have succeeded on their very first weapons test 
(with the possible exception of India, the information here is conflicting), and other nations have deemed 
it unnecessary to even test their arsenal in advance (the US with Little Boy; South Africa and Pakistan), 
there is legitimate grounds for doubting how essential full yield testing really is. The US did not 
experience its first test failure until 1951 with its 18th test. It is clear that weapons can be built without 
full yield testing (or even hydronuclear testing), but considerable information can be obtained with sub-
yield testing - especially for nations without prior test experience. In the absence of testing a nation will 
be forced to make use of more conservative, and less highly optimized designs, and will have a higher 
level of uncertainty about actual weapon performance. Certain design options (perhaps fusion boosting, as
an example) may also be infeasible. 

While simply copying the Manhattan Project weapon designs will provide a nation with a workable 
weapon, it is very likely that any nation developing weapons today will seek to improve upon them 
(unless the nation feels itself under pressure to produce a weapon as quickly as possible). South Africa 
produced a very high reliability (and presumably highly safe) gun-type weapon weighing 1000 kg, 
compared to 4500 kg for the Little Boy design. Nations developing implosion weapons today will 
probably attempt to make much lighter lens systems than the Fat Man design, and employ levitated pits, 
even on their first weapon design. 

4.2.6.2 Terrorist Bombs 

The prospect of terrorist acquisition of weapons has haunted the world since at least the late sixties, when 
international terrorism gained prominence. A variety of opinions have been expressed on the plausibility 
of these threats. Claims have been made that a terrorist weapon could:

• Produce a yield of many kilotons; 
• Be made with reactor grade plutonium, perhaps even with unrefined plutonium reactor fuel; 
• Be made by a single individual in a matter of weeks, with commonly available materials (given 

that fissile material is also available); 
• Be made small enough to transport easily by car. These claims have even been conflated, so that it

is asserted that most or all of them are true simultaneously.

These claims are all conditionally true: they may be valid, but only under a restrictive set of assumptions. 
And they also conflict strongly. Some are completely incompatible; others cannot be categorically 
eliminated as impossible in combination, but in any event it seems that no more two of them could be 
possible under any scenario. 

What technologies are plausible for terrorist use? And what types of weapons are reasonable threats? 

The most fundamental constraint on a terrorist group is the type of fissile material that is available, and in 
what quantity. The key problem is to obtain any fissile material at all, a terrorist is not likely to have any 
choice in the matter as too what kind it is. The breakup of the Soviet Union has brought about a 
worrisome trade in fissile materials. A significant amount of weapons-usable material has turned up, 
although intelligence agencies running sting operations are the only actual "market" so far identified. The 
quantities of materials that have surfaced so far have not been nearly enough for a weapon (even if it were
all pooled), but the quantities have been large enough to cause considerable concern. At the moment the 
most frightening problem is Russian naval fuel. This contains highly enriched uranium (even higher than 
standard weapons grade!), and has been poorly secured at some locations. It can be hoped that in the near 
future the former Soviet fissile stocks will be secured sufficiently to eliminate this as an immediate 



concern. 

In the long run, the availability of plutonium through commercial reprocessing for use in mixed oxide fuel
(MOX) for commercial power reactors represents the major risk. Over one hundred tons of plutonium 
have already been commercially separated (an amount that will soon exceed the world's total weapons-
grade plutonium production). This material will be in the hands of many nations, who will likely not all 
be equally vigilant in protecting their fuel stocks. 

Clearly the most serious scenario is if weapons-grade HEU can be obtained by a terrorist group. Due to 
the very low neutron emission rate, very low technology can produce a substantial probability of full 
insertion and high yield detonation. 

A weapon constructed from 40 kg of 93.5% HEU, with a 10 cm tungsten carbide reflector would produce 
a full yield of >10 kt. The required assembly time for a 50% chance of complete assembly is some 48 
milliseconds, equal to a velocity of only 9 m/sec. This can be achieved by simply dropping the bullet 4.4 
meters! Crude gun-type arrangements, along the lines of the IRA's makeshift mortars could easily achieve
velocities of 100 m/sec or more. 

A gun-type weapon is not a major concern if plutonium is used. Such a device might actually produce 
explosive yields in the range of a few tons, but would not be significantly more destructive than 
conventional truck bombs. On the other hand explosive compression, required for higher yields, is much 
more difficult to arrange. At the very least it requires a substantial quantity of good quality high explosive
- at least a few hundred kilograms (unless the design and construction is rather sophisticated). 

Now and in the future, reactor grade plutonium appears to be the material most likely to be available to a 
terrorist group. Given the spontaneous fission rate, and the limited technology for rapid assembly, 
predetonation is a foregone conclusion. In this scenario the yield of the system is not determined by the 
actual compression capability of the implosion system. Instead it is the rate of insertion that controls 
efficiency and yield. Any bomb design must emphasize making the insertion rate at the moment of 
criticality as fast as possible. In any case, rho (the density at the moment of disassembly relative to critical
density) is going to be fairly small. Still, if insertion rates approaching those of the Fat Man design can be
achieved then yields in the hundred of tons are possible. 

Despite hints to the contrary (for example Ted Taylor's comments in _The Curve of Binding Energy_ 
among others), it is not plausible that true spherical implosion systems can be developed by a terrorist 
group. The difficulties in designing and making a working lens system appears to be simply 
insurmountable. Unfortunately, a spherical implosion system does not seem to be required for reasonably 
fast insertion at low levels of compression. 

Consider an implosion of a system that may be in one dimension (linear implosion), two dimensions 
(cylindrical implosion), or three dimensions (spherical implosion). If delta represents the change in 
system dimension (i.e. size - radius or length) along the axis or axes of compression in n dimensions (n 
equals 1, 2, or 3), then the compression C achieved by the implosion is: 

     C = (r_0/(r_0 - delta))^n

At very low degrees of compression, this is roughly equivalent to: 

     C = n*(delta/r_0) + 1

That is, the excess density C - 1 is roughly proportional to the dimensional reduction ratio and the number
of axes of compression. Thus for a given compression velocity, the actual rate of density increase for 3-D 
compression is three times faster than 1-D compression, but only 50% faster than 2-D compression. These
differences are significant, but not dramatic. 

Developing linear and cylindrical implosion systems fast enough to produce a highly destructive terrorist 



bomb appears to be feasible. The flying plate line-charge approach is sufficiently simple, and testable, 
that a low resource group could develop a workable system. Even plane or cylindrical explosive lenses 
are not out of the question, although they are probably more difficult. 

Illicitly obtained plutonium would most probably be in the form of plutonium oxide, possibly as mixed 
oxide fuel. If the material were purified oxide powder, then it could be used directly in a bomb design. 
Fuel material, fabricated or not, would require chemical separation. A group sophisticated enough to 
attempt chemical processing would probably go on to reduce the plutonium to metal which is much more 
desirable for bomb construction. 

Since the density of plutonium oxide is much since lower than plutonium metal, considerably more 
plutonium in this form would be needed. How much would depend on how highly compacted the 
plutonium oxide was at the moment of criticality. Although the crystal density of PuO2 is 11.4, the bulk 
density of unconsolidated oxide powder is only 3-4 (possibly even lower). To raise it as high as 5-6 would
require compacting under substantial pressure. 

The pressures generated by shock waves are much less efficient at compacting porous materials, 
compared to static pressures. This is due to the inherent strong entropic heating associated with large 
volume changes during shock compression. However the pressures in a strong high explosive shock (or 
generated by an explosive driven high velocity plate collision) are so high that densities approaching the 
theoretical crystal density are probably achievable. If it is assumed that a bomb builder could compress 
the powder to a density of 5 with moderate pressure, and that a density of 10 is achieved during 
implosion, then something like 50 kg of plutonium in the form of oxide would be required for a bomb 
without a reflector. Assuming a fairly good, readily available reflector (a few inches of iron or graphite), 
this could be reduced to 25-30 kg. Taking into account the explosive required, such a bomb (with a 
reflector) would be large - weighing on the order of a tonne. 

Using plutonium metal would greatly reduce fissile material requirements, and lead to a much smaller 
bomb. A design might use the cylindrical collapse of a hollow ring of plutonium metal (as the delta or 
alpha phase), or cylindrical compression of a solid delta-phase aluminum-plutonium alloy disk. No more 
than about 10 kg of plutonium would be required in such a design, if a reasonably good reflector were 
used. Such a weapon might weigh as little as 200 kg. 

Given that the system will disassemble well before compression is complete, an accurate symmetrical 
implosion is not really a necessity. Simply imploding the fissile material at a high rate even if imperfectly 
(that is, without a true plane or cylindrical shock wave), could produce the necessary rapid compression. 
For this to work, the fissile material would have to be fairly close to critical at the beginning of the 
implosion since an imperfect implosion would create unacceptable distortions if the compression factor 
were very large. As noted earlier in the discussion on nuclear testing, manufacturing a device that is close 
to critical is extremely hazardous and itself requires substantial sophistication. 



Back to top of Section 4 

4.3 Fission-Fusion Hybrid Weapons

The first designs proposed for fusion bombs in the U.S. assumed that the heat from the fission trigger 
would ignite a self-sustaining fusion reaction in a mass of liquid deuterium adjacent to it. In the late 40s 
and early 50s improved calculations showed that this was impossible. The only fusion reaction achievable
by simply heating the fuel with a fission bomb is the D- T reaction:

   D + T -> He-4 (3.5 MeV) + n (14.1 MeV)

The naive approach to using this reaction - making a large explosion by igniting a large mass of D-T fuel 
mixture with a fission trigger - is prohibitively costly. Plutonium is a factor of 10 times cheaper per unit 
of energy released compared to D-T fuel, and HEU is 3-5 times cheaper still. Furthermore due to 
radioactive decay the tritium continuously disappears at a rate of 5.5% annually and must be replaced. 

A number of weapon designs have been developed that use the D-T reaction in a variety of ways 
however. All of them depend on the highly energetic neutrons produced by the D-T reaction. Some of 
these designs use the neutrons to achieve significant fission yield enhancement, thus reducing the 
expenditure of fissile material for a given yield. Others exploit the neutrons directly as a weapon. 

The fusion boosting and Alarm Clock/Layer Cake designs were pioneered by the US and USSR in the 
early 1950s. Neutron bombs were apparently not developed by either nation until the late 1960s or early 
1970s. 

4.3.1 Fusion Boosted Fission Weapons 

Fusion boosting is a technique for increasing the efficiency of a small light weight fission bomb by 
introducing a modest amount of deuterium- tritium mixture (typically containing 2-3 g of tritium) inside 
the fission core. As the fission chain reaction proceeds and the core temperature rises at some point the 
fusion reaction begins to occur at a significant rate. This reaction injects fusion neutrons into the core, 
causing the neutron population to rise faster than it would from fission alone (that is, the effective value 
of alpha increases). 

The fusion neutrons are extremely energetic, seven times more energetic than an average fission neutron, 
which causes them to boost the overall alpha far out of proportion to their numbers. Is this due to several 
reasons:
1. Their high velocity creates the opposite of time absorption - time magnification.
2. When these energetic neutrons strike a fissile nucleus a much larger number of secondary neutrons are 
released (e.g. 4.6 vs 2.9 for Pu-239).
3. The fission cross section is larger in both absolute terms, and in proportion to scattering and capture 
cross sections. 

Taking these factors into account, the maximum alpha value for plutonium (density 19.8) is some 8 times 
higher than for an average fission neutron (2.5x10^9 vs 3x10^8). 

A sense of the potential contribution of fusion boosting can be gained by observing at 1.5 g of tritium 
(half an atom mole) will produce sufficient neutrons to fission 120 g of plutonium directly, and 660 g 
when the secondary neutrons are taken into account. This would release 11.6 kt of energy, and would by 
itself result in a 14.7% overall efficiency for a bomb containing 4.5 kg of plutonium (a typical small 
fission trigger). The fusion energy release is just 0.20 kt, less than 2% of the overall yield. Larger total 
yields and higher efficiency is possible of course, since this neglects the fission-only chain reaction 
required to ignite the fusion reaction in the first place and that fission multiplication would continue 
significantly beyond the fissions caused by the fusion induced secondaries. 

The fusion reaction rate is proportional to the square of the density at a given temperature, so it is 
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important for the fusion fuel density to be as high as possible. The higher the density achieved, the lower 
the temperature required to initiate boosting. Lower boosting initiation temperatures mean that less pre-
boost fission is required, allowing lower alpha cores to be used. 

High fusion fuel densities can be achieved by using fuel with a high initial density (highly compressed 
gas, liquid hydrogen, or lithium hydride), by efficient compression during implosion, or most likely by 
both. 

Although liquid D-T was used in the first US boosting test (Greenhouse Item), this is not a practical 
approach due to the difficulty in achieving and maintaining cryogenic temperatures (especially 
considering that 3 g of tritium constitutes a heat source of approximately 1 watt). 

US nuclear weapons are known to incorporate tritium as a high pressure gas, that is kept in a reservoir 
external to the core (probably a deuterium - tritium mixture). The gas is vented into the weapon core 
shortly before detonation as part of the arming sequence. Initial densities with a room- temperature gas 
(even a very high pressure one) are substantially lower than liquid density. The external gas reservoir has 
the important advantage though that it allows the use of "sealed pit", a sealed plutonium core that does not
need servicing. The tritium reservoir can be easily removed for repurification and replenishment 
(removing the He-3 decay product, and adding tritium to make up for the decay loss) without disturbing 
the weapon core. 

A possible alternative the use of a high pressure gas reservoir is to store the gas in the form of a metal 
hydride powder, uranium hydride (UH3) for example. The hydrogen can be rapidly and efficiently 
released by heating the hydride to a high temperature - with a pyrotechnic or electrical heat source 
perhaps. 

A problem with using hydrogen gas is that it reacts very rapidly with both uranium and plutonium to form
solid hydrides (especially plutonium, the Pu-H reaction rate is hundreds of times higher than that of any 
other metal). The formation of hydrides is very undesirable for the boosting process since it dilutes the 
gas with high-Z material. This can be prevented by lining boost gas cavity with an impermeable material. 
Thin copper shells have been used for this purpose. Alternatively the injection of fusion fuel could simply
be conducted immediately before detonation, reducing contact between the core and the hydrogen isotope
mixture to no more than a few seconds. 

Lithium hydrides achieve an atomic density of hydrogen that is about 50% higher than in the liquid state, 
and since the hydride is a (relatively) stable inert solid it is also easy to handle. A key disadvantage is that
the hydride must be permanently incorporated into the core requiring complete core removal and 
disassembly to replenish and purify the tritium. 

The ideal location for the boosting gas would seem to be in a cavity in the very center of the fissile mass, 
since this would maximize the probability of neutron capture, and the core temperature is also highest 
there. In a levitated core design, this would make the levitated core into a hollow sphere. This is not 
desirable from the viewpoint of efficient fissile material compression however since a rarefaction wave 
would be generated as soon as the shock reached the cavity wall. 

An alternative is to place the boosting gas between the outer shell and the levitated pit. Here the 
collapsing thin shell would create multiple reflected shocks that would efficiently compress the gas to a 
thin very high density layer. There is evidence that US boosted primaries actually contain the boosting 
gas within the external shell rather than an inner levitated shell. The W-47 primary used a neutron 
absorbing safing wire that was withdrawn from the core during weapon arming, but still kept its end flush
with the shell to form a gas-tight seal. 

The conditions created by compressing the gas between the collapsing shell and levitated core are 
reminiscent of a recently reported shock compression experiment conducted at Lawrence Livermore in 
which liquid hydrogen was compressed the metallic state by the impact of a 7 km/sec gas gun driven 
plate. This experiment generated pressures of 1.4 megabars, and hydrogen densities nine times higher 



than liquid. The velocity of an imploding shell is more like 3 km/sec and the boost gas is at a lower initial 
density, still, the pressures that can be expected are at least as high, so a similar hydrogen density (around 
0.75 atom-moles/cm^3) may be achievable. 

It is also possible to dispense with a levitated pit entirely and simply collapse a hollow sphere filled with 
boosting gas. Since the fissile shell would return to normal density early in the collapse, there does not 
seem to be any advantage in doing this. 

Fusion boosting can also be used in gun-type weapons. The South Africans considered adding it to their 
fission bombs, which would have increased yield five-fold (from 20 kt to 100 kt). Since implosion does 
not occur in gun devices, it cannot contribute to fusion fuel compression. Instead some sort of piston 
arrangement might be used in which the kinetic energy of the bullet is harnessed by striking a static 
capsule. 

The fusion fuel becomes completely ionized early in the fission process. Subsequent heating of the 
hydrogen ions then occurs as a two step process - thermal photons emitted by the core transfer energy to 
electrons in the boost plasma, which then transfer energy to the ions by repeated collisions. As long as 
this heating process dominates, the fusion fuel remains in thermal equilibrium with the core. As the 
temperature rises, the fusion fuel becomes increasingly transparent to the thermal radiation. The coupling 
is efficient up to around 10^7 K, after which the fuel intercepts a dwindling fraction of the photon flux 
(which is should still keep it in temperature equilibrium given the greatly increasing flux intensity). 

The fusion process releases 80% of its energy as neutron kinetic energy, which immediately escapes from
the fuel. The remaining 20% is deposited as kinetic energy carried by a helium-4 ion. This energy remains
in the gas, and can potentially cause significant heating of the fuel. The question arises then whether the 
fusion fuel continues to remain in equilibrium with the core once thermonuclear burn becomes 
significant, or whether self- heating can boost the fuel to higher temperatures. This process could, in 
principal, cause the fusion fuel temperature to "run away" from the core temperature leading to much 
faster fuel burnup. 

I have not resolved this question satisfactorily at present, but it may be that the fusion fuel will remain in 
equilibrium, rather than undergo a runaway burn. Most of the helium ion energy is actually transferred to 
the electrons in the plasma (80-90%), which then redistribute it to the deuterium and tritium ions, and to 
bremsstrahlung photons. The energy must be transferred to the ions before it is available for accelerating 
the fusion reaction, a process which must compete with photon emission. If the photon-electron coupling 
is sufficiently weak then the boost gas can still runaway from the core temperature, otherwise it will 
remain in thermal equilibrium. 

Boosting effectively begins when the ions are hot enough to produce neutrons at a rate that is significant 
compared to the neutron production rate through fission alone. This causes the effective value of alpha in 
the core to increase leading to faster energy production and neutron multiplication. In the temperature 
range where boosting occurs, the D-T fusion rate increases very rapidly with temperature (modelled as an 
exponential or high order polynomial function), so the boosting effect quickly becomes stronger as the 
core temperature climbs. 

At any particular moment the contribution to alpha enhancement from boosting is determined by the ratio 
between the rate of neutron increase due to fission spectrum neutron secondaries, and the rate of increase 
due to fusion neutron secondaries. The fission spectrum contribution is determined in turn by the 
unboosted fission spectrum value of alpha, and the fission spectrum neutron population in the core. The 
fusion contribution is determined by the fusion reaction rate, and the fusion neutron alpha value. To 
optimize yield this enhancement should be at a maximum just as disassembly begins. 

The fusion reaction rate typically becomes significant at 20-30 million degrees K. This temperature is 
reached at very low efficiencies, when less than 1% of the fissile material has fissioned (corresponding to 
a yield in the range of hundreds of tons). Since implosion weapons can be designed that will achieve 
yields in this range even if neutrons are present a the moment of criticality, fusion boosting allows the 



manufacture of efficient weapons that are immune to predetonation. Elimination of this hazard is a very 
important advantage in using boosting. It appears that every weapon now in the U.S. arsenal is a boosted 
design. 

4.3.2 Neutron Bombs ("Enhanced Radiation Weapons") 

The design objective of the tactical neutron bombs developed in the 1960s and 70s was to create a low-
yield, compact weapon that produced a lethal burst of neutrons. These neutrons can penetrate steel armor 
with relative ease, enabling the weapons to be effective against tanks and other armored vehicles which 
are otherwise highly resistant to the effects of nuclear weapons. A flux of several thousand rems were 
desired so that incapacitation of armored crews would be relatively rapid, with in several hours to a 
couple of days at most. In this exposure range death is inevitable. To minimize the effects of collateral 
damage, the effect of thermal radiation and blast outside the neutron kill radius, it was also very desirable 
to minimize the energy released in forms other than the neutron flux. 

The means for generating this intense neutron flux is to ignite a quantity of deuterium-tritium fuel with a 
low yield fission explosion. It is essential however to avoid the absorption of those neutrons within the 
bomb, and especially to *prevent* the fusion-boosting effect on the trigger. The weapon must also fit 
inside an 8" diameter artillery shell. 

An example of such a weapon is the US Mk 79-0 warhead for the XM-753 8" AFAP (artillery fired 
atomic projectile). This shell was 44 inches long and weighed 214 lb. The W-79-0 component was only 
about 37 cm long. The maximum yield of the W-70-0 was 1 kt, of which 0.75 kt was due to fusion, and 
0.25 kt to fission. 

It has been suggested by some that a neutron bomb is simply a variation of a boosted fission bomb, e.g. 
the fusion fuel is in the center of the fissile mass. Elementary analysis shows that this idea is impossible. 
The 3:1 fusion:fission yield ratio of the W-79-0 indicates that there must be 31 fusion reactions releasing 
540 MeV (and 31 fusion neutrons) for each fission (which release 180 MeV). This means more than 97% 
of the fusion neutrons must escape the core without causing fission. Since a critical mass is by definition 
one in which a neutron has less than a 35-40% chance of escaping without causing fission, the fusion 
reaction cannot occur there. Consequently the fusion reaction must take place in a location outside the 
fissile core. 

Simulations show that at the temperatures reached by a 250 ton fission explosion, and at normal densities 
(gas highly compressed to near liquid density, or in lithium hydrides) even deuterium-tritium fuel does 
not fuse fast enough for efficient combustion before the expanding fissile mass would cause disassembly. 
The fuel must be compressed by a factor of 10 or so for the reaction to be sufficiently fast. 

Computations also show that care must be taken to heat the fuel symmetrically. The radiation pressure 
and ablation forces during heating are so large that if significant asymmetry occurs, the fuel will be 
dispersed before much fusion takes place. 

Taken together, these considerations make it evident that neutron bombs are miniaturized variants of 
staged radiation implosion fusion bombs (see Sections on Thermonuclear Weapons below). The fissile 
mass is separated from the fusion fuel, which is compressed and heated by the thermal radiation flux from
the fissile core. Due to the small mass of the fusion fuel, and the low temperature of ignition, a fission 
spark plug internal to the fusion capsule is not necessary to ignite the reaction. The ignition probably 
occurs when the thermal radiation diffuses through the pusher/tamper wall of the fusion capsule. It is also 
possible that the localized region of intense heating that develops when the shock in the fuel capsule 
converges at the center may be responsible for, or contribute to, the ignition of the fusion reaction (this is 
similar to the ignition process in inertial confinement fusion experiments). 

The W-79 fissile core is plutonium and is assembled through linear implosion. It is known to contain 
tungsten and uranium alloys. The likely use of the tungsten is to provide a high-Z material for providing 
the radiation case, and for the fuel capsule pusher/tamper. Uranium may be used simply to provide 



inertial mass around the core compression system, it may also serve in part as a neutron reflector. 

A notional sketch of the W-79 is given below. The dimensions in centimeters are given along the left 
hand and lower border of the design. Typical screen formatting will tend to stretch the graphic vertically 
since line width:character width ratios are usually something like 5:3. 
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Legend:
C - casing (steel and uranium?)
E - explosive
f - fissile material (plutonium)
R - radiation shield/radiation case (tungsten)
H - hydrogen fuel capsule, made of tungsten, filled with D-T gas

The fissile material mass in this design would be something like 10 kg. The 750 ton fusion yield indicates
at least 10 g of D-T mixture for the fusion fuel. Under high static pressure hydrogen can reach densities of
around 0.1 mole/cc (0.25 g/cm^3 for DT). This indicates a fuel capsule volume of at least 40 cm^3, or a 
spherical radius of 2.5-3 cm including wall thickness. 

4.3.3 The Alarm Clock/Layer Cake Design The earliest and most obvious idea for using fusion reactions 
in weapons is to surround the fission core with a fusion fuel. The radiation dominated shock wave from 
the expanding fission core would compress the fusion fuel 7- 16 fold, and heat it nearly to the same 
temperature as the bomb core. In this compressed and heated state a significant amount of fusion fuel 
might burn. 

Calculations quickly showed that only one reaction ignited with sufficient ease to make this useful - the 
deuterium-tritium reaction. The cost of manufacturing tritium relative to the energy produced from the 
fusion reaction made this unattractive. 

Two ideas were later added to this concept to make a practical weapon design: The first: use lithium-6 
deuteride as the fuel. The excess neutrons released by the fission bomb will breed tritium directly in the 
fuel blanket through the Li-6 + n -> T + He-4 + 4.78 MeV reaction. A layer at least 12 cm thick is 
necessary to catch most of emitted neutrons. This reaction also helps heat the fuel to fusion temperatures. 
The capture of all of the neutrons escaping ahead of the shock wave generates about 2.5% as much energy
as the entire fission trigger release, all of it deposited directly in the fusion fuel. 

The second: encase the fusion fuel blanket in a fusion tamper made of uranium. This tamper helps confine
the high temperatures in the fusion blanket. Without this tamper the low-Z fusion fuel, which readily 
becomes completely ionized and transparent when heated, would not be heated efficiently, and would 
permit much of the energy of the fission trigger to escape. The opaque fusion tamper absorbs this energy, 



and radiates it back into the fuel blanket. The high density of the fusion tamper also enhances the 
compression of the fuel by resisting the expansion and escape of the fusion fuel. 

In addition the uranium undergoes fast fission from the fusion neutrons. This fast fission process releases 
far more energy than the fusion reactions themselves and is essential for making the whole scheme 
practical. 

This idea predates the invention of staged radiation implosion designs, and was apparently invented 
independently at least three times. In each case the evolution of the design seems to have followed the 
same general lines. It was first devised by Edward Teller in the United States (who called the design 
"Alarm Clock"), then by Andrei Sakharov and Vitalii Ginzburg in the Soviet Union (who called it the 
"Layer Cake"), and finally by the British (inventor unknown). Each of these weapons research programs 
hit upon this idea before ultimately arriving at the more difficult, but more powerful, staged 
thermonuclear approach. 

There is room for significant variation in how this overall scheme is used however. 

One approach is to opt for a "once-through" design. In this scheme the escaping fission neutrons breed 
tritium, the tritium fuses, and the fusion neutrons fission the fusion tamper, thus completing the process. 
Since each fission in the trigger releases about one excess neutron (it produces two and a fraction, but 
consumes one), which can breed one tritium atom, which fuses and release one fusion neutron, which 
causes one fast fission, the overall gain is to approximately double the trigger yield (perhaps a bit more). 

The gain can be considerably enhanced though (presumably through a thicker lithium deuteride blanket, 
and a thicker fusion tamper). In this design enough of the secondary neutrons produced by fast fission in 
the fusion tamper get scattered back into the fusion blanket to breed a second generation of tritium. A 
coupled fission-fusion-fission chain reaction thus becomes established (or more precisely a fast fission -> 
tritium breeding -> fusion -> fast fission chain reaction). In a sense, the fusion part of the process acts as a
neutron accelerator to permit a fast fission chain reaction to be sustained in the uranium tamper. The 
process terminates when the fusion tamper has expanded sufficiently to permit too many neutrons to 
escape. 

The advantage of the once-through approach is that a much lighter bomb can be constructed. The 
disadvantage is that a much larger amount of expensive fissile material is required for a given yield. 
Yields exceeding a megaton are possible, if a correspondingly large fission trigger is used. This design 
was developed by the British. The Orange Herald device employed this concept and was tested in Grapple
2 (31 May 1957). A U-235 fission trigger with a yield in the 300 kt range was used, for a total yield of 
720 kt - a boost in the order of 2.5-fold. A variant design was apparently deployed for a while in the 
fifties under the name Violet Club. 

The second approach was adopted by the Soviets and proven in the test known as Joe-4 to the West 
(actually the fifth Soviet test) on 12 August 1953 at Semipalatinsk in Kazakhstan. This resulted in a very 
massive, but much cheaper bomb since only a small amount of fissile material is required. 

Since there is an actual multiplication effect between the fusion reaction and the tamper fast fission, an 
improved yield can be obtained at reasonable cost by spiking the fusion layer with tritium prior to 
detonation. 

The Joe-4 device used a 40 kt U-235 fission bomb acted as the trigger and produced a total yield of 400 kt
for a 10-fold enhancement, although tritium spiking was partly responsible. 15-20% of the energy was 
released by fusion (60-80 kt), and the balance (280-300 kt) was from U-238 fast fission. A later test 
without tritium spiking produced only 215 kt. 

This design has a maximum achievable yield of perhaps 1 Mt (if that) before becoming prohibitively 
heavy. The USSR may never have actually deployed any weapons using this design. 



Back to top of Section 4 

4.4 Elements of Thermonuclear Weapon Design

In the previous subsection (4.3) I discussed weapon designs that employ the easy-to-ignite D-T reaction. 
In principle large fusion explosions could be created using this reaction, if sufficient tritium were 
available. The fact that tritium must be made through neutron reactions (or other even more expensive 
charged particle reactions) makes its cost prohibitively high for this. A neutron expended in breeding Pu-
239 or U-233 would make ten times as much energy available for a nuclear explosion. Even if the fusion 
neutrons were used efficiently in causing U-238 fast fission (requiring a massive fusion tamper as in the 
Alarm Clock/Layer Cake design), the energy gain would still not be dramatically greater than breeding 
fissile material directly. For at most a modest energy gain, this design would have considerable penalties. 
First, there is the added complexity compared to a pure fission bomb. Second, and more important, is the 
natural decay of tritium. If the weapon is intended to be kept in stockpile rather than used immediately 
(which fortunately, has been the case since 1945), then maintaining a given tritium inventory means 
duplicating the initial investment in tritium production every 17.8 years (sic, this is not a typo, the half-
life is 12.33 years but continuously replacing decayed tritium requires duplicating production over 
12.33/ln 2 years). 

4.4.1 Development of Thermonuclear Weapon Concepts 

The design and functioning of these weapons is complex, I have decided to introduce the physics and 
design of these weapons by discussing the evolution of thermonuclear weapon design concepts, instead of
plunging directly in to a description of modern hydrogen bomb design principles. This has the advantage 
of allowing the introduction of important design ideas piecemeal, within a framework which gives the 
reader a sense of the significance of each. 

4.4.1.1 Early Work 

In the summer of 1942, quite early in the development of nuclear weapons (3 years before the first fission
weapon test), the possibility was noticed of igniting self-supporting thermonuclear combustion in pure 
deuterium, a naturally available and comparatively cheap material. If the D-D reaction could be initiated 
then explosions of practically unlimited power could be created inexpensively. An additional possibility 
was that such weapons might be much lighter than other designs of comparable yield. 

Preliminary investigation made the idea seem promising, but more detailed analysis soon showed that the 
feasibility of a self-sustaining D+D reaction in deuterium at achievable densities was marginal at best. In 
fact the better part of a decade (until mid 1950) was spent refining calculations to conclusively determine 
its feasibility one way or the other. In the end, it was shown to be impossible under the conditions then 
deemed to be achievable. 

It was not until early 1951 that a series of conceptual breakthroughs made by Stanislaw Ulam and Edward
Teller discovered a way of creating the necessary conditions for solving the "ignition problem". These 
discoveries led to the detonation of the first hydrogen bomb in November 1952, some 20 months later. 

4.4.1.2 The Ignition Problem 

Stated as generally as possible, the ignition problem is finding a means of achieving the following 
requirements.
1. Creating conditions so that the fusion reaction proceeds at a high rate;
2. Maintaining these conditions for a period of time, such that:
3. The total energy produced (rate*time) exceeds the externally supplied 
energy consumed in creating and maintaining the reaction conditions. 

The formula for the rate of a fusion reaction between two types of particles A and B is:
R = N_A * N_B * f_AB(T)
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where R is reactions/sec-cm^3, N_A and N_B are the particle densities of A and B in particles/cm^3, and 
f_AB(T) is a function the gives the reaction cross section (in cm^2) at temperature T. Since particle 
energies at equilibrium follow a Maxwellian distribution, the function is actually an average of the cross 
section values for specific energies over the distribution. In the fusion physics literature, T is normally 
given in electron volts (eV or KeV). One electron volt of temperature is equal to 11,606 degrees K. 

For a given fuel mixture both N_A and N_B are proportional to density. Since the rate at a given 
temperature is determined by the product of N-A and N_B, it is proportional to the square of the density. 
A high density can thus greatly enhance the reaction rate. 

Note that the effect on the reaction rate in a fixed quantity of fusion fuel only increases linearly with 
density. This because while the reaction rate (per unit volume) goes up as the square of density, the actual
volume decreases linearly with density offsetting this. 

The reaction rate is highly dependent on temperature also, as can be seen from the table below: 

       Reaction Cross Sections (cm^2)
T (KeV)    D/T         D/D       D/He-3
 1.0   5.5x10^-21  1.5x10^-22  3  x10^-26
 2.0   2.6x10^-19  5.4x10^-21  1.4x10^-23
 5.0   1.3x10^-17  1.8x10^-19  6.7x10^-21
 6.0   2.6x10^-17  2.3x10^-19  3.3x10^-20
 7.0   4.1x10^-17  3.5x10^-19  5.3x10^-20
 8.0   6.0x10^-17  5.0x10^-19  8.0x10^-20
 9.0   8.2x10^-17  6.7x10^-19  1.3x10^-19
10.0   1.1x10^-16  1.2x10^-18  2.3x10^-19
15.0   2.6x10^-16  1.9x10^-18  1.3x10^-18
20.0   4.2x10^-16  5.2x10^-18  3.8x10^-18
30.0   6.6x10^-16  6.3x10^-18  1.0x10^-17
40.0   7.9x10^-16  1.0x10^-17  2.3x10^-17
50.0   8.7x10^-16  2.1x10^-17  5.4x10^-17

The primary means by which energy is lost from a fully ionized plasma is through bremsstrahlung 
radiation. The rate of energy emission per unit volume is energy emitted is: 

e = 1.42 x 10^-27 Z^3 n_i^2 T^0.5 ergs/cm^3-sec 

where n_i is the ion density, Z is the ion atomic number, and T is in degrees K. 

Note that the dependence on density for bremsstrahlung emission is the same as that of the fusion reaction
rate. Its increase with temperature is comparatively sluggish, varying only with the square root. 

4.4.1.3 The Classical Super 

The original concept for creating a thermonuclear explosion was to create a thermonuclear combustion 
wave in a mass of liquid deuterium. The idea was to heat a portion of the mass to ignition conditions with 
an atomic bomb. The energy released by the burning region would be sufficient to heat an adjacent region
to the point of ignition, allowing the region of burning to spread throughout the mass. 

This process has been described as "thermonuclear detonation" but "thermonuclear combustion" is more 
accurate. Unlike a high explosive, the fusion reaction will not go to completion in a narrow zone behind 
the ignition front, instead the fuel would continue to burn until quenched by the expansion of the fuel 
mass. Since a large mass takes longer to expand than a small one, it seemed clear that such a bomb must 
be fairly large for he combustion to be reasonably efficient (one cubic meter of deuterium yielding 10 
megatons was the nominal figure used). 

Developing this approach (originally called the Super, later the Classical Super) actually required solving 
two different ignition problems: establishing the initial ignition conditions, and determining whether the 
combustion wave would be self-supporting once established. 



Despite the enormous temperatures and energy densities in a fission bomb, the first problem was not 
straightforward. Some 80% of the energy in an exploding bomb core is in the form of soft x-rays, but 
ionized hydrogen at normal densities is virtually transparent to this high temperature radiation (the mean 
free path is measured in hundreds of meters). The thermal radiation escaping from the bomb core thus 
cannot heat a localized region of deuterium to ignition. Most the remaining energy is present in the form 
of kinetic energy of ions and electrons. This energy, transferred as a shock wave by the expanding bomb 
core, was a possibility. However the primary means to heat the fuel that was chosen seems to have been 
the neutron flux from the core, which carried a mere 1% or so of the explosion energy. The reason was 
that the neutrons travel very rapidly and quickly deposit their energy in a manageably small region 
(roughly 8 cm thick) through moderation by the hydrogen. Very large explosions were required for 
sufficient heating to occur (hundreds of kilotons). 

The second problem, determining whether thermonuclear combustion would propagate and lead to 
efficient combustion, was very difficult to solve. A large number of physical processes are involved: 
questions of energy production rates, energy transport by various reaction products (different types of 
ions and neutrons of various energies), energy transport by electrons, energy loss from photons through 
bremsstrahlung and inverse Compton scattering, etc. 

Early on it became apparent that direct heating of deuterium could not establish ignition conditions, even 
fission bombs are not hot enough for this. Adding extremely costly tritium to the ignition zone as a 
"starter fuel" was required, the easily combustible tritium could in principal raise the fuel to deuterium-
deuterium fusion temperatures. Since it is impractical to use tritium as the principal fusion fuel, it was 
essential that the detonation wave be able to propagate itself into pure deuterium. Determining whether or
not this was even possible proved extremely difficult. 

Study of the problem began during WWII, and continued until late 1950. The basic problems were the 
balance of energy production to energy loss, and spread of combustion conditions. In the burning zone, 
energy emitted as bremsstrahlung (and to a lesser extent the inverse Compton effect) was effectively lost 
to the fuel mass since it was very unlikely to be reabsorbed (the MFP for these high temperature photons 
was measured in kilometers!). The fuel mass was thus out of equilibrium with thermal radiation. To make
the ratio between production and loss favorable, and the rate of deuterium combustion reasonably rapid, 
very high temperatures were needed. The energy loss of course tended to damp the temperature rise, 
making the conditions difficult to achieve and maintain. 

The fact that most of the fusion energy was released as neutron kinetic energy was no doubt problematic 
also. This meant that most of the energy was deposited in a fairly large region outside of the combustion 
zone, making propagation of the zone more difficult. 

Solving these problems required intensive numerical computations to simulate the propagation and 
combustion process. As computations became more refined during 1949-1950 the ignition problem 
became worse, requiring ever larger amounts of tritium to reach ignition conditions (eventually it was 
estimated that 3-5 kilograms were needed - basically filling the entire ignition zone with a 50:50 D-T 
mixture, corresponding to lost production of 220-500 kg of plutonium). But even this did not solve the 
propagation and combustion efficiency questions. 

Eventually in mid-1950 (after 8 years of study) it became clear that despite large amounts of tritium 
starter fuel, at best very low combustion efficiencies could be obtained with bombs of reasonable size. 
The reaction cross sections of the deuterium-deuterium reactions were simply too low by a factor of 2 to 3
to make a Classical Super feasible. 

4.4.1.4 The Teller-Ulam Design 

Here the matter rested until January 1951. No viable technical approach for exploding deuterium was 
available. At this time Stanislaw Ulam was considering ways of improving fission bombs. Since these 
weapons generally rely on compression, he contemplated whether the energy of a small fission bomb 
could be used to compress a larger amount of fissile material. Since the energy of fissile material exceeds 



that of a conventional explosive by six orders of magnitude, if this energy could be harnessed to drive an 
implosion much more rapid compression and much higher densities could be achieved. 

Very quickly he realized that this idea could be extended to compressing deuterium, to make a fusion 
explosion possible. This is the origin of the key ideas of separation and staging: separating fuels into 
physically discrete units, and using the explosion of one stage to drive the second stage. 

It is not immediately evident from a cursory examination of the physics of thermonuclear detonation 
waves that this is really of any help. At a constant temperature, the reaction rate in a fusion fuel mass 
increases linearly with compression, but so does the emission rate of thermal energy through 
bremsstrahlung. The balance of energy production to energy loss remains the same. For this reason Teller 
had long regarded compression as being futile for enhancing the classical Super. 

However not all physical factors scale similarly. While the rates of energy generation and emission are 
linear with density, the scale of the whole system varies inversely with the cube root of density just as it 
does in fission cores. Compressing the fuel by a factor of 1000 (for example), reduces the dimensions by 
a factor of 10. This has several important consequences. First, the fuel has greater opportunity to burn 
before disassembly. Second, the MFPs for neutrons decrease by a factor of 1000, and for photons by a 
factor of a million. Neutron heating thus occurs in a narrower zone, assisting the propagation of the burn 
region, while photon absorption becomes an important heating mechanism - effectively eliminating 
bremsstrahlung loss. 

The net result is that compression does indeed make a big difference in the feasibility of propagating a 
thermonuclear combustion wave. 

Ulam was the key figure involved with the detailed computations that killed the Classical Super concept, 
he was thus well positioned to realize the benefits of compression. The fact that he did not propose 
compression as a solution earlier can be explained by the fact that chemical explosives are too weak to be 
helpful. Much higher compressions are needed. Once he thought of nuclear driven implosion, the idea of 
harnessing it to fusion was immediate. He quickly persuaded Teller of the fundamental soundness of the 
idea. 

The next problem was determining how the second stage implosion should actually be carried out. Ulam's
concept did not specify how an implosion could be successfully produced using the nuclear explosion 
energy. His initial idea was to use the kinetic energy in the shock wave of expanding fission trigger 
debris. Reflecting and concentrating this shock wave on the second stage is possible in principle, but 
likely to be exceedingly difficult in practice. 

Teller soon conceived of a better idea. He had been studying radiation transport in fission explosions and 
was well acquainted with the physics involved. He knew that most of the energy is in the form of thermal 
radiation, not kinetic energy, and furthermore that the shock front rapidly emits this energy into the bomb 
casing. He also recognized that this thermal energy could be harnessed to perform work on the second 
stage much more easily and efficiently than the kinetic shock. 

The idea Teller developed is now known as radiation implosion. The thermal radiation escaping from the 
primary stage (also called simply the "primary" or "trigger") flows along a gap between the fusion fuel 
and the opaque bomb casing (known as the radiation channel) until the interior of the casing is heated to a
uniform temperature. The blackbody radiation emission from the casing evaporates material from an 
opaque pusher/tamper around the fusion fuel. The expansion of this heated material acts like a rocket 
engine turned inside out - the inward directed reaction force drives the fuel capsule inward, imploding it. 

Once the idea of separation and staging have been developed, the idea of radiation implosion is actually 
rather difficult to avoid. The thermal radiation arrives well ahead of the shock, and must be dealt with in 
some way. It is very unfavorable to allow it to heat the fusion fuel prior to compression, since entropic 
heating makes compression much less effective. If an opaque radiation shield is placed around the fuel to 
protect it from heating, the evaporation of the shield and a resulting implosion is inevitable. 



A final additional question remains to making this scheme work. How to heat the compressed fuel to 
ignition temperature? One possibility is achieving sufficient heating from the compression process itself, 
reminiscent of a diesel engine. Adiabatic compression raises the temperature, but even with extreme 
compression not by a large enough factor. The extremely rapid implosion necessarily generates an intense
convergent shock wave in the fuel. When this shock converges at the center, the extreme heating can be 
sufficient to ignite the fuel (this approach is used in the radiation imploded fuel capsules used in inertial 
confinement fusion experiments). 

Teller thought of an additional element to the design to accomplish ignition. He proposed placing a sub-
critical fissile mass (called the "spark plug") at the center of the fusion fuel. The implosion process would 
compress this mass to a high level of criticality, causing an extremely rapid fission reaction. This would 
directly heat the highly compressed fuel, initiating a thermonuclear burn. 

As J. Carson Mark points out, the spark plug idea is a fairly obvious addition. After all, it was the idea of 
compressing fissile material that set Ulam upon this path in the first place, and heating fusion fuel in 
direct contact with a fission explosion is the same approach as the original Super concept. 

Taken together these ideas form the basis of the "Teller-Ulam" design, more technically described as 
"staged radiation implosion". So far as is known all high yield nuclear weapons today (>50 kt or so) use 
this design. It is striking that once Ulam's initial insight regarding the use of a nuclear explosion to 
compress the fuel was made, the other parts of the concept seem to develop almost inevitably from the 
effort to translate the concept to practice (which partly explains its reinvention by the Soviets, British, 
French, and Chinese). 

Although the prospect of making possible a self-supporting thermonuclear detonation wave appears to 
have been the initial attraction to both Ulam and Teller, it turns out that once the final Teller-Ulam 
concept was developed the character of the ignition problem was so completely changed that this issue 
ceased to be of major importance. 

To permit radiation implosion, and prevent premature heating of the fusion fuel, an opaque tamper is 
placed around the fuel mass to keep thermal radiation out. By the same token it acts as a radiation 
container to keep thermal radiation in. Because of this, the issue of balancing energy production and 
radiation loss is no longer important. The energy produced by the fusion reactions remains trapped inside 
the tamper, allowing the temperature and reaction rate to rise continuously. This is in fact essential in 
making the fissile spark plug viable. The very high Z fissile material radiates thermal energy at an 
extraordinary rate (over seven hundred thousand times faster than hydrogen), and would quench the 
fusion reaction if the energy could escape. 

The ignition problem for the radiation implosion approach now resembles the efficiency problem in 
fission bombs. The efficiency of the fusion burn is determined by the fusion rate, integrated over the 
duration of confinement. The fusion process is usually shut down when the fuel capsule undergoes 
explosive disassembly in a manner similar to that of a fission core. If the reaction is highly efficient it 
may burn up so of the much fuel that the rate drops off to a negligible value despite the increasing 
temperature before disassembly occurs. 

Unlike the fission bomb though, convenient efficiency equations cannot be analytically derived. The 
energy release in a fission reaction is governed by a simple exponential function of time. In contrast 
fusion reactions are not chain reactions, and the way reaction rate varies with temperature is not simple. 
Further the energy release in deuterium is due to three different reactions, each with a different rate, and 
the composition of the fuel continuously changes. An adequate treatment of efficiency necessarily relies 
on numerical simulations. 

The fully developed Teller-Ulam design was dubbed the "equilibrium thermonuclear" or "equilibrium 
super". The meaning of this term is open to question. Some writers (Rhodes in _Dark Sun_ for example) 
have interpreted it to mean that a dynamical equilibrium is established between the exploding spark plug 
and the collapsing fuel mass, bringing the fusion fuel to its highest state of compression. This is possible, 



but I believe the term most likely simply refers to the fact that the burning fusion fuel remains in 
equilibrium with thermal energy, unlike the Classical Super. 

This short overview provides an understanding of the components of thermonuclear weapon designs, and 
an understanding of the role of each component. It scarcely does justice to the physical processes 
involved. This requires a more detailed look at each part of the system. 

4.4.2 Schematic of a Thermonuclear Device 

Below is a representative deptiction of how a Teller-Ulam device is constructed. This schematic is based 
on a cylindrical design for the secondary. This illustration is probably most representative of the large, 
high yield designs developed in the early fifties. The most modern and compact designs use spherical 
secondaries and other geometric variants are possible. 

 

Components of the Teller-Ulam design: 

• External Casing (made of structural material: steel, aluminum, plastic, etc.) 
• Primary (fission trigger) 
• Radiation Shield (high-Z material: uranium or tungsten; this may also contain boron-10 as a 

neutron absorber) 
• Hohlraum or Radiation Case (high-Z material: uranium, lead, or tungsten, etc.) 
• Radiation Channel (gap between the casing and the fusion pusher tamper; basically empty, often 

filled with plastic foam) 
• Fusion Pusher/Tamper (high-Z material: natural/depleted uranium, HEU, tungsten, lead, etc.) 
• Fusion Fuel (usually Li-6 deuteride; also natural lithium deuteride, liquid deuerium, etc.) 
• Spark Plug (fissionable rod of HEU or plutonium) 

4.4.3 Radiation Implosion 

4.4.3.1 The Role of Radiation 

At the temperatures achievable in the fission core of the primary (up to 10^8 degrees K) nearly all of the 
energy is present as a thermal radiation field (up to 95%) with average photon energies around 10 KeV 
(moderately energetic X-rays). Most of this thermal energy is rapidly radiated away from the surface of 
the "X-ray fireball", composed of the expanding X-ray opaque material of the core and tamper. It is this 
powerful flux of energy in the form of X-rays that is harnessed to compress the fusion fuel. 

To do useful work, the radiant energy from the primary must be kept from escaping from the bomb before
the work is completed. This is accomplished by the radiation case - a container made of X-ray opaque 
(high-Z, or high atomic number) material that encloses both the primary and secondary. The gap between 
the radiation case and other parts of the bomb (mostly the secondary) is called the radiation channel since 
thermal radiation travels from to other parts of the bomb through this gap. 

The X-ray flux from the primary actually penetrates a short distance into the casing (a few microns) and 



is absorbed, heating a very thin layer lining the casing to high temperatures and turning it into a plasma. 
This plasma re-radiates thermal energy, heating other parts of the radiation channel farther from the 
primary. 

The radiant energy emitted by the primary is blackbody radiation: a continuous spectrum of photons 
whose energy distribution is determined solely by the temperature of the radiating surface. The average 
photon energy, and the energy of the peak photon intensity are proportional to the temperature. Similarly, 
the photons re-radiated by the surfaces lining the radiation channel form a blackbody spectrum. 

As energy flows down the radiation channel, the energy density drops since the photon gas is now filling 
a greater volume. This means the temperature of the photon gas, and the average photon energy must drop
as well. From an initial average energy of 10 KeV, the X-rays soften to around 1-2 KeV. This 
corresponds to a temperature in the casing of some 10-25 million degrees K. 

[Note: Many descriptions in the open literature exist dating back to the late seventies claiming that 
energetic X-rays from the primary are absorbed by the radiation casing (or plastic foam), and are re-
emitted at a lower energy - implying that some sort of energy down-shifting mechanism (like X- ray 
fluorescence) is at work. This is a misconception. The lining of the casing is in local thermal equilibrium 
with the energy flux impinging on it, and re-radiates X-rays with the same spectrum. The X-ray spectrum 
softens simply because the photon gas cools as it expands to fill the entire radiation channel.] 

In physics a closed container of radiation, like the radiation case, is called a "hohlraum". This German 
word for "cavity" (which has the obvious English cognates "hole" and "room") has been attached to the 
study of the thermodynamics of radiation since the last century in connection with blackbody radiation. 
German physicists early in this century used it as a theoretical model for deriving the blackbody radiation 
laws from quantum mechanics. Energy in a hohlraum necessarily comes into thermal equilibrium and 
assumes a blackbody spectrum. This is important for obtaining the necessary symmetry for an efficient 
implosion. Regardless of how uneven the initial energy distribution within the casing is, the radiation 
field will quickly establish thermal equilibrium throughout the casing - heating all parts to the same 
temperature. 

4.4.3.2 Opacity of Materials in Thermonuclear Design Since the emission, transport, and absorption of 
thermal radiation is critical to all phases of operation of a thermonuclear device the opacity of various 
materials to this radiation is critically important. The interaction between a given element and an X-ray 
photon is dependent on the atomic number, atom density, and ionization state of the element, and the 
energy of the photon. Since the X-ray flux has a continuous spectrum, we are really interested in the 
average interaction across that spectrum. We are also especially interested in the situation where the 
average photon energy (the radiation temperature) and the average kinetic energy of atoms/ions are the 
same. This situation is called local thermodynamic equilibrium (LTE), and is found almost everywhere 
inside a thermonuclear device. 

The terms "high-Z" and "low-Z" come up frequently in discussing the interaction between thermal 
radiation and physical materials. These terms are relative - whether a material qualifies as having high or 
low atomic number depends on the temperature under discussion. The two terms can also be taken as 
approximate synonyms for "opaque" and "transparent". This is not universally true, however. As 
explained below, at extremely high pressure this distinction may become unimportant. 

An ion strongly interacts with the X-ray spectrum (is opaque to it) when it possesses several electrons, 
because it then has many possible excitation states, and can absorb and emit photon of many different 
frequencies. A material where the atomic nuclei are completely stripped of electrons must interact with 
X-ray photons primarily through the much weaker processes of bremsstrahlung or Thomson scattering. 
High atomic number atoms hold on to their last few electrons very strongly (the ionization energy of the 
last electron is proportional to Z^2), resisting both thermal ionization and high pressure dissociation, 
which is the primary reason they are opaque. 

Even when comparing two different fully ionized materials, the higher Z material will more readily 



absorb photons since bremsstrahlung absorption is proportional to Z^2 (at equal particle density, if it is 
the ion densities that are the same then it is proportional to Z^3). See Sections 3.2.5 Matter At High 
Temperatures, and 3.3 Interaction of Radiation and Matter for more discussion of these are related issues. 

To summarize: a material qualifies as opaque or "high-Z" if it possesses some electrons at the temperature
under consideration. A transparent or "low-Z" material will be completely ionized. Since electrons are 
removed by ion/particle collisions, the ionization state will depend on the temperature, which is 
determined by the average kinetic energy (kT) of a particle. At a minimum, all electrons with ionization 
energies less than or equal kT will be removed, and at the densities of matter encountered here electrons 
with ionization energies up 3 or 4 kT will often be removed as well. 

An important caveat to the above is that at the very high pressures that exist in a fully compressed 
secondary, essentially any element will become opaque. The density of Fermi degenerate matter under 
some specific pressure is determined by the density of free electrons. Under the enormous compressive 
forces generated during secondary implosion the electron density becomes so high that even the "weak" 
Thomson scattering effect becomes strong enough to render matter opaque. This is important for the 
energy confinement needed during the thermonuclear burn. 

Different temperatures are encountered in different parts of a thermonuclear device - approaching 10 KeV
in the primary, 1-2.5 KeV in the radiation channel, and up to 35 KeV inside the secondary. We can make 
a general guide showing which materials qualify as opaque or transparent at these temperatures by finding
Z such that the last (Zth) ionization state has an ionization energy I(Z) approximately equal to kT and 
4kT. Any element with I(Z) of around kT will certainly be completely ionized at temperature T. An 
element will need I(Z) to be significantly greater than 4kT to be highly opaque. 

It should be noted that a significant proportion of Planck spectrum energy to be carried by photons with 
energies even higher than 4kT (10% of it is carried by photons with energies above 6.55 kT). It is possible
then at temperatures where the radiation field dominates for the flux of photons to be so intense that 
photo-ionization of electrons with energies well above 7 kT may occur. 

Temperature      Low Z (I(Z)~kT)        High Z (I(Z)~4kT)
              Z Symbol  Actual I(Z)   Z Symbol  Actual I(Z)
1 KeV         9    F     1.10 KeV    18   Ar      4.41 KeV
2.5 KeV      13   Al     2.30 KeV    28   Ni     10.7  KeV
10 KeV       28   Ni    10.7  KeV    55   Cs     41.1  KeV
35 KeV       51   Sb    35.4  KeV   101   Md    139.   KeV

From the table we can make some general statements about the materials we want in different parts of the 
device. We want thermal radiation to escape rapidly from the primary, so it is important to keep the 
atomic number of materials present in the explosive layer to no higher that Z=28. The use of baratol 
(containing barium with Z=56) is thus very undesirable. Since the radiation channel needs to be 
transparent, keeping materials with Z above 9- 13 out of the channel is desirable. Radiation case linings 
should have Z significantly higher than 55, as should the fusion tamper and radiation shield. 

Due to the complexity of the interacting processes that determine the opacity of incompletely ionized 
material at LTE, theoretical prediction of these properties is extremely difficult. In fact accurate 
predictions based on first principles is impossible, experimental study is required. It is interesting to note 
that opacity data for elements with Z > 71 remain classified in the US. This is a clear indication of the 
materials used in thermonuclear weapon design for containing and directing radiation. The fact that 
elements with Z > 71 are used as radiation case linings has recently been declassified in the US. 

There are 14 plausible elements with atomic number of 72-92 that may be used for this purpose. Of these 
14 elements, 5 are definitely known to have been used in radiation case or secondary pusher/tamper 
designs in actual nuclear devices: tungsten (74), gold (79), lead (82), bismuth (83), and uranium (92). 
There is evidence that rhenium (75) and thorium (90) may have been used as well, and tantalum (73) has 
been used in ICF pusher designs. Two others, mercury (80) and thallium (81) are also known to have 
been incorporated in thermonuclear weapons in classified uses (in addition to declassified uses, such as 



electrical switches). 

The optimal material for radiation confinement should have maximum optical thickness per unit mass. 
Opacity increases with atomic number, but for a given radiation temperature the increase with Z probably 
declines at some point. Since atomic mass also increases with Z, there is probably an optimal element for 
any given radiation temperature that has a maximum opacity per unit mass. 

4.4.3.3 The Ablation Process The thin hot plasma layer lining the radiation channel not only radiates heat 
back into the channel, it also radiates heat deeper into the material lining the channel creating a flow of 
thermal radiation into the radiation case and the secondary pusher/tamper. The hot plasma also has 
tremendous internal kinetic pressure and expands into the radiation channel. 

This rapid evaporation and expansion (ablation) of the radiation channel lining is unavoidable. Due to the 
conservation of momentum, the expanding material creates a reaction force called "ablation pressure" that
pushes in the opposite direction - blowing the walls of the radiation case outward, and the pusher/tamper 
of the secondary inward. It is this inward force, analogous to the force exerted by the exhaust of a rocket, 
that compresses the secondary. 

We can calculate representative parameters for the implosion process. To span a range of designs and 
parameter values let us consider the Mike device, a high yield design that was the first (and undoubtedly 
physically largest) radiation implosion device ever exploded, and the W-80 cruise missile warhead which 
is a modern light weight design. 

The casing of the Mike device was a steel cylinder 20 ft. (6.1 m) long and 80 in. (2.0 m) wide, with walls 
12 in. (30 cm) thick. It used a TX-5 fission primary, with a yield probably no larger than 50 kt, and 
produced a total yield of 10.4 Mt. The W-80 is a cylinder 80 cm long, and 30 cm wide, it has a primary 
with a yield in the low kiloton range (call it 5 kt for the sake of the discussion), and a total yield of 150 kt.
The thickness of the W-80 casing is unknown, but given its weight (130 kg) it must be less than 2 cm. 

Once equilibrium is established, the energy density in the radiation channel will be roughly the energy 
released by the primary, divided by the volume inside the radiation case (this neglects the kinetic energy 
in the primary remnants, and the volume of the secondary, but these are comparatively small and offset 
each other). This gives radiation densities of 2.2 x 10^14 erg/cm^3 for Mike and 4.3 x 10^15 erg/cm^3 
for the W-80, a energy density ratio of 1:20. By applying the blackbody radiation laws (see Section 3.1.6 
Properties of Blackbody Radiation) we can determine the corresponding radiation intensities and 
temperatures: 9.8 x 10^6 K and 5.3 x 10^16 W/cm^2 for Mike; and 2 x 10^7 K and 1.0 x 10^18 W/cm^2 
for the W-80. The radiation pressures are 73 and 1400 megabars respectively. 

The ablation pressure is determined by mass evaporation rate, and the effective exhaust velocity of the 
evaporated material:
P = m_evap_rate * V_ex
If the evaporation rate is in g/cm^2-sec, and V_ex is in cm/sec, then the result is in dynes/cm^2, applying 
the conversion factor of 10^6 dynes/cm^2 per bar gives the result in bars. 

The ultimate implosion velocity is determined by the rocket equation:
V_imp = V_ex * ln(m_initial/m_final)
where m_initial is the initial mass of the pusher/tamper and m_final is the mass after ablation is complete.
Peak efficiency (in terms of energy expended) of an ideal rocket is reached when the ratio 
(m_initial/m_final) is around 5. 

In a rocket maximum force is extracted from hot reaction gases by allowing them to expand as they exit 
the rocket nozzle, which cools and accelerates the exhaust. The effective exhaust velocity is the velocity 
of the cooled and expanded gas at the nozzle's mouth. In contrast, ablation is generated by an energy flow
that must penetrate the exhaust gas which prevents the gas from cooling. The effective exhaust velocity 
here is the gas velocity at the sonic point, the point where the gas is moving at the local speed of sound 
relative to the ablation front, where the material is actually evaporating. Since changes to the exhaust flow



beyond the sonic point cannot propagate back to the ablation front, as far as the secondary is concerned 
the exhaust effectively disappears at this point. 

[Note that many descriptions in the open literature ascribe the driving force in implosion to the plasma 
pressure created by a plastic foam that is known to fill the radiation channel in some weapon designs. 
Since hydrodynamic effects that occur beyond the sonic point cannot propagate back to the imploding 
secondary, this is impossible.] 

Since the exhaust gases beyond the sonic point absorb heat and carry it away from the secondary, and also
reradiate significant amounts of thermal energy back into the radiation channel, the ablation driven 
acceleration process is less efficient than an ideal rocket as judged in terms of the incident radiation 
intensity. 

The efficiency for an ideal rocket (the percentage of the kinetic energy in the exhaust-rocket system 
ending up in the rocket at burnout) is given by:
eff = (x (ln x)^2)/(1 - x)
where x if the ratio between the final mass and the initial mass:
x = m_final/m_initial
This has a peak efficiency of 64.8% at x = 0.203. 

The heating of the exhaust limits the ablation driven rocket to a maximum efficiency of approximately 
15-20% when x is in the range of 0.1 to 0.6 (with peak efficiency around 0.25). Above 0.6 it drops off to 
about 7% at 0.85. It thus desirable to ablate off most of the pusher/tamper mass so that x < 0.5. [Note: 
This is based on ICF data which uses radiation driven implosions at a few hundred eV. The higher 
temperature X-rays of nuclear implosion systems penetrate to the ablation front more efficiently and may 
actually do better than this.] 

Scaling laws for the relationships between temperature or energy density and the ablation rate and exhaust
velocity can be determined by dimensional analysis. The sonic-point temperature (and average kinetic 
energy) is proportional to (~=) the temperature in the radiation channel, and since
v ~= KE^(1/2), 
then 
V_ex ~= T^(1/2). 

Because the incident energy flux I between the ablation front and the sonic point must be proportional to 
the kinetic energy carried away we have:
I ~= m_evap_rate * V_ex^2 ~= m_evap_rate * T
and since
I ~= T^4
we get 
m_evap_rate ~= T^3. 

Finally:

P = m_evap_rate * V_ex ~= T^3 * T^(1/2) ~= T^3.5

It is possible to estimate the values of the constants to convert these proportionalities into equations from 
physical data, but the process is rather elaborate. We can borrow some relationships that have appeared in
the inertial confinement fusion literature in connection with radiation implosion to get some estimates of 
the magnitudes:
P (bars) = 0.3 T^3.5
and
m_evap_rate (g/cm^2-sec) = 0.3 T^3
where T is in electron volts. From this we get:

V_ex (cm/sec) = P/m_evap_rate =  0.3 T^3.5 (10^6 dynes/cm^2 /bar)/0.3 T^3 



              = 10^6 T^0.5

For the Mike device this gives:
P = 5.3 x 10^9 bars
m_evap_rate = 0.18 g/cm^2-nanosecond
V_ex = 2.9 x 10^7 cm/sec = 290 km/sec 

For the W-80:
P = 6.4 x 10^10 bars
m_evap_rate = 1.5 g/cm^2-nanosecond
V_ex = 4.1 x 10^7 cm/sec = 410 km/sec 

The ablation pressures for the Mike and W-80 devices are much greater than the corresponding radiation 
pressures, by factors of 73 and 46 respectively. This shows that the force exerted by radiation pressure is 
comparatively small. 

From the classical rocket equation given above we can estimate V_imp at maximum efficiency (where 
75% of the mass is ablated off) at 400 km/sec (Mike) and 570 km/sec (W-80). 

4.4.3.3.1 The Ablation Shock 

There is a short "settling" period early in the implosion process when the initial ablation pressures are 
propagating through the pusher/tamper. When the radiation flux begins ablating the pusher, a strong 
shock wave propagates through the pusher/tamper. This shock compresses and accelerates the tamper 
inward. 

When the shock reaches the inner surface of the tamper, the tamper is (more or less) uniformly 
compressed and at its minimum thickness. The material beyond the tamper has a much lower density, so 
the shock compressed material, which is under extremely high pressure, immediately begins to expand 
and form a release wave (see Section 3.6.1.1 Release Waves). This release wave has two edges, a forward
edge where the expanding gas meets the low density material, and a rear edge where the pressure drop 
begins in the shock compressed gas. 

At the forward edge of this wave most of the internal energy of the gas has been converted to kinetic 
energy. This means that the gas velocity is at a maximum and the pressure has dropped to a minimum. 
The actual pressure and velocity of the forward edge depends on the density of the low density material. 
If the density is greater than zero, then this forward edge will be a low pressure shock front. 

Behind this leading edge gas velocity decreases, and pressure and density both increase. These changes 
are continuous, increasing in magnitude with distance from the leading edge until the original state of the 
shocked gas is reached at the rear edge of the release wave. Eventually this rear edge (which travels at the
local speed of sound) will reach the ablation front at which point the pressure, density, and velocity 
distribution in the tamper reaches its final overall form, with a continuously decreasing pressure and 
density gradient from the ablation front forward to the leading edge of the tamper. 

This pressure gradient is responsible for the inward acceleration of all of the material that has passed 
through the inner implosion shock front. The general pressure and density profile, once established, 
remains stable throughout the implosion process, until the inner front collides with itself at the center. 

It is likely that while the initial shock is moving through the tamper, the pressure at the ablation front will 
continue to climb, creating a pressure and density gradient behind the shock. The pressure gradient 
created by the release wave will merge with this compression wave to create the continuous pressure and 
density gradient. 

The velocities of the shock waves generated in a uranium pusher/tamper by these pressures is on the order
of 150 km/sec (for Mike) and 550 km/sec for the W-80. These shocks are powerful enough to dissociate 



electrons from their nuclei by pressure alone, but they also strongly heat the tamper (causing thermal 
ionization) and prevent the achievement of true Fermi degenerate compression (see below). Still, with the 
effects of ionization, the density increase can be greater than a factor of 10. If the rise in ablation pressure 
can be moderated by appropriate design techniques (see Implosion System Design below) so that the 
shock front can traverse the tamper ahead of the full pressure jump, this can be substantially improved 
upon. The temperatures produced are in the order of several million degrees K, considerably lower than 
the radiation channel temperature. The pressure behind the shock front is predominantly due to particle 
kinetic pressure not radiation pressure, so these are simple supercritical radiative shocks. 

4.4.3.4 Principles of Compression 

4.4.3.4.1 Purpose of Compression The fundamental purpose of compressing the fusion fuel is to allow the
reaction to proceed swiftly enough for a large part of the fuel to burn before it disassembles from its own 
expansion, or from the expansion of the trigger fireball. Compression promotes the fusion reaction in 
several ways. 

In Section 4.4.1.2 (The Ignition Problem) it was seen that the reaction rate of a quantity of fuel will 
increase in direct proportion to its density if it is compressed at constant temperature. 

But we can expect the temperature to increase as well, and with it the cross-sections of the thermonuclear 
reactions. In dense thermonuclear fuel nearly all of the energy present exists as a photon gas. Since the 
radiation energy density in a sealed container is dependent only on temperature, confining the energy to a 
smaller volume increases the temperature. According to the blackbody radiation law (Section 3.1.6 
Properties of Blackbody Radiation) this increase is rather slow though, being proportional to the fourth 
root of the energy density. This is offset by the fact that throughout most of the temperature range of 
interest the increase in cross section with temperature is rapid. 

To illustrate the relative importance of these effects, suppose a quantity of fuel were compressed 16-fold. 
This would increase the reaction rate 16 times due to the density increase alone. This compression would 
double the temperature (16^(1/4) = 2). If the temperature were initially 5 KeV (58 million degrees K), the 
cross-section increase for the pace-setting D-D reaction would be 6.7 fold (although this factor would 
decline as the temperature rises). 

These are not the only advantages however. Just as it does with a fissile core, compression of the fusion 
fuel increases the dimension of the fuel mass as measured by neutron collision mean free paths. The 
neutrons released by the fusion reactions will thus undergo many more collisions with fuel nuclei before 
they can reach the tamper. In the early stages of combustion of pure deuterium fuel (before the 
temperature rise and buildup of He-3 make the He-3 + D reaction significant) 66.3% of all the energy 
produced is released in the form of neutron kinetic energy. Deuterium is a very light atom (only 
hydrogen-1 is lighter) so it has a very strong moderating effect. On average a neutron will lose 51.6% of 
its energy with each collision (see Section 4.1.7.3.2.1 Moderation and Inelastic Scattering). After several 
collisions then, almost all the energy released as neutron kinetic energy will be transferred to heating the 
fusion fuel. 

The MFP in liquid deuterium for the 14.1 MeV neutrons produced by the D+T reaction is 22 cm. A 1 kg 
sphere of liquid deuterium would be 22.4 cm across, most 14.1 MeV neutrons generated within this mass 
would escape without even a single collision. If this sphere were compressed 125-fold, its diameter would
shrink to 4.49 cm but the MFP would now be only 0.18 cm. Few neutrons would escape without 
depositing most of their energy in the fuel mass. 

The effects of multiple neutron collisions are even more important in lithium deuteride fuel. 75% of the 
mass of Li-6 D fuel consists of lithium. To use this mass as fuel, the lithium nuclei must each capture a 
neutron. The fuel must be compressed sufficiently for a large part of the neutrons produced to participate 
in this reaction. 

To illustrate how compression affects the rate of burn up, I have run a simple computer model of 



deuterium fusion at varying densities. The model assumes constant density during the fusion reaction and 
no energy escape from the fuel. 

With the same amount of energy deposited in the fuel for ignition (0.1 kilotons/kg) the time to burn up 
75% of the deuterium at normal liquid density (0.16 g/cm^3) is 1.3 milliseconds. At 288 g/cm^3 the time 
shrinks to only 4.4 nanoseconds. The graph of density versus time is nearly a straight line on a log-log 
plot, so intermediate values can be easily estimated using a scientific calculator (or log-log graph paper). 

The reduction in burn up time is partly due to the higher initial temperature of the denser fuel (12 million 
degrees K at 0.16 g/cm^3, and 55 million degrees K at 288 g/cm^3) but even at constant initial 
temperature the comparative burn up rates are much the same. 

4.4.3.4.2 The Fermi Pressure 

From the ablation pressures calculated earlier, we can determine the maximum densities that can be 
produced. Maximum density is achieved if the heating during compression is negligible, that is, the 
counterbalancing pressure in the compressed material is simply the Fermi pressure produced by a 
completely degenerate Fermi gas (see 3.2.4 Matter At High Pressures). 

Since:
P_Fermi (bars) = 2.34 x 10^-33 * n^(5/3)
where n is the electron density (electrons/cm^3), we can calculate the electron densities of 2.6 x 10^25 
electrons/cm^3 for 5.3 gigabars (the Mike device) and 1.2 x 10^26 electrons/cm^3 for 64 gigabars (the 
W-80). The limiting mass density based on the calculated ablation pressure for the Mike device is thus 86 
g/cm^3 (deuterium or Li6D) and 290 g/cm^3 (U-238 at 38% dissociation). The corresponding values for 
the W-80 are 380 g/cm^3 (deuterium or Li6D) and 1200 g/cm^3 (U-238 at 41% dissociation). The 
inevitable shock induced entropy increase in the tamper will reduce the achievable densities of a U-238 
tamper to values well below this. 

Now the energy densities due to degeneracy pressure implied by these electron densities is given by:
E_density (erg/cm^3) = 3.50 x 10^-27 n^(5/3)
or 8.0 x 10^15 erg/cm^3 for 5.3 gigabars, and 1.0 x 10^17 erg/cm^3 for 64 gigabars. The Fermi energy 
per mass at 5.3 gigabars is 9.3 x 10^9 J/kg (D or Li6D) and <7.3 x 10^9 J/kg (U-238), or 2.2 and <1.7 
tonnes of explosive energy per kg respectively. At 64 gigabars the energy per unit mass is 2.6 x 10^10 
J/kg (D or Li6D) and <2.0 x 10^10 J/kg (U-238), or 6.2 and <4.8 tonnes per kg. These figures show the 
minimum energy investment required to achieve the maximum density. 

The corresponding Fermi temperatures, given by:
T_Fermi = (5 P_Fermi)/(2 nk)
are 3.7 x 10^6 K (5.3 gigabars), and 9.7 x 10^6 K (64 gigabars). In efficient (i.e. Fermi degenerate) 
compression the final temperatures of the compressed fuel most be substantially lower than the Fermi 
temperature. 

4.4.3.4.3 Efficient Compression 

Now the question arises as to how these tremendous pressure can be applied to actually generate densities
close to these maximum values. Simply applying these ablation pressures suddenly to the thermonuclear 
fuel will not actually compress it very much. Sudden pressure jumps produce intense shock waves that 
expend shock energy about equally between heat and kinetic energy, with a negligible portion going to 
compression. The density increase will limited by the effective value of gamma. Such a violent shock 
would be radiation dominated so no more than a 7-fold compression occurs in this case. 

There are two ways this can be done. The pressure increment can divided into a series of shock waves, 
each providing a modest pressure increase ratio, and minimal entropic heating. Alternatively, an 
appropriately shaped continuous pressure rise can produce true adiabatic compression. Actually there is 
not much difference between these two options. Continuous adiabatic compression is the limiting case of 



an infinitely large number of infinitely weak shocks producing no entropic heating. And in practice, any 
continuous pressure gradient of this magnitude will tend to break up into a sequence of discrete shocks 
(see 3.7.5 Methods for Extreme Compression for further discussion of this). 

In any case, propagating an initial shock of considerable strength into the fuel is unavoidable. This is 
because the bomb will typically disassemble on a time scale of no more than a microsecond or so, and the
compression of the fuel must be complete well before this occurs. Even if the fuel layer to be compressed 
is only a few centimeters thick, then an initial shock of at least some tens of kilometers per second is 
necessary to traverse the fuel. 

We can make some useful observations about the compression of the secondary rather easily. 

If A denotes the area of the fuel capsule surface, then the total force being exerted on the capsule is:
F = P*A
From the Newtonian law:
work = force*distance
we can determine the work done on the capsule by:
W = P*A*d = P * (change in volume)
for small values of d. More generally we can say:
W = Integral[P] dV 

Now we consider two possible implosion geometries - cylindrical and spherical (variants of these, such as
tapered cylinders and ellipsoids are possible but the principles are the same). Since V is proportional to 
r^2 (for cylindrical geometry) or r^3 (for spherical geometry), it follows that most of the work done on 
the capsule occurs during the early stages of implosion when the net change in radius is fairly small. 

By the time the capsule volume has been reduced by half, then half of all the work that is done on the 
capsule has been completed (assuming constant ablation pressure). This corresponds to a radius reduction 
(measured from the outside surface of the pusher/tamper) of:
1 - 0.5^(1/2) = 29.3% (cylindrical geometry)
or
or 1 - 0.5^(1/3) = 20.6% (spherical geometry). 

Another way to look at it is that as the capsule implodes, its surface area shrinks. Since the pressure 
(which is the force per unit area) is constant, the total force, and the ability to do work, on the capsule 
shrinks also with decreasing radius. 

At this point the imploding capsule has acquired half of its final kinetic energy, and 70% (0.5^0.5) of its 
final implosion velocity. The remaining part of the implosion can be termed "free fall", during which the 
pusher/tamper travels inward at essentially constant velocity. This maximum velocity depends on the 
ablation pressure, mass of the pusher/tamper, and the volume of secondary, as well as the geometry. 

We should observe that the ablation process soaks up a lot of energy. A simplistic computation of the 
work done in imploding a 10 liter secondary in the "W-80", assuming constant ablation pressure, shows 
that 6.4 x 10^13 J (15 kt) is put into the secondary. This is more energy than we assumed that the primary 
actually produced (5 kt), and also ignores the limits of rocket efficiency. Clearly as implosion proceeds 
the available energy in the channel decreases, as does the ablation pressure. We can expect the final 
implosion velocity to be in the range of 300-800 km/sec however. 

By the same geometric argument used above, if the compression wave propagates only 30% of the way 
into a cylindrical fuel mass, or 20% of the way into a spherical one, then half the fusion fuel will have 
been compressed. Thus the compression process only needs to be efficient in the outer layers of fuel. 
Even if excessive heating and poor compression occur at significantly smaller radii, overall fuel 
compression will still be efficient. 

From the equations given in Methods of Extreme Compression, and assuming an initial 50 megabar shock



though the outer layers of fuel which compresses liquid deuterium or Li6D fuel 12-fold (a 200 km/sec 
shock in deuterium, a 90 km/sec shock in LiD), we can estimate final compressions and densities for our 
two illustration cases. The compression for Mike (5.4 gigabars and liquid deuterium) is 197-fold (33.3 
g/cm^3); for the W-80 (64 gigabars and Li6D) it is 878 fold (720 g/cm^3). The calculated compression 
for Mike is well short of the limit imposed by the Fermi pressure, with a lower initial shock pressure than 
the one I assumed the density could be increased by a factor of two or more. The density calculations for 
the W-80 (which were done without considering degeneracy effects) is higher than the Fermi pressure. 
We can conclude then that this system can achieve compressions near the Fermi pressure limited density. 
[Note that to more properly calculate the effects of compression on dense tamper material at pressures 
lying between those achieved by high explosives, and the Fermi degenerate state requires use of more 
complicated theoretical models like the Thomas- Fermi theory.] 

4.4.3.5 Ignition 

Efficient compression can raise the temperature of the fuel to a few million degrees K. This is hot enough 
to create a measurable D-D fusion reaction in the compressed fuel, but by itself it does not result in a 
thermonuclear reaction that is rapid enough to be useful. 

To achieve efficient fuel burn up the fuel most be heated to the point where the rate of self-heating 
becomes significant, triggering a rapidly accelerating combustion process. The denser the fuel mass, the 
less energy is required to reach this point. 

How hot the fuel must be is determined by the density, and the achievable confinement time of the fuel - 
which in turn is governed by a number of weapon design factors, including the size of the secondary. 
Using the same simple deuterium fusion model mentioned above, we find an effective ignition 
temperature of 30 million degrees K. At this temperature the reaction rate and fuel temperature 
immediately begin a rapid rise, causing accelerating fuel burn-up. The reaction is essentially complete 
(80% burnup) in 20 nanoseconds when the fuel density is 100 g/cm^3. Lower temperatures create a 
latency period where the temperature rises very slowly, before abruptly climbing upwards (once 30 
million K is reached). At an initial temperature of 12 million degrees, this latency period is 60 
nanoseconds after which the fuel burns to near completion in the same 20 nanosecond period. 
Investigating other densities in the range of 50-300 g/cm^3 gives much the same picture regarding the 
ignition temperature, although the density does strongly affect how long the fuel burn up takes. 

In any case, it is clear that the temperatures prevailing in the ablation- induced shock are much too low to 
ignite efficient fuel burning. 

The energy required to heat the fuel to 3 x 10^7 K is in the range of 2.8 to 4.1 x 10^11 J/kg (67 to 98 
tonnes of explosive energy) for deuterium and Li6D fuel with densities between 50 and 200 g/cm^3. This 
is a factor of 5 times (200 g/cm^3, Li6D fuel) to 15 times (50g/cm^3, D fuel) higher than the energy in 
the fuel due to degeneracy pressure. Heating the fuel to ignition is thus energetically more expensive than 
efficient compression. 

At least two different mechanisms are possible for igniting the main fusion reaction:

• The first method to be used was suggested by Teller - the use of a fission spark plug in the center 
of the fuel mass. 

• A second method is used in laboratory scale fusion explosions (inertially confined fusion 
experiments, that is) - allowing the compression shock to converge in the center of the fuel, 
creating extremely high temperatures and in a very small volume of fuel. A combustion wave then
spreads from the center to the remaining fuel. A variant on this to place a tritium-deuterium spark 
plug in the center of the secondary. Since this reaction ignites at much lower temperatures, it is 
much easier to achieve the necessary ignition conditions. In ICF experiments D-T mixtures are the
only fuel used.

4.4.3.5.1 Fission Spark Plugs 



A subcritical fissile mass placed in the center of the fuel will be rapidly compressed upon arrival of the 
imploding shock. At such a small radius (a few centimeters), the pressure gradient or shock sequence will 
probably have merged into a single extremely energetic shock. This shock will have been further 
augmented by the effects of shock convergence, and the final stages of implosion - where the compressed 
fuel mass decelerates the high velocity tamper - may have generated pressures even higher than the 
ablation pressure. This shock will have velocities in the range of several hundreds of kilometers a second. 
When this shock arrives at the interface between the fusion fuel and the higher density spark plug, it will 
drive an even higher pressure (but slower) shock into the fissile material. The implosion velocity achieved
will be at least 100 km/sec in any case - more than an order of magnitude higher than the highest 
velocities achieved by practical high explosive implosion systems. 

In principal a shock of this intensity could compress the spark plug to a density of perhaps 16 times 
normal, but here too the effects of predetonation intervene to prevent this from being reached. If neutrons 
are present at the outset of supercritical insertion, the energy release from fission will halt the implosion 
well short of this density. But - here the much higher velocity of implosion makes a *big* difference in 
the practical effect of predetonation. 

First the enormous kinetic energy and pressures in the imploding mass requires energy releases in the 
order of a few kilotons simply to halt the implosion process, unlike the high explosive case where the 
energy release required is negligible compared to the final yield. Second, the compression that is achieved
at this point, while much lower than the maximum that the shock is capable of producing, is still probably
at least a factor of 3.5 to 4 - as good as that achieved by the best conventional implosion systems under 
optimum conditions. The result is that an efficient fission explosion should always result. 

This is important because neutrons are inevitably present in abundance. First, even though the production 
of energy in the compressed fusion fuel is negligible at this point, its production of neutrons should be 
quite significant. Second, and even more important, are neutrons from the trigger explosion. These are 
leftover stragglers from the primary explosion, now long past (300 nanoseconds or more, such are the 
time scales with which we are dealing). All of the excess neutrons from the primary (on the order of 
10^24) have long since escaped from the expanding primary fireball, and if nothing has slowed them 
down they are now well outside the bomb casing. 

A substantial fraction of them have, however, have entered the fuel capsule. Unless an absorber has been 
intentionally placed between the capsule and the primary this neutron population would be on the order of
10^22. The average scattering mean free path for fission spectrum neutrons in liquid deuterium is 7.8 cm, 
and 4.2 cm in lithium-6 deuteride, so once a neutron enters it will usually scatter repeatedly. Both fuels 
are very good moderators. With each collision a neutron is robbed of nearly half its energy, on average. 
Now after a collision, a neutron may escape the capsule or be absorbed by the lithium (the chances of 
capture by deuterium is negligible) so the population of neutrons declines with time. But since they are 
losing energy, the time scale for absorption and escape keeps getting longer and longer. The time for 
complete thermalization is several microseconds, but in the time available before the spark plug fires the 
neutron energies would still be in the KeV range, and the number of collisions that would have occurred 
would number scarcely more than a dozen. Even if half of the neutrons were lost after each collision (a 
high estimate), the neutron population in the fuel capsule would still be astronomically high (>10^17). 
Since a neutron absorber would have to be implausibly thick (the order of 40 mean free paths) to reduce 
this to a negligible level, we can assume that many fission neutrons will remain present. 

Energy is transmitted from the spark plug to the fuel by both neutrons and photons. The neutron MFP in 
the Mike model is reduced to 7.8 cm/197 = 0.040 cm, and to 0.0048 cm for the W-80, thus allowing 
strong neutron mediated heating of the fuel in a thin layer around the spark plug. 

From the electron densities calculated above, we can compute the mean free path for Thomson scattering 
in the compressed secondary at 0.058 cm (5.4 gigabars) and 0.013 cm (64 gigabars). These values are 
much smaller than the radius of the compressed spark plug, or the thickness of the fuel or tamper layers. 
The can see that the entire secondary is opaque, strongly scattering the emitted photons and causing 
photon transport to occur by diffusion. Thomson scattering by itself does not cause fuel heating, the 



photons must be absorbed before this can occur. The due to the high densities, the spectrum averaged 
MFPs for the photons flux from the spark plug is quite short also. Assuming a nominal fuel temperature 
of 10^6 K from compression heating, for the lower compression, low-Z deuterium fuel in Mike we can 
estimated an absorption MFP of 0.3 cm. For the lithium-containing W-80 fuel it is less than 0.001 cm. 

The energy produced by fission will thus be transmitted through the fuel by means of a radiation 
dominated shock or pure Marshak wave. The fuel will ignite ahead of the full shock heating zone by the 
leading thermal diffusion zone. Although a spark plug can easily be designed to directly supply sufficient 
energy to ignite the entire fuel mass, the fact that the heating travels outward by a Marshak wave may 
allow much smaller spark plugs since the ignition wave may be self-sustaining. The emission of fusion 
neutrons ahead of the ignition zone may also play a significant role in the growth of the ignition region. 

The use of fission spark plugs appears to be the most common (if not exclusive) means of igniting 
secondaries in deployed designs. 

4.4.3.5.2 Shock Heating Induced Ignition 

It was noted in Section 3.7.3 Convergent Shock Waves that considerable heating occurs near the center of
an implosion, where the shock wave converges in principal to a mathematical point or line. In principal, 
the temperatures reached at the very center are unlimited. 

It is possible to ignite a small mass of fusion fuel in this central region of strong heating. The fusion 
reactions occurring here can then spread outward through the entire fuel mass as a thermonuclear 
combustion wave as described above for spark plugs. 

It is not clear from present evidence whether this approach has ever actually been used in a real design - 
either deployed or merely tested. If so, it is likely that a deuterium-tritium mixture would be deliberately 
introduced at the center to provide a "match" to more easily ignite the fuel. It is known that lithium tritide 
has been used by the U.S. in thermonuclear secondaries. Since tritium is far too expensive to use in a 
weapon unless its energy yield is greatly magnified in some way (similar to its use in fusion boosted 
fission bombs), this may be evidence of the use of this type of ignition system. 

4.4.3.6 Burn and Disassembly 

Once ignited, the thermonuclear reaction is self-heating. Since the reaction rate increases with 
temperature, feed-back is established that causes the power output of the secondary to rises steeply. When
more than half of the fuel has burned the temperature cannot rise much more since most of the energy has
already been released. The depletion of fuel then catches up, and the power output levels off, then begins 
a somewhat less rapid decline. The period during which the majority of the fuel is burned amounts to a 
mere 20 nanoseconds or so. All this assumes of course that the disassembly of the secondary hasn't yet 
intervened to quench the reaction. 

At fuel densities on the order of 100 g/cm^3, the maximum temperature can rise to about 350 million 
degrees K. Under these conditions the pressure tops 100 terabars (100 million megabars, 10^14 bars, or 
100 trillion atmospheres). This tremendous temperature and pressure is initially confined to the fusion 
fuel. It propagates into the tamper as a Marshak wave (a radiation driven compression wave), 
compressing and accelerating the tamper material outward. 

Pressures of this magnitude are capable of generating an outgoing compression wave in the tamper with a 
velocity of several millimeters per nanosecond. This rate of expansion is so fast that even during the 
extremely short period when the thermonuclear reaction is near its peak, the density of the fuel could drop
significantly and impair overall efficiency. It helps considerably if the tamper is still imploding rapidly 
when the reaction ignites, since pressure of a few terabars will be necessary to simply to bring the 
implosion to a halt. 

The picture is much the same even in secondary designs where most of the energy is released by fast 



fission of the surrounding tamper. The pressure in the fusion fuel should be considerably higher than in 
the tamper, since the fuel energy density of the fissile tamper is substantially lower and it lags behind the 
fusion reaction slightly (due to the finite velocity of the escaping neutrons). The pressure in a fissioning 
tamper can have a substantial confining effect however. The tamper itself will start expanding outward 
into the radiation channel as it fissions in manner very similar to a disassembling fission bomb core. 

Note that the use of fast fission to produce energy in a bomb involves the tamper surrounding the fuel, 
*not* the bomb casing as is sometimes reported. The highly compressed imploded tamper has an 
extremely high mass density per unit area and is almost inevitably many mean free paths thick. This 
makes it an excellent neutron absorber. The bomb casing is not compressed in the same sense, and would 
have to be extremely thick and heavy to capture many neutrons. 

4.4.4 Implosion Systems 

The discussion above (and in Section 3.7.5 Methods for Extreme Compression) it has been made clear 
that efficient compression requires creating and maintaining a relatively low pressure for a relatively long 
time, with the pressure rise accelerating rapidly near the end of the compression process. But so far, I 
have not discussed at any length how this might be accomplished. 

To make this problem clear consider the required duration of relatively low pressure. For a typical fuel 
layer thickness of 2 to 8 cm (depending on weapon size), it would take the weak initial shock (travelling 
at ca. 100 km/sec) something like 200-800 nanoseconds to traverse it. During most of this time, perhaps 
80% of it, the pressure at the fuel surface can be permitted to rise no higher than a few tens of megabars. 
The remaining pressure increase - to a value perhaps a thousand times higher than the average pressure of
the initial shock - can occur no sooner than this final 20%. 

But the source of this pressure - the primary - typically generates its energy output on a much shorter time
scale. This time scale is determined by the length of the multiplication interval, 1/alpha, which may be no 
more than a few nanoseconds. Within a time period of a few times 1/alpha, say 3-4 multiplication periods,
>98% of the fission reactions occur and we can think of essentially all of the fission explosion occurring 
during this time. Thus nearly all of the energy and excess neutrons produced by the primary are released 
within perhaps 10-15 nanoseconds for a pure fission primary, and as little as 3-4 nanoseconds for a fusion
boosted primary. 

Clearly some cleverness is required to stretch out the rate at which this brief burst of energy arrives at the 
fusion fuel. 

4.4.4.1 Techniques for Controlled Implosion 

A number of techniques for doing this can be identified which may be used alone or (probably more 
typically) in combination to achieve the desired pressure vs. time history. 

4.4.4.1.1 Release Waves 

The development of a release wave when the ablation shock completes its passage through the tamper 
(see Section 4.4.3.2.1 The Ablation Shock above) is an inherent feature of radiation implosion which 
significantly contributes to achieving efficient compression. The release wave converts the sudden intense
pressure jump of the ablation shock front into a lower pressure, higher velocity shock in the fusion fuel 
which is followed by a gradient of increasing pressure. 

We previously estimated the ablation shock velocity for Mike at 160 km/sec, and 570 km/sec for the W-
80. The release wave driven shock must be even faster. This indicates the release wave driven shock will 
be much faster, and its pressure much higher, than the relatively weak 50 megabar bar shock (travelling at
100-200 km sec) described earlier. We can conclude then that unless the ablation shock pressure is very 
low, this mechanism does not by itself reduce the shock jump sufficiently to give efficient compression. 



4.4.4.1.2 Standoff Gaps 

A standoff gap is a void between the fusion fuel and the tamper. The effect of a standoff is to allow the 
release wave to unload to zero pressure and full escape velocity (see Section 3.6.1.1 Release Waves), 
converting the internal energy of the gas entirely into kinetic energy. The forward edge of the wave then 
runs far ahead of the bulk of the imploding tamper without heating any fuel in the process. 

When it reaches the fusion fuel, the release wave will be decelerated and begin piling up at the void/fuel 
interface, driving a low pressure shock into the fuel. As the rest of the release wave arrives the pressure 
keeps climbing, driving a compression wave of increasing strength. 

The velocity of the release wave front is given by:
u_escape = (2*c_s)/(gamma - 1) + u_particle
where c_s is the speed of sound in the shocked tamper, and u_particle is the velocity acquired by the 
tamper from the shock wave. Thus for a perfect monatomic gas, with a gamma of 5/3, this velocity is 
equal to three times the speed of sound in the shock compressed gas plus the velocity the gas acquired by 
passing through the shock front. In a dense tamper under extreme pressure the effective value of gamma 
may be significantly lower than 5/3 due to ionization effects, making the escape velocity four or more 
times faster than the speed of sound. 

If the tamper were not accelerating, then the larger the standoff gap the greater the elapsed time between 
the arrival of the release wave and bulk of the tamper, which is desirable for efficient compression. But 
the tamper is actually accelerating, so in time it will tend to catch up with the release wave front. For a 
given geometry, ablation pressure, and tamper mass, there is an optimum standoff that will maximize the 
elapsed time. 

The use of use of a standoff seems to have been the major (perhaps only) method for creating the desired 
compression wave in Mike, the first radiation implosion device ever tested. From the available 
specifications, we can estimate that the standoff may have been in the order of 25 cm, with a fuel mass 
radius of 20 cm. Calculating u_escape at around 600 km/sec (gamma = 1.5, c_s = 100 km/sec), the 
elapsed time between the arrival of the release wave and the rest of tamper at the initial fuel surface radius
would be about 300 nanoseconds. At an average shock velocity of 200 km/sec, the initial shock could 
traverse 8 cm of fuel before the tamper finally catches up, far enough to efficiently compress 64% of the 
fuel. 

4.4.4.1.3 Compartmented Radiation Cases 

A second technique is to divide the interior of the weapon into two compartments that separate the 
primary and secondary. A barrier between the compartments made of opaque (high-Z) material controls 
the rate at which energy flows from the primary to the secondary. 

Since a small amount of energy is needed to begin the implosion, the barrier would have tiny apertures 
(narrow slits perhaps) that would allow photons to enter the secondary compartment at a slow rate. The 
barrier material ablates away, driving an ablation shock through the wall. The ablation shock is luminous 
(though much less intense than the unobstructed flux from the primary compartment would be) so when it
arrives at the opposite side, a significant additional thermal flux into the secondary compartment would 
occur. 

By far the largest increase in radiation flux would occur when the ablation front arrived at the opposite 
side of the barrier (i.e. when it completely ablates away). Then radiation at the full temperature of the 
primary compartment would flow into the secondary compartment. 

Of course the barrier would be driven forward at a very high velocity by the ablation shock, and 
preventing it from damaging the secondary would be a significant problem. One possible technique for 
addressing this problem would be to place a shield made of X-ray transparent low-Z material (lithium, 
beryllium, or boron for example) between the barrier and the secondary to absorb the impact of the barrier



remnants. 

Many variations on this idea are possible. Varying the thickness or the composition of different parts of 
the barrier could provide a more carefully tailored release of energy. Thermal energy could be diverted 
into "radiation bottles" by unimpeded flow through a duct or pipe before release to the secondary. 
Multiple barriers or baffles could be used to control the rate of energy flow. 

4.4.4.1.4 Modulated Primary Energy Production 

The idea here is to tailor the energy production in the primary so that the desired pressure-time curve is 
produced directly. The functional form of fission energy release (an exponential function) actually does 
match the desired functional form of the pressure-time curve fairly well. The problem is that the time 
constant of a reasonably efficient fission system is simply to short. By the time a low pressure shock 
created by an early stage of fission has propagated a substantial distance (a few millimeters, say) the 
intense shock from the final stages of fission will have caught up with it. If the value of alpha is reduced 
to the point where the rate of increase is tolerably slow (10-20 per microsecond), the core has time to 
disassemble without producing much energy - leading to a very inefficient primary. 

It may be possible to use fusion boosting to overcome this problem. Since boosting can be initiated at a 
fairly low fission yield and accelerates as the temperature rises, it may be possible to use boosting to still 
achieve high efficiency. Boosting would kick in after the slow, low pressure phase and drive the rapidly 
rising high pressure end of the curve. 

A design of his kind would have several advantages. The low alpha of the fission process would mean 
that a small quantity of fissile material and/or weak compression would be adequate for the primary, 
leading to light and compact primaries. The requirements for radiation containment would be reduced as 
well, leading to reduced overall weapon weight. 

A disadvantage is that the idea could not be extended to weapons of unlimited yield. Larger yields require
thicker fuel layers, slower initial compression, lower alpha values in the primary, and reduced fission 
yield. The approach would fail (if it can be made to work at all) when the reduced alpha value allows the 
primary to disassemble before initiating the boosting process. 

A primary using this approach would be designed with a beryllium reflector, but with no tamper between 
the fissile material and the reflector so that radiation escaped as readily as possible. U.S. primaries are 
known to contain plutonium bonded directly to beryllium, suggesting this design approach. 

4.4.4.1.5 Multiple Staging 

In weapons with more than two stages, the efficient compression of tertiary (or, in principal, later stages) 
can be conveniently arranged with the aid of the sequenced energy release of the earlier stages. This is 
fundamentally the same general idea of modulated energy release just described, using a different 
mechanism. 

The secondary stage releases much more energy than the primary (as much as 200 times more has been 
demonstrated, but more typically 10-50 times more), and does so hundreds of nanoseconds later. 

A portion of the primary energy can be used to create an initial low pressure shock in the tertiary stage, 
even as it compresses the secondary. The third stage which would generally be larger and have a greater 
radius that must be traversed by the initial shock, requiring a longer compression period in any case. The 
sudden burst of energy from the secondary would be quite effective in creating the rapid rise in pressure 
desired at the end of the tertiary compression period. 

This technique is obviously of limited general usefulness, since only relatively large weapons would have
three stages (all known three stage tests have been in the megaton range, very few three stage designs 
appear to have been actually fielded). 



4.4.4.1.6 Selection of Pusher Materials 

Another possible technique for creating a time varying pressure in the fuel is to modify the ablation 
process itself. The amount of ablation pressure generated by radiant heating depend on the properties of 
the material being ablated. 

If the ablation surface has a very high atomic number, then the ablated gas will still be quite opaque to X-
rays. This means that the radiation will have to reach the ablation front by diffusion - each X-ray being 
captured and re-emitted multiple times. Radiation diffusion is a relatively slow process. Also, the hot 
ablated gas will radiate energy back into the radiation channel, reducing the net flux reaching the ablation 
front. 

A lower Z material, which completely ionizes at the radiation channel temperature, will become nearly 
transparent to X-rays when heated. The X-ray flux will thus reach the cold ablation surface unimpeded. 
Neither the cold surface, nor the hot gas, will radiate significant amounts of energy back into the channel 
so the thermal energy will be absorbed by the ablator very rapidly (with a correspondingly high mass loss 
rate). 

The effective particle mass of a completely ionized low-Z material will be much lower than that of a 
partially ionized high-Z material. This gives a higher escape velocity, and a larger ablation pressure per 
unit of mass lost. 

These factors give the designer a range of materials and effects to choose from to tailor the ablation rate 
and pressure. Using multiple layers of different materials offers the possibility of creating a time-varying 
ablation pressure even with constant radiation temperature. 

No information is available indicating that this technique has been ever actually been used. 

4.4.4.2 Radiation Containment and Transport 

The thermal radiation that drives the implosion process must be kept from escaping until it has completed 
its work. This is the function of the radiation case. 

The radiation must also be transported rapidly and effectively to the secondary (when it is time). The 
conduit through which the radiation flows is the radiation channel. 

4.4.4.2.1 Radiation Case 

The radiation case may be integral with, or identical to, the external bomb casing; or it may be a separate 
component nested inside of the bomb casing. There may in fact be more than one radiation case, 
especially in a multi- compartment design. Radiation cases may also be nested inside each other, to 
provide different degrees of confinement during different phases of bomb operation. 

To fulfill its role, the wall of the radiation case must be highly opaque to the radiation that fills it to 
minimize the rate at which energy is lost to the wall (see Section 4.4.3.2 Opacity of Materials in 
Thermonuclear Design). In general the radiation case will either be a lining of the external bomb casing, 
or will be entirely separate from it. 

It is inevitable that the wall of the case will ablate away, just as the secondary pusher does, and will 
generate a high pressure shock that blows the wall outward. To minimize the rate of case expansion, the 
casing wall should also have a very high mass density. The DOE has reported that materials with atomic 
numbers higher than 71 have been used as radiation case linings. Uranium, lead and lead-bismuth alloy 
are known to have been used to line radiation cases. Tungsten, or tungsten-rhenium alloys (such as the 
thin plasma deposited tungsten-rhenium coatings developed at the Kansas City Plant) are also good 
candidates for this purpose. Mercury, thallium, and gold have been used in thermonuclear weapons - 
possibly for this purpose. 



The radiation temperature around the secondary needs to be maintained until the secondary collapse is 
complete or nearly so, otherwise the outer wall of the imploding tamper will decompress and begin 
expanding, reducing its ability to confinement the thermonuclear reaction. This defines the length of time 
that the radiation case must maintain its integrity (at least in the part of the weapon where the secondary is
located). 

The rate of energy loss into the wall probably remains more or less constant until the ablation shock 
arrives at the outer surface of he case. Once this occurs, the wave of pressure release will travel 
backwards to the inner wall relatively rapidly. When this release wave reaches the ablation front, the rate 
of energy loss will rapidly increase - ending the useful life of the casing. The arrival of the Marshak wave 
front of the ablation shock at the outer surface of the casing was an important diagnostic in early 
thermonuclear weapon tests. 

In two compartment weapon designs a separate casing is placed around the primary. Since the pressure 
here is initially much higher (and persists longer) than around the secondary, a thick walled sphere of 
uranium is used to provide an especially opaque and dense case. 

For weapons that use the soft X-ray kill mechanism (e.g. high altitude ABM or space-based interceptors), 
a radiation case that is transparent to the more energetic X-rays produced by the secondary is desirable. 
Since the average photon energy during implosion is only 2 KeV or so, and the bulk of the energy 
emerging from the secondary is carried by photons with energies >>20 KeV, this should not be too hard 
to arrange. In fact with a lining of sufficiently low Z, the hot photon flux should be capable of completely 
stripping the nuclei of electrons through photo-ionization, rendering it essentially transparent ("bleaching 
it"). 

4.4.4.2.2 Radiation Channel 

The outer wall of the radiation channel is the radiation case. The inner wall is generally the pusher of the 
secondary. The thermal energy released by the primary is conducted down the channel by diffusion - a 
given region of the wall is heated by radiation emitted by hotter regions of the wall closer to the primary, 
and in turn re-emits radiation to heat regions of the wall that are farther away. 

The rate of energy flow any point in the channel can be modelled by the diffusion equation:
J = -((photon_MFP * c)/3) * (energy_density_gradient)
where J is the energy flux (flow rate), photon_MFP is the mean distance a photon travels between 
emission and capture, c is the speed of light, and energy_density_gradient is the rate at which energy 
density changes with distance along the channel. The temperature also changes along the channel with 
energy density, but since temperature is proportional to the fourth root of energy density, the gradient 
here is much smaller. 

If the radiation channel is transparent, then the photon mean free path is the average distance down the 
channel a photon will travel between emission and absorption. This is determined by channel geometry 
(plane, cylindrical, spherical, etc.), and the width of the channel. Transport is faster along a straight 
channel than a curved one, and faster along a wide channel than a narrow one. For an arbitrary small 
patch of channel wall, the proportion of energy emitted at an angle theta from the normal vector is 
Cos(theta). The distance the energy will travel down the channel before absorption is 
Tan(theta)*channel_width. The average of Cos(theta)*Tan(theta)*channel_width is simply 
channel_width. As long as the mean free path in the material filling the channel is substantially less than 
channel_width/Cos(45 degrees), about 1.4 times the channel width, this will be the effective mean free 
path down the channel. 

Since c, the speed of light, is very large the rate of transport tends to be extremely fast. The energy 
density will thus very rapidly come into equilibrium, as long as the maximum distance between two 
points in the channel, as measured in photon mean free paths, is not also a very large number. Even when 
energy is flowing into the channel, the energy density gradient will remain quite small. If energy is not 
flowing into the channel, any irregularities will rapidly disappear. 



The ablation of the channel walls interferes with the need to maintain a transparent channel. The high-Z 
material lining the channel produces a high velocity gas as it escapes from the channel wall, and it 
accelerates further as it expands into the channel. Even at relatively low densities this gas is quite opaque,
and it has the effect of rapidly collapsing the radiation channel until it is completely blocked. 

This process can be combated by filling the channel with a transparent gas to hold back the ablating walls.
It is impossible to hold back the ablating material completely, but the highest velocity ablation exhaust is 
at low pressure and is relatively easy to contain. As the gas-filled channel closes, its pressure increases as 
well making it more resistant to further collapse. 

Radiation channels are typically filled with a dense plastic foam such as polystyrene, that has been 
"blown" (foamed) with a hydrocarbon gas (pentane for example). The channel is thus filled only with 
carbon and hydrogen. The ionization energy of the last electron in carbon is 490 eV (hydrogen's 
ionization energy is a mere 13.61 eV), which corresponds to the average particle energy at a temperature 
of 5.7 x 10^6 K. As the radiation channel approaches this temperature the foam will become completely 
ionized and nearly transparent to thermal radiation. Polyethylene wall linings have been used instead of 
plastic foam (in Mike for example) although unless the casing is flushed with a low-Z gas, the higher 
ionization energies of nitrogen and oxygen may cause significant absorption. 

Note: that this foam *does not* generate the pressure that causes implosion. 

4.4.4.3 Avoiding Fuel Preheating 

Compressing fuel efficiently to high densities requires that the fuel have relatively low entropy. At the 
start of the compression process, a relatively small amount of heat will increase the entropy significantly 
and reduce the efficiency of the entire compression process, which is why the initial shock pressure must 
be carefully controlled. Fuel preheating can also occur from the radiation emitted by the primary. A high-
Z radiation shield is used to prevent the X-ray flux from directly heating the fuel in cylindrical designs, 
but the neutron flux from the primary can also cause significant preheating. This can not only reduce the 
achievable compression, but due to uneven heating in the fuel it could disrupt the symmetry of implosion 
as well (a potentially even more serious problem). 

If we assume that 1.5 neutrons escapes from the primary for each fission occurring there, then up to 3 
MeV (about 1.5% of the total yield since the average fission neutron has 2 MeV) could potentially be 
carried away from the primary by neutron kinetic energy. The portion of this that would be deposited in 
the fuel depends on the area of the fuel presented to the flux, the distance from the primary, and the 
effects of materials between the core and fuel in absorbing neutron energy. It is difficult to see how any 
more than 5% or so of the flux could be intercepted by the fuel, and is likely to be much less than this. 
The average energy can be expected to be significantly less also, due to moderation by the beryllium 
reflector and high explosive. 

In a weapon that has a fuel mass/primary yield ratio of one kg per kt, intercepting 1% of the neutron 
kinetic energy emitted by the primary core is still some 6x10^12 erg/g. The problem of preheating is 
especially serious in lithium-6 containing fuel, since the Li-6 + n reaction releases 4.8 MeV in addition to 
whatever kinetic energy the incident neutron possesses. Spherical secondaries are more likely to be prone 
to this problem than cylindrical ones, since they present a larger surface area. The Morgenstern device 
(designed by Edward Teller) that fizzled in the Castle Koon test reportedly had a spherical secondary, and
failed due to neutron preheating effects. 

Neutron preheating can be avoided by attenuating the neutron flux with boron-10, the best available fast 
neutron absorber. Boron carbide (B6C) is known to have been incorporated into thermonuclear weapons, 
possibly for this reason. Such a neutron thermal shield would be incapable of stopping the neutron flux 
from reaching the secondary completely, but at most a one or two order of magnitude reduction should be
sufficient to render preheating insignificant. With Z equal to 5, boron is highly transparent to thermal X-
rays and would not interfere with radiation transport. 



4.4.5 Fusion Stage Nuclear Physics and Design 

4.4.5.1 Fusionable Isotopes 

The important thermonuclear reactions for weapons are given below:
1. D + T -> He-4 + n + 17.588 MeV (n kinetic energy is 14.070 MeV)
2. D + D -> He-3 + n + 3.2689 MeV (n kinetic energy is 2.4497 MeV)
3. D + D -> T + p + 4.0327 MeV
4. He-3 + D -> He-4 + p + 18.353 MeV

The first fuel ever considered for a thermonuclear weapon was pure deuterium (reactions 2 and 3, which 
are equally likely). This is primarily because deuterium is a relatively easy fuel to burn (compared to most
other candidates), is comparatively abundant in nature, and is cheap to produce. In fact, no other fuel has 
this same combination of desirable properties. 

Only one other fusion fuel is easier to ignite - a mixture of deuterium and tritium (reaction 1). At 
moderate thermonuclear temperatures, the T-D reaction is 100 times faster than D-D combustion. 
Unfortunately, tritium does not occur in nature in useful amounts, and is very costly to manufacture. 

The cheapest method of making it industrially is to breed it in reactors, where it competes with plutonium 
production. For each neutron absorbed in the reactor for isotope production, either one atom of tritium or 
one atom of plutonium can be produced. Since fusing an atom of tritium produces 17.6 MeV of energy, 
compared to 180 MeV from fissioning an atom of plutonium, the cost of the energy represented by tritium
is ten times that of plutonium. Worse still, it decays at a rate of 5.5% annually so simply maintaining an 
inventory of tritium is expensive. Unless the energy output of tritium can be magnified greatly, or its 
effective cost greatly reduced, it is uneconomical to use it weapons. 

Tritium can be produced in situ from other reactions in a weapon. Deuterium - deuterium combustion, for 
example, produces tritium naturally through reaction 3. In fact far more energy is produced in D-D fusion 
from fusion of the tritium byproduct than from the D-D reaction itself. Since the D-T reaction rate is far 
higher than the D-D rate, and there is always a large excess of deuterium, nearly all the tritium produced 
is burned up. 

The helium-3 + D reaction (reaction 4) is even more energetic than the D+T reaction, but it is harder to 
ignite. The cross section is much lower than the D+D cross section at temperatures below 200 million 
degrees K. Helium-3 is not found in useful amounts on Earth but, like tritium, it is produced as a by-
product of D-D fusion. Reaction 4 only becomes important with pure deuterium fuel when a significant 
amount of deuterium has burned up (about 25%). At this point, the temperature has risen to about 250 
million degrees K, where the cross section for reaction 4 begins to exceed that of 2 and 3 combined. Also,
at this point the concentration of He-3 has built up to be a significant proportion of the fuel mass. The 
conversion of He-3 to tritium through neutron capture competes with the build-up of helium-3 however 
(see reaction 10 below). 

The net effect of reactions 1-4 together is:
6 D -> 2 He-4 + 2p + 2n + 43.243 MeV
Of the two neutrons produced, one is high energy (14.07 MeV) and one is moderate energy (2.450). The 
ratio of high energy neutrons produced to deuterons consumed (or energy produced) is significant for 
driving fast fission reactions. If the He-3 is converted to tritium instead of being burned directly, the net 
reaction is the same with the exception that two high energy neutrons are produced. 

There are other fusion reactions that occur between these isotopes (T+T and He-3+T for example), their 
reaction products, or with other materials commonly mixed with the fusion fuel (like lithium isotopes), 
but the reaction rates are too low to be significant. 

4.4.5.2 Neutronic Reactions 



The neutrons released by reaction 1 and 2 can be put to use in several ways. They can be allowed to 
escape the weapon to serve as one of the destructive weapon effects. They can be used to cause fission 
(perhaps in cheap non- fissile material like U-238 or Th-232), thus releasing additional energy. Or they 
can be used to manufacture more fusion fuel to enhance the fusion reaction. Both of these last two 
possibilities are commonly incorporated into modern weapons. The use of neutrons as a distinct weapon 
effect is usually only important in special designs (neutron bombs). 

The two reactions that have been used to manufacture fusion fuel are:
5. Li-6 + n -> T + He-4 + 4.7829 MeV
6. Li-7 + n -> T + He-4 + n - 2.4670 MeV
Both produce tritium which burns rapidly, producing more neutrons. 

Lithium-6 is a relatively uncommon isotope in nature (7.42% of natural lithium) and must be enriched 
before reaction 5 can be used to best effect. The Li-6 + n reaction has a significant cross section at all 
neutron energies, but it has a large cross section below 1 MeV with a peak of 3.2 barns at 0.24 MeV. At 
higher energies endothermic spallation reactions tend to occur instead, above 4 MeV the neutron is far 
more likely to split the Li-6 nucleus into He-4 and D. 

Lithium-7 constitutes the bulk of natural lithium (92.58%). The endothermic Li-7 + n reaction does not 
occur at all if the neutron energy is less than the energy deficit, and is only significant with neutron 
energies above 4 MeV. Above 4.5 MeV Li-7 has a much larger cross section from breeding tritium than 
does Li-6. 

There are a number of side reactions that can also occur in fusion fuel, especially with the very energetic 
14.07 MeV fusion neutrons, which can cause spallation or fragmentation of target nuclei due to their 
enormous kinetic energy. Among these are:
7. D + n -> p + 2n - 2.224 MeV
8. Li-6 + n -> He-4 + D + n - 1.474 MeV
9. Li-6 + n -> He-4 + p + 2n - 3.698 MeV
10. He-3 + n -> T + p + 0.7638 MeV
11. Li-7 + n -> Li-6 + 2n + -7.250 MeV

In deuterium and Li-6D fuel reactions 7 and 9 are significant in causing a modest amount of neutron 
multiplication (10-15% amplification of 14 MeV neutrons), and aiding in the rapid attenuation of highly 
energetic neutrons. Reaction 10 is especially important in pure deuterium fuel where helium-3 produced 
by the D-D reaction is the only significant neutron absorber. 

With respect to the total energy release, and the composition of the final products, the net effect of 
reactions 10 and 1 together is exactly the same effect as reaction 4. That is, converting He-3 to T, then 
fusing it with D is the same as fusing He-3 with D directly. The energy is not distributed over the reaction
products in exactly the same way however. Reaction 10 consumes a neutron but this may be a very low 
energy neutron (in fact it most likely will be given the very large cross section below 0.5 MeV - up to 5 
barns). Reaction 1 produces a 14.07 MeV neutron. In effect a very high energy neuron is exchanged for a 
low energy one. This can change the ratio of high energy neutrons to deuterons consumed from 1:6 
(implied by reaction 1-4) to as low as 1:3, greatly augmenting fast fission. 

Note also that when the above lithium-7 reaction (reaction 11) is combined with reaction 5, the net effect 
is exactly the same as reaction 6. 

Since fusion fuel contains a very high density of very light atoms (like deuterium) with good scattering 
cross sections, we should expect neutrons entering the fuel to be rapidly moderated. 

In pure deuterium fuel moderation takes only 9 collisions to fully thermalize 14.07 MeV neutrons 
("thermal" here means on the order of 20 KeV), a process essentially complete in 0.25 nanoseconds at a 
fuel density of 75 g/cm^3. Deuterium's absorption cross section for neutrons at 20 KeV is only about 1 
microbarn, given the neutron velocity (2x10^8 cm/sec) and atom density (2.25x10^25 atom/cm^3 at 75 g/



cm^3) the lifetime of a thermalized neutron is about 220 microseconds (for this reaction). The cross 
section for reaction 10 at 20 KeV is 5 barns so when 10% of the fuel has burned (creating an He-3 
concentration of 2%), the lifetime of a thermalized neutron before He-3 capture will have dropped to 2.2 
nanoseconds. Thus the formation of tritium through neutron capture by deuterium cannot play any 
significant role, as some have suggested. 

Rapid moderation occurs in lithium deuteride fuel as well. Reaction 5, the production of tritium from 
lithium-6 has a very large cross section peak at 246 KeV (8.15 barns). It averages only 0.77 barn from 
0.02 to 0.15 KeV and 1.1 barns from 1 to 14.1 MeV. Multi-group neutron calculations show that in Li-6D
fuel at a density of 200 g/cm^3 about half of all tritium production occurs with neutrons moderated to the 
range of 0.15-1.0 MeV. 50% of 14.07 MeV neutrons are absorbed to form tritium within 0.075 
nanoseconds after emission, rising to 70% at 0.15 nsec. Most of the rest become thermalized with a 
lifetime of 0.40 nsec before capture. 

The above observations for 14.07 MeV neutrons remain valid for the 2.45 MeV D-D reaction neutrons, 
except that fewer collisions are required for the moderation. Clearly fusion neutrons give their energy up 
very quickly to the fusion fuel, and relatively few escape the fuel without undergoing substantial 
moderation. We can also conclude that the production of tritium from lithium-6 is a rapid, efficient 
process. 

4.4.5.3 Fusion Fuels 

These are fuels that produce energy primarily through charged particle reactions, driven by thermal 
kinetic energy. Neutron reactions often play important anciliary roles. 

4.4.5.3.1 Pure Deuterium 

Deuterium is an inexpensive fusion fuel, consisting on the order of $100/kg to manufacture, with an 
effectively unlimited supply. Its major disadvantage is that it is a gas at normal conditions, requiring 
extreme cold to liquefy it (to below 23.57 K). It has the additional disadvantage that it is a low density 
liquid - 0.169 (or 0.0845 moles/cm^3). This low density, combined with the necessity of extremely 
efficient insulation implies a large volume for any weapon using pure deuterium as a fuel (to say nothing 
of the cost, weight, and complexity of the cryogenic equipment needed for handling it, and keeping it 
cold). 

Deuterium has a high energy content however, 82.2 kt/kg with complete thermonuclear combustion. It 
also produces a large excess of neutrons per unit of energy released, one neutron for each 21.62 MeV of 
reaction energy. The net reaction is:
6 D -> 2 He-4 + 2 p + 2 n + 43.24 MeV 

Pure deuterium has been used in at least one thermonuclear test - Ivy Mike, the first radiation implosion 
design ever tested. The fact of this test conveniently demonstrates that thermonuclear energy release in 
weapons does not require tritium breeding neutronic reactions, but can be driven by the D+D reactions 
alone. 

4.4.5.3.2 "Dry" Fuels (Lithium Hydrides) 

It would be more convenient if deuterium could be incorporated into weapons in the form of a stable 
chemical compound with more convenient physical properties than the low boiling point elemental form. 
A suitable compound would be the hydride of a light element, which would give a fairly high deuterium 
content by weight. 

While there are several compounds that fit this description, it was realized quite early in both the US and 
Soviet Union that one compound in particular was uniquely suited for this role - lithium deuteride. Even 
more important than its high deuterium content (22.4-25% by weight), and high atom density (0.103 
moles D/cm^3, higher than in liquid deuterium!), is the fact that lithium isotopes can also provide 



additional fusion fuel. By capturing neutrons generated as fusion byproducts, reactions 5 and 6 produce 
highly combustible and energetic tritium. Reaction 5 also produces significant amounts of energy directly 
from neutron capture. Probably all fusion devices since Mike have used lithium hydrides of varying 
isotopic composition as fusion fuel. 

4.4.5.3.2.1 Enriched Lithium Deuteride 

The most desirable fuel is pure lithium-6 deuteride since it has the highest energy content per kilogram: 
64.0 kt/kg. The net reaction is a combination of reactions 1 and 5:
Li-6 + D -> 2 He-4 + 22.371 MeV
There are a few considerations that must be addressed before this reaction will work. First, the neutrons 
produced by reaction 1 are too energetic to direct drive reaction 5 efficiently - they must undergo a few 
collisions to moderate their energy. Also, there must be an initial source of neutrons or tritium to drive 
reaction 5 before reaction 1 can occur. The overall cycle does not breed neutrons. 

Some open literature sources assert that reaction 5 is driven by neutrons produced by fission reactions in 
the trigger, the spark plug, or the tamper. 

The first of these suggested sources can be easily disposed of as a possibility. If neutrons from the 
primary were to breed a significant amount of tritium, severe neutron preheating problems would result. 

A number of arguments can be offered against the other possibilities. The most obvious is that the net Li-
6 + D reaction does not produce spare neutrons (although a small excess of 10-15% might be produced 
though n->2n reactions with the fast neutrons). Since only a relatively small proportion of the neutron 
excess can actually cause fast fission in U-238 (due to moderation, inelastic scattering, and absorption), 
for a lithium deuteride fueled bomb to produce substantial energy through fast fission some other type of 
fusion reaction must provide the neutron excess. 

It can also be observed that it is very difficult to construct a scheme that will permit neutrons from the 
spark plug to play a major role. "Clean" weapon tests have been conducted that obtained as much as 98% 
of their yield from fusion reactions. Even if all the fission were due to the spark plug (allowing us to 
neglect the trigger), some 9000 MeV of fusion would have to result from the neutrons released by each 
180 MeV fission (producing fewer than 2 excess neutrons). This implies a process of neutron recycling (a
neutron is absorbed to form tritium, tritium fuses to release a neutron) some 200 reactions long. It is likely
that neutron leakage would quench this chain long before it got this far. 

We can conclude that the source of neutrons to prime the pump for the Li-6 + D reaction, and provide the 
neutron excess for fast fission, is D-D fusion. This is natural since D-D is capable of supporting energetic 
fusion power production by itself. Even without tritium breeding, D-D fusion burns to effective 
completion in approximately 20 nanoseconds anyway, producing a staggering number of neutrons in the 
process. The presence of lithium-6 means that these neutrons are soaked up, producing even faster 
burning tritium and accelerating the combustion process. 

To summarize: D-D initially dominates the fusion process, but as the neutron concentration builds up it is 
quickly superseded by Li-6 bred tritium fusion as the prime power producer. 

Since lithium-6 constitutes only 7.42% of natural lithium, making use of lithium-6 deuteride requires 
enriched lithium. Varying enrichments can be used, but the higher the better. The U.S. has produced and 
used enriched lithium containing 95.5% Li-6, 60% Li-6, and 40% Li-6. It appears that 95.5% has made up
the bulk of U.S. production (442.2 tonnes total). 

4.4.5.3.2.2 Natural Lithium Deuteride 

Lithium-7 can serve as a fusion fuel also, either in partially enriched lithium or in natural lithium. The 
unexpected contribution from Li-7 in the Shrimp device tested in Castle Bravo (which used 40% Li-6, 
60% Li-7 fuel) caused it to exceed predictions by a factor of 250% (to 15 Mt, the largest U.S. test ever). 



Natural lithium has also been used successfully as a fusion fuel in tests (it was used in the 11 Mt Castle 
Romeo test for example), and fielded weapons. 

The contribution from lithium-7 is primarily due to reaction 6, which is quite significant above 4.5 MeV. 
In natural lithium the probability that an emitted 14.1 MeV neutron will breed tritium by reacting with Li-
7 capture is around 50% (failure to appreciate this fact led to the Castle Bravo disaster). Since reaction 6 
does not actually consume a neutron (a low energy neutron is one of the reaction products), in effect the 
neutron is available to also react with any lithium-6 that is present to breed additional tritium. 

The net reaction for lithium 7 is a combination of reactions 1 and 6:
Li-7 + D -> 2 He-4 + n + 15.121 MeV
for an energy content per kilogram of 38.5 kt/kg. Pure Li-7 is unlikely to be used of course. The light 
isotope in natural lithium will react as well yielding 40.3 kt/kg. 

The fact that Li-7 actually does breed additional neutrons may be of significance in enhancing energy 
production through tamper fission. 

4.4.5.3.3 Speculative Fuels 

Deuterium can be combined with any of the other light elements (except helium) to form chemical 
compounds that could probably be used successfully as fusion fuels. Most of these have higher deuterium 
contents than lithium hydride, and all of them are easier to store than liquid hydrogen. Below is a list of 
representative compounds that can be formed with each of the elements from Z=4 (beryllium) to Z=8 
(oxygen). 

Given the convenience of lithium deuteride's physical properties, the cheapness of lithium, and the high 
energy content resulting from the nuclear reactions lithium undergoes, there is no reason to prefer any of 
the fuels below to LiD. It is quite unlikely that any of them have ever been used. 

Deutero-ammonia (ND3) was seriously considered as a fusion fuel for the first radiation implosion device
(Mike) in preference to liquid deuterium and natural lithium deuteride. 

I have not investigated the possible nuclear reactions that the compounding agents below might undergo 
but one of them, boron-10, does have an exothermic reaction with neutrons which would add modestly to 
energy production, which produces a usable fusion fuel besides: B-10 + n -> Li-7 + He-4 + 2.79 MeV 

The possibility of using ordinary heavy water as a fusion fuel is interesting given its comparative 
availability and good physical properties. 

Formula   Deut.    Properties
          Conc.
B2H6      35.6%    Bp -92 C, cryogenic cooling required 
BeD2      30.8%    solid, stable to 125 C 
BeD2.B2H6 33.2%    solid
CD4       40.0%    Bp -164 C, cryogenic cooling req'd (same as LNG - liquid natural 
gas)
C2D6      33.3%    Bp -88 C, cryogenic cooling or high pressure required
C3D8      30.8%    Bp -42 C, storable at room temp under modest pressure
D2O       20.0%    Bp 101.5 C, liquid, no special handling
ND3       30.0%    Bp -30.9 C, storable at room temp under modest pressure

4.4.5.4 Fusion Tampers 

The jacket surrounding the fusion fuel of the secondary is often called upon to perform quadruple duty:,
1. It provides reaction mass as an ablator to drive the radiation implosion;
2. It acts an inertial mass to confine the fusion fuel during the burn;
3. It acts as a radiation container to prevent loss of heat during the burn;
and



4. It also acts as an energy producing fuel by reacting with the neutrons produced by the fusion reactions. 

The first three functions are essential for successfully releasing energy from the secondary. The fourth 
function is optional (fission energy release that is), and it is convenient for weapon designers that 
materials that meet this last requirement also satisfy the first three quite well. 

A variety of materials are available that can meet these requirements. Functions 1 and 3 basically call for 
a material with a high opacity at high temperatures and pressures - a high Z element. Function 2 ideally 
calls for an material that will be compressed to very high density, which is provided by a material that 
only partially dissociates under high pressure - also a high Z element. Function 4 calls for a fissionable 
isotope (at least with fast neutrons) - the only plausible candidates for this (uranium and thorium) are the 
two highest Z natural elements available in substantial quantity. 

Although the use of a fissionable tamper is optional, fission of the tamper provides the majority of the 
energy released in most thermonuclear weapon designs. This is because the energy produced is essentially
"free". The tamper mass is required in any case, so extracting energy from it increases the bomb's yield 
for the same weight. The cost of the fissionable tamper material, in terms of its available energy content, 
is also generally much lower than the other materials used in the bomb, so the cost increase of using a 
fissionable tamper over a cheaper non-fissionable tamper is small. 

A high fission yield produces a large amount of radioactive fallout. Weapons using fissionable tampers 
are thus considered "dirty". If this is considered undesirable in the weapon, then a non-fissionable tamper 
may be used. The penalty of course is a lower yield to weight ratio, and a more expensive arsenal to 
deliver the same amount of destructive power. 

On the other hand, an increase in fallout relative to yield may be desired, perhaps with a custom tailored 
range of half-lifes. Using a tamper that produces highly radioactive byproducts when irradiated by 
neutrons holds this possibility. 

The required mass of the pusher/tamper is set by the several requirements. The need to provide sufficient 
ablation mass (much of the pusher/tamper mass is lost during implosion through ablation), sufficient 
inertia to provide the momentum need for fast fuel implosion, sufficient inertia to confine the fuel during 
burnup, and sufficient thickness to capture a high percentage neutrons produced (if this is desired). 

If we assume maximally efficient implosion, then 75% of the pusher/tamper mass will be lost through 
ablation. To provide substantial inertial for driving implosion and confinement, we would also like the 
remaining tamper mass to significantly exceed the fuel mass. This puts the probable ratio between the 
pusher/tamper and fuel mass in the range of 8-16:1 (the Mike device had a ratio of something like 80:1). 

The objective of capturing most of the neutrons should not difficult to achieve either. At densities of 
around 500 g/cm^3 for uranium , the thickness of tamper required to reduce the flux to 1/e (36.8%) of the 
initial value is no more than 0.5 cm. 

The high proportion of the pusher/tamper that should ablate for efficient implosion, combined with the 
difficulties in estimating or measuring the high temperature LTE opacities, created a significant problem 
for early designers. If too much of the pusher/tamper ablated, complete failure of the secondary could 
result through insufficient confinement or even burn-through before implosion was complete. If not 
enough ablated, the implosion might be too inefficient to give a good yield. This necessitated 
conservative design, and may be the explanation for the apparent failures of the first British tests (the 
Green Granite and Purple Granite devices). 

4.4.5.4.1 Fissionable Tampers 

The advantage in using a fissionable material as the fusion tamper was recognized very early, many years 
before the first thermonuclear test. The highly energetic neutrons produced by fusion are capable of 
fissioning isotopes that are normally considered non-fissile, like U-238 and Th-232. 



The early high yield fission weapon designs all used natural or depleted uranium as the tamper material. 
At the time large, inexpensive, high yield weapons were the main design objective so a cheap fissionable 
material was necessary. U-238 can only be fissioned by neutrons above about 1.5 MeV however. A 14.1 
MeV neutron can undergo up to three average collisions with deuterium and still have sufficient energy. 
the 2.45 MeV D-D fusion neutrons, up to half the fusion neutrons produced in Mike, cannot be scattered 
even once and still be able to fission the tamper. Most of the fusion neutrons produced were thus unable 
to fission the tamper after they escaped the fusion fuel mass. 

If all of the excess neutrons had caused fission, then the expected fission fraction for Mike (assuming no 
subcritical multiplication took place in the tamper) would be 89.3% (10.4-1 fission-fusion energy 
production ratio), instead of the observed 77% (3.35-1 ratio). Isotopic analysis of Mike fallout shows a 
very high percentage of the tamper material that was not fissioned was transmuted to higher isotopes of 
uranium by these slower neutrons (~93% of the U-238 in the inner most layers was transmuted). 

If the uranium tamper is significantly enriched in U-235 however, a much higher percentage of the 
neutrons released can be harnessed since this isotope is fissioned by neutrons of all energies. The superior
fissile properties of U-235 boost yield in other ways also. It has a higher fission cross section than U-238 
even for fast neutrons, so a thinner tamper can be equally effective in capturing these as well. U-235 also 
can achieve much higher subcritical multiplication factors in the tamper - making use of the fission 
neutrons to cause more fissions. 

Using enriched uranium as the tamper material drives up the cost of the weapon, but reduces its weight 
and size for a given yield. As enriched uranium became relatively abundant in the US weapons program, 
the use of HEU (20-80% U-235) instead of natural or depleted uranium became common. A large portion 
of uranium produced by the US for weapons use has been in this intermediate range of enrichment. Most 
or all light weight strategic weapons probably use HEU tampers today. 

Thorium is an inferior material for producing energy through fission compared even to depleted uranium. 
Its fast fission cross section is lower, so a smaller fission yield is obtained. It has a very high atomic 
number (Z=90), second only to uranium among practical tamper materials, and is thus a very good 
tamper. Its lower density may be somewhat of a disadvantage, but only because it increases the required 
tamper thickness - which may be undesirable in highly-volume or shape constrained designs. 

A nation "breaking out" of the status as a non-weapons state might possibly consider salting a U-238 
tamper with reactor-grade plutonium to increase yield. The neutron background produced could cause 
predetonation problems in the primary, although boron-10 shielding should mitigate it. 

4.4.5.4.1 "Clean" Non-Fissile Tampers 

The tamper material of choice for clean (MRR or minimum residual radiation weapons) seems to have 
been lead or lead-bismuth alloy. Lead is a readily available, inexpensive material, and it has the second 
highest atomic number of any non-fissionable element available in significant quantity (Z=82). It has 
been used in U.S., Soviet, and British weapon designs. The use of lead- bismuth alloy (known to have 
been used in British designs at least) is interesting. Bismuth may have been added to improve lead's 
mechanical properties, but it should also be noted that bismuth (with Z=83) has *the* highest atomic 
number of any available non-fissionable material. It may have thus been used to enhance lead's opacity. 

When irradiated with neutrons, neither lead nor bismuth produce isotopes that constitute substantial 
radiological hazards. The major concern is with gamma emitters, since neither beta nor alphas are major 
hazards unless ingested. Neither lead nor bismuth produce isotopes that emit gammas in significant 
amounts. 

Tungsten has also been seriously considered for use as a tamper material, although it has a relatively low 
atomic number (Z=74). Tungsten carbide, which is more convenient to manufacture, has also been 
considered. Tungsten- rhenium alloy coatings may have been used as part of tampers in some devices. 
Tungsten is an isotope mixture, and produces a couple isotopes with significant gamma emitting 



properties. Radioactive tungsten isotopes were noted in the debris released during the Redwing and 
Hardtack I test series. 

Gold (Z=79) has been used in at least one weapon design as part of the tamper (or possibly the radiation 
case) - the W-71 warhead for the Spartan ABM missile. The W-71 used the thermal X-ray flux as its kill 
mechanism, so it was important for them to escape the weapon with as little hindrance as possible. The 
choice of gold may have been to tailor the opacity so that the hot X-rays present at the end of the fusion 
burn could escape without being absorbed. Gold is a good tamper material and has been used in ICF 
target designs due to its opacity. 

4.4.5.4.1 "Dirty" Non-Fissile Tampers 

Tamper materials may also be chosen to maximize residual radiation (relative to yield) to create 
radiological weapons. 

Tantalum was evaluated in the US as a possible tamper material with radiological hazard potential. With 
Z=73, and a density of 16.65, tantalum would a very effective tamper. Natural tantalum consists of 
99.988% Ta-181, which can be converted to Ta-182 with a half-life of 115 days. Ta-182 is a beta emitter 
with decay energy of 1.807 MeV. It emits beta particles with energies in the range of 0.25-0.54 MeV, the 
remaining energy is emitted as gammas (mostly in the strong gamma range of 1.19-1.22 MeV). 

The most famous radiological material is cobalt. Natural cobalt consists 100% of Co-59, which becomes 
the energetic gamma emitter Co-60 with a 5.26 year half-life when it captures one neutron. Incorporating 
cobalt into a tamper could thus create an effective source of long term contamination. Cobalt has an 
atomic number of only 27, making it a rather poor pusher/tamper since it completely ionizes at 9.9 KeV. 
It could be used though if it was combined with a high Z material, and surrounded by a high-Z pusher 
material. No attempts to actually use cobalt in this way are known. 

Zinc (Z=30)is a distant runner-up as a long-term radiological contaminant. The isotope Zn-64, which 
makes up 48.9% of natural zinc, would be converted to Zn-65 which is a gamma emitter with a 244 day 
half-life. The advantages of Zn-64 is that its faster decay leads to greater initial intensity compared to 
cobalt. Disadvantages are that since it makes up only half of natural zinc, it must either be isotopically 
enriched or the yield will be cut in half; and that it is a weaker gamma emitter than Co-60, putting out 
only one-fourth as many gammas for the same molar quantity. Assuming pure Zn-64 is used, the radiation
intensity of Zn-65 would initially be twice as much as Co-60. This would decline to being equal in 8 
months, in 5 years Co- 60 would be 110 times as intense. 

Gold: I mention gold here because although it was not used in the W-71 for this purpose, it does have 
potential as a tailored radiological hazard. Gold consists 100% of Au-197 which breeds Au-198. Au-198 
has a half-life of 2.697 days and emits 0.412 MeV gammas (along with 0.961 MeV betas). The short half-
life translates into gamma emissions that are initially very intense and last for several days, but decay to 
low levels after several weeks. It has been considered for a short-acting battlefield or strategic radiation 
weapon for this reason. 
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4.5 Thermonuclear Weapon Designs

Since the various design elements of a thermonuclear weapon combine to form a complex integrated 
system, discussing the design space of these weapons involves complicated tradeoffs between design 
objectives and has many possible design variations. 

In an attempt to address this in some kind of orderly fashion I first sketch out several basic structures for 
the overall weapon, in rough order of increasing sophistication (Subsection 4.5.1 Principle Design Types).
Following this, I address a series of possible tradeoffs and the issues connected wit each. 

4.5.1 Principle Design Types The descriptions of weapon designs, and the developmental sequence 
described is speculative, but it is consistent with all facts about weapons, weapon development programs, 
and physics of which I am currently aware. 

4.5.1.1 Early Designs The earliest radiation implosion designs seem to have used a single large 
cylindrical chamber encompassing both the primary and cylindrical secondary. The casing was 
hemispherical at one end, where the primary sphere was located. The thermonuclear weapon was integral 
to the bomb casing itself - i.e. the ballistic shell of the bomb was the support structure for the radiation 
case, and the physical structure that held the entire thermonuclear device together. 

Both the US and UK initially used casings made of steel, which were lined with lead or lead bismuth 
alloy to form the radiation case (probably 1-3 cm thick). The secondary pusher, which made up the inner 
wall of the radiation channel, was made of either natural uranium or lead (possibly as a lead- bismuth 
alloy). Operational bombs probably all used uranium tampers to maximize yield, but some test devices 
were equipped with lead tampers to hold down yield and fallout production. A massive radiation shield 
(uranium or lead) was located between the primary and secondary to prevent fuel preheating by the 
thermal radiation flux. A boron neutron shield was used in some designs to reduce neutron preheating. 

The secondary stage consisted of the exterior pusher/tamper, a standoff gap, and a cylinder filled with 
fusion fuel. Lithium deuteride, highly enriched in Li-6, was the preferred fuel for maximum yield but 
early shortages in lithium enrichment capacity lead to the deployment of bombs containing partially 
enriched lithium (40% and 60% Li-6 in the U.S.), or natural lithium. Down the axis of the fusion fuel 
cylinder was a solid (or nearly solid) rod of plutonium or HEU for the spark plug. 

The design approach of these early bombs followed that of Mike and the test devices exploded during 
Castle: the use of a standoff gap to create the necessary gradual compression required a large diameter 
(Mike was 80 inches wide, all of the Castle series devices had diameters from 54 to 61.5 inches). The 
rapid energy release from the primary followed by a relatively lengthy implosion required a thick casing 
for radiation containment, making the entire bomb very heavy. Mike weighed an anomalous 164,000 
pounds, but even the Castle devices all weighed in between 23,500 and 40,000 lb. 

These early bombs were thus quite massive, and had high yields. The Mk 17 and Mk 24 (the weaponized 
version of Castle Romeo, using unenriched lithium deuteride) had a diameter of 61.4 inches and a weight 
of 42,000 lb (yield: 15-20 megatons). The relatively compact and light Mk 15, whose development was 
completed somewhat later (and used 95% Li-6 deuteride), still had a diameter of 34.6 inches and weighed
over 7,000 lb (yield: 3.8 megatons). And all of these weapons *were* bombs, since no missile could carry
them. In fact, only the very largest aircraft could carry them - one per plane. 

Although the primaries used in these bombs were much improved over early fission designs, they were 
still relatively massive initially. The TX-5 primary used in the Mike device still weighed in at well over 
1000 kg, and the comparatively thick tamper and explosive layers delayed the escape of both photons and
neutrons significantly, by up to 100 nanoseconds. 

4.5.1.2 Modular Weapons 
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During the fifties the diameter of the bomb casing and the primary shrank as US and Soviet weapons 
became more compact, partly driven by improved primary designs. Lighter weight megaton-range 
weapons were desired for greater flexibility in the types of aircraft that could carry them, and for 
increased payload. Light weight high yield weapons were especially important for the early ICBMs, 
which had limited payloads, and low accuracy. Only a light weight, high yield weapon would give a 
reasonable chance of destroying a designated target when carried by an ICBM. It was also useful if the 
same basic weapon design could be used in different weapon systems (bombs, ballistic missiles, cruise 
missiles, etc.) 

This led to a modular approach to the weapon system. Instead of the aerodynamic casing of the delivered 
munition, the electronics, and the "physics package" being a single integrated entity - these three things 
were separated. The nuclear warhead proper (the "physics package") was self- contained, except for a 
cable connector to the electronics that detonated the explosives, and fired the neutron generator. The 
electronics package was separate, and could be different for each type of weapon (especially important 
for the varying fuzing requirements). These two components could then be fitted into different bomb or 
missile bodies to create multiple types of deployable systems. 

Since the warhead casing no longer needed to withstand the environmental rigors of the completed 
weapon, it could be made out of lighter and less rugged materials. This led to the use of a light casing 
(aluminum alloy, or even plastic) that was lined with a high-Z material to form a radiation case. 

4.5.1.3 Compact Light Weight Designs More efficient implosion systems and the advent of boosting 
made primaries more compact and less massive without sacrificing yield of efficiency. At this point 
(which occurred in the U.S. around 1955-1956), there seem to have been different development paths 
available. 

One path followed the existing design principles, harnessing the increased temperatures and pressures 
generated by boosted light weight primaries through greater radiation confinement by increasing the 
thickness of the radiation case at the primary end. This evolved into a separate radiation case for the 
primary, a spherical shell of uranium (for example) surrounding the high explosive shell of the implosion 
system, with an aperture for releasing the radiation into the secondary radiation chamber (the chamber 
made by lining the external casing). The energy absorbed by the primary case wall at a high temperature 
was reradiated as the temperature in the chamber dropped. This made confinement and channeling of the 
thermal radiation more effective. Baffles or other barriers could be added to modulate the energy transfer 
into the secondary radiation case. 

It appears that an alternate path may have been followed by the US starting with the Hardtack I test series 
(although possibly first pioneered in Redwing). According to statements made by LLNL scientists Wood 
and Nuckolls, and LASL Director Bradbury, new design ideas were introduced at this time that extended 
the Teller-Ulam concept. This coincides with the development of the very light W-47 warhead for the 
Polaris missile (600 lb weight and 600 kt yield, later increased to 800 kt). I speculate that the design 
approach introduced here was the use of modulated primary energy release. 

4.5.1.4 Two Chamber Designs 

At some point, the development trend toward a separate radiation case around the primary lead to a full 
two chamber design for the weapon, with some means of regulating radiation flow between the chambers 
(like a temporary radiation barrier). With better control over the radiation flux around the secondary, a 
reduced standoff with a reduced secondary diameter (and perhaps a lighter pusher/tamper) became 
possible. 

This could also be conveniently combined with a spherical secondary design. This has been described as 
the "peanut design" - two spherical hollow chambers joined at the waist, with a primary sphere in one, 
and a spherical sphere in the other. Alternatively, a two chamber - spherical secondary design can be used
with a modulated primary. 



This approach offers the inherent advantages of spherical implosion - a smaller radius change for 
compression in 3-dimensions to attain a given density compared to two. Smaller radius change translates 
directly into faster implosion, an important consideration in a smaller, lighter, higher pressure weapon 
design which would be prone to disassemble faster. 

In a spherical secondary the radiation shield between the primary and secondary would evolve into a 
baffle between the two chamber to prevent the primary from directly (and thus unevenly) heating the side 
of the secondary facing it, forcing the radiation flux to diffuse into the channel around the secondary. 

The primary in a two-chamber design may be effectively encased in a heavy, close fitting uranium shell 
that can act as an implosion tamper. By trapping the explosive gases, this shell can act as the wall of a 
spherical piston, forcing the expanding gases to transfer all of their energy to the inward moving 
beryllium/plutonium shell, and minimizing the amount of explosive required. Such a primary may use a 
thin uranium or tungsten tamper between the beryllium and plutonium shell layers to enhance inertial 
confinement of the fissile mass. 

4.5.1.5 Hollow Shell Designs 

It was pointed out earlier that it is difficult to efficiently compress more than the outermost layers of a 
solid cylindrical or spherical fuel mass. In any case, only the outermost layers actually *need* to be 
compressed, since they contain the lion's share of the fuel mass. It would be logical then to dispense with 
the idea of using a solid fuel mass in the center, and only use a hollow shell of fuel in the first place. A 
hollow spark plug shell could be nested directly inside the fuel shell, but a second tamper layer may be 
included between the two. 

A hollow shell could be used with either a cylindrical secondary (making it "totally tubular"), or with a 
spherical design. 

Several advantages are obtained with this approach. 

The fuel near the center that would be inefficiently compressed is eliminated, improving overall fuel 
utilization. 

The addition of the dense second tamper or spark plug on the inner side of the fuel layer can also directly 
enhance compression. Whenever a shock reaches the inner side of the fuel, it will be reflected back into 
the fuel at higher pressure, compressing the fuel further. If the compression gradient is continuous, it will 
tend to "pile up" at the inner interface, with the same effect of compression enhancement. The dense 
inertial tamper on the inner side of the fuel layer will also help keep it at a constant high density. 

Finally, the hollow shell design allows the spark plug to accelerate to very high velocities before it goes 
critical. The implosion velocity at criticality could be even higher than the average maximum implosion 
velocity for the secondary, due to the effects of thick shell collapse and convergence. An implosion 
velocity exceeding 1000 km/sec is conceivable. This is so fast that densities much higher than those 
achieved by high explosive systems would be attained before energy production from fission becomes 
high enough to halt implosion. Even relatively small masses of fissile material (< 1 kg) could be fissioned
efficiently. 

Hollow shell secondaries would be essential for use with primaries that rely on modulated energy release 
to create efficient compression. 

4.5.1.4 High Yield and Multiple Staged Designs 

The first thermonuclear devices were high yield by most any standard (10.4 Mt for Ivy Mike, 15 Mt for 
Castle Bravo). But they were also very heavy, and difficult to push to even greater yields. High yield 
weapons with greater yield-to-weight ratios, providing even higher yields in deliverable packages were 
desired. 



As a rough approximation, we can say that the amount of energy required to implode a secondary is 
proportional to its mass, since the primary energy/secondary mass ratio defines the achievable implosion 
velocity. The yield of the secondary should also be roughly proportional to its mass. Thus there is a 
roughly proportional relationship between the primary and secondary yields, using similar design 
principles. 

From available data (based on known trigger tests, and fizzles where only the primary fired), it appears 
that this range can be from 10-200, with 30- 50 being more typical ratios. 

If a very large yield is desired, then we must obviously have a very large primary. Large fission primaries 
are expensive, heavy, and potentially dangerous (due to the large amount of fissile material present). Even
in very heavy weapons, the yield of the primary is limited to no more than a few hundred kilotons, 
limiting total yield to a maximum of 10-20 megatons. 

The high yield designs actually developed (mostly in the fifties and early sixties) seem to have used 
refined versions of the basic thermonuclear weapon design approach, as described above, with the 
addition of multiple staging to achieve even higher yields. The relatively light weight W-53 9 Mt 
warhead/bomb deployed by the US (still in service!), was one of the highest yield warheads the US ever 
deployed, and probably is a 3 stage weapon. 

This is really large enough for almost any conceivable destructive use (except maybe blowing up 
asteroids). Nonetheless, military requirements for even larger weapons have been drafted, and in the case 
of the Soviet Union, actually built, tested, and deployed. At one point in the mid-fifties the US military 
requested a 60 megaton bomb! This military "requirement" was apparently driven by the fact that this was
the highest yield device that could be delivered by existing aircraft. The Soviets eventually went on to 
develop a 100+ megaton design (tested in a 50 megaton configuration). To make such megaweapons, a 
bigger driving explosion is required to implode the main fusion stage. This has led to the design of three 
stage weapons, where a thermonuclear secondary is the main driving force to implode a gigantic tertiary 
stage. 

Building gargantuan bombs is not the only motivation for adopting three stage weapons however. If the 
fusion neutrons are not harnessed to cause fission in the tamper (either because the bomb is intended to be
very clean, or very dirty) then the ratio in yields between stages is correspondingly reduced - to a range of
something like 10 to 15. This limits the practical maximum yield to 3 to 5 megatons. It may be doubted 
whether even this is much of a limitation since out of a current arsenal of over 10000 warheads, the US 
only has 50 bombs with yields over 3 megatons. In the fifties however this seemed unacceptably small, so
"clean" weapons were deemed to require three stage design. 

Three stage design can provide other advantages though. By offering the weapon designer additional 
freedom in design, it may be useful even if the bomb is not especially large, clean, or dirty. For example, 
in optimizing a weapon to minimize weight for a given yield, a designer can consider which type of driver
for the main stage is the lightest - a large fission primary or a compact two stage device. If weapon-grade 
fissile material is very precious, then a two-stage driver might be chosen simply to minimize the over 
utilization of this material. 

In a three stage weapon the radiation cases for the secondary and tertiary might be kept separate initially. 
The primary would implode the secondary but a barrier would prevent energy from reaching the tertiary. 
This barrier could be designed to ablate away during the secondary implosion, so that when the secondary
energy release occurred, it would have become transparent. 

Alternatively it may be useful to harness a portion of the primary's energy to create an initial weak 
compression shock in the tertiary to enhance compression efficiency. 

4.5.2 "Dirty" and "Clean" Weapons 

Whether to make a fission-fusion weapon into a fission-fusion-fission weapon is one of the most basic 



design issues. A fission-fusion weapon uses an inert (or non-fissionable) tamper and will obtain most of 
its yield from the fusion reaction directly. A fission-fusion-fission weapon will obtain at least half of its 
yield (and often far more) from the fusion neutron induced fission of a fissionable tamper. 

The basic advantage of a fission-fusion-fission weapon is that energy is extracted from a tamper which is 
otherwise deadweight as far as energy production in concerned. The tamper has to be there, so a lighter 
weapon for a given yield (or a more powerful weapon for the same weight) can be obtained without 
varying any other design factors. Since it is possible to do this at virtually no added cost or other penalty, 
compared to an inert material like lead, by using natural or depleted uranium or thorium there is basically 
no reason not to do it if the designer is simply interested in making big explosions. 

Fission of course produces radioactive debris - fallout. Fallout can be reduced by using a material that 
does not become highly radioactive when bombarded by neutrons (like lead or tungsten). This requires a 
heavier and more expensive weapon to produce a given yield, but is also considerably reduces the short 
and long term contamination associated with that yield. 

This is not to say that the weapon is "clean" in any commonsense meaning of the term. Neutrons escaping
the weapon can still produce biohazardous carbon-14 through nitrogen capture in the air. The primary and
spark plug may still contribute 10-20% fission, which for a multi-megaton weapon may still be a megaton
or more of fission. Significant contamination may also occur from the "inert" tamper radioisotopes, and 
even from the unburned tritium produced in the fusion stage. Reducing these contributions to the lowest 
possible level is the realm of "minimum residual radiation" designs discussed further below. 

During the fifties interest in both the US and USSR was given to developing basic design that had both 
clean and dirty variants. The basic design tried to minimize the essential fission yield by using a small 
fission primary, and spark plug sizes carefully chosen to meet ignition requirements for each stage, 
without being excessive (note that although only part of the spark plug will fission to ignite the fusion 
stage, the essentially complete fission of the remainder by fusion neutrons is inevitable). These weapons 
appear to have all been three-stage weapons to allow multi-megaton yields (even in the clean version) 
with a relatively small primary. The dirty version might simply replace the inert tamper of the tertiary 
with a fissionable one to boost yield. 

The three-stage Bassoon and Bassoon Prime devices tested in Redwing Zuni (27 May 1956, 3.5 Mt, 15% 
fission) and Redwing Tewa (20 July 1956, 5 Mt, 87% fission) are US tests of this concept. Clearly 
though, the second test was not simply a copy of the first with a different tamper. The fusion yield 
dropped from 3 Mt to 0.65 Mt, and the device weight increased from 5500 kg to 7149 kg between the two
tests. The inference can be made that the tertiary in the first used a large volume of relatively expensive 
(but light) Li-6D in a thin tamper, which was replaced by a heavier, cheaper tertiary using less fusion fuel,
but a very thick fissionable tamper to capture as many neutrons as possible. 

The 50 Mt three stage Tsar Bomba (King of Bombs) tested by the Soviet Union on 30 October 1961 was 
the largest and cleanest bomb ever tested, with 97% of its yield coming from fusion (fission yield 
approximately 1.5 Mt). Assuming a primary of 250 kt (to keep the fissile content relatively low for safety 
reasons), we might postulate secondary and tertiary stages of 3.5 Mt and 46 Mt respectively. This fusion 
stages would require 1700 kg of Li6D (at 50% fusion efficiency), and something like 250 kt of fission for 
reliable ignition. If the initial spark plug firings were 25% efficient, later fission would release another 
750 kt - placing the total at 1.25 Mt (close enough to the claimed parameters to match within the limits of 
accuracy). 

This was a design though for a 100-150 Mt weapon! A lead tamper was used in the tested device, which 
could have been replaced with U-238 for the dirty version (thankfully never tested!). 

4.5.3 Maximum Yield/Weight Ratio 

Except for safety, the weight of a weapon required to provide a given yield is the most important design 
criterion. In the years since the first nuclear weapon was exploded, far more money has been spent in 



building nuclear weapon delivery systems than in the weapons themselves. The high cost of delivery for 
what is basically a rather small package is due to the fact that nuclear delivery systems are generally 
intended to be used only once. Clearly this is true for missiles, but it is true for bombers as well since 
recovery and reuse is not part of their nuclear mission profile. 

Since the cost of the delivery vehicle is much greater than the cost of the warhead, making the warhead as
light as possible for the intended yield quickly came to dominate the weapon design process. this is 
normally expressed in terms of the yield-to-weight (YTW) ratio (kt/kg). 

Naturally it is easier to get a high ratio for a larger bomb. The highest ratio for any warhead in the US 
arsenal is the 9 Mt Mk-53/B-53 bomb, which happens to be the oldest weapon in service (operational 
since 1962), but also the largest. At 4000 kg, it has a ratio of 2.25 kt/kg. The Tsar Bomba, as tested, had a 
ratio of 1.7 kt/kg (its weight was 30 tonnes). As *designed* it had a ratio of 3.4-5 kt/kg! 

Table 4.5.3-1. Yield-to-Weight Ratios of Current US Weapons 

Weapon  YTW Ratio Yield(kt)/Weight(kg) In Service Date
Mk-53      2.25        9000/4000         1962
W-88       1.5          475/330
W-80       1.31         170/130
B-83       1.10        1200/1090
W-87       1.0          300/300
W-78       0.96         335/350
W-76       0.61         100/165

The much earlier W-47 warhead seems to have achieved ratios of 2.2-2.7 kt/kg. However YTW ratio is 
not every thing. The W-87 and W-88 are said to use reduced amounts of expensive nuclear materials 
(deemed important when ambitious expansion of the US nuclear arsenal was planned in the early eighties)
which, coupled with the much larger payloads of the MX and Trident II missiles, may account for the 
reduced (but still quite respectable) YTW ratios of these warheads. 

Part of optimizing the YTW ratio is careful weight management. Very light weight primaries, the use of 
light weight weapon cases, and multiple radiation cases are innovations to minimize weight. Since the 
tamper is one of the heaviest parts of the weapon, squeezing as much energy out of this is very important 
too. 

The end of surface testing of nuclear weapons after the atmospheric test ban treaty effectively removed 
"cleanliness" as a significant concern for designers. Complaints about fall-out vanished, and so did the 
ability of the international community to monitor weapon design through fall-out analysis. The cost-
effectiveness of lighter weapons put great pressure on designers to extract weight saving however they 
could, and it is likely that the idea of using non-fissile tampers disappeared very quickly. There is scant 
evidence that so-called "clean" designs were ever deployed in any quantity. 

The fission yield of the tamper can be increased even further by adding slow-neutron fissionable material 
to it. Basically this means using enriched uranium instead of natural or depleted uranium. 

Highly enriched uranium is definitely known to be used in U.S. weapons. About half of the U.S. 
inventory of weapons-associated HEU is less than "weapons grade" (<93.4% that is). The probable use of
most or all of this uranium (generally with an enrichment of 20-80%) was in thermonuclear weapon 
tampers. 

The W-87 Peacekeeper warhead (to be redeployed on the Minuteman-III) has a current yield of 300 kt, 
that can be increased to 475 kt by adding a HEU sleeve or rings to the secondary. Whether this represents 
an actual addition to the existing secondary, or whether it replaces an existing unenriched sleeve is not 
known. The W-88 Trident warhead is a closely related design, and has a current yield of 475 kt indicating
that it is already equipped with this addition. The 175 kt yield difference amounts to the complete fission 
of 10 kg of U-235. 



Now, once one considers using substantial amounts of HEU in the secondary, the question of why the 
fusion fuel is needed at all arises. The answer: it probably is not essential. The idea of imploding fissile 
material is what set Stanislaw Ulam on the path to that led eventually to thermonuclear weapons. But with
the availability of large amounts of HEU, and the trend toward smaller weapon yields (compared to the 
multimegaton behemoths of the fifties), the Ulam's idea of using radiation implosion to create a light 
weight high-efficiency pure fission weapon returns as a viable possibility. It is an interesting question 
whether all modern strategic nuclear weapons *are* in fact thermonuclear devices! 

4.5.4 Minimum Residual Radiation (MRR or "Clean") Designs 

It has been pointed out elsewhere in this FAQ that ordinary fission-fusion- fission bombs (nominally 50%
fission yield) are so dirty that they merit consideration as radiological weapons. Simply using a non-
fissile tamper to reduce the fission yield to 5% or so helps considerably, but certainly does not result in an
especially clean weapon by itself. If minimization of fallout and other sources of residual radiation is 
desired then considerably more effort needs to be put into design. 

Minimum residual radiation designs are especially important for "peaceful nuclear explosions" (PNEs). If
a nuclear explosive is to be useful for any civilian purpose, all sources of residual radiation must be 
reduced to the absolute lowest levels technologically possible. This means elimination neutron activation 
of bomb components, of materials outside the bomb, and reducing the fissile content to the smallest 
possible level. It may also be desirable to minimize the use of relatively hazardous materials like 
plutonium. 

The problems of minimizing fissile yield and eliminating neutron activation are the most important. 
Clearly any MRR, even a small one, must be primarily a fusion device. The "clean" devices tested in the 
fifties and early sixties were primarily high yield strategic three-stage systems. For most uses (even 
military ones) these weapons are not suitable. Developing smaller yields with a low fissile content 
requires considerable design sophistication - small light primaries so that the low yields still produce 
useful radiation fluxes and high-burnup secondary designs to give a good fusion output. 

Minimizing neutron activation form the abundant fusion neutrons is a serious problem since many 
materials inside and outside the bomb can produce hazardous activation products. The best way of 
avoiding this is too prevent the neutrons from getting far from the secondary. This requires using an 
efficient clean neutron absorber, i.e. boron-10. Ideally this should be incorporated directly into the fuel or 
as a lining of the fuel capsule to prevent activation of the tamper. Boron shielding of the bomb case, and 
the primary may be useful also. 

It may be feasible to eliminate the fissile spark plug of a MRR secondary by using a centrally located 
deuterium-tritium spark plug similar to the way ICF capsules are ignited. Fusion bombs unavoidably 
produce tritium as a by- product, which can be a nuisance in PNEs. 

Despite efforts to minimize radiation releases, PNEs have largely been discredited as a cost-saving 
civilian technology. Generally speaking, MRR devices still produce excessive radiation levels by civilian 
standards making their use impractical. 

MRRs may have military utility as a tactical weapon, since residual contamination is slight. Such 
weapons are more costly and have lower performance of course. 

This leads to another reason why PNEs have lost their attractiveness - there is no way to make a PNE 
device unsuitable for weapons use. "Peaceful" use of nuclear explosives inherently provides opportunity 
to develop weapons technology. As the saying goes, "the only difference between a PNE and a bomb is 
the tail fins". 

4.5.5 Radiological Weapon Designs This is the opposite extreme of an MRR. Earlier several tamper 
materials were described that could be used to tailor the radioactive contamination produced by a nuclear 
explosion - tantalum, cobalt, zinc, and gold. Uranium tampers produce contamination in abundance - but 



quite a lot of energy too. In some applications it may be desired that the ratio of contamination to 
explosive force be increased, or tailored to a narrower spectrum of decay times compared to fission by-
products. 

Practical radiological weapons must incorporate the precursor isotope directly into the secondary. This is 
because the high compression of the secondary allows the use of reasonable masses of precursor material.
In an uncompressed state, the thickness of most materials required to capture a substantial percentage of 
neutrons is 10-20 cm, leading to a very massive bomb. A layer of 1 cm or less will do as well when 
compressed by radiation implosion. 

Some radioisotopes that would be very attractive for certain applications are difficult to produce in a 
weapon. A case in point is sodium-24, an extremely prolific producer of energetic gammas with a half-
life of 14.98 hours. This isotope produces a remarkable 5.515 MeV of decay energy, with two hard 
gammas per decay (2.754 MeV and 1.369 MeV) and might be desired for very short-lived radiation 
barriers. The most obvious precursor, natural Na- 23, has a minuscule capture cross section for neutrons 
in the KeV range (although it is a significant hazard from induced radioactivity in soil after low altitude 
nuclear detonations). The best for precursor candidate for Na-24 is probably magnesium-24 (78.70% of 
natural magnesium) through an n,p reaction. 

4.6 Weapon System Design

4.6.1 Weapon Safety 

Due to their enormous destructive power, it is extremely important to ensure that nuclear weapons cannot 
explode at either their full yield, or at reduced yield, unless stringent and carefully specified conditions 
are met. 

Weapons must be resist:

• malicious tampering, 
• human error, 
• component or systems failure (either inside or outside the weapon),

and 
• accidental damage. 

To meet these requirements elaborate provisions for weapon safety are required. This issue has been of 
major concern since the first nuclear weapons, and many of the major advances in weapon design are 
related to weapon safety. 

Weapons are invariably designed with a series of disabling mechanisms, all of which must be 
successfully overridden before an explosion can occur. These include locking mechanisms requiring 
special keys or codes, redundant safeties that must be removed to arm the weapon, environmental sensing
switches (disabling mechanisms that are overridden only when the weapon has experienced 
environmental conditions and stresses expected during operational employment), and sophisticated fuzing
systems to detonate the device at the proper place and time. Often these multiple safety systems require 
cooperation by more than one person to complete weapon arming. 

Scenarios that must be addressed include:

• inappropriate activation of the weapon's firing system,
and 

• detonation of the high explosives by means other than the firing system (e.g. physical damage 
through fire or impact).

**** Unfinished **** 
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**** Unfinished **** 

4.6.3 Other Modern Design Features 

**** Unfinished **** 

4.7 Speculative Weapon Designs

**** Unfinished **** 

4.8 Simulation and Testing

**** Unfinished **** 



Section 5.0 Effects of Nuclear Explosions

Nuclear Weapons Frequently Asked Questions

Version 2.14: 15 May 1997 

                      COPYRIGHT CAREY SUBLETTE
       This material may be excerpted, quoted, or distributed freely
    provided that attribution to the author (Carey Sublette) and 
    document name (Nuclear Weapons Frequently Asked Questions) is 
    clearly preserved. I would prefer that the user also include the
    URL of the source. 
       Only authorized host sites may make this document publicly
    available on the Internet through the World Wide Web, anonymous FTP, or
    other means. Unauthorized host sites are expressly forbidden. If you
    wish to host this FAQ, in whole or in part, please contact me at:
                      careysub@earthling.net
    This restriction is placed to allow me to maintain version control.
         The current authorized host sites for this FAQ are the High Energy
    Weapons Archive hosted/mirrored at:
        http://gawain.membrane.com/hew/
        http://nuketesting.enviroweb.org/hew/
    and Rand Afrikaans University Engineering hosted at: 
        http://www-ing.rau.ac.za/

Back to Main Index 

5.0 Effects of Nuclear Explosions
Nuclear explosions produce both immediate and delayed destructive effects. Immediate effects (blast, 
thermal radiation, prompt ionizing radiation) are produced and cause significant destruction within 
seconds or minutes of a nuclear detonation. The delayed effects (radioactive fallout and other possible 
environmental effects) inflict damage over an extended period ranging from hours to centuries, and can 
cause adverse effects in locations very distant from the site of the detonation. These two classes of effects 
are treated in separate subsections. 

The distribution of energy released in the first minute after detonation among the three damage causing 
effects is: 

                      Low Yield (<100 kt)   High Yield (>1 Mt)
Thermal Radiation        35%                      45%
Blast Wave               60%                      50%
Ionizing Radiation        5%                       5%
(80% gamma, 20% neutrons)

The radioactive decay of fallout releases an additional 5-10% over time. 

• 5.1 Overview of Immediate Effects   
• 5.2 Overview of Delayed Effects   
• 5.3 Physics of Nuclear Weapon Effects   
• 5.4 Air Bursts and Surface Bursts   
• 5.5 Electromagnetic Effects   
• 5.6 Mechanisms of Damage and Injury   
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5.1 Overview of Immediate Effects

The three categories of immediate effects are: blast, thermal radiation (heat), and prompt ionizing or 
nuclear radiation. Their relative importance varies with the yield of the bomb. At low yields, all three can 
be significant sources of injury. With an explosive yield of about 2.5 kt, the three effects are roughly 
equal. All are capable of inflicting fatal injuries at a range of 1 km. 

The equations below provide approximate scaling laws for relating the destructive radius of each effect 
with yield: 

r_thermal = Y^0.41 * constant_th
r_blast = Y^0.33 * constant_bl
r_radiation = Y^0.19 * constant_rad

If Y is in multiples (or fractions) of 2.5 kt, then the result is in km (and all the constants equal one). This 
is based on thermal radiation just sufficient to cause 3rd degree burns (8 calories/cm^2); a 4.6 psi blast 
overpressure (and optimum burst height); and a 500 rem radiation dose. 

The underlying principles behind these scaling laws are easy to explain. The fraction of a bomb's yield 
emitted as thermal radiation, blast, and ionizing radiation are essentially constant for all yields, but the 
way the different forms of energy interact with air and targets vary dramatically. 

Air is essentially transparent to thermal radiation. The thermal radiation affects exposed surfaces, 
producing damage by rapid heating. A bomb that is 100 times larger can produce equal thermal radiation 
intensities over areas 100 times larger. The area of an (imaginary) sphere centered on the explosion 
increases with the square of the radius. Thus the destructive radius increases with the square root of the 
yield (this is the familiar inverse square law of electromagnetic radiation). Actually the rate of increase is 
somewhat less, partly due to the fact that larger bombs emit heat more slowly which reduces the damage 
produced by each calorie of heat. It is important to note that the area subjected to damage by thermal 
radiation increases almost linearly with yield. 

Blast effect is a volume effect. The blast wave deposits energy in the material it passes through, including
air. When the blast wave passes through solid material, the energy left behind causes damage. When it 
passes through air it simply grows weaker. The more matter the energy travels through, the smaller the 
effect. The amount of matter increases with the volume of the imaginary sphere centered on the 
explosion. Blast effects thus scale with the inverse cube law which relates radius to volume. 

The intensity of nuclear radiation decreases with the inverse square law like thermal radiation. However 
nuclear radiation is also strongly absorbed by the air it travels through, which causes the intensity to drop 
off much more rapidly. 

These scaling laws show that the effects of thermal radiation grow rapidly with yield (relative to blast), 
while those of radiation rapidly decline. 

In the Hiroshima attack (bomb yield approx. 15 kt) casualties (including fatalities) were seen from all 
three causes. Burns (including those caused by the ensuing fire storm) were the most prevalent serious 
injury (two thirds of those who died the first day were burned), and occurred at the greatest range. Blast 
and burn injuries were both found in 60-70% of all survivors. People close enough to suffer significant 
radiation illness were well inside the lethal effects radius for blast and flash burns, as a result only 30% of
injured survivors showed radiation illness. Many of these people were sheltered from burns and blast and 
thus escaped their main effects. Even so, most victims with radiation illness also had blast injuries or 
burns as well. 

With yields in the range of hundreds of kilotons or greater (typical for strategic warheads) immediate 
radiation injury becomes insignificant. Dangerous radiation levels only exist so close to the explosion that
surviving the blast is impossible. On the other hand, fatal burns can be inflicted well beyond the range of 
substantial blast damage. A 20 megaton bomb can cause potentially fatal third degree burns at a range of 



40 km, where the blast can do little more than break windows and cause superficial cuts. 

It should be noted that the atomic bombings of Hiroshima and Nagasaki caused fatality rates were ONE 
TO TWO ORDERS OF MAGNITUDE higher than the rates in conventional fire raids on other Japanese 
cities. Eventually on the order of 200,000 fatalities, which is about one-quarter of all Japanese bombing 
deaths, occurred in these two cities with a combined population of less than 500,000. This is due to the 
fact that the bombs inflicted damage on people and buildings virtually instantaneously and without 
warning, and did so with the combined effects of flash, blast, and radiation. Widespread fatal injuries 
were thus inflicted instantly, and the many more people were incapacitated and thus unable to escape the 
rapidly developing fires in the suddenly ruined cities. Fire raids in comparison, inflicted few immediate or
direct casualties; and a couple of hours elapsed from the raid's beginning to the time when conflagrations 
became general, during which time the population could flee. 

A convenient rule of thumb for estimating the short-term fatalities from all causes due to a nuclear attack 
is to count everyone inside the 5 psi blast overpressure contour around the hypocenter as a fatality. In 
reality, substantial numbers of people inside the contour will survive and substantial numbers outside the 
contour will die, but the assumption is that these two groups will be roughly equal in size and balance out.
This completely ignores any possible fallout effects. 

5.2 Overview of Delayed Effects

5.2.1 Radioactive Contamination 

The chief delayed effect is the creation of huge amounts of radioactive material with long lifetimes (half-
lifes ranging from days to millennia). The primary source of these products is the debris left from fission 
reactions. A potentially significant secondary source is neutron capture by non-radioactive isotopes both 
within the bomb and in the outside environment. 

When atoms fission they can split in some 40 different ways, producing a mix of about 80 different 
isotopes. These isotopes vary widely in stability, some our completely stable while others undergo 
radioactive decay with half-lifes of fractions of a second. The decaying isotopes may themselves form 
stable or unstable daughter isotopes. The mixture thus quickly becomes even more complex, some 300 
different isotopes of 36 elements have been identified in fission products. 

Short-lived isotopes release their decay energy rapidly, creating intense radiation fields that also decline 
quickly. Long-lived isotopes release energy over long periods of time, creating radiation that is much less 
intense but more persistent. Fission products thus initially have a very high level of radiation that declines
quickly, but as the intensity of radiation drops, so does the rate of decline. 

A useful rule-of-thumb is the "rule of sevens". This rule states that for every seven-fold increase in time 
following a fission detonation (starting at or after 1 hour), the radiation intensity decreases by a factor of 
10. Thus after 7 hours, the residual fission radioactivity declines 90%, to one-tenth its level of 1 hour. 
After 7*7 hours (49 hours, approx. 2 days), the level drops again by 90%. After 7*2 days (2 weeks) it 
drops a further 90%; and so on for 14 weeks. The rule is accurate to 25% for the first two weeks, and is 
accurate to a factor of two for the first six months. After 6 months, the rate of decline becomes much 
more rapid. The rule of sevens corresponds to an approximate t^-1.2 scaling relationship. 

These radioactive products are most hazardous when they settle to the ground as "fallout". The rate at 
which fallout settles depends very strongly on the altitude at which the explosion occurs, and to a lesser 
extent on the size of the explosion. 

If the explosion is a true air-burst (the fireball does not touch the ground), when the vaporized radioactive 
products cool enough to condense and solidify, they will do so to form microscopic particles. These 
particles are mostly lifted high into the atmosphere by the rising fireball, although significant amounts are
deposited in the lower atmosphere by mixing that occurs due to convective circulation within the fireball. 



The larger the explosion, the higher and faster the fallout is lofted, and the smaller the proportion that is 
deposited in the lower atmosphere. For explosions with yields of 100 kt or less, the fireball does not rise 
abve the troposphere where precipitation occurs. All of this fallout will thus be brought to the ground by 
weather processes within months at most (usually much faster). In the megaton range, the fireball rises so 
high that it enters the stratosphere. The stratosphere is dry, and no weather processes exist there to bring 
fallout down quickly. Small fallout particles will descend over a period of months or years. Such long-
delayed fallout has lost most of its hazard by the time it comes down, and will be distributed on a global 
scale. As yields increase above 100 kt, progressively more and more of the total fallout is injected into the
stratosphere. 

An explosion closer to the ground (close enough for the fireball to touch) sucks large amounts of dirt into 
the fireball. The dirt usually does not vaporize, and if it does, there is so much of it that it forms large 
particles. The radioactive isotopes are deposited on soil particles, which can fall quickly to earth. Fallout 
is deposited over a time span of minutes to days, creating downwind contamination both nearby and 
thousands of kilometers away. The most intense radiation is created by nearby fallout, because it is more 
densely deposited, and because short-lived isotopes haven't decayed yet. Weather conditions can affect 
this considerably of course. In particular, rainfall can "rain out" fallout to create very intense localized 
concentrations. Both external exposure to penetrating radiation, and internal exposure (ingestion of 
radioactive material) pose serious health risks. 

Explosions close to the ground that do not touch it can still generate substantial hazards immediately 
below the burst point by neutron-activation. Neutrons absorbed by the soil can generate considerable 
radiation for several hours. 

The megaton class weapons that were developed in the US and USSR during the fifties and sixties have 
been largely retired, being replaced with much smaller yield warheads. The yield of a modern strategic 
warhead is, with few exceptions, now typically in the range of 200-750 kt. Recent work with 
sophisticated climate models has shown that this reduction in yield results in a much larger proportion of 
the fallout being deposited in the lower atmosphere, and a much faster and more intense deposition of 
fallout than had been assumed in studies made during the sixties and seventies. The reduction in 
aggregate strategic arsenal yield that occurred when high yield weapons were retired in favor of more 
numerous lower yield weapons has actually increased the fallout risk. 

5.2.2 Effects on the Atmosphere and Climate 

Although not as directly deadly as fallout, other environmental effects can be quite harmful. 

5.2.2.1 Harm to the Ozone Layer 

The high temperatures of the nuclear fireball, followed by rapid expansion and cooling, cause large 
amounts of nitrogen oxides to form from the oxygen and nitrogen in the atmosphere (very similar to what 
happens in combustion engines). Each megaton of yield will produce some 5000 tons of nitrogen oxides. 
The rising fireball of a high kiloton or megaton range warhead will carry these nitric oxides well up into 
the stratosphere, where they can reach the ozone layer. A series of large atmospheric explosions could 
significantly deplete the ozone layer. The high yield tests in the fifties and sixties probably did cause 
significant depletion, but the ozone measurements made at the time were too limited to pick up the 
expected changes out of natural variations. 

5.2.2.2 Nuclear Winter 

The famous TTAPS (Turco, Toon, Ackerman, Pollack, and Sagan) proposal regarding a potential 
"nuclear winter" is another possible occurrence. This effect is caused by the absorption of sunlight when 
large amounts of soot are injected into the atmosphere by the widespread burning of cities and petroleum 
stocks destroyed in a nuclear attack. 

Similar events have been observed naturally when large volcanic eruptions have injected large amounts of



dust into the atmosphere. The Tambora eruption of 1815 (the largest volcanic eruption in recent history) 
was followed by "the year without summer" in 1816, the coldest year in the last few centuries. 

Soot is far more efficient in absorbing light than volcanic dust, and soot particles are small and 
hydrophobic and thus tend not to settle or wash out as easily. 

Although the initial TTAPS study was met with significant skepticism and criticism, later and more 
sophisticated work by researchers around the world have confirmed it in all essential details. These 
studies predict that the amount of soot that would be produced by burning most of the major cities in the 
US and USSR would severly disrupt climate on a world-wide basis. The major effect would be a rapid 
and drastic reduction in global temperature, especially over land. All recent studies indicate that if large 
scale nucelar attack occur against urban or petrochemical targets, average temperature reductions of at 
least 10 degrees C would occur lasting many months. This level of cooling far exceeds any that has been 
observed in recorded history, and is comparable to that of a full scale ice age. In areas downwind from 
attack sites, the cooling can reach 35 degrees C. It is probable that no large scale temperature excursion of
this size has occurred in 65 million years. 

Smaller attacks would create reduced effects of course. But it has been pointed out that most of the 
world's food crops are subtropical plants that would have dramatic drops in productivity if an average 
temperature drop of even one degree were to occur for even a short time during the growing season. Since
the world maintains a stored food supply equal to only a few months of consumption, a war during the 
Northern Hemisphere spring or summer could still cause deadly starvation around the globe from this 
effect alone even if it only produced a mild "nuclear autumn". 

5.3 Physics of Nuclear Weapon Effects

Thermal radiation and blast are inevitable consequences of the near instantaneous release of an immense 
amount of energy in a very small volume, and are thus characteristic to all nuclear weapons regardless of 
type or design details. The release of ionizing radiation, both at the instant of explosion and delayed 
radiation from fallout, is governed by the physics of the nuclear reactions involved and how the weapon is
constructed, and is thus very dependent on both weapon type and design. 

5.3.1 Fireball Physics

The fireball is the hot ball of gas created when a nuclear explosion heats the bomb itself, and the 
immediate surrounding environment, to very high temperatures. As this incandescent ball of hot gas 
expands, it radiates part of its energy away as thermal radiation (including visible and ultraviolet light), 
part of its energy also goes into creating a shock wave or blast wave in the surrounding environment. The 
generation of these two destructive effects are thus closely linked by the physics of the fireball. In the 
discussion below I assume the fireball is forming in open air, unless stated otherwise. 

5.3.1.1 The Early Fireball

Immediately after the energy-producing nuclear reactions in the weapon are completed, the energy is 
concentrated in the nuclear fuels themselves. The energy is stored as (in order of importance): thermal 
radiation or photons; as kinetic energy of the ionized atoms and the electrons (mostly as electron kinetic 
energy since free electrons outnumber the atoms); and as excited atoms, which are partially or completely
stripped of electrons (partially for heavy elements, completely for light ones). 

Thermal (also called blackbody) radiation is emitted by all matter. The intensity and most prevalent 
wavelength is a function of the temperature, both increasing as temperature increases. The intensity of 
thermal radiation increases very rapidly - as the fourth power of the temperature. Thus at the 60-100 
million degrees C of a nuclear explosion, which is some 10,000 times hotter than the surface of the sun, 
the brightness (per unit area) is some 10 quadrillion (10^16) times greater! Consequently about 80% of 



the energy in a nuclear explosion exists as photons. At these temperatures the photons are soft x-rays with
energies in the range of 10-200 KeV. 

The first energy to escape from the bomb are the gamma rays produced by the nuclear reactions. They 
have energies in the MeV range, and a significant number of them penetrate through the tampers and 
bomb casing and escape into the outside world at the speed of light. The gamma rays strike and ionize the
surrounding air molecules, causing chemical reactions that form a dense layer of "smog" tens of meters 
deep around the bomb. This smog is composed primarily of ozone, and nitric and nitrous oxides. 

X-rays, particularly the ones at the upper end of the energy range, have substantial penetrating power and 
can travel significant distances through matter at the speed of light before being absorbed. Atoms become 
excited when they absorb x-rays, and after a time they re-emit part of the energy as a new lower energy x-
ray. By a chain of emissions and absorptions, the x-rays carry energy out of the hot center of the bomb, a 
process called radiative transport. Since each absorption/re-emission event takes a certain amount of time,
and the direction of re-emission is random (as likely back toward the center of the bomb as away from it),
the net rate of radiative transport is considerably slower than the speed of light. It is however initially 
much faster than the expansion of the plasma (ionized gas) making up the fireball or the velocity of the 
neutrons. 

An expanding bubble of very high temperatures is thus formed called the "iso-thermal sphere". It is a 
sphere were everything has been heated by x-rays to a nearly uniform temperature, initially in the tens of 
millions of degrees. As soon as the sphere expands beyond the bomb casing it begins radiating light away 
through the air (unless the bomb is buried or underwater). Due to the still enormous temperatures, it is 
incredibly brilliant (surface brightness trillions of times more intense than the sun). Most of the energy 
being radiated is in the x-ray and far ultraviolet range to which air is not transparent. Even at the 
wavelengths of the near ultraviolet and visible light, the "smog" layer absorbs much of the energy. Then 
too, at this stage the fireball is only a few meters across. Thus the apparent surface brightness at a 
distance, and the output power (total brightness) is not nearly as intense as the fourth-power law would 
indicate. 

5.3.1.2 Blast Wave Development and Thermal Radiation Emission 

As the fireball expands, it cools and the wavelength of the photons transporting energy drops. Longer 
wavelength photons do not penetrate as far before being absorbed, so the speed of energy transport also 
drops. When the isothermal sphere cools to about 300,000 degrees C (and the surface brightness has 
dropped to being a mere 10 million times brighter than the sun), the rate of radiative growth is about 
equal to the speed of sound in the fireball plasma. At this point a shock wave forms at the surface of the 
fireball as the kinetic energy of the fast moving ions starts transferring energy to the surrounding air. This 
phenomenon, known as "hydrodynamic separation", occurs for a 20 kt explosion about 100 microseconds
after the explosion, when the fireball is some 13 meters across. A shock wave internal to the fireball 
caused by the rapidly expanding bomb debris may overtake and reinforce the fireball surface shock wave 
a few hundred microseconds later. 

The shock wave initially moves at some 30 km/sec, a hundred times the speed of sound in normal air. 
This compresses and heats the air enormously, up to 30,000 degrees C (some five times the sun's surface 
temperature). At this temperature the air becomes ionized and incandescent. Ionized gas is opaque to 
visible radiation, so the glowing shell created by the shock front hides the much hotter isothermal sphere 
inside. The shock front is many times brighter than the sun, but since it is much dimmer than the 
isothermal sphere it acts as an optical shutter, causing the fireball's thermal power to drop rapidly. 

The fireball is at its most brilliant just as hydrodynamic separation occurs, the great intensity 
compensating for the small size of the fireball. The rapid drop in temperature causes the thermal power to 
drop ten-fold, reaching a minimum in about 10 milliseconds for a 20 kt bomb (100 milliseconds for 1 Mt 
bomb). This "first pulse" contains only about 1 percent of the bomb's total emitted thermal radiation. At 
this minimum, the fireball of a 20 kt bomb is 180 meters across. 



As the shock wave expands and cools to around 3000 degrees, it stops glowing and gradually also 
becomes transparent. This is called "breakaway" and occurs at about 15 milliseconds for a 20 kt bomb, 
when the shock front has expanded to 220 meters and is travelling at 4 km/second. The isothermal sphere,
at a still very luminous 8000 degrees, now becomes visible and both the apparent surface temperature and
brightness of the fireball climb to form the "second pulse". The isothermal sphere has grown considerably
in size and now consists almost entirely of light at wavelengths to which air is transparent, so it regains 
much of the total luminosity of the first peak despite its lower temperature. This second peak occurs at 
150 milliseconds for a 20 kt bomb, at 900 milliseconds for a 1 Mt bomb. After breakaway, the shock 
(blast) wave and the fireball do not interact further. 

A firm cutoff for this second pulse is impossible to provide because the emission rate gradually declines 
over an extended period. Some rough guidelines are that by 300 milliseconds for a 20 kt bomb (1.8 
seconds for a 1 Mt) 50% of the total thermal radiation has been emitted, and the rate has dropped to 40% 
of the second peak. These figures become 75% total emitted and 10% peak rate by 750 milliseconds (20 
kt) and 4.5 second (1 Mt). The emission time scales roughly as the 0.45 power of yield (Y^0.45). 

Although this pulse never gets as bright as the first, it emits about 99% of the thermal radiation because it 
is so much longer. 

5.3.2 Ionizing Radiation Physics 

There are four types of ionizing radiation produced by nuclear explosions that can cause significant 
injury: neutrons, gamma rays, beta particles, and alpha particles. Gamma rays are energetic (short 
wavelength) photons (as are X-rays), beta particles are energetic (fast moving) electrons, and alpha 
particles are energetic helium nuclei. Neutrons are damaging whether they are energetic or not, although 
the faster they are, the worse their effects. 

They all share the same basic mechanism for causing injury though: the creation of chemically reactive 
compounds called "free radicals" that disrupt the normal chemistry of living cells. These radicals are 
produced when the energetic radiation strikes a molecule in the living issue, and breaks it into ionized 
(electrically charged) fragments. Fast neutrons can do this also, but all neutrons can also transmute 
ordinary atoms into radioactive isotopes, creating even more ionizing radiation in the body. 

The different types of radiation present different risks however. Neutrons and gamma rays are very 
penetrating types of radiation. They are the hardest to stop with shielding. They can travel through 
hundreds of meters of air and the walls of ordinary houses. They can thus deliver deadly radiation doses 
even if an organism is not in immediate contact with the source. Beta particles are less penetrating, they 
can travel through several meters of air, but not walls, and can cause serious injury to organisms that are 
near to the source. Alpha particles have a range of only a few centimeters in air, and cannot even 
penetrate skin. Alphas can only cause injury if the emitting isotope is ingested. 

The shielding effect of various materials to radiation is usually expressed in half-value thickness, or tenth-
value thickness: in other words, the thickness of material required to reduce the intensity of radiation by 
one-half or one-tenth. Successive layers of shielding each reduce the intensity by the same proportion, so 
three tenth-value thickness reduce the intensity to one-thousandth (a tenth-value thickness is about 3.3 
half-value thicknesses). Some example tenth-value thicknesses for gamma rays are: steel 8.4-11 cm, 
concrete 28-41 cm, earth 41-61 cm, water 61-100 cm, and wood 100-160 cm. The thickness ranges 
indicate the varying shielding effect for different gamma ray energies. 

Even light clothing provides substantial shielding to beta rays. 

5.3.2.1 Sources of Radiation 

5.3.2.1.1 Prompt Radiation 
Radiation is produced directly by the nuclear reactions that generate the explosion, and by the decay of 
radioactive products left over (either fission debris, or induced radioactivity from captured neutrons). 



The explosion itself emits a very brief burst (about 100 nanoseconds) of gamma rays and neutrons, before
the bomb has blown itself apart. The intensity of these emissions depends very heavily on the type of 
weapon and the specific design. In most designs the initial gamma ray burst is almost entirely absorbed 
by the bomb (tamper, casing, explosives, etc.) so it contributes little to the radiation hazard. The neutrons,
being more penetrating, may escape. Both fission and fusion reactions produce neutrons. Fusion produces
many more of them per kiloton of yield, and they are generally more energetic than fission neutrons. 
Some weapons (neutron bombs) are designed specifically to emit as much energy in the form as neutrons 
as possible. In heavily tamped fission bombs few if any neutrons escape. It is estimated that no significant
neutron exposure occurred from Fat Man, and only 2% of the total radiation dose from Little Boy was due
to neutrons. 

The neutron burst itself can be a significant source of radiation, depending on weapon design. As the 
neutrons travel through the air they are slowed by collisions with air atoms, and are eventually captured. 
Even this process of neutron attenuation generates hazardous radiation. Part of the kinetic energy lost by 
fast neutrons as they slow is converted into gamma rays, some with very high energies (for the 14.1 MeV 
fusion neutrons). The duration of production for these neutron scattering gammas is about 10 
microseconds. The capture of neutrons by nitrogen-14 also produces gammas, a process completed by 
100 milliseconds. 

Immediately after the explosion, there are substantial amounts of fission products with very short half-
lifes (milliseconds to minutes). The decay of these isotopes generate correspondingly intense gamma 
radiation that is emitted directly from the fireball. This process is essentially complete within 10 seconds. 

The relative importance of these gamma ray sources depends on the size of the explosion. Small 
explosions (20 kt, say) can generate up to 25% of the gamma dose from the direct gammas and neutron 
reactions. For large explosions (1 Mt) this contribution is essentially zero. In all cases, the bulk of the 
gammas are produced by the rapid decay of radioactive debris. 

5.3.2.1.2 Delayed Radiation
Radioactive decay is the sole source of beta and alpha particles. They are also emitted during the 
immediate decay mentioned above of course, but their range is too short to make any prompt radiation 
contribution. Betas and alphas become important when fallout begins settling out. Gammas remain very 
important at this stage as well. 

Fallout is a complex mixture of different radioactive isotopes, the composition of which continually 
changes as each isotope decays into other isotopes. Many isotopes make significant contributions to the 
overall radiation level. Radiation from short lived isotopes dominates initially, and the general trend is for
the intensity to continually decline as they disappear. Over time the longer lived isotopes become 
increasingly important, and a small number of isotopes emerge as particular long-term hazards. 

Radioactive isotopes are usually measured in terms of curies. A curie is the quantity of radioactive 
material that undergoes 3.7x10^10 decays/sec (equal to 1 g of radium-226). More recently the SI unit 
bequerel has become common in scientific literature, one bequerel is 1 decay/sec . The fission of 57 
grams of material produces 3x10^23 atoms of fission products (two for each atom of fissionable 
material). One minute after the explosion this mass is undergoing decays at a rate of 10^21 
disintegrations/sec (3x10^10 curies). It is estimated that if these products were spread over 1 km^2, then 
at a height of 1 m above the ground one hour after the explosion the radiation intensity would be 7500 
rads/hr. 

Isotopes of special importance include iodine-131, strontium-90 and 89, and cesium-137. This is due to 
both their relative abundance in fallout, and to their special biological affinity. Isotopes that are readily 
absorbed by the body, and concentrated and stored in particular tissues can cause harm out of proportion 
to their abundance. 

Iodine-131 is a beta and gamma emitter with a half-life of 8.07 days (specific activity 124,000 curies/g) 
Its decay energy is 970 KeV; usually divided between 606 KeV beta, 364 KeV gamma. Due to its short 



half-life it is most dangerous in the weeks immediately after the explosion, but hazardous amounts can 
persist for a few months. It constitutes some 2% of fission-produced isotopes - 1.6x10^5 curies/kt. Iodine 
is readily absorbed by the body and concentrated in one small gland, the thyroid. 

Strontium-90 is a beta emitter (546 KeV, no gammas) with a half-life of 28.1 years (specific activity 141 
curies/g), Sr-89 is a beta emitter (1.463 MeV, gammas very rarely) with a half-life of 52 days (specific 
activity 28,200 Ci/g). Each of these isotopes constitutes about 3% of total fission isotopes: 190 curies of 
Sr-90 and 3.8x10^4 curies of Sr-89 per kiloton. Due to their chemical resemblance to calcium these 
isotopes are absorbed fairly well, and stored in bones. Sr-89 is an important hazard for a year or two after 
an explosion, but Sr-90 remains a hazard for centuries. Actually most of the injury from Sr-90 is due to its
daughter isotope yttrium-90. Y-90 has a half-life of only 64.2 hours, so it decays as fast as it is formed, 
and emits 2.27 MeV beta particles. 

Cesium-137 is a beta and gamma emitter with a half-life of 30.0 years (specific activity 87 Ci/g). Its 
decay energy is 1.176 MeV; usually divided by 514 KeV beta, 662 KeV gamma. It comprises some 3-
3.5% of total fission products - 200 curies/kt. It is the primary long-term gamma emitter hazard from 
fallout, and remains a hazard for centuries. 

Although not important for acute radiation effects, the isotopes carbon-14 and tritium are also of interest 
because of possible genetic injury. These are not direct fission products. They are produced by the 
interaction of fission and fusion neutrons with the atmosphere and, in the case of tritium, as a direct 
product of fusion reactions. Most of the tritium generated by fusion is consumed in the explosion but 
significant amounts survive. Tritium is also formed by the capture of fast neutrons by nitrogen atoms in 
the air: N-14 + n -> T + C-12. Carbon-14 in also formed by neutron-nitrogen reactions: N-14 + n -> C-14 
+ p. Tritium is a very weak beta emitter (18.6 KeV, no gamma) with a half-life of 12.3 years (9700 Ci/g). 

Carbon-14 is also a weak beta emitter (156 KeV, no gamma), with a half-life of 5730 years (4.46 Ci/g). 
Atmospheric testing during the fifties and early sixties produced about 3.4 g of C-14 per kiloton (15.2 
curies) for a total release of 1.75 tonnes (7.75x10^6 curies). For comparison, only about 1.2 tonnes of C-
14 naturally exists, divided between the atmosphere (1 tonne) and living matter (0.2 tonne). Another 50-
80 tonnes is dissolved in the oceans. Due to carbon exchange between the atmosphere and oceans, the 
half-life of C-14 residing in the atmosphere is only about 6 years. By now the atmospheric concentration 
has returned to within 1% or so of normal. High levels of C-14 remain in organic material formed during 
the sixties (in wood, say, or DNA). 

5.4 Air Bursts and Surface Bursts

It might seem logical that the most destructive way of using a nuclear weapon would be to explode it right
in the middle of its target - i.e. ground level. But for most uses this is not true. Generally nuclear weapons 
are designed to explode above the ground - as air bursts (the point directly below the burst point is called 
the hypocenter). Surface (and sub-surface) bursts can be used for special purposes. 

5.4.1 Air Bursts 

When an explosion occurs it sends out a shock wave like an expanding soap bubble. If the explosion 
occurs above the ground the bubble expands and when it reaches the ground it is reflected - i.e. the shock 
front bounces off the ground to form a second shock wave travelling behind the first. This second shock 
wave travels faster than the first, or direct, shock wave since it is travelling through air already moving at 
high speed due to the passage of the direct wave. The reflected shock wave tends to overtake the direct 
shock wave and when it does they combine to form a single reinforced wave. 

This is called the Mach Effect, and produces a skirt around the base of the shock wave bubble where the 
two shock waves have combined. This skirt sweeps outward as an expanding circle along the ground with
an amplified effect compared to the single shock wave produced by a ground burst. 



The higher the burst altitude, the weaker the shock wave is when it first reaches the ground. On the other 
hand, the shock wave will also affect a larger area. Air bursts therefore reduce the peak intensity of the 
shock wave, but increase the area over which the blast is felt. For a given explosion yield, and a given 
blast pressure, there is a unique burst altitude at which the area subjected to that pressure is maximized. 
This is called the optimum burst height for that yield and pressure. 

All targets have some level of vulnerability to blast effects. When some threshold of blast pressure is 
reached the target is completely destroyed. Subjecting the target to pressures higher than that 
accomplishes nothing. By selecting an appropriate burst height, an air burst can destroy a much larger 
area for most targets than can surface bursts. 

The Mach Effect enhances shock waves with pressures below 50 psi. At or above this pressure the effect 
provides very little enhancement, so air bursts have little advantage if very high blast pressures are 
desired. 

An additional effect of air bursts is that thermal radiation is also distributed in a more damaging fashion. 
Since the fireball is formed above the earth, the radiation arrives at a steeper angle and is less likely to be 
blocked by intervening obstacles and low altitude haze. 

5.4.2 Surface Bursts 

Surface bursts are useful if local fallout is desired, or if the blast is intended to destroy a buried or very 
hard structure like a missile silo or a dam. Shock waves are transmitted through the soil more effectively 
if the bomb is exploded in immediate contact with it, so ground bursts would be used for destroying 
buried command centers and the like. Some targets, like earth-fill dams, require actual cratering to be 
destroyed and would be ground burst targets. 

5.4.3 Sub-Surface Bursts 

Exploding a bomb below ground level can be even more effective for producing craters and destroying 
buried structures. It can also eliminate thermal radiation and reduce the range of blast effects 
substantially. The problem, of course is getting the bomb underground. Earth-penetrating bombs have 
been developed that can punch over one hundred feet into the earth. 

5.5 Electromagnetic Effects

The high temperatures and energetic radiation produced by nuclear explosions also produce large 
amounts of ionized (electrically charged) matter which is present immediately after the explosion. Under 
the right conditions, intense currents and electromagnetic fields can be produced, generically called EMP 
(Electromagnetic Pulse), that are felt at long distances. Living organisms are impervious to these effects, 
but electrical and electronic equipment can be temporarily or permanently disabled by them. Ionized 
gases can also block short wavelength radio and radar signals (fireball blackout) for extended periods. 

The occurrence of EMP is strongly dependent on the altitude of burst. It can be significant for surface or 
low altitude bursts (below 4,000 m); it is very significant for high altitude bursts (above 30,000 m); but it 
is not significant for altitudes between these extremes. This is because EMP is generated by the 
asymmetric absorption of instantaneous gamma rays produced by the explosion. At intermediate altitudes 
the air absorbs these rays fairly uniformly and does not generate long range electromagnetic disturbances.

The formation EMP begins with the very intense, but very short burst of gamma rays caused by the 
nuclear reactions in the bomb. About 0.3% of the bomb's energy is in this pulse, but it lasts for only 10 
nanoseconds or so. These gamma rays collide with electrons in air molecules, and eject the electrons at 
high energies through a process called Compton scattering. These energetic electrons in turn knock other 
electrons loose, and create a cascade effect that produces some 30,000 electrons for every original gamma



ray. 

In low altitude explosions the electrons, being very light, move much more quickly than the ionized 
atoms they are removed from and diffuse away from the region where they are formed. This creates a 
very strong electric field which peaks in intensity at 10 nanoseconds. The gamma rays emitted downward 
however are absorbed by the ground which prevents charge separation from occurring. This creates a very
strong vertical electric current which generates intense electromagnetic emissions over a wide frequency 
range (up to 100 MHZ) that emanate mostly horizontally. At the same time, the earth acts as a conductor 
allowing the electrons to flow back toward the burst point where the positive ions are concentrated. This 
produces a strong magnetic field along the ground. Although only about 3x10^-10 of the total explosion 
energy is radiated as EMP in a ground burst (10^6 joules for 1 Mt bomb), it is concentrated in a very short
pulse. The charge separation persists for only a few tens of microseconds, making the emission power 
some 100 gigawatts. The field strengths for ground bursts are high only in the immediate vicinity of the 
explosion. For smaller bombs they aren't very important because they are strong only where the 
destruction is intense anyway. With increasing yields, they reach farther from the zone of intense 
destruction. With a 1 Mt bomb, they remain significant out to the 2 psi overpressure zone (5 miles). 

High altitude explosions produce EMPs that are dramatically more destructive. About 3x10^-5 of the 
bomb's total energy goes into EMP in this case, 10^11 joules for a 1 Mt bomb. EMP is formed in high 
altitude explosions when the downwardly directed gamma rays encounter denser layers of air below. A 
pancake shaped ionization region is formed below the bomb. The zone can extend all the way to the 
horizon, to 2500 km for an explosion at an altitude of 500 km. The ionization zone is up to 80 km thick at 
the center. The Earth's magnetic field causes the electrons in this layer to spiral as they travel, creating a 
powerful downward directed electromagnetic pulse lasting a few microseconds. A strong vertical 
electrical field (20-50 KV/m) is also generated between the Earth's surface and the ionized layer, this field
lasts for several minutes until the electrons are recaptured by the air. Although the peak EMP field 
strengths from high altitude bursts are only 1-10% as intense as the peak ground burst fields, they are 
nearly constant over the entire Earth's surface under the ionized region. 

The effects of these field on electronics is difficult to predict, but can be profound. Enormous induced 
electric currents are generated in wires, antennas, and metal objects (like missiles, airplanes, and building 
frames). Commercial electrical grids are immense EMP antennas and would be subjected to voltage 
surges far exceeding those created by lightning, and over vastly greater areas. Modern VLSI chips are 
extremely sensitive to voltage surges, and would be burned out by even small leakage currents. Military 
equipment is generally designed to be resistant to EMP, but realistic tests are very difficult to perform and
EMP protection rests on attention to detail. Minor changes in design, incorrect maintenance procedures, 
poorly fitting parts, loose debris, moisture, and ordinary dirt can all cause elaborate EMP protections to be
totally circumvented. It can be expected that a single high yield, high altitude explosion over an 
industrialized area would cause massive disruption for an indeterminable period, and would cause huge 
economic damages (all those damaged chips add up). 

A separate effect is the ability of the ionized fireball to block radio and radar signals. Like EMP, this 
effect becomes important with high altitude bursts. Fireball blackout can cause radar to be blocked for 
tens of seconds to minutes over an area tens of kilometers across. High frequency radio can be disrupted 
over hundreds to thousands of kilometers for minutes to hours depending on exact conditions. 

5.6 Mechanisms of Damage and Injury

The different mechanisms are discussed individually, but it should be no surprise that in combination they
often accentuate the harm caused by each other. I will discuss such combined effects wherever 
appropriate. 

5.6.1 Thermal Damage and Incendiary Effects

Thermal damage from nuclear explosions arises from the intense thermal (heat) radiation produced by the



fireball. The thermal radiation (visible and infrared light) falls on exposed surfaces and is wholly or partly
absorbed. The radiation lasts from about a tenth of a second, to several seconds depending on bomb yield 
(it is longer for larger bombs). During that time its intensity can exceed 1000 watts/cm^2 (the maximum 
intensity of direct sunlight is 0.14 watts/cm^2). For a rough comparison, the effect produced is similar to 
direct exposure to the flame of an acetylene torch. 

The heat is absorbed by the opaque surface layer of the material on which it falls, which is usually a 
fraction of a millimeter thick. Naturally dark materials absorb more heat than light colored or reflective 
ones. The heat is absorbed much faster than it can be carried down into the material through conduction, 
or removed by reradiation or convection, so very high temperatures are produced in this layer almost 
instantly. Surface temperatures can exceed 1000 degrees C close to the fireball. Such temperatures can 
cause dramatic changes to the material affected, but they do not penetrate in very far. 

More total energy is required to inflict a given level of damage for a larger bomb than a smaller one since 
the heat is emitted over a longer period of time, but this is more than compensated for by the increased 
thermal output. The thermal damage for a larger bomb also penetrates further due to the longer exposure. 

Thermal radiation damage depends very strongly on weather conditions. Cloud cover, smoke, or other 
obscuring material in the air can considerably reduce effective damage ranges over clear air conditions. 

For all practical purposes, the emission of thermal radiation by a bomb is complete by the time the shock 
wave arrives. Regardless of yield, this generalization is only violated in the area of total destruction 
around a nuclear explosion where 100% mortality would result from any one of the three damage effects. 

Incendiary effects refer to anything that contributes to the occurrence of fires after the explosion, which is
a combination of the effects of thermal radiation and blast. 

5.6.1.1 Thermal Injury 

The result of very intense heating of skin is to cause burn injuries. The burns caused by the sudden 
intense thermal radiation from the fireball are called "flash burns". The more thermal radiation absorbed, 
the more serious the burn. The table below indicates the amount of thermal radiation required to cause 
different levels of injury, and the maximum ranges at which they occur, for different yields of bombs. The
unit of heat used are gram-calories, equal to 4.2 joules (4.2 watts for 1 sec). Skin color significantly 
affects susceptibility, light skin being less prone to burns. The table assumes medium skin color. 

SEVERITY        20 Kilotons               1 Megaton           20 Megatons

1st Degree  2.5 cal/cm^2 (4.3 km)  3.2 cal/cm^2 (18 km)   5 cal/cm^2 (52 km)
2nd Degree  5 cal/cm^2 (3.2 km)    6 cal/cm^2 (14.4 km)   8.5 cal/cm^2 (45 km)
3rd Degree  8 cal/cm^2 (2.7 km)    10 cal/cm^2 (12 km)    12 cal/cm^2 (39 km)

Convenient scaling laws to allow calculation of burn effects for any yield are:
r_thermal_1st = Y^0.38 * 1.20
r_thermal_2nd = Y^0.40 * 0.87
r_thermal_3rd = Y^0.41 * 0.67
Range is in km, yield is in kt; the equations are accurate to within 10% or so from 1 kt to 20 Mt. 

First degree flash burns are not serious, no tissue destruction occurs. They are characterized by immediate
pain, followed by reddening of the skin. Pain and sensitivity continues for some minutes or hours, after 
which the affected skin returns to normal without further incident. 

Second degree burns cause damage to the underlying dermal tissue, killing some portion of it. Pain and 
redness is followed by blistering within a few hours as fluids collect between the epidermis and damaged 
tissue. Sufficient tissue remains intact however to regenerate and heal the burned area quickly, usually 



without scarring. Broken blisters provide possible infection sites prior to healing. 

Third degree burns cause tissue death all the way through the skin, including the stem cells required to 
regenerate skin tissue. The only way a 3rd degree burn can heal is by skin regrowth from the edges, a 
slow process that usually results in scarring, unless skin grafts are used. Before healing 3rd degree burns 
present serious risk of infection, and can cause serious fluid loss. A 3rd degree burn over 25% of the body
(or more) will typically precipitate shock in minutes, which itself requires prompt medical attention. 

Even more serious burns are possible, which have been classified as fourth (even fifth) degree burns. 
These burns destroy tissue below the skin: muscle, connective tissue etc. They can be caused by thermal 
radiation exposures substantially in excess of those in the table for 3rd degree burns. Many people close 
to the hypocenter of the Hiroshima bomb suffered these types of burns. In the immediate vicinity of 
ground zero the thermal radiation exposure was 100 c/cm^2, some fifteen times the exposure required for 
3rd degree burns, most of it within the first 0.3 seconds (which was the arrival time of the blast wave). 
This is sufficient to cause exposed flesh to flash into steam, flaying exposed body areas to the bone. 

At the limit of the range for 3rd degree burns, the time lapse between suffering burns and being hit by the 
blast wave varies from a few seconds for low kiloton explosions to a minute of so for high megaton 
yields. 

5.6.1.2 Incendiary Effects 

Despite the extreme intensity of thermal radiation, and the extraordinary surface temperatures that occur, 
it has less incendiary effect than might be supposed. This is mostly due to its short duration, and the 
shallow penetration of heat into affected materials. The extreme heating can cause pyrolysis (the charring 
of organic material, with the release of combustible gases), and momentary ignition, but it is rarely 
sufficient to cause self-sustained combustion. This occurs only with tinder-like, or dark, easily flammable 
materials: dry leaves, grass, old newspaper, thin dark flammable fabrics, tar paper, etc. The incendiary 
effect of the thermal pulse is also substantially affected by the later arrival of the blast wave, which 
usually blows out any flames that have already been kindled. Smoldering material can cause reignition 
later however. 

The major incendiary effect of nuclear explosions is caused by the blast wave. Collapsed structures are 
much more vulnerable to fire than intact ones. The blast reduces many structures to piles of kindling, the 
many gaps opened in roofs and walls act as chimneys, gas lines are broken open, storage tanks for 
flammable materials are ruptured. The primary ignition sources appear to be flames and pilot lights in 
heating appliances (furnaces, water heaters, stoves, ovens, etc.). Smoldering material from the thermal 
pulse can be very effective at igniting leaking gas. 

Although the ignition sources are probably widely scattered a number of factors promote their spread into
mass fires. The complete suppression of fire fighting efforts is extremely important. Another is that the 
blast scatters combustible material across fire breaks that normally exist (streets, yards, fire lanes, etc.). 

The effectiveness of building collapse, accompanied by the disruption of fire fighting, in creating mass 
fires can be seen in the San Francisco earthquake (1906), the Tokyo-Yokahama earthquake (1923), and 
the recent Kobe earthquake (1995). In these disasters there was no thermal radiation to ignite fires, and 
the scattering of combustible materials did not occur, but huge fires still resulted. In San Francisco and 
Tokyo-Yokohama these fires were responsible for most of the destruction that occurred. 

In Hiroshima the fires developed into a true firestorm. This is an extremely intense fire that produces a 
rapidly rising column of hot air over the fire area, in turn powerful winds are generated which blow in to 
the fire area, fanning and feeding the flames. The fires continue until all combustible material is 
exhausted. Firestorms develop from multiple ignition sources spread over a wide area that create fires 
which coalesce into one large fire. Temperatures in firestorm areas can reach many hundreds of degrees, 
carbon monoxide reaches lethal levels, few people who see the interior of a firestorm live to tell about it. 
Firestorms can melt roads, cars, and glass. They can boil water in lakes and rivers, and cook people to 



death in buried bomb shelters. The in-blowing winds can reach gale force, but they also prevent the 
spread of the fires outside of the area in which the firestorm initially develops. The firestorm in 
Hiroshima began only about 20 minutes after the bombing. 

Nagasaki did not have a firestorm, instead it had a type of mass fire called a conflagration. This is a less 
intense type of fire, it develops and burns more slowly. A conflagration can begin in multiple locations, or
only one. Conflagrations can spread considerable distances from their origins. The fires at Nagasaki took 
about 2 hours to become well established, and lasted 4-5 hours. 

5.6.1.3 Eye Injury 

The brightness and thermal output of a nuclear explosion presents an obvious source of injury to the eye. 
Injury to the cornea through surface heating, and injury to the retina are both possible risks. Surprisingly, 
very few cases of injury were noted in Japan. A number of factors acted to reduce the risk. First, eye 
injury occurs when vision is directed towards the fireball. People spend relatively little time looking up at 
the sky so only a very small portion of the population would have their eyes directed at the fireball at the 
time of burst. Second, since the bomb exploded in bright daylight the eye pupil would be expected to be 
small. 

About 4% of the population within the 3rd degree burn zone at Hiroshima reported keratitis, pain and 
inflammation of the cornea, which lasted several hours to several days. No other corneal damage was 
noted. 

The most common eye injury was flashblindness, a temporary condition in which the visual pigment of 
retina is bleached out by the intense light. Vision is completely recovered as the pigment is regenerated, a 
process that takes several seconds to several minutes. This can cause serious problems though in carrying 
out emergency actions, like taking cover from the oncoming blast wave. 

Retinal injury is the most far reaching injury effect of nuclear explosions, but it is relatively rare since the 
eye must be looking directly at the detonation. Retinal injury results from burns in the area of the retina 
where the fireball image is focused. The brightness per unit area of a fireball does not diminish with 
distance (except for the effects of haze), the apparent fireball size simply gets smaller. Retinal injury can 
thus occur at any distance at which the fireball is visible, though the affected area of the retina gets 
smaller as range increases. The risk of injury is greater at night since the pupil is dialated and admits more
light. For explosions in the atmosphere of 100 kt and up, the blink reflex protects the retina from much of 
the light. 

5.6.2 Blast Damage and Injury 

Blast damage is caused by the arrival of the shock wave created by the nuclear explosion. Shock waves 
travel faster than sound, and cause a virtually instantaneous jump in pressure at the shock front. The air 
immediately behind the shock front is accelerated to high velocities and creates a powerful wind. The 
wind in turn, creates dynamic pressure against the side of objects facing the blast. The combination of the 
pressure jump (called the overpressure)and the dynamic pressure causes blast damage. 

Both the overpressure and dynamic pressure jump immediately to their peak values when the shock wave 
arrives. They then decay over a period ranging from a few tenths of a second to several seconds, 
depending on the strength of the blast and the yield. Following the this there is a longer period of weaker 
negative pressure before the atmospheric conditions return to normal. The negative pressure has little 
significance as far as causing damage or injury is concerned. A given pressure is more destructive from a 
larger bomb, due its longer duration. 

The is a definite relationship between the overpressure and the dynamic pressure. The overpressure and 
dynamic pressure are equal at 70 psi, and the wind speed is 1.5 times the speed of sound. Below an 
overpressure of 70 psi, the dynamic pressure is less than the overpressure; above 70 psi it exceeds the 
overpressure. Since the relationship is fixed it is convenient to use the overpressure alone as a yardstick 



for measuring blast effects. At 20 psi overpressure the wind speed is still 500 mph, higher than any 
tornado wind. 

As a general guide, city areas are completely destroyed (with massive loss of life) by overpressures of 5 
psi, with heavy damage extending out at least to the 3 psi contour. The dynamic pressure is much less 
than the overpressure at blast intensities relevant for urban damage, although at 5 psi the wind speed is 
still 162 mph - close to the peak wind speeds of the most intense hurricanes. 

Humans are actually quite resistant to the direct effect of overpressure. Pressures of over 40 psi are 
required before lethal effects are noted. This pressure resistance makes it possible for unprotected 
submarine crews to escape from emergency escape locks at depths as great as one hundred feet (the 
record for successful escape is actually an astonishing 600 feet, representing a pressure of 300 psi). Loss 
of eardrums can occur, but this is not a life threatening injury. 

The danger from overpressure comes from the collapse of buildings that are generally not as resistant. 
The violent implosion of windows and walls creates a hail of deadly missiles, and the collapse of the 
structure above can crush or suffocate those caught inside. 

The dynamic pressure causes can cause injury by hurling large numbers of objects at high speed. Urban 
areas contain many objects that can become airborne, and the destruction of buildings generates many 
more. Serious injury or death can also occur from impact after being thrown through the air. 

Blast effects are most dangerous in built-up areas due to the large amounts of projectiles created, and the 
presence of obstacles to be hurled against. 

The blast also magnifies thermal radiation burn injuries by tearing away severely burned skin. This 
creates raw open wounds that readily become infected. 

These many different effects make it difficult to provide a simple rule of thumb for assessing the 
magnitude of harm produced by different blast intensities. A general guide is given below: 

1 psi     Window glass shatters
          Light injuries from fragments occur.
3 psi     Residential structures collapse.
          Serious injuries are common, fatalities may occur.
5 psi     Most buildings collapse.
          Injuries are universal, fatalities are widespread.
10 psi    Reinforced concrete buildings are severely damaged or demolished.
          Most people are killed.
20 psi    Heavily built concrete buildings are severely damaged or demolished.
          Fatalities approach 100%.

Suitable scaling constants for the equation r_blast = Y^0.33 * constant_bl
are:

constant_bl_1_psi = 2.2
constant_bl_3_psi = 1.0
constant_bl_5_psi = 0.71
constant_bl_10_psi = 0.45
constant_bl_20_psi = 0.28

where Y is in kilotons and range is in km.

5.6.3 Radiation Injury 

Ionizing radiation produces injury primarily through damage to the chromosomes. Since genetic material 
makes up a very small portion of the mass of a cell, the damage rarely occurs from the direct impact of 
ionizing radiation on a genetic molecule. Instead the damage is caused by the radiation breaking up other 



molecules and forming chemically reactive free radicals or unstable compounds. These reactive chemical 
species then damage DNA and disrupt cellular chemistry in other ways - producing immediate effects on 
active metabolic and replication processes, and long-term effects by latent damage to the genetic 
structure. 

Cells are capable of repairing a great deal of genetic damage, but the repairs take time and the repair 
machinery can be overwhelmed by rapid repeated injuries. If a cell attempts to divide before sufficient 
repair has occurred, the cell division will fail and both cells will die. As a consequence, the tissues that 
are most sensitive to radiation injury are ones that are undergoing rapid division. Another result is that the
effects of radiation injury depend partly on the rate of exposure. Repair mechanisms can largely offset 
radiation exposures that occur over a period of time. Rapid exposure to a sufficiently large radiation dose 
can thus cause acute radiation sickness, while a longer exposure to the same dose might cause none. 

By far the most sensitive are bone marrow and lymphatic tissues - the blood and immune system forming 
organs of the body. Red blood cells, which provide oxygen to the body, and white blood cells, which 
provide immunity to infection, only last a few weeks or months in the body and so must be continually 
replaced. The gastrointestinal system is also sensitive, since the lining of the digestive tract undergoes 
constant replacement. Although they are not critical for health, hair follicles also undergo continual cell 
division resulting in radiation sickness' most famous symptom - hair loss. The tissues least sensitive to 
radiation are those that never undergo cell division (i.e. the nervous system). 

This also means that children and infants are more sensitive to injury than adults, and that fetuses are 
most sensitive of all. 

If the individual survives, most chromosome damage is eventually repaired and the symptoms of radiation
illness disappear. The repair is not perfect however. Latent defects can show up years or decades later in 
their effects on reproductive cells, and in the form of cancer. These latent injuries are a very serious 
concern and can shorten life by many years. They are the sole form of harm from low level radiation 
exposure. 

5.6.3.1 Units of Measurement for Radiation Exposure 

Three units of measurement have been commonly used for expressing radiation exposure: roentgens (R), 
rads, rems, the "three r's" of radiation measurement. In the scientific literature these are dropping out of 
use in favor of the SI (System Internationale) units grays (Gy) and sieverts (Sv). Each of the "three r's" 
measures something different. A rad is a measure of the amount of ionizing . A roentgen measures the 
amount of ionizing energy, in the form of energetic photons (gamma rays and x-rays) energy to which an 
organism is exposed. This unit is the oldest of the three and is defined more the convenience of radiation 
measurement, than for interpreting the effects of radiation on living organisms. Of more interest is the 
rad, since it includes all forms of ionizing radiation, and in addition measures the dose that is *actually 
absorbed* by the organism. A rad is defined as the absorption of 100 ergs per gram of tissue (or 0.01 
J/kg). The gray measures absorbed doses as well, one gray equals 100 rads. The rem is also concerned 
with all absorbed ionizing radiations, and also takes into account the *relative effect* that different types 
of radiation produce. The measure of effect for a given radiation is its Radiation Biological Effect (RBE). 
A rem dose is calculated by multiplying the dose in rads for each type of radiation by the appropriate 
RBE, then adding them all up. The sievert is similar to the rem, but is derived from the gray instead of the
rad. Sieverts use a somewhat simplified system of measuring biological potency - the quality factor (Q). 
One sievert is roughly equal to 100 rems. The rem and the sievert are the most meaningful unit for 
measuring and discussing the effects of radiation injury. 

Type Of Radiation   RBE      Q
Gamma rays/X-rays   1        1
Beta Particles      1        1
Alpha Particles     10-20    20   (ingested emitter)  
Neutrons (fast)     -        10   Overall effects       
                    1             Immediate Effect            
                    4-6           Delayed cataract formation  



                    10            Cancer Effect
                    20            Leukemia Effect

 

5.6.3.2 Types of Radiation Exposure 

An important concept to understand is the distinction between _whole body doses_ and radiation 
exposures concentrated in particular organs. The radiation dose units described above are defined per unit
weight of tissue. An exposure of 1000 rems can thus refer to an exposure of this intensity for the whole 
body, or for only a small part of it. The total absorbed radiation energy will be much less if only a small 
part of the body is affected, and the overall injury will be reduced. 

Not all tissues are exposed equally even in whole body exposures. The body provides significant 
shielding to internal organs, so tissues located in the center of the body may receive doses that are only 
30-50% of the nominal total body dose rate. For example there is a 50% chance of permanent female 
sterility if ovaries are exposed to 200 rems, but this internal exposure is only encountered with whole 
body doses of 400-600 rems. 

Radiation exposures from nuclear weapons occur on three time scales: 

• The shortest is exposure from the prompt radiation emitted by the fireball which lasts about one 
minute. This can cause very intense exposures for individuals close to the burst point. Neutron 
bombs rely on prompt radiation as the primary damage mechanism, in this case the prompt 
radiation arrives in a fraction of a second. 

• The second scale is due to early (tropospheric) fallout from ground bursts. Fallout particles begin 
settling to the ground within an hour to a few hours after an explosion, most of the fallout descend 
within a day or two. At any particular site, the fallout deposition will last no more than several 
hours. Radiation exposure is accumulated as long as an individual remains within the fallout 
deposit zone, but due to the rapid initial decay most of the radiation exposure is incurred within 
the first few days. Exposures can be very large during the first few days. 

• The third scale is long term exposure to low levels of radiation, lasting months or years. This may 
be due to any of several causes: 

• prolonged residence in areas contaminated by early fallout; 
• exposure to delayed (stratospheric) fallout; 
• exposure to radioisotopes absorbed by the body. 

Long term exposures are not intense, but large total doses can accumulate over long periods of 
time. 

The effects of radiation exposure of usually divided into acute and latent effects. Acute effects typically 
result from rapid exposures, the effects show up within hours to weeks after a sufficient dose is absorbed. 
Latent effects take years to appear, even after exposure is complete. 

Since the latent effects of radiation exposure are cumulative, and there does not appear to be any 
threshold exposure below which no risk is incurred, radiation safety standards have been set to minimize 
radiation exposure over time. Current standards are: 

Occupational Exposure

0.3 rem/wk (whole body exposure)
1.5 rem/yr (whole body exposure for pregnant women)
5  rem/yr  (whole body exposure)
15 rem/yr  (eye tissue exposure)
50 rem/yr  (limit for any tissue)
200 rem lifetime limit (whole body exposure)

Public Exposure



0.5 rem/yr (whole body exposure)
5   rem/yr (limit for any tissue)

The occupational exposure limits are likely to be reduced soon (if they have not been already). 

The normal human annual radiation exposure varies considerably with location (elevation and surface 
mineral composition), and medical treatment. Typical values are 0.1 rems from natural radiation and 0.08 
rems from medical x-rays, for a total of 0.18 rem/yr. In the US, Colorado has one of the highest natural 
backgrounds (0.25 rem) since high altitudes cause greater cosmic ray exposures, and granite rock 
formations contain uranium series radioisotopes. If natural radioisotopes are unusually concentrated, 
levels as high as 0.5-12 rems/yr have been recorded (some areas of Sri Lanka, Kerala India, and Brazil). 
This does not count indoor radon exposure which depends heavily on building design, but can easily 
exceed all other exposure sources combined in regions with high soil radon levels. This source has been 
known to cause lung exposures in the home of 100 rem/yr (a risk factor comparable to heavy smoking)! 

5.6.3.3 Prompt Radiation Emission From Nuclear Explosions 

Although the subject is complex, a simplified guide to estimating the prompt radiation exposure from 
nuclear explosions is given here. The following scaling law can be used to determine the lethal radius 
with yield: 

r_radiation = Y^0.19 * constant_rad 

If Y is in kilotons, range is in meters, and the dose standard is 1000 rads then: 

constant_rad_1000 = 700 m 

This can then be scaled for distance by adjusting for attenuation with range using the table below. The 
table lists tenth-ranges, the distance over which the dose decreases (for greater distance) or increases (for 
shorter distance) by a factor of 10. 

1   kt   330 m
10  kt   440 m
100 kt   490 m
1   Mt   560 m
10  Mt   670 m
20  Mt   700 m

So, for example to calculate the radiation dose for a 10 Mt bomb at 5000 m, we calculate: dose = (1000 
rads) / 10^[(5000-[10000^0.19]*700)/670] = 35 rads 

This guide assumes 100% fission yield for bombs <100 kt, and 50/50 fission/fusion for higher yields. Due
to the enhanced radiation output of low-yield neutron bombs different factors need to be used: 

    constant_rad_1000  = 620 m
    tenth-range 385 m

5.6.3.4 Acute Radiation Sickness 

This results from exposure to a large radiation dose to the whole body within a short period of time (no 
more than a few weeks). There is no sharp cutoff to distinguish acute exposures from chronic (extended) 
ones. In general, higher total doses are required to produce a given level of acute sickness for longer 
exposure times. Exposures received over a few days do not differ substantially from instantaneous ones, 
except that the onset of symptoms is correspondingly delayed or stretched out. Nuclear weapons can 
cause acute radiation sickness either from prompt exposure at the time of detonation, or from the intense 



radiation emitted by early fallout in the first few days afterward. 

The effects of increasing exposures are described below. A notable characteristic of increasing doses is 
the non-linear nature of the effects. That is to say, a threshold exists below which observable effects are 
slight and reversible (about 300 rems), but as exposures rise above this level the possibility of mortality 
(death) begins and increases rapidly with dose. This is believed to be due in part to the saturation of 
cellular repair mechanisms. 

The total energy absorbed by a 75 kg individual with a whole body exposure of 600 rads (fatal in most 
cases) is 450 joules. It is interesting to compare this to the kinetic energy of a .45 caliber bullet, which is 
about 900 joules. 

A power law for scaling radiation effects for longer term exposures has been proposed in which the dose 
required for a given effect increases by t^0.26, where time is in weeks. For exposures of one week or less 
the effect of rem of radiation is assumed to be constant. Thus an exposure capable of causing 50% 
mortality is 450 rems if absorbed in a week or less, but is 1260 rems if it occurs over a year. 

5.6.3.4.1 Acute Whole Body Exposure Effects 

Below 100 REMS
In this dose range no obvious sickness occurs. Detectable changes in blood cells begin to occur at 25 
rems, but occur consistently only above 50 rems. These changes involve fluctuations in the overall white 
blood cell count (with drops in lymphocytes), drops in platelet counts, and less severe drops in red blood 
cell counts. These changes set in over a period of days and may require months to disappear. They are 
detectable only by lab tests. At 50 rems atrophy of lymph glands becomes noticeable. Impairment to the 
immune system could increase the susceptibility to disease. Depression of sperm production becomes 
noticeable at 20 rems, an exposure of 80 rems has a 50% chance of causing temporary sterility in males. 

100-200 REMS
Mild acute symptoms occur in this range. Tissues primarily affected are the hematopoietic (blood 
forming) tissues, sperm forming tissues are also vulnerable. Symptoms begin to appear at 100 rems, and 
become common at 200 rems. Typical effects are mild to moderate nausea (50% probability at 200 
rems) , with occasional vomiting, setting in within 3-6 hours after exposure, and lasting several hours to a 
day. This is followed by a latent period during which symptoms disappear. Blood changes set in and 
increase steadily during the latency period as blood cells die naturally and are not replaced. Mild clinical 
symptoms return in 10-14 days. These symptoms include loss of appetite (50% probability at 150 rems), 
malaise, and fatigue (50% probability at 200 rems), and last up to 4 weeks. Recovery from other injuries 
is impaired and there is enhanced risk of infection. Temporary male sterility is universal. The higher the 
dosage in this range, the more likely the effects, the faster symptoms appear, the shorter the latency 
period, and the longer the duration of illness. 

200-400 REMS
Illness becomes increasingly severe, and significant mortality sets in. Hematopoietic tissues are still the 
major affected organ system. Nausea becomes universal (100% at 300 rems), the incidence of vomiting 
reaches 50% at 280 rems. The onset of initial symptoms occurs within 1-6 hours, and last 1-2 days. After 
this a 7-14 day latency period sets in. When symptoms recur, the may include epilation (hair loss, 50% 
probability at 300 rems), malaise, fatigue, diarrhea (50% prob. at 350 rems), and hemorrhage 
(uncontrolled bleeding) of the mouth, subcutaneous tissue and kidney (50% prob. at 400 rems). 
Suppression of white blood cells is severe, susceptibility to infection becomes serious. At 300 rems the 
mortality rate without medical treatment becomes substantial (about 10%). The possibility of permanent 
sterility in females begins to appear. Recovery takes 1 to several months. 

400-600 REMS
Mortality rises steeply in this dose range, from around 50% at 450 rems to 90% at 600 (unless heroic 
medical intervention takes place). Hematopoietic tissues remain the major affected organ system. Initial 
symptoms appear in 0.5-2 hours, and last up to 2 days. The latency period remains 7-14 days. The 



symptoms listed for 200-400 rems increase in prevalence and severity, reaching 100% occurrence at 600 
rems. When death occurs, it is usually 2-12 weeks after exposure and results from infection and 
hemorrhage. Recovery takes several months to a year, blood cell counts may take even longer to return to 
normal. Female sterility becomes probable. 

600-1000 REMS
Survival depends on stringent medical intervention. Bone marrow is nearly or completely destroyed, 
requiring marrow transfusions. Gastrointestinal tissues are increasingly affected. Onset of initial 
symptoms is 15-30 minutes, last a day or two, and are followed by a latency period of 5-10 days. The 
final phase lasts 1 to 4 weeks, ending in death from infection and internal bleeding. Recovery, if it occurs,
takes years and may never be complete. 

Above 1000 REMS
Very high exposures can sufficient metabolic disruption to cause immediate symptoms. Above 1000 rems
rapid cell death in the gastrointestinal system causes severe diarrhea, intestinal bleeding, and loss of 
fluids, and disturbance of electrolyte balance. These effects can cause death within hours of onset from 
circulatory collapse. Immediate nausea occurs due to direct activation of the chemoreceptive nausea 
center in the brain. 

In the range 1000-5000 rems the onset time drops from 30 minutes to 5 minutes. Following an initial bout
of severe nausea and weakness, a period of apparent well-being lasting a few hours to a few days may 
follow (called the "walking ghost" phase). This is followed by the terminal phase which lasts 2-10 days. 
In rapid succession prostration, diarrhea, anorexia, and fever follow. Death is certain, often preceded by 
delirium and coma. Therapy is only to relieve suffering. 

Above 5000 rems metabolic disruption is severe enough to interfere with the nervous system. Immediate 
disorientation and coma will result, onset is within seconds to minutes. Convulsions occur which may be 
controlled with sedation. Victim may linger for up to 48 hours before dying. 

The U.S. military assumes that 8000 rads of fast neutron radiation (from a neutron bomb) will 
immediately and permanently incapacitate a soldier. 

It should be noted that people exposed to radiation doses in the 400-1000 rem range following the 
Chernobyl disaster had much higher rates of survival than indicated above. This was made possible by 
advances in bone marrow transfusions and intensive medical care, provided in part by Dr. Robert Gale. 
However two caveats apply: 

• Such care is only available if the number of cases is relatively small, and the infrastructure for 
providing it is not disrupted. In the case of even a limited nuclear attack it would be impossible to 
provide more than basic first aid to most people and the fatality rates might actually be higher than
given here. 

• Many of the highly exposed Chernobyl survivors have since died from latent radiation effects. 

5.6.3.4.2 Acute Localized Tissue Exposure

Localized acute exposure is important for two organs: the skin, and the thyroid gland. 

Beta Burns
Beta particles have a limited range in tissue. Depending on their energy, betas are completely absorbed by
1 mm to 1 cm of tissue. External exposures to beta particles from fallout thus primarily affect the skin, 
causing "beta burns". Due to the poor penetrating power of betas, these injuries only occur if there is 
direct skin exposure to fallout particles, or if an individual remains outdoors in a strong radiation field. 
Remaining indoors, wearing substantial clothing, and decontamination by washing can prevent this type 
of exposure. Beta burns were encountered in Marshall Islanders, and the crew of a Japanese fishing 
vessel, following the Castle Bravo test which unexpectedly dumped high fallout levels over a large area. 

The initial symptom for beta burns are an itching or burning sensation during the first 24-48 hours. These 



symptoms are marked only if the exposure is intense, and do not occur reliably. Within 1-2 days all 
symptoms disappear, but after 2-3 weeks the burn symptoms appear. The first evidence is increased 
pigmentation, or possibly erythema (reddening). Epilation and skin lesions follow. 

In mild to moderate cases damage is largely confined to the epidermis (outer skin layers). After forming a
dry scab, the superficial lesions heal rapidly leaving a central depigmented area, surrounded by an 
irregular zone of increased pigmentation. Normal pigmentation returns over a few weeks. 

In more serious cases deeper ulcerated lesions form. These lesions ooze before becoming covered with a 
hard dry scab. Healing occurs with routine first aid care. Normal pigmentation may take months to return.

Hair regrowth begins 9 weeks after exposure and is complete in 6 months. 

Thyroid Exposure
The short-lived radioisotope iodine-131 (half-life 8 days) presents a special risk due to the tendency for 
ingested iodine to be concentrated in the thyroid gland. This risk is mitigated by the fact that direct 
ingestion of fallout is rare, and easily avoided. Iodine-131 typically enters the body through the 
consumption of contaminated milk, which in turn results from milk cows consuming contaminated 
fodder. 

The short half-life means that the initial radiation intensity of I-131 is high, but it disappears quickly. If 
uncontaminated fodder can be provided for a month or two, or if dry or canned milk can be consumed for 
the same period, there is little risk of exposure. 

If I-131 contaminated food is consumed, about one-third of the ingested iodine is deposited in the thyroid 
gland which weighs some 20 g in adults, and 2 g in infants. This can result in very high dose rates to the 
gland, with negligible exposures to the rest of the body. Due to the smaller glands of infants and children, 
and their high dairy consumption, they are particularly vulnerable to thyroid injury. Some Marshallese 
children received thyroid doses as high as 1150 rems. Most of the children receiving doses over 500 rems 
developed thyroid abnormalities within 10 years, including hypothyroidism and malignancies. 

I-131 exposure can be prevented by prompt consumption of potassium iodide supplements. Large doses 
of potassium iodide saturate the body with iodine and prevent any subsequent retention of radioiodine that
is consumed. 5.6.3.4.3 Fetal Injury
Acute radiation exposure during pregnancy can cause significant harm to the fetus. At Hiroshima and 
Nagasaki adverse effects were seen when pregnant women who were exposed to 200 rems of radiation or 
more. When exposure occurred during the first trimester a significant increase in mentally impaired 
children were noted. When exposure occurred during the last trimester, there was a marked increase in 
stillbirths and in elevated infant mortality during the first year of life. 

5.6.3.5 Chronic Radiation Exposure
Long term radiation exposure results from residing in a fallout contaminated area for an extended period 
(external exposure), consuming food produced in a contaminated area (internal exposure), or both. If the 
exposure rate is low enough, no symptoms of radiation sickness will appear even though a very large total
radiation dose may be absorbed over time. Latent radiation effects (i.e. cancer, genetic damage) depend 
on total dosage, not dose rate, so serious effects can result. An exposure of 0.25 rem/day over 5 years 
would accumulate 450 rems with little chance of overt sickness, but it would have a high mortality rate if 
the exposure were acute. 

The exposure time scaling law given above also indicates that a slow onset of symptoms characteristic of 
acute radiation sickness can occur. As an example, the most heavily contaminated location of the 
Rongelap atoll (160 km downwind of the March 1, 1954 15 Mt Castle Bravo test), received a total 
accumulated exposure of 3300 rads. Of this, 1100 rads was accumulated during the interval from 1 month
to 1 year following the test. If the site had been occupied during this period, the effective exposure for 
radiation sickness effects would be 1100/(48 weeks)^0.26 = 403 rads. 



5.6.3.5.1 External Exposure
When an area is contaminated by gamma emitting isotopes, a radiation field is created that exposes all 
organisms that are not shielded from it. Only gamma rays have the necessary range and penetration to 
create a significant hazard. The principal source of long-term external exposure is cesium-137 (30 year 
half-life, 0.6 MeV gamma energy). 

A megaton of fission yield produces enough Cs-137 to contaminate 100 km^2 with a radiation field of 
200 rad/year. A megaton-range ground burst can contaminate an area of thousands of square kilometers 
with concentrations that would exceed occupational safety guidelines. 3,000 megatons of fission yield, if 
distributed globally by stratospheric fallout, would double the world's background radiation level from 
external exposure to this isotope alone. 

It is possible to substantially reduce external exposure in contaminated areas by remaining indoors as 
much as possible. Exposure can be reduced by a factor of 2-3 for a frame house, or 10-100 for a multi-
story building, and adding additional shielding to areas where much time is spent (like the bedroom) can 
increase these factors substantially. Since the half-life of Cs-137 is long, these would be permanent 
lifestyle adjustments. Such measures have been necessary (especially for children) in areas of Belarus that
were heavily contaminated by Chernobyl. 

5.6.3.5.2 Internal Exposure
Internal exposure to radiation is the most serious chronic risk from fallout if food grown in contaminated 
areas is consumed. Widespread contamination from a nuclear war, or a major radiation accident (like the 
Kyshtym and Chernobyl disasters), may leave no other practical choice. Alternatively, people residing in 
contaminated areas may come to disregard safety instructions about locally produced food (as has 
happened in the Marshall Islands and Ukraine). 

Radioisotopes may be taken up into plants through the root system, or they may be contaminated by 
fallout descending on the leaves. Gross contamination of food plants or fodder from the fallout plume of a
ground burst is an obvious hazard, but the gradual descent of worldwide fallout is also a problem. 

The primary risks for internal exposure are cesium-137 and strontium-90. Strontium-89, transuranics 
alpha emitters, and carbon-14 are also significant sources of concern. 

Only a few curies of radioisotopes per km^2 are sufficient to render land unsuitable for cultivation under 
current radiation safety standards. A megaton of fission yield can thus make some 200,000 km^2 useless 
for food production for decades. Depression of leukocyte levels have been observed in people in Belarus 
living in areas that were contaminated with only 0.2 curies/km^2. 

Cesium-137
This alkali metal has chemistry resembling that of potassium. As a result, it is readily absorbed by food 
plants, and by animal tissues. Once consumed cesium distributes itself fairly evenly through the body, 
which means that Cs-137 absorption causes whole body exposure (a fact further aided by the penetrating 
nature of its gamma emissions). Cesium has a moderate residence time in the body, the residence half-life
ranging from 50-100 days, so that the body will be cleared of the isotope once consumption of 
contaminated material ceases in a matter of several months, to a few years. 

Strontium 90 and 89
Strontium is chemically similar to calcium, and is deposited in bone along with calcium. Most of the 
strontium ingested does not end up in bone, it has a biological half-life only 40 days. Somewhat less than 
10% of the Sr is retained in the bone, but it has a biological half-life of 50 years. Since the bone marrow 
is among the most sensitive tissue in the body to radiation, this creates a very serious hazard. 

Sr-90 (28.1 yr half-life) thus can cause long term damage, while Sr-89 (52 days) can cause significant 
short term injury. Safety exposure standards impose a Sr-90 body burden limit of 2 microcuries (14 
nanograms) for occupational exposure, 0.2 microcuries for individual members of the general population, 
and 0.067 microCi averaged over the whole population. It is estimated that 10 microCi per person would 



cause a substantial rise in the incidence of bone cancer. The explosion of several thousands of fission 
megatons in the atmosphere could raise the average body burden of the entire human race to above the 
occupational exposure limit for Sr-90 for a couple of generations. Contamination of 2 curies of Sr-90 per 
km^2 is the U.S. limit for food cultivation. 

Alpha emitting heavy elements can be serious health risks also. The isotopes of primary concern here are 
those present in substantial quantities in nuclear weapons: short lived uranium isotopes (U-232 and U-
233) and transuranic elements (primarily Pu-239, Pu-240, and Americium-241). These elements are 
hazardous if ingested due to radiotoxicity from the highly damaging alpha particles. The quantities of 
these isotopes present after a nuclear explosion are negligible compared to the amount of fission product 
radioisotopes. They represent a hazard when nuclear weapons are involved in "broken arrow" incidents, 
that is, accidents where the fissile isotopes inside are released. The exposure areas are of course small, 
compared to the areas threatened by fallout from a nuclear detonation. A typical nuclear weapon will 
contain some 300-600 curies of alpha emitter (assuming 5 kg plutonium). The isotope breakdown is 
approximately: 300 curies Pu-239, 60 curies Pu-240, and up to 250 curies of Am-241. 

If small particles of alpha emitters are inhaled, they can take up permanent residence in the lung and form
a serious source of radiation exposure to the lung tissue. A microcurie of alpha emitter deposited in the 
lungs produce an exposure of 3700 rems/yr to lung tissue, an extremely serious cancer risk. 

Uranium and the transuranic elements are all bone-seekers (with the exception of neptunium). If 
absorbed, they are deposited in the bone and present a serious exposure risk to bone tissue and marrow. 
Plutonium has a biological half-life of 80-100 years when deposited in bone, it is also concentrated in the 
liver with a biological half-life of 40 years. The maximum permissible occupational body burden for 
plutonium-239 is 0.6 micrograms (.0375 microcuries) and 0.26 micrograms for lung burden (0.016 
microCi). 

Carbon-14 is a weak beta particle emitter, with a low level of activity due to its long half-life. It presents a
unique hazard however since, unlike other isotopes, it is incorporated directly into genetic material as a 
permanent part throughout the body. This means that it presents a hazard out of proportion to the received
radiation dose as normally calculated. 5.6.3.5.3 Cancer
The most serious long term consequence of radiation exposure is the elevation of cancer risk. Estimates of
the carcinogenicity of radiation, especially of low exposures, have tended to increase over the years as 
epidemiological data has accumulated. 

The current state-of-the-art in low level risk estimation is the 1990 report issued by the National Academy
of Sciences Committee on Biological Effects of Ionizing Radiation (BEIR) entitled _Health Effects of 
Exposure to Low Levels of Ionizing Radiation_, also known as BEIR V. 

As a general rule of thumb, it appears that cancer risk is more or less proportional to total radiation 
exposure, regardless of the quantity, rate or duration. 500 rems received over a decade is thus as serious a 
risk as 500 rems received all at once, and 50 rems is one-tenth as bad as 500. There is no evidence of a 
threshold effect or "safe dose". Safety standards are established primarily to keep the increased incidence 
of cancer below detectable levels. 

Significant deviations from the above rule of proportionality for total exposure do occur. In particular, 
low doses (for which the risk is small anyway) received over an extended period of time are significantly 
less carcinogenic (by about a factor of 2) than the same dose received all at once. 

Cancer risk to radiation exposure can be expressed as the increase in the lifetime probability of 
contracting fatal cancer per unit of radiation. The current estimate of overall risk is about a 0.8% chance 
of cancer per 10 rems for both men and women, averaged over the age distribution of the U.S. population.
Thus a 1000 rem lifetime whole body radiation exposure would bring about a 80% chance of contracting 
fatal cancer, in addition to the normal incidence of cancer (about 20%). The risk for children appears to 
be about twice as great (due at least partly to the fact that they will live longer after exposure, and thus 
have greater opportunity to contract cancer). 



There are also risk coefficient for specific tissue exposures. These are (approximately): 

Female Breast  1.0%/100 rems
Bone Marrow    0.2%/100 rems (0.4% for children)
Bone Tissue    0.05%/100 rems
Lung           0.2%/100 rems

5.6.3.5.4 Genetic Effects 
Radiation damage to the germ cells of the reproductive organs can cause mutations that are passed on to 
subsequent generations. Although this is very important, it can nonetheless be overplayed. It may seem 
surprising, but no elevated mutation rate from radiation has ever been detected in the human population, 
not even in the substantial population of atomic bomb survivors and descendants. One reason for this is 
that humans are wild animals, that is, they have not been subjected to controlled breeding and thus have a 
high incidence of natural genetic variability and disorders, compared to laboratory and domestic animals. 
About 10% of the human population has detectable genetic disorders (most are not serious). This makes it
difficult to detect additional mutations unless the rate is also high. 

Two factors act to limit the effective radiation exposure for genetic effects, one for acute exposures, the 
other for chronic exposures. High acute exposures to the reproductive organs can cause permanent 
sterility, which prevents transmission of genetic effects. The cumulative effect of chronic exposure is 
limited by the fact that only exposures prior to reproduction count. Since most reproduction occurs before
the age of 30, exposures after that age have little effect on the population. 

It is estimated that the dose to reproductive tissue required to double the natural incidence of genetic 
disorders is 100-200 rems. The initial rate of observable disorders (the first generation) is only about 1/3 
of the eventual rate once genetic equilibrium is established. Of course increases in the rate of genetic 
disorders (especially in a large population) is a _permanent_ alteration of the human species. 

5.6.3.5.5 Cataracts
Eye tissue exposed to radiation shows an increased incidence of cataracts at dose levels below which 
most tissues show increased cancer rates. This makes cataract risk the most important tissue dose criterion
for establishing safety standards. 
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6.0 Nuclear Materials
This section describes the basic facts and properties about the materials that are uniquely important to 
applications involving the large scale release of nuclear power. 

• 6.1 Production of Isotopes   
• 6.2 Fissionable Materials   
• 6.3 Fusionable Materials   
• 6.4 Other Materials   

6.1 Production of Isotopes

The most critical materials required for nuclear weapons are special isotopes of particular elements. Some
of these isotopes exist in nature, but are highly diluted by other isotopes of the same element (e.g. 
deuterium, Li-6, U-235). These isotopes must be enriched (concentrated) to be useful. Other isotopes 
naturally exist only in minuscule quantities, if at all, and must be manufactured through nuclear reactions 
(e.g. tritium and Pu-239). An overview of these two classes of techniques are given below. 

6.1.1 Isotopic Enrichment 

All isotopes of the same element have nearly identical chemical properties, consequently separating these 
isotopes must rely on subtle effects created by the differences in mass of the atoms. Some of these 
techniques are physical - they rely on physical processes that have mass dependent effects. Others are 
chemical - isotopic mass differences can affect the rate of chemical reactions. 

Since small effects are being used to achieve separation, the achievable concentration increase for any 
enrichment process tends to be small. This can be overcome by applying the enrichment process many, 
many times in a series of enrichment steps or "stages". Each step takes the enriched product of the 
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previous step and enriches it further. This creates a sequential enriching system called a cascade. 

There are two important factors that affect the performance of a cascade. First is the separation factor, 
which is a number greater than one, that measures the inherent enrichment capability of a single stage. 
The lower the separation factor, the more stages required to achieve the desired degree of concentration. 
The second factor is the allowable loss of the desired isotope in the waste stream. 

To understand this second factor, note that at each stage the material flow feeding the process is split into 
two parts: the enriched product, and the depleted waste. Since the enrichment in the product is small, so is
the depletion in the waste. The amount of desirable isotope in the waste stream can easily exceed the 
amount in the enriched product. If the isotope being concentrated is rare, this is very undesirable. Also if 
the feed stock is already significantly enriched, then the waste stream is also enriched and too valuable to 
simply throw away. 

These considerations demand that the cascade be constructed so that the waste from downstream (later) 
enrichment stages be fed back to earlier stages. Each stage then receives feed stock consisting of the 
enriched product from the next upstream stage, and the waste from the next downstream cascade. 

The starting material usually does not enter at the beginning of the cascade (that is, the stage that is 
farthest upstream), it enters farther down. The stages that are upstream from the starting feed (called the 
tail of the cascade) strip the waste stream of the desired isotope so that the waste that actually leaves the 
cascade is greatly depleted. The stages making up the head of the cascade produce progressively more 
enriched product until the most highly enriched product exists the last stage. 

For any particular cascade the actual amount of enriched product produced depends on the degree of 
enrichment desired AND on the degree of depletion in the waste stream. If it is okay to reject as waste 
most of desired isotope that enters the cascade, then the output of the cascade can be increased by 
producing a large waste stream of slightly depleted material (this can be done if the starting material is 
cheap). If the starting material is precious, then a high percentage of the desired isotope can be stripped - 
which produces highly depleted waste. Examples of these two extremes are deuterium enrichment where 
the starting material is water and the feedstock cost is essentially zero, and uranium enrichment where the
feedstock cost is substantial. 

There is quite an assortment of isotope enrichment processes that have been used (or proposed) to 
produce substantial amounts of enriched isotopes. A sampling of important ones are: 

• Electromagnetic separation 
• Gaseous diffusion 
• Thermal liquid diffusion 
• Gas Centrifuge Separation 
• Aerodynamic separation 
• AVLIS (atomic vapor laser isotope separation) 
• Chemical exchange 
• Distillation 
• Electrolysis 

The effectiveness of any technique varies from element to element. Some of the techniques listed above 
can be applied to almost any element (e.g. electromagnetic separation), others are useful for only a small 
number of isotopes (e.g. electrolysis). 

The separation factor for many of these processes (diffusion, chemical exchange, distillation) depends on 
the mass ratio between the isotopes. These techniques work best for light elements since each unit of 
atomic weight difference has a bigger effect. The largest isotope mass ratio (for naturally occurring 
isotopes) is 2, for deuterium and hydrogen-1. 

Other processes depend on the absolute mass difference, or are otherwise insensitive to mass ratios 



(electromagnetic, centrifuge, aerodynamic, and AVLIS separation techniques). These work well for heavy
elements, and are the methods of choice for uranium enrichment. 

The cost of an enrichment process is mostly dependent on two factors: the capital cost of the plant, and 
the energy consumption for operation. Low separation factors require more cascade stages and thus both 
larger capital and operating costs. The capital cost is roughly proportional to 1/(s - 1)^2 where s is the 
separation factor. Different separation techniques differ dramatically in the amount of energy required for 
a single stage, so a low energy cost technique can offset a larger number of stages, or a higher cost per 
stage. 

Another factor of some interest is the cascade equilibrium time. Due to limitations in the output rate of 
each cascade unit, the amount of material that is passed back to earlier stages by each unit, and the fact 
that each unit holds a certain amount of material, it takes a significant amount of time when a cascade is 
started for the final product to emerge and reach a steady output rate. Some types of cascades can take a 
year to reach equilibrium. 

6.1.1.1 Electromagnetic Separation 

This technique uses magnetic fields to separate a stream of ionized atoms in a device called a calutron. 
This is basically a scaled up mass spectrometer. The different masses of the isotopes give each a different 
radius of curvature in the magnetic field, causing the stream to separate into two (or more). The streams 
are then captured by target cells. Electromagnetic separation is the most versatile technique and can be 
used with any combination of isotopes. It also has an extremely large separation factor. Typically two 
passes are sufficient to produce high purity isotopes (>80%) from low concentration starting material 
( less than 1%), and will also efficiently strip the desired isotope from the waste stream. However it is an 
inefficient production process, since most of the feed is lost inside the calutron and must be recovered 
during periodic maintenance work. Other shortcomings of electromagnetic separation are the enormous 
energy consumption, the difficult and costly equipment maintenance, and the limited production rate 
given the capital cost. It is mainly used for producing small quantities of pure isotopes for research. 

6.1.1.2 Gaseous Diffusion 

This technique is practical for isotopes that have a substantial mass difference, and can be converted to 
gaseous form (and important caveat, the mass difference of the gas molecules should be due only to the 
mass difference of the isotopes to be separated). The technique works by allowing the gas to diffuse 
through a porous barrier. Lighter, faster molecules diffuse slightly quicker. The quality of the barrier 
material is critical. It must have even pore size, have no leaks at all, and be able to withstand substantial 
pressure differences, and chemical attack by the gaseous isotope. Aside from the barrier material problem,
gaseous diffusion requires rather ordinary chemical plant technology (by today's standards). For some 
light elements the separation factor can be fairly large, but for most it is small (1.00429 for uranium). A 
large number of cascade stages can still achieve high purity, although the plant size must be large, and the
cost of construction and operation is high. This technique has been the dominant enrichment process for 
uranium since the first plant was built in 1945. Although gas diffusion has been displaced by gas 
centrifuges for new plants since the late 70s, the large previously installed base makes this still the largest 
enrichment process worldwide. 

6.1.1.3 Thermal Liquid Diffusion 

This method makes use of the fact that different molecular velocities cause lighter molecules to 
concentrate in hotter regions when a temperature gradient exists. The separation factor is determined by 
the ratio of the mass difference and the total masses, so it is larger for light elements. In general the 
separation factor is small (around 1.01), so many cascade stages are needed. Although the equipment 
required is simple, the power requirement (for heat) is extremely large, although this can be reduced if 
waste heat is available from other industrial processes. This prevents it from being practical on a large 
scale. 



6.1.1.4 Gas Centrifuge Separation 

Although Germany developed this technology during W.W.II, it did not see application until the fifties 
and sixties. This technique works by passing gaseous isotope mixture through high speed centrifuges. 
Centrifugal force causes the isotopes to concentrate in lighter and heavier gas layers which are then bled 
off. The major advantage of gas centrifuges is that the separation factor is due to absolute mass 
differences, not to mass ratios. It works as well with heavy elements as light ones. Separation factors are 
proportional to the square of the ratio between the rotational speed and the molecular velocity in the gas. 
The highest speeds possible are thus very desirable. Rotational speeds above the speed of sound (>330 m/
sec) are typical, advanced designs using carbon fiber rotors can exceed 600 m/sec (in principal Kevlar 
rotors could reach speeds as high as 1100 m/sec). Typical separation factors can range from 1.01 to over 
1.10. Separation factors depend on the absolute mass difference between isotopes (not the mass ratio) and
the square of the peripheral speed. Thus compared with gaseous diffusion, each centrifuge produces a 
much larger separation factor for heavy elements. A series of separation stages are still needed, but there 
can be many fewer. Gas centrifuges consume much less energy than gaseous diffusion, and it is much 
easier to adjust the scale of production plants. Gas centrifuges are the dominant uranium enrichment 
process for new plants in the world today. A high level of technical proficiency is required to build 
efficient centrifuges, which delayed their commercial introduction (along with competition from 
government-subsidized gaseous diffusion plants). 

6.1.1.5 Aerodynamic Separation 

This can be thought of as a variant on the gas centrifuge approach, except that instead of spinning a 
chamber through which a gas is passed, the gas is spun inside a nozzle or vortex tube by injecting it under
high pressure. It is considerably more energy intensive than centrifuge separation and appears at least as 
intensive as gaseous diffusion. This technology has been developed by South Africa and Germany for 
uranium enrichment. 

6.1.1.6 AVLIS (atomic vapor laser isotope separation) 

This technology makes use of the fact that isotopes of different masses absorb slightly different 
wavelengths of light (an indirect consequence of the nucleus mass difference). Precisely tuned lasers 
would excite only the isotope atoms desired in a stream of atomic vapor. The ionized atoms would then 
be separated from the neutral ones electromagnetically or by chemical reaction. AVLIS has not been used
on an industrial scale yet. This technique promises to allow high efficiency production of high-purity U-
235 and Pu-239, although its true useful is difficult to judge without an operating plant to observe. AVLIS
technology, if available, could make it possible for a country to produce substantial batches of weapon-
grade uranium or plutonium (from commercial reactor waste) without being detected. The energy 
required for separation itself is very low, only enough to break the molecular bond or ionize the atom. 
Energy consumption is mostly determined by the efficiency of the laser used, which is generally on the 
order of 0.1%. 

6.1.1.7 Chemical Exchange 

This technique makes use of different chemical reaction rates between isotopes. It works best for light 
elements where the reaction rate differences are large. Practical plants use reactions that allow the two 
reactants to be in different phases (gas/liquid, solid/liquid, immiscible liquids). This permits convenient 
separation of the enriched and depleted materials, and allows continuous countercurrent operation. By 
also including temperature differences between the phases, the separation factor can be considerably 
enhanced. This is the most important process today for producing heavy water, for which it is by far the 
most energy-efficient method. Chemical exchange techniques for uranium have also been developed by 
Japan and France, but have never been used for production work. Chemical exchange is also used for 
lithium-6 enrichment. 

6.1.1.8 Distillation 



This is another thermal concentration technique, light isotopes evaporate more rapidly than heavier ones. 
Again, it works best for light elements with large mass ratios. It also helps if the heat of vaporization of 
the material being distilled is low. This has been applied successfully to heavy water production. 

6.1.1.9 Electrolysis 

This technique is unique to the production of heavy water. For reasons that are not entirely understood, 
when water is electrolyzed deuterium is concentrated with the remarkable separation factor of 7 or even 
more. However, electrolysis is so energy intensive it is only practical for processing enriched water in the 
later stages of heavy water production. 

Representative Separation Factors

                        H/D    C-12/13    U-235/238
Chemical Exchange     1.2-3     1.02       1.0015
Distillation         1.05-1.6   1.01       nil
Gaseous Diffusion       1.2     1.03       1.00429
Centrifuge (250 m/sec)  1.01    1.01       1.026
Centrifuge (600 m/sec)                     1.233
Electrolysis            7

The total number of stages in a cascade is given by:

Ln[R[N_p]/R[N_w]]/Ln[s] - 1

where N_p and N_w are the isotope concentrations in the feed and waste,
s is the separation factor, and
R[N] = N/(1 - N).

6.1.2 Transmutation 

The transmutation of one isotope or element into another requires an extraordinary type of reagent: sub-
atomic particles. Large nuclear weapon programs consume some of these artificial isotopes in ton 
quantities. Only one sub-atomic particle is available in the necessary kilogram amounts: neutrons. A 1 
gigawatt nuclear reactor will produce about 3.75 kg of neutrons during the course of a year (assuming 
constant operation). The fact that neutrons have no electrical charge is very important since it allows them
to easily penetrate the charged electron shells and nucleus of an atom. 

Nuclear reactors produce copious quantities of neutrons by their very nature. Each fission produces 
roughly 2.5 neutrons, one of these is required to keep the reaction going, the others are available for 
transmuting other materials although some portion of these are unavoidably captured by materials making
up the reactor structure. Reactors were the first source, and so far remain the only source, of large 
amounts of neutrons. They are not the only conceivable source though. At least two others have been 
proposed. 

The first of these was simply to use a nuclear bomb to provide large amounts of neutrons. By 
incorporating the starting material into the bomb structure, or packing it around the bomb, substantial 
quantities of material could be transmuted in an instant. The shortcomings of this scheme are collecting 
the product, and avoiding undesirable side effects. Exploding the bomb underground could overcome 
these problems, the product would be removed from the rubble filled cavern left behind by mining. The 
difficulties with this process are formidable however, and nuclear explosions are themselves very 
unpopular no matter how well contained so this approach will probably never be used. 

An alternative seriously proposed recently is to use particle accelerators to produce neutrons without 
reactors. Recent advances in accelerator technology make it possible to produce very intense beams of 
protons relatively efficiently. The protons, upon striking a target material of moderate atomic number 
with energies of a few hundred MeV, would knock loose some 50 neutrons each. Considerable time and 
money would be required to make this practical of course. 



The principal isotopes produced by neutron transmutation are plutonium (produced from U-238) and 
tritium (from lithium-6). U-233 from thorium is also of considerable interest. Plutonium is produced as a 
byproduct by most nuclear reactors. Practical tritium production on the other hand requires special isotope
production reactors. This is because most reactors use low-enriched uranium as fuel, which is mostly U-
238 (96-97%). U-238 is thus normally present in the reactor in large amounts, and it absorbs most of the 
excess neutrons leaving few available for other purposes. Any natural or low-enriched uranium reactor 
could be considered a plutonium breeder, although the quality of the plutonium produced varies 
considerably depending on how the fuel and reactor are managed (this is discussed in greater detail in the 
section below on plutonium). Normally the term "plutonium breeder" in reserved for reactors specially 
designed and operated to produce high quality bomb-grade Pu. 

Isotope production reactors use more highly enriched fuel, and heavy water as the moderator to minimize 
neutron losses. These reactors produce substantial excesses of neutrons that are absorbed by breeding 
materials inserted into the reactor. These reactors generally produce no power, but they are flexible for 
producing different isotopes. Lithium, depleted or natural uranium, or thorium can all be used. Since 
producing one atom of any isotope requires one neutron, the production rate for plutonium or U-233 in an
isotope production reactor is 80 times higher than that of tritium. 

The production in a breeder reactor is determined by the reactor operating power. Typically these reactors
produce somewhat less than one atom of product for every atom consumed by fission. The breeding ratio 
(number of product atoms/number of fuel atoms) is usually 0.8-0.9. U.S. isotope reactors at Savannah, 
GA have a ratio of 0.86. A reactor consumes about one gram of fuel for every megawatt-day of 
operation,. A 100 megawatt reactor can thus produce about 85 g of Pu a day, or 1 g of tritium. Natural 
uranium fueled breeder reactors may have a higher breeding ratio than this for plutonium, but they have 
limited capacity for producing other isotopes. 

The rate of isotope production can also be thought of as the product of the neutron flux intensity, the 
concentration of raw material in the reactor core, and the volume of the core. This view point helps 
explain another important factor, the build up of contaminating isotopes, which is a problem with 
plutonium and U-233 production. 

Taking Pu-239 as an example, we note that initially there is no Pu-239 present in a freshly loaded reactor. 
Its concentration builds up at a rate proportional to: (neutron flux)*(U-238 concentration). This Pu-239 is 
essentially pure. The plutonium is exposed to the same flux as the U-238, so it also participates in neutron
reactions. The rate of these reactions is proportional to the Pu concentration, so the rates are initially very 
small. Mostly these reactions are simply fission, partially offsetting the Pu production but also releasing 
more neutrons for breeding. 

Pu-239 has a larger fission cross section than U-235, but it also has a much larger neutron absorption 
(non-fission capture) cross section. Absorption results in the following reaction: 

Pu-239 + n -> Pu-240 

As the concentration of Pu-239 grows, so too does the rate of Pu-240 production. Since the ratio of these 
two isotopes in the plutonium present in the reactor ultimately depends on the ratio of their respective 
production rates, the percentage of the plutonium consisting of Pu-240 grows steadily as more Pu 
accumulates. 

Pu-240 in turn breeds Pu-241, which leads to Pu-242. The longer the irradiation of the U-238 continues 
(either in fuel rods, or in a Pu production blanket), the lower the percentage of the most desirable isotope 
(Pu-239) in the plutonium. Other plutonium isotopes are also produced (see below under Plutonium). 
Similar processes lead to contamination of reactor-produced U-233 as well. 



6.2 Fissionable Materials

There are three isotopes known which are practical for use as fission explosives. These are U-235, Pu-
239, and U-233. Of these only U-235 occurs in nature. Pu-239 and U-233 must be produced by 
bombarding other isotopes with neutrons. A third element, thorium (Th-232), can only undergo fast 
fission, but can also be used for breeding U-233. There are other elements that are also fissile but they 
have no practical significance for a variety of reasons. These elements are summarized in subsection 
6.2.4. 

6.2.1 Uranium (U) 

Uranium, element 92, named after the planet Uranus, is usually given credit for being the last element on 
the periodic table to have survived from the time that the Earth formed (but see section 6.2.2 Plutonium 
below). 

Its properties have been exploited at least since AD 79, since it has been found in yellow ceramic glazes 
(containing more than 1% uranium oxide) recovered from the ruins of Pompeii and Herculaneum, near 
Naples, Italy. 

Uranium was discovered in 1789 in pitchblende by the German chemist Martin Heinrich Klaproth, who 
named it after the planet Uranus, which had been discovered in 1781. It was was first isolated as a metal 
in 1841 by French chemist Eugene-Melchior Peligot, who reduced the anhydrous uranium tetrachloride 
with potassium metal. A key milestone in the history of science was reached in 1896 when the French 
physicist Antoine Henri Becquerel discovered the existence of radioactivity by accidentally exposing a 
photographic plate by the ionizing radiations of potassium uranyl sulfate. 

Uranium is a very heavy, silver-white lustrous metal. It is the eighth densest element. When pure it is a 
little softer than steel; is malleable, ductile, and slightly paramagnetic. Uranium has three allotropic 
forms, the alpha (orthorhombic, stable up to 667.7 C), the beta (tetragonal, stable from 667.7 C to 774.8 
C), and the gamma (body-centered cubic, from 774.8 C to melting point) which is the most malleable and 
ductile. The alpha phase is very unusual type of orthorhombic structure, consisting of corrugated sheets of
atoms in a highly asymmetrical orthorhombic structure. This anisotropic, or distorted, structure makes it 
difficult for the atoms of alloying metals to substitute for uranium atoms or to occupy spaces between 
uranium atoms in the crystal lattice. Only molybdenum and niobium have been observed to form solid-
solution alloys with uranium. Uranium metal does however react with a wide variety of alloying metals to
form intermetallic compounds. 

The basic properties of pure uranium are: 

melting point 1132.2 degrees C (+/- 0.8); similar to that of copper
boiling point 3818 degrees C
density 18.95 (alpha form, stable to 667.8 C)
specific heat 6.65 cal/mole/C (25 C)
tensile strength 450 MPa 

It is chemically very reactive. It oxidizes readily, a piece of metal progressively turns different colors as a 
thin oxide layer builds up (the same optical phenomenon that makes oil films colorful). Powdered 
uranium is pyrophoric, spontaneously bursting into flame in air. It ignites in air at 150-175 C forming 
U3O8. At 1000° C (1832° F), uranium combines with nitrogen to form a yellow nitride. Water attacks the
metal, slowly when cold and faster when boiling. Uranium is soluble in hydrochloric, nitric and other 
acids forming tetravalent salts. It is not attacked by alkalies. Uranium displaces hydrogen from mineral 
acids and from the salt solutions of such metals as mercury, silver, copper, tin, platinum, and gold. On 
vigorous shaking metallic particles exhibit luminescence. 

Uranium has four oxidation states, III-VI. The hexavalent compounds include uranyl trioxide, UO3, and 
uranyl chloride, UO2Cl2. Uranium tetrachloride, UCl4, and uranium dioxide, UO2, are examples of the 
tetravalent, or uranous, compounds. Uranous compounds are usually unstable; they revert to the 



hexavalent form when excessively exposed to air. Uranyl salts, such as uranyl chloride, may decompose 
in the presence of strong light and organic matter. 

Uranium has fourteen isotopes, all radioactive. In nature only three are found. The approximate isotopic 
composition of natural uranium, with half-lifes is: 

          Mass %   Atomic %     Half Life
 U-234   0.0054%   0.0055%  247 thousand years (alpha emitter)
 U-235   0.7110%   0.7202%  710 million years  (alpha emitter)
 U-238  99.2836%  99.2742%  4.51 billion years (alpha emitter)

Although the U-235 content of uranium is in general constant, occasional variations do occur on the order
of 0.1% of the U-235 content (that is in the range of 0.7195-0.7209% as atomic %) due to depletion from 
ancient fission reactions that took place when U-235 existed in much higher concentrations than today. 
The 1.9 billion year old reactor centers discovered in 1972 at the Oklo mine in Gabon are the most 
famous. When the Oklo reactors were active natural uranium was about 3% U-235, the same as 
commercial power reactor fuel today. In the most highly depleted core at Oklo the U-235 content was 
only 0.44%. The Oklo reactor cores, and a few others found at another Gabon site near Oklo, are the only 
intact ancient reactors discovered so far. 

The U-234 content can also vary significantly. Unlike U-235 and U-238 the isotope U-234 is not a 
ancient survival from stellar nucleosynthesis, it is an indirect decay product of U-238 and is produced by 
the decay chain: 

U-238 -> (4.51 billion years, alpha) -> Th-234
Th-234 -> (24.1 day, beta) -> Pa-234
Pa-234 -> (6.75 hr, beta) -> U-234 

Normally the U-234 exists in equilibrium with U-238, with the U-234 decaying away as fast as it is 
formed. Since the decaying atoms exist briefly as thorium and protactinium isotopes prior to the 
formation of U-234, they can become separated from the uranium bearing ore through chemical or 
physical processes. Ground water can preferentially leach one or both isotopes from uranium bearing soil,
giving rise to ground water uranium with an isotopic composition enriched as much as 13 fold in U-234. 
Due to the short half-life, essentially all of the U-234 present in uranium has been formed in the last few 
million years. In equilibrium it accounts for about half of natural uranium's radioactivity. 

U-236, with a half-life of 23.9 million years, is not found in nature in significant quantities. It 
accumulates when uranium is exposed to neutrons in reactors and can thus be used as a tracer for 
identifying uranium containing reprocessed fuel. 

During the Manhattan Project natural uranium was code named "tuballoy" (abbreviated "Tu"), after the 
code named Tube Alloy Division of the project. This name is still encountered occasionally to refer to 
natural or depleted uranium. The code name for highly enriched uranium (specifically weapon-grade 
uranium) was "oralloy" (abbreviated "Oy"), which is also still encountered. The names "Q-metal", 
"depletalloy", and "D-38", once applied to depleted uranium, have fallen into disuse. 

The specific activity of natural uranium is 0.67 microCi/g (split almost 50/50 between the rare U-234 
isotope, and U-238; U-235 is a minor contributor). Natural uranium is sufficently radioative to expose a 
photographic plate in an hour or so. 

A particularly important uranium compound is uranium hexafluoride (UF6). This is the only uranium 
compound that is stable and volatile near room temperature, and is used for gas phase uranium 
enrichment processes (diffusion and centrifugation). In this application it has the additional advantages 
that fluorine has only a single isotope (thus adding no complicating mass differences), and that UF6 is a 
stoichiometric compound (consisting of exactly 6 atoms of fluorine to 1 of uranium). It forms colorless 



crystals at room temperature, but sublimes (evaporates without melting) at 56 C. Its melting point is 64 C.
It has a density of 4.87 (solid) and 3.86 (liquid). It is a powerful fluorinating agent, attacking most metals 
and oxides. It does not attack aluminum oxide (alumina). Aluminum metal resists attack (due to the thin 
alumina coating the metal possesses) as does nickel (due to the formation of a nickel fluoride layer). Most
equipment for handling UF6 are made of aluminum or nickel alloys, or are nickel plated. Fluorinated 
hydrocarbons (e.g. Teflon) are excellent. It reacts instantly with water. Reactions with trace contaminants 
produce non-volatile lower fluorides that clog equipment. 

As a footnote to uranium's role in weapons research, the compound uranium hydride, UH3, deserves 
mention. It was extensively studied at Los Alamos during the Manhattan Project as a possible bomb 
material. The theory was that the presence of hydrogen would moderate the neutrons, slowing the down 
to a region where U-235 has a much higher fission cross section. Although this would make the bomb less
efficient, it was hoped that much smaller amounts of fissionable material might be needed. Further 
research showed that the unexpectedly low density (8), and the actual capture cross section of U-235 
made this scheme unworkable. Implosion tests in the 1950s with (U-235)H3 cores verified this by 
producing negligible yields. 

Before World War II uranium was thought to be a rare metal, it is now known to be more common than 
mercury or silver, and about as abundant as arsenic and molybdenum as a mineable ore. It has an average 
concentration in the crust of the earth of about 2 parts per 1 million, and, among the elements, ranks about
48th in natural abundance in crustal rocks. The discovery of large supplies has driven the price down to 
several dollars a pound. In the lithosphere (earth's crust) it is actually more common than such 
inexpensive elements as boron and zinc, existing in average quantities of 4 g/tonne. It is abundant enough 
in granitic rock to make radon gas (a decay product) a serious health hazard where outcrops are common. 
It is found in seawater at a concentration of 150 micrograms/tonne (cubic meter), the oceans are estimated
to contain 4.5 x 109 tons of the element. 

Uranium occurs as a significant constituent in more than 150 different minerals and as a minor 
component of another 50 minerals. Primary uranium minerals, found in magmatic hydrothermal veins and
in pegmatites, include uraninite and pitchblende (the latter a variety of uraninite). The uranium in these 
two ores occurs in the form of uranium dioxide, which--owing to oxidation--can vary in exact chemical 
composition from UO2 to UO2.67. Other uranium ores of economic importance are autunite, a hydrated 

calcium uranyl phosphate; tobernite, a hydrated copper uranyl phosphate; coffinite, a black hydrated 
uranium silicate; and carnotite, a yellow hydrated potassium uranyl vanadate. 

Uranium ores are widely distributed throughout the world. Reserves and commercial uranium transactions
are expressed in U3O8 equivalent masses. The largest estimated reserves (May 1995, excluding Russia 

and Uzbekistan) are: Australia (27%), Kazakhstan (18%), Canada (14%), South Africa(9%), Namibia 
(9%), Brazil (8%), and the U.S. (4%). Russia and Uzbekistan also have large supplies, and commercial 
supplies have also been found in Gabon, Congo (or the Democratic Republic of the Congo, formerly 
Zaire), Kyrgyzstan, Czech Republic, Ukraine, and the UK (Cornwall). Worldwide reserves of inexpensive
uranium ore (defined as uranium recoverable at a cost of U.S.$80/kg or less) is estimated at 3386 million 
kg U3O8 (again excluding Russia and Uzbekistan). 

Deposits of pitchblende, the richest uranium ore, are found chiefly in Canada, Congo, and the United 
States. Most of the uranium mined in the United States is obtained from carnotite occurring in Colorado, 
Utah, New Mexico, Arizona, and Wyoming. A mineral called coffinite, discovered in 1955 in Colorado, 
is a high-grade ore containing nearly 61 percent uranium. Coffinite deposits were found subsequently in 
Wyoming and Arizona and in several foreign countries. In 1990, U.S. production of pure uranium 
concentrate was about 3417 metric tons. As of the end of 1994, known U.S. uranium reserves U3O8 were 

133 million kg U3O8, and 432 million kg U3O8 at U.S.$110/kg. Approximately 73 percent of these 

reserves are located in deposits in New Mexico, Texas, and Wyoming. The average 1994 spot price for 
natural uranium in the United States in was $20.50/kg, a record low. Between 1985 and 1994 U.S. 
uranium prices averaged U.S.$69.51/kg U3O8 (U.S. suppliers) and U.S.$42.27/kg (foreign suppliers). 
World unrestricted prices were at U.S.$18.16 in October 1994, and are now (June 1996) at U.S.$38.90. 



Uranium ores typically contain only a small amount of uranium-bearing minerals, so initial extraction and
concentration steps are required. Physical separation steps (gravity, flotation, electrostatics, etc.) are not 
useful for uranium, so hydrometallurgical extraction (e.g. leaching) is the usual first step in ore 
processing. 

In the classical acid leaching procedure for extracting uranium, the pitchblende ore is first broken up and 
roasted to dehydrate it, remove carbonaceous materials, oxidize sulfur compounds to sulfates, and 
oxidizes any other reductants that may interfere in subsequent leaching operations. It is then mixed with 
sulfuric and nitric acids. Uranium dissolves to form uranyl sulfate, UO2SO4; radium and other metals in 

the pitchblende ore are precipitated as sulfates. With the addition of sodium hydroxide, uranium is 
precipitated as sodium diuranate, Na2U2O7.6H2O, known as "yellow cake". 

To obtain uranium from carnotite, the ore is finely ground and treated with a hot solution of caustic soda 
and potash to dissolve out uranium, radium, and vanadium. After the worthless sandy matrix is washed 
away, the solution is treated with sulfuric acid and barium chloride. A caustic alkali solution added to the 
remaining clear liquid precipitates the uranium and radium in concentrated form. 

These classical methods of extracting uranium from its ores are now supplemented in current practice by 
such procedures as solvent extraction, ion exchange, and volatility methods. 

In solvent extraction processes the uranium ore is removed from acidic ore leach-liquors by extracting 
with a solvent mixture such as tributylphosphate in kerosene. In modern industrial ore extraction 
methods, alkyl phosphoric acids--e.g., di(2-ethylhexyl) phosphoric acid--and secondary and tertiary alkyl 
amines are the usual solvents. 

As a general rule, solvent extraction is preferred over ion-exchange methods for acidic leachates 
containing more than one gram of uranium per litre. Solvent extraction is not useful for recovery of 
uranium from carbonate leach liquors, however. 

Uranium meeting nuclear-grade specifications is usually obtained from yellow cake through an additional
solvent extraction step using the tributyl phosphate solvent-extraction process. First, the yellow cake is 
dissolved in nitric acid to prepare a feed solution. Uranium is then selectively extracted from this acid 
feed by tributyl phosphate diluted with kerosene or some other suitable hydrocarbon mixture. Finally, 
uranium is stripped from the tributyl phosphate extract into acidified water to yield a highly purified 
uranyl nitrate. 

The nitrate is calcined to form UO3, which is reduced in furnaces under a hydrogen atmosphere to UO2. 

The UO2 is converted to UF4 with anhydrous HF. 

The metal is usually prepared by reducing uranium halides (commonly the tetrafluoride) with magnesium 
by an exothermic reaction in a "bomb" (a refractory-lined, sealed container, usually steel), a general 
technique known as the Thermite process. The thermite reaction proceeds at temperatures exceeding 
1,300 C. The production of uranium metal by magnesium reduction of the tetrafluoride specifically is also
called the Ames process, after Iowa State University, Ames, where the American chemist F.H. Spedding 
and his colleagues developed it to industrial status in 1942. The bomb is necessary because the vapor 
pressure of magnesium metal is very high at 1300 C. The bombs are charged with granular UF4 and 

finely divided Mg (the latter in excess) and are heated to 500 to 700 C, at which point an exothermic 
thermite reaction begins. The heat of reaction is sufficient to liquefy the conversion contents of the bomb, 
which are essentially metallic uranium and a slag of magnesium fluoride (MgF2). The slag separates and 
floats to the top. When the bomb is cooled to ambient temperature, a uranium metal ingot or "button" is 
obtained which, despite its hydrogen content, is the best-quality uranium metal available commercially 
and is well suited for rolling into fuel shapes for nuclear reactors. 

The metal can also be prepared by reducing uranium oxides with calcium, aluminum, or carbon at high 
temperatures; or by electrolysis of KUF5 or UF4, dissolved in a molten mixture of CaCl2 and NaCl. 



High-purity uranium can be prepared by the thermal decomposition of uranium halides on a hot filament. 

It has been observed that the energy contained in coal in the form of trace uranium exceeds the energy 
content derived by combustion (assuming the U-238 is fissioned as well). 

6.2.1.1 U-235 

This relatively scarce isotope is the only naturally occurring material suitable for the production of energy
through fission. For use in a fission weapon, or for convenient power production, it needs to be 
concentrated to levels higher than that found in nature. Although civilian power plants require uranium 
with a concentration of 2-4.5% U-235, weapons require a minimum of 80% U-235, and preferably more 
than 90%. U.S. weapon grade uranium is about 93.5% U-235, U.S. enrichment plants are capable of 
producing a 97.65% "top product" (this is used in naval reactors). Uranium enriched to 80% or more is 
known generically as HEU, "highly enriched uranium" (a cut-off of 20% is also used). U.S. weapons 
grade uranium is called "oralloy", a wartime code-name derived from "Oak Ridge Alloy" that has 
remained in use. In 1998 ORNL Isotopes Division was offering weapon grade (93% U-235) for sale at 
$53/gram. Uranium with enrichments ranging from 40% to 80% U-235 has been used in large amounts in
U.S. thermonuclear weapons as a yield-boosting jacketing material for the secondary fusion stage. 

Since it is lighter still, U-234 is proportionately enriched even more than U-235 by mass-based 
enrichment processes. Highly enriched U-235 typically contains 1.5-2.0% U-234. 

U-235 has a spontaneous fission rate of 0.16 fissions/sec-kg. A pure mass of U-235 weighing 60 kg 
would thus emit only 9.6 fissions/sec, making gun assembly quite easy. U-238 produces 35 times as many
neutrons per kg, so even a small percentage percent of U-238 contaminant multiples this rate several fold.
The U-234 contaminant with a fission rate 22 times higher has a similar effect. The specific activity for 
U-235 is 2.1 microCi/g (for the pure isotope); 0.8% of U-234 would increase this to 51 microCi/g. 

6.2.1.1.1 U-235 Isotope Enrichment 

Five technologies have been used for the large scale concentration of U-235: 

• Electromagnetic separation 
• Gaseous diffusion 
• Thermal liquid diffusion 
• Gas Centrifuge Separation 
• Aerodynamic Separation 

In addition serious attention continues to be paid to the following techniques: 

• AVLIS 
• Chemical separation 

The first three technologies listed (electromagnetic, gaseous diffusion, and thermal liquid diffusion) were 
used during World War II by the U.S. to separate significant amounts of U-235. 

The separative capacity of a plant (or a single stage) is measured in mass separative work units (SWU) 
per unit time, for example kg-SWU/yr of ton-SWU/yr. The output of enriched product from a plant of a 
given capacity is determined also by the concentration of isotope in the product, feed, and waste. The 
concentration in the feed is usually fixed by nature, but the feed and waste concentrations can be varied. 
Allowing a higher concentration in the waste (or "tails") boosts product output, but at the expense of more
feed per unit of product. The relationship is: 

P = U/[V(N_p) + [(N_p-N_f)/(N_f-N_w)]V(N_w) - (1+[(N_p-N_f)/(N_f-N_w)])V(N_f)] 

where P is the product output rate, U is the separative capacity; N_p, N_f, N_w are the molar 



concentrations of isotope in the product, feed, and waste (measured in fractions, not percent); and 
V(N_p), V(N_w), V(N_f) are the separative potential functions for each concentration. The separative 
potential function is defined as: 

V(N) = (2N-1)Ln(N/1-N) where Ln is the natural logarithm 

Assuming tails of 0.25%, a plant with a capacity of 3100 kg-SWU/yr will produce 15 kg of 90% U-235 
annually (enough for one implosion-type bomb) from natural uranium. It should be observed that if 3% 
U-235 is used as feed (commercial pressurized water reactor fuel), and natural concentration uranium is 
the waste, then only 886 kg-SWU/yr are required for this same output rate. Even low-enriched uranium 
could greatly assist a weapon production program if it was diverted. 

Worldwide enrichment capacity is currently at 49 million separative work units (SWU). An annual 
demand of 26 to 38 million SWU is projected over the next 20 years. 

Electromagnetic Separation
This was the first technique capable of producing bomb grade uranium to be perfected, and is probably 
the easiest for a low technology country to acquire. It was used in the Y-12 plant built at Oak Ridge by 
the U.S. during W.W.II. Y-12 used two separation stages to produce material of 80-90% purity. Low 
enrichment uranium tetrachloride feed produced by the other two processes was used to boost output 
compared to using natural uranium. All of the U-235 in the Hiroshima bomb was purified by this 
technique. This method was abandoned in 1946 due to its cost. Apparently the only country to pursue this
method seriously since has been Iraq. Gaseous Diffusion
This was the first practical industrial scale uranium isotope separation technique. This method uses the 
different molecular speeds of molecules in uranium hexafluoride vapor to achieve separation. Due to the 
fact that thousands of stages are needed for high enrichment, a diffusion plant producing weapon-grade 
U-235 must be enormous and to be practical have a large production capacity as well. Developing 
suitable diffusion barriers that can resist UF6 corrosion is difficult. Barriers are of two general types, thin 
film tubes and aggregated particle tubes. Thin films use a thin barrier with diffusion pores formed by 
etching. Nitric acid leaching of 40/60 Au/Ag alloy or Ag/Zn alloy have been studied. Electrolytic etching 
of aluminum foil forms a brittle porous alumina barrier. Teflon films have also been studied. Aggregate 
barriers are made of small particles that are sintered or compacted to form relatively thick porous walls. 
The barrier material suitable for large scale production appears to have been sintered nickel powder. 
Diffusion barrier technology has been kept classified by all countries that have developed it. 

A 3024 stage plant called K-25 was built at Oak Ridge by the U.S. during W.W.II, and continued 
operating until the 1970s. Developing suitable barrier materials was difficult and held up completion of 
the plant until after the end of the war, although the partially completed plant contributed to the 
production of Little Boy. The barriers in use at this time were tubes made from sintered nickel powder, 
efforts to get a promising film barrier (probably electrolytically etched aluminum) into production in time 
failed. K-25 originally had 162,000 m^2 of barrier surface. This plant, with expansions, produced the 
majority of the fissionable material for U.S. weapons into the sixties. Improvements in barrier technology 
allowed performance enhancement by a factor of 23 by 1974. 

Although basic plant construction is within the capabilities of standard chemical engineering technology 
today, developing barriers is a problem that must be overcome. Diffusion plants consume much less 
energy than electromagnetic plants, but the consumption is still quite large. Capital costs still dominate 
the cost of operation however. After an efficiency upgrade program, U.S. plants in 1981 had a specific 
power consumption of 2370 KWhr/kgSWU. Although low enriched uranium is valuable as feed to a plant
intended to produce highly enriched uranium (HEU), a gaseous diffusion plant built specifically for low 
enriched uranium production cannot be easily diverted to produce HEU. High enrichment calls for 
diffusion stages much smaller than the large units used for low enriched material, both because the feed 
rate is dramatically lower, and because of criticality problems if a stage hold too much material. A 
commercial gaseous diffusion plant typically takes 1-2 months to reach equilibrium after start-up (an 
HEU plant would take longer, due to the greater number of successive stages). 



A number of countries have used this technology, including Argentina which successfully developed 
gaseous diffusion technology and operated a plant in a secret weapon program (now terminated). In 1979 
more than 98% of all uranium separation capacity in the world used this process. By the mid 80s, this had
dropped to 95% as new gas centrifuge plants came on line. 

Thermal Liquid Diffusion
The first technology to produce substantial amounts of (slightly) enriched uranium. This technology was 
used by the U.S. during W.W.II to boost the output of the Y-12 plant by providing slightly enriched 
feedstock. The thermal diffusion technology is the simplest of all these techniques, but is capable of 
enriching U-235 only to around 1% (the S-50 plant at Oak Ridge produced 0.85-0.89% U-235). Immense 
amounts of heat are required. 

Gas Centrifuge Separation
Although Germany developed this technology during W.W.II, it did not see application until the sixties. It
is the dominant U-235 separation technique for new plant construction today, although existing capacity 
is still mostly gaseous diffusion. By passing uranium hexafluoride vapor through high speed centrifuges, 
the isotopes concentrate in lighter and heavier gas layers which are bled off. Each centrifuge produces a 
much larger separation factor than a gaseous diffusion barrier. Fewer separation stages are needed, on the 
order of a thousand, but the cost of each stage is much higher than for a gaseous diffusion plant. Gas 
centrifuge separation requires less than 10% of the power required by gaseous diffusion, and it is easier to
adjust the scale of production plants. A modern gas centrifuge provides at least 6 kg-SWU/yr of 
separative capacity. The specific power consumption is 100-250 kWhr/kgSWU. A high level of technical 
proficiency is required to build efficient centrifuges. This technology was successfully acquired by 
Pakistan and India, and was avidly pursued by Iraq and Brazil. 

Aerodynamic Separation
This technology was developed by South Africa (UCOR process, using vortex tubes operating at a 
pressure of 6 bar) and Germany (using curved nozzles operating below atmospheric pressure, 0.25-0.5 
bar). South Africa has been the only country to use it on a large scale. It produced about 400 kg of bomb-
grade uranium at a plant at Valindaba, which was shut down in the late eighties. Separation factors of at 
least 1.015 have been achieved. It requires as much or more energy as gaseous diffusion, a typical figure 
is 3300 kWhr/kgSWU. AVLIS (atomic vapor laser isotope separation)
Never used in practice, this technology was being developed in the U.S. during the 70s and 80s until it 
was killed due to a world-wide glut of isotope separation capacity and reductions in the strategic arsenal. 
A billion dollar AVLIS plant was planned for Idaho Falls, Idaho during the eighties but was never 
constructed. Chemical Separation
Chemical exchange techniques for uranium have also been developed by Japan and France, but have 
never been used for a production plant. The French Chemex method involves a countercurrent of two 
immiscible liquids, each containing dissolved uranium, in a tall column. The Japanese Asahi process uses 
an exchange reaction between an aqueous solution and a finely powdered resin through which the 
solution percolates slowly. Both require special catalysts to accelerate the concentration process. The 
Chemex process has demonstrated a power consumption of 600 kWhr/kgSWU. Iraq pursued this 
technology (in the form of a combined Chemex/Asahi plant) as a means to partially enrich U-235 to 6-8%
for use as a calutron feedstock. By cutting the amount of feed to be processed, output would have been 
boosted 8-11 times. 

Approximate energy efficiency ranking of uranium enrichment techniques is given below, with typical 
relative power consumptions (gaseous diffusion = 1):

less than 0.01? AVLIS (if developed to production status)
 0.10-0.04      Gas Centrifuge
 0.30           Chemical Separation
 1.00           Gaseous Diffusion
 1.50           Aerodynamic Enrichment
 high           Electromagnetic Separation
 high           Thermal Liquid Diffusion



6.2.1.2 U-238 

Although it can't be used as a primary fissile material due to the high threshold energy required for 
neutrons to cause fission, U-238 is still a very important nuclear material. 

Due to its high density and atomic weight it is useful in bomb construction as a tamper/reflector for both 
fission and fusion assemblies. The fact that it *is* fissioned by fast neutrons means that it can boost 
weapon yield indirectly by multiplying reflected neutrons, or directly by the fast fission of the tamper. 
About 40% of fission neutrons, and all fusion neutrons, are energetic enough to fission U-238. 

U-238 has a spontaneous fission rate some 35 times that of U-235, 5.51 fissions/sec-kg. This prevents its 
use as a tamper/reflector in bombs using gun assembly since a reasonable amount (200-300 kg)would 
emit too many neutrons. Pure U-238 has a specific activity of 0.333 microCi/g. 

It is also the raw material for breeding plutonium-239, a very valuable primary fissile isotope. Any 
reactor that uses natural or partially enriched uranium (i.e. nearly every reactor in the world) contains U-
238 and thus breeds plutonium. 

6.2.1.3 U-233 

This fissile uranium isotope (half-life 162,000 years) is not found in nature. It is instead bred from 
thorium-232 in a manner similar to the production of Pu-239: 

Th-232 + n -> Th-233
Th-233 -> (22.2 min, beta) -> Pa-233
Pa-233 -> (27.0 day, beta) -> U-233

A two-step side reaction chain also occurs during breeding leading to the production of U-232: 

Th-232 + n -> Th-231 + 2n
Th-231 -> (25.5 hr, beta) -> Pa-231
Pa-231 + n -> Pa-232
Pa-232 -> (1.31 day, beta) -> U-232

The production of U-232 through this process depends on the presence of significant amounts of un-
thermalized neutrons since the cross section of the initial n,2n reaction is small at thermal energies. 

If significant amounts of the isotope Th-230 are present then U-232 production is augmented by the 
reaction: 

Th-230 + n -> Th-231

which continues as before. 

The presence of U-232 is important because of its decay chain: 

U-232 -> (76 yr, alpha) -> Th-228
Th-228 -> (1.913 yr, alpha) -> Ra-224
Ra-224 -> (3.64 day, alpha & gamma) -> Rn-220
Rn-220 -> (55.6 sec, alpha) -> Po-216
Po-216 -> (0.155 sec, alpha) -> Pb-212
Pb-212 -> (10.64 hr, beta & gamma) -> Bi-212
Bi-212 -> (60.6 min, beta & gamma) -> Po-212
                     alpha & gamma) -> Tl-208
Po-212 -> (3x10^-7 sec, alpha) -> Pb-208 (stable)
Tl-208 -> (3.06 min, beta & gamma) -> Pb-208

The rapid decay sequence beginning with Ra-224 produces a large amount of energetic gamma rays. 



About 85% of this total gamma energy output is due to the last isotope in the sequence, thallium-208 
which produces the most energetic gamma rays (up to 2.6 MeV). The amount of gamma radiation emitted
is proportional to the amount of Th-228 present. 

The buildup of U-232 as a contaminant is unavoidable during the production of U-233. This is similar to 
the plutonium isotope contamination problem discussed below in plutonium production, but occurs to a 
much smaller extent rate. The first (n,2n) reaction only occurs when neutrons with energies in excess of 6 
MeV are encountered. Only a small percentage of fission neutrons are this energetic, and if the thorium 
breeding blanket is kept in a reactor region where it is only exposed to a well moderated neutron flux (i.e 
essentially no neutrons above the Th-232 fission threshold of 500 KeV) this reaction can be nearly 
eliminated. The second reaction proceeds very efficiently with thermalized neutrons however, and 
minimizing U-232 from this source requires choosing thorium that naturally has a low Th-230 
concentration. 

If the above precautions are followed weapons-grade U-233 can be produced with U-232 levels of around
5 parts per million (0.0005%). Above 50 ppm (0.005%) of U-232 is considered low grade. 

In a commercial fuel cycle the build-up of U-232 is not really a disadvantage, and may even be desirable 
since it reduces the proliferation potential of the uranium. In a fuel economy where the fuel is reprocessed
and recycled the U-232 level could build up to 1000 - 2000 ppm (0.1 - 0.2%). In a system that is 
specifically engineered to accumulate U-232 levels of 0.5-1.0% can be reached. 

Over the first couple years after U-233 containing U-232 is processed, Th-228 builds up to a nearly 
constant level, balanced by its own decay. During this time the gamma emissions build up and then 
stabilize. Thus over a few years a fabricated mass of U-233 can build up significant gamma emissions. A 
10 kg sphere of weapons grade U-233 (5 ppm U-232) could be expected to reach 11 millirem/hr at 1 
meter after 1 month, 0.11 rem/hr after 1 year, and 0.20 rem/hr after 2 years. Glove-box handling of such 
components, as is typical of weapons assembly and disassembly work, would quickly create worker 
safety problems. An annual 5 rem exposure limit would be exceeded with less than 25 hours of assembly 
work if 2-year old U-233 were used. Even 1 month old material would require limiting assembly duties to
less than 10 hours per week. 

In a fully assembled weapon exposures would be reduced by absorption by the tamper, case, and other 
materials. In a modern light weight design this absorption would be unlikely to achieve more than a factor
of 10 attenuation, making exposure to weapons assembled two years previously an occupational safety 
problem. The beryllium reflectors used in light weight weapons would also add to the background 
neutron level due to the Be-9 + gamma -> Be-8 + neutron reaction. The U-232 gammas also provide a 
distinctive signature that can be used to detect and track the weapons from a distance. The heavy tampers 
used in less sophisticated weapon designs can provide much high levels of attenuation - a factor of 100 or 
even 1000. 

With deliberately denatured grades of U-233 produced by a thorium fuel cycle (0.5 - 1.0% U-232), very 
high gamma exposures would result. A 10 kg sphere of this material could be expected to reach 11 rem/hr
at 1 meter after 1 month, 110 rem/hr after 1 year, and 200 rem/hr after 2 years. Handling and fabrication 
of such material would have to done remotely (this also true of fuel element fabrication) In an assembled 
weapon, even if a factor of 1000 attenuation is assumed, close contact of no more than 25 hours/year with
such a weapon would be possible and remain within safety standards. This makes the diversion of such 
material for weapons use extremely undesirable. 

The short half-life of U-232 also gives it very high alpha activity. Denatured U-233 containing 1% U-232 
content has three times the alpha activity of weapon-grade plutonium, and a correspondingly higher 
radiotoxicity. This high alpha activity also gives rise to an even more serious neutron emission problem 
than the gamma/beryllium reaction mentioned above. Alpha particles interact with light element 
contaminants in the fissile material to produce neutrons. This process is a much less prolific generator of 
neutrons in uranium metal than the spontaneous fission of the Pu-240 contaminant in plutonium though. 



To minimize this problem the presence of light elements (especially, beryllium, boron, fluorine, and 
lithium) must be kept low. This is not really a problem for U-233 used in implosion systems since the 
neutron background problem is smaller than that of plutonium. For gun-type bombs the required purity 
level for these elements is on the order of 1 part per million. Although achieving such purity is not a 
trivial task, it is certainly achievable with standard chemical purification techniques. The ability of the 
semiconductor industry to prepare silicon in bulk with a purity of better than one part per billion raises the
possibility of virtually eliminating neutron emissions by sufficient purification. 

U-233 has a spontaneous fission rate of 0.47 fissions/sec-kg. U-232 has a spontaneous fission rate of 720 
fissions-sec/kg. 

Despite the gamma and neutron emission drawbacks, U-233 is otherwise an excellent primary fissile 
material. It has a much smaller critical mass than U-235, and its nuclear characteristics are similar to 
plutonium. The U.S. conducted its first test of a U-233 bomb core in Teapot MET in 1957 and has 
conducted quite a number of bomb tests using this isotope, although the purpose of these tests is not clear.
India is believed to have produced U-233 as part of its weapons research and development, and officially 
includes U-233 breeding as part of its nuclear power program. 

Its specific activity (not counting U-232 contamination) is 9.636 milliCi/g, giving it an alpha activity (and
radiotoxicity) about 15% of plutonium. A 1% U-232 content would raise this to 212 milliCi/g. 

6.2.1.4 Depleted Uranium 

When U-235 has been extracted from natural uranium, the remaining uranium is called "depleted 
uranium" because it has been depleted of U-235. Typically it still contains 0.25-0.4% U-235 since it is not
economical to strip U-235 in concentrations this low (it is cheaper just to buy more natural uranium with 
higher concentrations). The U.S. tails concentration was 0.2531% in 1963, rising to 0.30% in the 70s. Due
to the recent low cost of uranium, the trend has been toward higher tails concentrations in recent years. 

The U.S. has some 560,000 tonnes of depleted uranium hexafluoride (UF6) currently stored in cylinders 
at DOE's three gaseous diffusion plant sites: Paducah, Kentucky; Portsmouth, Ohio; and Oak Ridge, 
Tennessee. (This is probably not the complete U.S. DU inventory.) 

Depleted uranium is about half as radioactive as natural uranium, almost entirely due to the removal of U-
234, but its bulk properties are otherwise identical. Because the major use of uranium is for power 
production, depleted uranium is a waste product with little economic value. Finding uses for depleted 
uranium stockpiles has been a problem for enrichment plants. 

The uses it has found have generally been related to its great density and comparatively low cost. It two 
most important uses are as a radiation shielding material, and as balance weights in aerospace 
applications such as aircraft control surfaces, each Boeing 747 contains 1500 kg of DU for this purpose. It
is used extensively in oil-well drilling in the form of sinker bars, weights used to lower instruments into 
mud-filled well holes. It has also been used in high-performance gyroscope rotors, large inertial energy-
storage flywheels, and as ballast in ballastic missile reentry vehicles and racing yachts. 

Most famously, it is used in armor-piercing ammunition by the U.S.. When suitably alloyed and heat 
treated (alloyed with 2% Mo or 0.75% Ti; rapid quenching for 850 C in oil or water, followed by aging at 
450 deg. for 5 hrs) uranium is as hard and strong as hardened tool steel (tensile strength >1600 MPa). 
Combined with its great density this makes it very effective at punching through armor, consistently 
superior to the much more expensive monocrystalline tungsten, it nearest competitor. The penetration 
process pulverizes much of the uranium, which explodes into burning fragments when it hits the air on 
the other side, adding to the destruction. Some 300 tonnes of depleted uranium were fired on the 
battlefield during Desert Storm (mostly from the GAU-8 30-mm guns of A-10 attack planes, each round 
contains 272 grams of DU alloy). It is also used in advanced armor, like that used on the M-1 Abrams 
tank. 



6.2.2 Plutonium (Pu) Plutonium, element 94, named after the planet Pluto, was discovered by Glenn 
Seaborg, Edwin McMillan, Kennedy, and Arthur Wahl in 1940 at Berkeley by bombarding uranium with 
deuterons from the 60 inch cyclotron.The fissile properties of Pu-239 had been predicted in advance of 
the element's discovery by Louis Turner in May 1940. The isotope Pu-239 exists naturally in trace 
amounts in uranium ore (several parts per quadrillion) produced by the capture of spontaneous fission 
neutrons by U-238. Extremely small amounts of Pu-244 (the longest lived plutonium isotope, with a half-
life of 80 million years) have been reportedly detected in cerium ore, apparently surviving remnants of 
plutonium present at the formation of the earth. 

Plutonium is produced by bombarding U-238 with slow neutrons, in a nuclear reactor for large amounts 
(a process called breeding). If a slow neutron is captured, then U-239 is produced which quickly decays 
into neptunium-239 and then plutonium: 

  U-238 + n -> U-239
  U-239  -> (23.5 min., beta) -> Np-239
  Np-239 -> (2.35 days, beta) -> Pu-239

Fifteen isotopes of plutonium are known, all are radioactive. The principle ones of interest to the design 
of nuclear weapons, and their half-lifes, are: 

Pu-238 -> (86 years, alpha) ->     U-234
Pu-239 -> (24360 years, alpha) ->  U-235
Pu-240 -> (6580 years, alpha) ->   U-236
Pu-241 -> (14.0 years, beta) ->    Am-241
Pu-242 -> (370000 years, alpha) -> U-238

Plutonium is a very heavy silvery metal, bright like nickel when freshly cleaned. It is a highly 
electronegative, chemically reactive element, considerably more so than uranium. It quickly tarnishes, 
forming a succession of interference colors (like an oil film), initially a pale yellow, and eventually 
becoming dark purple-black. If corrosion is sufficiently severe, a loose olive-green powder (PuO2) forms 
on the surface. 

Plutonium oxidizes readily, and corrodes very quickly in the presence of even traces of moisture. Oddly, 
it corrodes much faster in an inert atmosphere if moisture is present, than it does in ordianry air or pure 
oxygen. The reason is that direct attack by oxygen forms an adherent plutonium oxide layer that retards 
further corrosion, attack by moisture produces a loose oxide and hydride mixture. efficient desiccator is 
necessary to preve and oxidizes and corrodes readily, and is attacked by moisture. 

It has four valences, III-VI. It has significant solubility only in very acidic solutions, such as nitric and 
hydrochloric acid (as the nitrate and chloride), as well as the hydroiodic and perchloric acids. Plutonium 
salts hydrolyze readily in contact with neutral of basic solution, forming insoluble plutonium hydroxide. 
Concentrated plutonium solutions are unstable due to radiolytic decomposition, resulting in precipitation. 

Due to radioactive heating, a substantial piece of plutonium is warm to the touch. A large piece of 
plutonium that is thermally insulated can exceed the boiling point of water. 

The basic properties of plutonium are: 

melting point 641 degrees C; similar to that of aluminum
boiling point 3232 degrees C
density 19.84 (alpha phase)

Plutonium has a large number of very peculiar properties. It has the lowest thermal conductivity of any 
metal, its electrical conductivity is lower than any metal but manganese (other reports claim flatly that it 
is the lowest). It is the most viscous liquid metal known. And it undergoes the most extreme and bizarre 
density changes with temperature of any element. 



Plutonium has six distinct phases (crystal structures) in solid form, more than any other element (actually 
there is a seventh that exists under certain conditions). Some of the phase changes involve dramatic 
changes in volume. In two of these phases (delta and delta prime) plutonium has the unique property of 
shrinking with increasing temperature, in the others it has an extremely large thermal expansion 
coefficient. Plutonium also contracts upon melting, allowing unmelted plutonium to float. In its densest 
form, the alpha phase, plutonium is the sixth densest element (only osmium, iridium, platinum, rhenium, 
and neptunium are denser). 

It is brittle in the alpha phase, which exists at room temperature in pure plutonium, but ductile alloys 
exist. 

The densities and temperature ranges of these phases are: 

Phase            Density       Stability Range (degrees C)

alpha            19.84  (20 C)   stable below 122
beta             17.8  (122 C)   122 - 206
gamma            17.2  (206 C)   224 - 300
delta/
delta prime      15.9  (319 C)   319 - 476
epsilon          17.0  (476 C)   476 - 641 (melting point)
liquid           16.65 (641 C)   641 - to boiling point

By the end of 1995 about 1270 tonnes of plutonium had been produced world wide, 257 tonnes for 
weapon use, the rest as a by-product of commercial power production. Due to the rapid recent growth of 
the world wide nuclear power industry, reactor grade uranium is currently being generated by commerical
operations at a rate of 75 tonnes/yr. About 210 tonnes of the commercial plutonium has been separated 
from nuclear fuel (and all of the military plutonium, of course) so far. Reprocessing is producing about 18
tonnes a year right now (only the UK, France, Russia, Japan, and India engage in reprocessing). 

Besides its use in nuclear weapons, plutonium has potential utility as a source of commercial power. 
Japan currently has the only major program for using plutonium for power. It appears that plutonium will 
not be economically competitive with uranium for decades to come for several reasons. The cost of 
reprocessing reactor fuel to extract plutonium is more expensive than the current commercial cost of low 
enriched uranium. Most current fuel fabrication plants are not equipped to handle the more hazardous 
plutonium oxide. The costs of safeguarding plutonium to prevent its theft or diversion for weapons use is 
quite substantial. Existing power reactors can only use fuel containing fairly small amounts of plutonium, 
which makes its use of little value, and the costs of designing and building new reactors for this purpose 
also adversely affects its cost. The current abundant supplies of uranium, excess enrichment capacity, and
the large stockpiles of U.S. and Russian weapons grade uranium now being mixed down for commercial 
use guarantee rock bottom uranium prices for the next 20-30 years. 

Plutonium has few other uses. The most widespread is its use as a smoke detector radioisotope in Europe 
(U.S. smoke detectors use americium due to its shorter half-life). Plutonium-beryllium alloy is used as a 
laboratory neutron source. The isotope Pu-238 is useful for radioisotope-powered thermoelectric 
generators (RTGs) to power long duration deep space probes due to its high heat output and long lifetime.

In Sept. 1998 the prices charged by the ORNL Isotopes Division for different isotopes of plutonium was 
$8.25/mg of Plutonium-238 (97% purity); $4.65/mg of Plutonium-239 (>99.99%); $5.45/mg of 
Plutonium-240 (>95%); $14.70/mg of Plutonium-241 (>93%); and $19.75/mg of Plutonium-242. 

Although extremely scarce naturally, about 5000 kg of plutonium has been released into the atmosphere 
by nuclear weapons tests. The soil of the U.S. contains an average of about 2 millicuries (28 milligrams) 
per km^2 from fallout. 

6.2.2.1 Plutonium Metallurgy 



At room temperature pure plutonium exhibits a crystal structure that is termed the "alpha phase". In this 
form plutonium is at its maximum density, some 19.84 at 20 C. The atoms in the alpha phase are 
essentially covalently bonded (as opposed to metallically bonded), giving it physical properties more 
nearly like a mineral than a metal. It is hard, strong, brittle, and fractures in a highly directional manner. 
The alpha phase is unworkable using normal metal fabrication techniques. 

In its lowest density phase (density of about 15.9), the delta phase, it is quite malleable. Plutonium is also 
quite malleable in the gamma phase. 

Delta phase plutonium has normal metallic properties, including excellent ductility. The delta phase has 
strength and malleability similar to aluminum, which makes forming and machining straightforward. 
Although the delta phase exhibits the anomalous property of shrinking when heated, this negative 
coefficient of expansion is not large. 

The delta phase is only marginally stable. It tends to collapse into the dense alpha phase under very low 
pressures (as these things go), causing a 25% density increase. The delta phase does not exist in pure 
plutonium above a pressure of about 1 kilobar. For comparison, a density increase of 25% in uranium (or 
alpha phase plutonium) requires pressures of 450 kilobars. Above 30 kilobars only the alpha and beta 
phases of plutonium exist. 

Plutonium can be stabilized in the delta phase at room temperature by alloying it with certain trivalent 
atoms such as gallium, aluminum, cerium, indium, scandium, and americium at concentrations of a few 
molar% (% of atoms that are the alloying agent). 

Even when stabilized, the delta phase still collapses easily, a pressure of a few kilobars is sufficient to 
make it revert to the alpha phase. Of special interest is the fact that in gallium stabilized plutonium, the 
delta phase is actually metastable when the gallium content is below 4.0 molar%. This means that the 
pressure induced phase change to the alpha form is irreversible. 

For use in weapons plutonium is normally stabilized in the delta phase by alloying it with 3-3.5 molar% 
gallium (0.9-1.0% by weight). This alloy is stable from at least -75 to 475 degrees C. The stabilization 
prevents low temperature phase changes from occurring after fabrication that would ruin the precisely 
made components of a weapon. It has an almost zero coefficient of expansion. It also makes casting easier
since only the epsilon -> delta phase change occurs during cooling. Finally, the gallium reduces the 
susceptibility to corrosion of plutonium. 

The 3% gallium alloy was used in the Gadget and Fat Man bombs. Aside from this alloying agent the 
plutonium was otherwise highly pure. 

Alpha phase plutonium is known to have been used as weapon components however. 

Aluminum is a good alloying agent, but early in the U.S. weapons program it was not used in weapons 
due to the existence of neutron producing alpha->n reactions (see below). Cerium is not used since 
(among other reasons) it does not confer corrosion resistance. 

Plutonium pits are plated with metal (usually nickel) to protect them from corrosion, as well as reducing 
the radiological hazard. The hemispheres for Gadget were electroplated with nickel (also reported - 
apparently incorrectly - as being silver), a process that was not very successful and led to blistering. A 
process was developed for chemically plating the surface by exposing the plutonium pit to a nickel 
carbonyl atmosphere. The pits for the Fat Man bomb as well as the Operation Crossroads devices were 
plated with nickel, as was the pit for Joe 1/RDS-1. Evaporation coating with aluminum and electroplating 
with zinc do not work. 

A potentially serious problem with using plutonium in weapons is the existence of a high spontaneous 
neutron emission rate. The presence of neutrons during the assembly of a supercritical mass leads to a 
premature nuclear reaction, an inefficient release of energy, even a near total weapon failure in some 



cases. There are two sources for this neutron background. The most important is the presence of the 
isotope Pu-240, which spontaneously fissions fast enough to release some 10^6 n/sec/kg. This isotope 
inevitably forms during Pu-239 production. The second source is from the interaction of the strong alpha 
emissions with light element contaminants in the plutonium. Although this problem aroused great concern
on the Manhattan Project when the use gun assembly was originally planned, the discovery of the Pu-240 
problem rendered it moot. To minimize (but not eliminate) this problem the presence of light elements 
(especially beryllium, fluorine, and boron) must be kept to parts-per-million levels, a task of substantial 
difficulty. Aluminum also undergoes the alpha -> n reaction to some extent making it less desirable as an 
alloying agent in weapons, although with modern weapons grade plutonium this contribution to neutron 
emissions is insignificant. 

Ultimately the satisfactory performance of gallium alloys, the established base of experience with them, 
and the relative unimportance of such issues as the cost of the alloying agent preclude the consideration of
agents like aluminum. 

The original techniques for preparing plutonium metal involved pyrochemical reduction of plutonium 
halides with alkali metals. Typically PuF4 was reduced with calcium and iodine, this was the standard 
method in the U.S. at least into the 1970s. Higher purity can be achieved by electrorefining of the 
pyrochemically produced metal (a step not necessary for weapons use). This makes use of an electrolytic 
cell at 700 C, with a sodium, potassium, and plutonium chloride electrolyte, and a tungsten or tantalum 
cathode, and produces 99.99% pure plutonium. More recent techniques are based on direct pyrochemical 
reduction and electrorefining of plutonium oxides. Among other advantages, these processes produce 
fewer waste products that must be disposed of. 

Handling of molten plutonium, and plutonium casting, is performed today using equipment made of 
slightly oxidized tantalum. Casting molds can also be made of machined graphite, mild steel, or cast iron 
if they are lined with calcium fluoride or the oxides of zirconium or yttrium. It has also been discovered 
that pure plutonium can be successfully cast in chilled aluminum molds. The cooling is so fast that the 
intermediate phase transformations, which occur relatively slowly, are almost entirely bypassed. 

6.2.2.2 Plutonium Toxicity
Although plutonium presumably exhibits chemical toxicity like other heavy metals, this effect is 
insignificant (in fact, unobservable) compared to its radiotoxicity. Plutonium's toxic properties are due to 
the fact that it is an active alpha emitter. Alpha particles are hazardous only if they are emitted inside the 
body (i.e. the plutonium has been ingested). Although plutonium emits gammas and neutrons that 
penetrate the body from outside, the emission rate is too small to be a significant hazard. Since the 
toxicity of plutonium is determined by its alpha activity, the isotopic composition is a significant 
influence. Weapon grade plutonium, free of americium, is assumed below (activity approx. 0.071 Ci/g). 

Alpha particles affect only tissues that contain plutonium or are in direct contact with it. Two types of 
effects are significant: acute and chronic toxicity. If the exposure rate is high enough, tissues can suffer 
acute radiation poisioning with toxic effects appearing quickly. If the rate is low, then the cumulative 
carcinogenic effect occurs. 

It is very poorly absorbed through the GI tract, even when ingested as a soluble salt since it tends to bind 
with the contents of the stomache and intestines. Given its tendency to precipitate from aqueous solution, 
and to form insoluble complexes with other materials, plutonium contamination of water tends to be a 
self-limiting phenomenon. 

Swallowing 500 mg (7 curies) of plutonium as a finely divided or soluble material can cause death from 
the acute exposure of the GI tract in several days to a few weeks. Inhalation of 100 mg (1.4 Ci) of 
plutonium as particles of optimal size for lung retention can cause death from lung edema in 1 to 10 days. 
An inhaled dose of 20 mg (0.28 Ci) will cause death by fibrosis in about 1 month. In doses much below 
these values, the chronic carcinogenic effects become the important ones. 

To exert chronic effects, the plutonium must be continuosly present in the body. Inhaled insoluble 



particles of the appropriate size range for lung retention (1-3 microns) will most likely be permanently 
deposited in the lungs (a high explosive detonation, like a non-nuclear weapons accident, can convert 20-
50% of the plutonium present to this form). The most likely chemical form to which a person might be 
exposed is plutonium oxide. The oxide is used in reactor fuel, and metallic plutonium particles are rapidly
oxidized. The oxide is nearly insoluble in water. 

The lifetime risk of lung cancer from deposited plutonium particles for an adult is roughly proportional to 
the amount ingested. The ingestion of 1 microgram of Pu (0.07 microCi) represents a risk of 1% of 
developing cancer (the normal rate of cancer incidence is 20%). Thus ingesting 10 micrograms boosts the 
lifetime risk of cancer from 20% to 30%. Ingesting 100 micrograms (7.1 microCi) or more virtually 
guarantees eventual development of lung cancer (usually after several decades)although evidence of lung 
damage may surface within several months. 

Plutonium normally exists in biological systems in the +4 oxidation state which chemically resembles Fe 
3+. If it is absorbed into the circulatory system it thus a high probability of being concentrated in tissues 
that contain iron: bone marrow (which is highly sensitive to radiation), liver, and spleen. Plutonium has a 
biological half-life of 80-100 years when deposited in bone tissue, essentially permanent. Its biological 
half-life in the liver is 40 years. Chelating agents may help accelerate plutonium removal. If 1.4 
micrograms (0.1 microCi) is deposited in an adult's bones, immune system impairment will result, and 
bone cancer is likely to develop within several years. 

The International Commission on Radiological Protection (ICRP) specifies an Annual Limit on Intake 
(ALI) of 20 nanoCi/yr (280 nanograms). This translates into an air concentration of 7 picroCi/M^3 for 
occupational exposure. The maximum allowable body burden of Pu-239 (occupational exposure) is 40 
nanoCi (0.56 micrograms) and 16 nanoCi for lung burden (0.23 micrograms). Due to the problems of 
contamination, skin contact with plutonium is strictly forbidden in U.S. laboratories. 

6.2.2.3 Plutonium Production
Plutonium-239 is the preferred isotope for weapons use. As I have discussed above in the section on 
transmutation, it is produced in nuclear reactors where U-238 is exposed to a flux of slow neutrons. This 
occurs automatically in the vast majority of the world's reactors since they use low-enriched or natural 
uranium as fuel, which consists mostly of U-238. It can also be produced in special reactors that use 
highly enriched uranium or plutonium as fuel, but include a blanket of natural or depleted uranium for 
plutonium breeding. 

Non-fission capture of neutrons by Pu-239 causes Pu-240 to form as irradiation proceeds. In turn, Pu-241 
and Pu-242 also accumulate though in diminishing quantities. 

     Pu-239 + n -> Pu-240
     Pu-240 + n -> Pu-241
     Pu-241 + n -> Pu-242

A side reaction chain also produces Pu-238:

     U-238 + n -> U-237 + 2n
     U-237 -> (6.75 days, beta) -> Np-237
     Np-237 + n -> Np-238
     Np-238 -> (2.1 days, beta) -> Pu-238

The total irradiation that a fuel element or blanket element receives is measured in megawatt-days/tonne. 
When fuel elements are being discussed, this is referred to as the fuel's "burn-up". Better quality 
plutonium (for weapons) comes from elements (or "targets") with low MWD/tonne exposures which 
result in lower concentrations of the other undesired isotopes. The fuel elements in a modern enriched 
uranium light water reactor can reach 33000 MWD/tonne. Typical exposures in weapon breeder reactors 
are around 1000 MWD/tonne. Weapons grade plutonium in the Hanford graphite piles was produced with
exposures of some 600 MWD/tonne, the Savannah River heavy water piles produced equivalent 



compositions with 1000 MWD/tonne (presumably because part of the neutron flux is being absorbed by 
tritium production). During the Manhattan Project, the natural uranium fuel in the Hanford production 
reactors received only 100 MWD/tonne exposures, due to the urgency of wartime production, and 
produced super-grade weapons plutonium (0.9-1.0% Pu-240, and negligible amounts of other isotopes). 

6.2.2.4 Pu-238
This isotope has a spontaneous fission rate, 1.1x10^6 fission/sec-kg (2.6 times that of Pu-240) and a very 
high heat output (567 W/kg!). Its very high alpha activity (283 times higher than Pu-239) makes it a much
more serious source of neutron emission from the alpha -> n reaction. In high-burnup commerical reator 
fuels it makes up no more tha one or two percent of plutonium composition in extracted plutonium, but 
even so the neutron production and heating can make it very troublesome. It is used in radioisotope 
thermal generators (RTGs) which produce electricity for applications such as long duration space 
missions such as Cassini and deep sea intelligence gathering systems. For these purposes it is produced by
bombarding pure neptunium-237 targets in breeding reactors. Its specific activity is 17.5 Ci/g. 

6.2.2.5 Pu-239
Pu-239 is the only desired isotope for weapons use, other isotopes are important through their adverse 
effects. Pu-239 has higher fission and scattering cross sections than U-235, and a larger number of 
neutrons produced per fission, and consequently a smaller critical mass. 

Pure Pu-239 has a moderate rate of neutron emission from spontaneous fission, about 10 fission/sec-kg 
(some 30 neutrons/sec-kg). Considering the small critical mass required, 6 kg or less, gun assembly could 
be used if pure Pu-239 were available (although, due to its high alpha activity, light element impurities 
would have to be kept to a few ppm to avoid alpha -> n reactions). 

The relatively short half-life of Pu-239 (compared with U-235) means that a significant amount of energy 
is emitted through radioactive decay. In fact Pu-239 produces 1.92 watt/kg. This is higher than the 
average metabolic rate of an adult human by weight, and the output is concentrated in one-twentieth the 
volume. Pieces of Pu-239 are consequently quite warm. If a piece were thoroughly insulated, its 
temperature would rise from room temperature to the boiling point of water in less than two hours, and to 
the alpha-beta transition point soon after. This presents a problem in weapon design since elevated 
temperatures can be reached from self-heating, even if environmental heating is avoided. It is this concern
about an alpha phase pit reaching the alpha->beta transition temperature that prevents this phase from 
being used in weapons. The specific activity of Pu-239 is 61.5 milliCi/g. 

The plutonium used in the U.S. weapons program was produced at Hanford, Washington and Savannah 
River, Georgia. Soviet/Russian plutonium production is located at Kyshtym, near Chelyabinsk. 

6.2.2.6 Pu-240
Pu-240 is the major contaminant of concern in plutonium intended for weapons use. The level of isotopic 
contamination by Pu-240 is important primarily for its high spontaneous fission rate. It has a spontaneous 
fission rate of 415,000 fission/sec-kg, but emits about 1,000,000 neutrons/sec-kg since each fission 
produces about 2.2 neutrons. This rate is over 30,000 times that of Pu-239. A contamination of only 1% 
produces so many neutrons that implosion systems are required to produce efficient bombs. Standard 
weapon grade plutonium requires a Pu-240 content of no more than 6.5%. Higher levels guarantee that 
pre-detonation (and reduced yields) will occur even with high performance implosion. 

Pu-240 is actually fairly fissile, somewhat more so than U-235. Nonetheless, high concentrations of Pu-
240 raise the required critical mass thus aggravating the neutron background problem. Due to its 
relatively short half-life (1/4 that of Pu-239) Pu-240 produces a correspondingly higher decay heat output 
(7.1 watts/kg) thus increasing cooling problems in bomb design. Its specific activity is 0.227 Ci/g. 

6.2.2.7 Pu-241
This isotope is about as fissile as Pu-239, has a low neutron emission rate, and a moderate heat production
rate, and thus does not adversely affect weapon usability of plutonium directly. It decays with a short 14.1
year half-life though, into americium-241 which is non-fissile and does produce a great deal of heat: 106 



W/kg. If a weapon thus does include Pu-241 initially over several years or decades its reactivity will 
decline somewhat, which must be taken into account when the weapon is designed to avoid reduced yield,
and its self-heating will increase. The reason that Pu-241 does not emit much heat (3.4 W/kg) despite its 
very short half-life is its weak beta emission decay mode. Its specific activity is 106 Ci/g. 

6.2.2.8 Pu-242
This isotope has a high neutron emission rate, 8.4x10^5 fissions/sec-kg (twice that of Pu-240), and is non-
fissile. A substantial concentration thus has the serious adverse effect of driving up the critical mass, 
while also adding a high neutron background. It has a long half-life, and has a relatively low neutron 
capture cross section, so it tends to accumulate in recycled reactor plutonium. Its specific activity is 4.0 
milliCi/g. 

6.2.2.9 Weapon Grade Plutonium
This term is used by the U.S. for plutonium with a Pu-240 content of less than 7%. Typical assays of 
weapon grade plutonium are given below. The first two are average assays of weapons grade plutonium 
produced at Hanford, and Savannah River in June 1968. The third is based on soil samples taken outside 
the Rocky Flats Plant in the 1970s, and is adjusted for the americium-241 also present (the decay product 
of Pu-241). 

TYPICAL WEAPONS GRADE PLUTONIUM COMPOSITIONS

           Hanford           Savannah      Rocky Flats Soil
         (avg. 6/68)        (avg. 6/68)     (avg. 1970s)
Pu-238  less than 0.05%   less than 0.05%       trace
Pu-239           93.17%            92.99%       93.6%
Pu-240            6.28%             6.13%        5.8%
Pu-241            0.54%             0.86%        0.6%
Pu-242  less than 0.05%   less than 0.05%       trace

The U.S. has also produced supergrade plutonium with Pu-240 content of 3%, for use as an enricher for 
lower grade plutonium, and perhaps as an ingredient in special weapon designs. Some U.S. designs have 
required plutonium with a Pu-240 content as low as 1.5%. 

An important question is what the designation as "weapons grade" actually means. The prevalent 
interpretation has been that this indicates that plutonium with a Pu-240 content less that 7% is actually 
required for successful weapon construction, or at least, there is a serious compromise of weapon 
performance above this level. 

The Pu-240 content definitely does have weapon design consequences, since it determines the neutron 
background level and has secondary effects in increasing critical mass (slightly) and thermal output. The 
neutron background constrains the design by limiting the amount of plutonium included, and requiring 
implosion speeds above some specified threshold. As noted above, some U.S. weapons designs 
(presumably older ones) required low Pu-240 contents for these reasons. 

However, it is now apparent that these issues are unimportant in advanced weapons designs used by the 
U.S. since at least the early 1960s. Recently declassified government documents (WASH-1037 Revised, 
An Introduction to Nuclear Weapons, June 1972) make it clear that the designation "weapons grade" is 
purely an economic one. The cost of plutonium goes down the higher the Pu-240 content. On the other 
hand, the critical mass goes up with higher Pu-240 contents. Around the 6-7% Pu-240 level, the total cost 
of the plutonium in the weapon is at a minimum. 

This does not mean that plutonium with higher levels of Pu-240 can be used in EXISTING weapon 
designs. These have been optimized for the use of a specific material and would probably suffer in 
performance if a different plutonium composition were used. 

Assuming an average composition of 93.4% Pu-239, 6.0% Pu-240, and 0.6% Pu-241 (with negligible 



amounts of other isotopes), the following properties of WG plutonium can be calculated. The initial heat 
output of freshly prepared WG-Pu would be 2.2 W/Kg, and the spontaneous fission rate would be 27,100 
fissions/sec. This fission rate permits a weapon using 4-5 kg of plutonium to be assembled with a very 
small probability of predetonation by a good implosion system. Over the course of a couple of decades, 
most of the Pu-241 will decay into Am-241, eventually raising the heat output to 2.8 W/kg. Since Pu-241 
is highly fissile, but Am-241 is not, this reduces the reactivity margin in the weapon slightly and must be 
taken into account in weapon design. 

The neutron emission for a 5 kg of WG-Pu, 3x10^5/sec, represents an exposure of some 0.003 rad/hr at 1 
m. This is reduced by the reflector and explosive surrounding it, a light-weight weapon might attenuate it 
by a factor of 5-10. The high RBE for neutrons on the other hand, enhances the risk. Constant close 
contact with a weapon during a normal work schedule would result in radiation exposures close to the 
annual occupational limit. Weapon plant employees who handle plutonium cores directly or in glove 
boxes have limited shielding and may need to be rotated to other tasks to keep exposures down. 

Due to the small mass difference between Pu-239 and Pu-240, it has not been considered practical to strip
Pu-240 by the common enrichment schemes used with uranium. This has been done for small quantities 
of plutonium using electromagnetic separation for research purposes. There is no major reason for a 
sophisticated nation to reduce the Pu-240 content below 6% since it still allows the construction of 
efficient, reliable fusion bomb triggers. Very low Pu-240 content would allow some additional flexibility 
in weapon design, which may be desirable for specialized or exotic designs. 

6.2.2.10 Reactor Grade Plutonium
For reasons of economics, power production reactor fuel has very high fuel burn-ups. The plutonium from
discharged power reactor fuel has a high level of contaminating isotopes. Compositions vary with reactor 
design, and the exact operating history, but typical ones are: 

Isotope  Light Water Reactors  CANDU Reactor  MAGNOX Reactor
           Typical 33000 MWD     7500 MWD      3000 MWD

Pu-238       2%       1.5%          low           0.1%
Pu-239      61%      56.2%         66.6%         80.0%
Pu-240      24%      23.6%         26.6%         16.9%
Pu-241      10%      14.3%          5.3%          2.7%
Pu-242       3%       4.9%          1.5%          0.3%

The 33000 MWD burnup figure is based on the 3% enrichment commonly used in the 1970s and 80s. 
With the current cheapness of enriched uranium (based on a world wide post-arms race glut of 
enrichment capacity), higher enrichment fuel is now being used (4-4.5%), allowing burnups of 45000 
MWD or even higher. This results in higher concentrations of Pu-238, 240, 241, and 242. 

Using the light water average as the basis, we can calculate a heat output of 14.5 W/kg rising to 19.6 
W/kg in 14 years as the Pu-241 decays, reaching an eventual maximum near 24 watts. The neutron 
emission rate is 350,000 neutrons/kg. The specific activity is 11.0 Ci/g (0.442 Ci/g alpha activity). 

Taking into account the effect of isotopic dilution on critical mass (both Pu-239 and Pu-241 are fissile, 
the others are less so) a bomb fashioned from 8 kg of this material would put out 116 watts (a light bulb 
of similar size and power is too hot to hold), and 2.8 million neutrons/sec. Using this material in a bomb 
would be a challenge. Continual active cooling would be needed to prevent deterioration and damage to 
the core, explosives, and other components. The high rate of neutron emission means that predetonation is
inevitable, even with a very efficient implosion system. However, even the relatively primitive Fat Man 
design would have produced a 0.5 kt or so yield with this material. With optimal implosion design yields 
in the range of at least several kilotons are possible. If fusion boosting is used, then the adverse effects 
properties of reactor grade plutonium can be completely overcome, allowing its use in efficient high-yield
designs although the material would be less convenient to use. 



While reactor grade plutonium would probably be of no interest to a nation with access to better grade 
material, it could be effectively used by a nation capable of good weapon design, but without access to 
better fissile material. Even a low technology nation could fashion powerful weapons from it, after all 
even a 1 kt device greatly exceeds the destruction of any conventional weapon. 

Over long periods of time, several decades or centuries, the heat output of reactor grade fuel diminishes 
greatly from the decay of Pu-238 and Am-241. This has little effect on the neutron background however. 
Currently, used reactor fuel is commonly stored indefinitely in containment pools near the reactor site. It 
will remain a proliferation risk until otherwise disposed of, in fact as the fission product radiation levels 
and plutonium heat output declines, the proliferation risk increases. 

Storage for 40 years allows 30% of the Pu-238 and 88% of the Pu-241 to decay. The plutonium 
composition would then be: 1.5% Pu-238, 67.3% Pu-239, 26.4% Pu-240, 1.3% Pu-241, and 3.3% Pu-242.
This would decrease the heat output to 11.7 W/kg and largely stabilize it from post-fabrication increase 
(maxing out at 13.8 W/kg). Storage for 150 years would result in a composition of 0.66% Pu-238, 69.06%
Pu-239, 26.86% Pu-240, 0.01% Pu-241, and 3.41% Pu-242; for a stable heat output of 7.5 W/Kg. 

Using uranium enrichment technology to strip out undesirable isotopes is a real possibility. It is 
complicated by the presence of multiple isotopes, each separated by one atomic mass unit, compared to 
the 3 amu difference in uranium. In general this reduces the separation parameter (s - 1) by a factor of 3, 
and the separation capacity of a stage or plant by a factor of 9. Also a double enrichment process might be
necessary. After separating Pu-240 and higher isotopes, a second enrichment might be needed to strip out 
Pu-238 (depending on the content of the starting material, and how objectionable the heating effect is). 
The toxicity, neutron emission, and self-heating of the feed, waste, and product would also complicate 
enrichment operations, compared to uranium. 

On the other hand the amount of feed that must be processed to produce a bomb is more than two orders 
of magnitude smaller than natural uranium. This is due both to the high Pu-239 content (60-70% 
compared to 0.72%), and the smaller critical mass required (6 kg vs 15 kg). Even with the complications 
mentioned above, an enrichment plant for upgrading reactor plutonium would be much smaller than a 
natural uranium plant regardless of the technology used. This material must thus be considered a serious 
proliferation risk on the national level. 

It should be fairly straightforward to produce weapon grade plutonium from reactor grade by 
electromagnetic separation. Due to the extremely high enrichment factor of this process only one stage of 
enrichment is needed, and plant output is proportional to the concentration of desired isotope in the 
feedstock. An electromagnetic separation facility of capable of producing 0.5 bombs a year (similar to the
facility that Iraq was planning before the 1991 war) could produce over 100 bombs a year if reactor grade 
plutonium were available. 

Gas diffusion and centrifuges are also viable candidates. The properties of plutonium hexafluoride are 
similar to uranium hexafluoride, and requires only small changes in diffuser or centrifuge design. If 60% 
Pu-239/25% Pu-240 material were used as feed, with a product of 94% Pu-239 and tails of 50% Pu-239 
(product contains half of the feed Pu-239), then only 2 kg-SWU would be required to produce 1 kg of 
weapon grade plutonium. This is 1% of the effort required to produce 1 kg of 90% U-235 from natural 
uranium. Taking into account to the smaller number of SWUs, and the offsetting smaller critical mass of 
plutonium, a plutonium enrichment plant could produce 29 times as many bombs as an equivalent U-235 
plant. A centrifuge plant might need only few dozen stages for a cascade. 

The AVLIS technology offers the possibility of inexpensive separation and could have used commercial 
reactor grade fuel as a feed. This was perhaps the real motivation for pursuing AVLIS research during the
eighties. 

6.2.2.11 Denatured Plutonium
If plutonium is extracted from reactor fuel and reused in power reactors, its composition becomes 
progressively less desirable for weapons use. After several fueling cycles the buildup of Pu-238, Pu-240, 



and Pu-242 makes it difficult to use in weapons. It has been suggested that blending such recycled fuel is 
a useful means to "denature", or render proliferation-resistant, supplies of retired weapons-grade 
plutonium. 

This is mainly a deterrent against the use in low technology designs. The elevated thermal output and 
radiation levels merely have nuisance value, and are not serious deterrents although they create significant
design constraints and handling problems. Advanced designs and adequate handling facilities can 
completely overcome these obstacles. Even at low technology levels destructive devices could be 
constructed with this material. 

6.2.3 Thorium (Th) 

Named after Thor, the Norse god of thunder, element 90 was discovered in 1828 by Swedish chemist and 
minerologist Baron Jons Jakob Berzelius. Berzelius isolated the element from a black silicate mineral, 
subsequently named named thorite, from the island of L??near Brevig, Norway. Thorium s radioactivity �s radioactivity 
was discovered independently in 1898 by Madame Marie Curie and Gerhard Carl Schmidt. 

Thorium is a silvery-white lustrous metal that resists oxidation when pure, but typically tarnishes slowly 
to black over time. Thorium is slowly attacked by water, but does not dissolve readily in most common 
acids, except hydrochloric. It is slightly soluble in sulfuric acid and nitric acids. Powdered thorium metal 
is often pyrophoric and should be carefully handled. When heated in air, thorium turnings or scraps ignite 
and burn with a brilliant white light. Pure thorium is soft, very ductile, malleable, and can be readily 
worked (cold rolled, swaged, etc.), but drawing is difficult because of thorium's low tensile strength. The 
oxide content strongly affects thorium's mechanical properties; even pure thorium samples typically 
contain a few tenths of a percent of thorium oxide. When strongly heated it reacts with halogens, sulfur, 
and nitrogen. Its electronic configuration is 2-8-18-32-18-10-2 or (Rn)6d2-7s2. 

Its principal physical properties are: Density 11.72
Undergoes cubic->body centered cubic crystal change at 1400 C
Melting point 1750 C
Boiling Point 4790 C 

Thorium oxide (known as thoria) has an extremely high melting point, 3300 C, the highest of all oxides 
and higher than the melting points of all but a few substances. This property once accounted for thorium's
major commerical use as a refractory ceramic - principally in ceramic parts, investment molds, and 
crucibles. Its most commonly encountered use was in the Welsbach mantle for "camping" lanterns which 
produce a dazzling light when heated to very high temperatures. 

Thorium is rather abundant. It is the 39th most abundant of the 78 common elements in the Earth s crust, �s radioactivity 
at 7.2 parts per million. It is about three times more abundant than uranium, about equal to lead. It is 
associated with uranium in igneous rock. As the primary thorium minerals are more resistant to 
geochemical and physical weathering, the thorium/uranium ratio in sedimentary rock is typically higher 
than in igneous source rock. Thorium occurs in several minerals, the most common being monazite (a 
rare-earth-thorium-phosphate mineral, containing from 3 to 9% ThO2) and thorite (thorium silicate). It 
also occurs as orangite, a variety of thorite; and in thorianite, a mineral composed of thorium oxide and 
uranium. 

It is estimated that the potential energy represented by accessible thorium deposits exceeds that of 
uranium and fossil fuels combined by a wide margin. The major deposits of thorium are usually in the 
form of monazite sands. Large deposits of thorium are found in several parts of the world including the 
U.S. (New England and North Carolina) and India, which has the largest reserves. 

Most thorium production is as a byproduct of rare earth extraction from monazite, which is mined and 
concentrated in turn as a byproduct of processing heavy-mineral sands for titanium, zirconium, or tin. 
Only a small portion of the thorium produced was consumed; most was discarded as radioactive waste, an
operation that has become increasingly expensive as safety standards regarding radiation have been 



tightened. The major monazite-producing countries were India, Brazil, Malaysia, China, and Sri Lanka. In
1997 worldwide monazite concentrate production was 7000 tonnes, with a value of US$0.73/kg 
(calculated on the basis of rare earth content). In 1997 there was no domestic U.S. production. The market
for thorium is very small. U.S. domestic consumption of refined thorium products in 1997, according to 
the U.S. Geological Survey (USGS), was 13.0 tonnes of thorium oxide equivalent valued at only 
$300,000. 

The commercial use of thorium has been declining due to increasingly strict radiation regulations, causing
business and industry to replace thorium with non-radioactive substitutes. Thorium is no longer used in 
the U.S. to make gas lantern mantles, and its use as a refractory ceramic is also declining. 

Important uses remain in the production of thoriated tungsten welding electrodes, which are employed 
used to join stainless steels, nickel alloys, and other alloys requiring a continuous and stable arc to 
achieve precision welds. 

Due to its ability to emit electrons at relatively low temperatures when heated in a vacuum thorium is 
used in a variety of electronic tube devices. It is used in the thoriated tungsten negative poles of 
microwave generating magnetron tubes. It is also useful in certain high speed, high power vacuum tube 
switches that may have seen use in nuclear weapon firing circuits. 

Thorium has been widely used in alloys with magnesium by the aerospace industry. These alloys are 
lightweight and have high strength and excellent creep resistance at elevated temperatures. At least one 
U.S. missile nuclear warhead, the W40 (or else perhaps the Bomarc missile that carried the warhead), has 
used thorium-magnesium alloy for structural reasons. Thorium-free magnesium alloys with similar 
properties have been developed and are expected to replace most of the thorium-magnesium alloys 
presently used. Small quantities of thorium were used in dispersion-hardened alloys for high-strength, 
high-temperature applications. 

Thorium is used in other applications such as chemical catalysts (paints, fuel cell elements), elements in 
special use light bulbs, thoria-containing high-refractivity glass, photo-conductive films, radiation 
detectors, and target materials for X-ray tubes. 

Several methods are available for producing thorium metal; it can be obtained by reducing thorium oxide 
with calcium, by electrolysis of anhydrous thorium chloride in a fused mixture of sodium and potassium 
chlorides, by calcium reduction of thorium tetrachloride mixed with anhydrous zinc chloride, and by 
reduction of thorium tetrachloride with an alkali metal. 

In 1997 thorium oxide prices were quoted at $65.55 per kilogram (base price), $82.50 for 99.9% purity 
and $107.25 per kilogram for 99.99% purity. Thorium alloy prices were no longer available due to lack of
sales. 

Government stocks of thorium nitrate in the National Defense Stockpile (NDS) were 3,217 tonnes (as 
thorium oxide equivalent) on 31 December 1997, 2,944 tonnes of which was considered surplus and 
marked for disposal. The NDS only shipped 1,724 kilograms (1.7 tonnes) for waste disposal research in 
1997, no stocks of thorium nitrate were sold during the year. 

Twelve isotopes of thorium are known, but the natural primordially existing element consists entirely of a
single isotope - Th-232. This isotope has a half-life of 1.405 x 10^10 years and is an alpha emitter. Its 
specific activity is 0.109 microCi/g, about one-sixth of natural uranium. Thorium is radioactive enough to
expose a photographic plate in a few hours. The thorium decay chain produces radon-220 gas ("thoron") 
which is an inhalation radiaton hazard. 

Five other thorium isotopes occur naturally in small amounts as a result of production by the decay of U-
238, U-235, and Th-232. These are Th-227 (half life 18.72 days), Th-228 (1.9116 years), Th-230 (75,380 
years), Th-231 (1.063 days) and Th-234 (24.1 days). Since all of these isotopes but Th-228 are produced 
by the uranium decay chains, the concentration of these isotopes in natural thorium depends on the 



relative amount of uranium present and the possible effects of chemical leaching of the protactinium or 
actinium intermediates. For practical purposes, the only isotopes that are present at significant levels in 
purified thorium are Th-228 and Th-230 since the others have very short half-lifes, and Th-228 decays 
considerably after several years of storage. 

Thorium is of interest for nuclear purposes due to its ability to breed fissile U-233 through the chain: 

Th-232 + n -> Th-233

Th-233 -> (22.2 min, beta) -> Pa-233

Pa-233 -> (27.0 day, beta) -> U-233

There has been interest in the possibility of establishing a thorium/U-233 fuel cycle using breeder 
reactors, especially in uranium-poor but thorium-rich India. As a nuclear explosive U-233 is about as 
good as plutonium-239, and has been employed in several tests by the U.S. (e.g. Teapot MET). 

A complication in the use of U-233 in weapons are side reactions that produce the potent gamma-ray 
emitting U-232. U-232 is produced by the reaction: 

Th-231 -> (25.5 hr, beta) -> Pa-231
Pa-231 + n -> Pa-232
Pa-232 -> (1.31 day, beta) -> U-232

The Th-231 is produced in turn by two reactions: 

Th-232 + n -> Th-231 + 2n

and

Th-230 + n -> Th-231

The first (n,2n) reaction only occurs to any significant extent when neutrons with energies in excess of 6 
MeV are encountered. Only a small percentage of fission neutrons are this energetic, and if the thorium 
breeding blanket is kept in a reactor region where it is only exposed to a well moderated neutron flux (i.e 
essentially no neutrons above the Th-232 fission threshold of 500 KeV) this reaction can be nearly 
eliminated. The second reaction proceeds very efficiently with thermalized neutrons however, and 
minimizing U-232 from this source requires choosing thorium that naturally has a low Th-230 
concentration. 

Thorium-232 also undergoes fast fission and could thus be used in thermonuclear secondary stage 
tampers, but it has a markedly lower cross section for this than does U-238 (at 14 MeV 0.35 barns vs 1.14
barns, and for fission spectrum neutrons 0.078 barns vs 0.308 barns) and is thus not a serious contender 
for this use. 

A major problem with using thorium breeding to obtain fissile material is that it is not naturally present in
economical reactor fuels, unlike U-238. To use thorium breeding, a highly enriched fissile material (U-
235, U-233, Pu-239) must be used as a fuel with thorium included in the reactor mostly for its breeding 
potential (i.e. it contributes little or nothing to power production itself, although burning of U-233 
produced in situ may contribute to power production). On the other hand thermal breeder reactors are 
possible using a U-233/thorium breeding cycle, especially if heavy water is used as a moderator. 

U-232 contamination is not a serious problem for civilian power use, although unshielded exposure to 
fuel material during fabrication and handling prior to irradiation would have to be limited. The ability of 
high levels of U-232 to make diversion difficult and undesirable has been promoted as an anti-
proliferation feature of the thorium/U-233 fuel cycle. 

Thorium is not currently being used in any foreign or domestic commercial reactors. The fuel is not 



expected to grow due to the current availability of low-cost uranium. India is interested in developing an 
indigenous thorium breeding fuel cycle due to its vast thorium deposits, and is accumulating plutonium as
the start-up fuel for future thorium cycle breeders. It is believed that India has included U-233 breeding as
part of its weapons related activities also. 

6.2.4 Other Fissile Elements 

U-233, U-235 and the various isotopes of plutonium are not the only known elements and isotopes with 
the necessary nuclear properties to be usable in fission bombs. Several other candidates are described 
here, of varying degrees of practicality. None of them have properties that are sufficiently attractive to 
merit serious consideration in favor of the other "big three", but all of the isotopes discussed below have 
attracted some attention for a variety of reasons. 

Few of these isotopes have well measured critical mass values available in the open literature. Most of the
critical mass data are estimates made from their measured or theoretically predicted nuclear properties. 
The literature is rather spotty in the availability and consistency of these estimates. Accordingly, I have 
suplemented the published figures with my own calculations for comparison purposes. 

My critical mass estimates are for bare spheres at the densest STP phase. The calculations were 
performed using diffusion theory and a one-group representation of neutronic properties. The one-group 
parameters are fission spectrum averages calculated from the authoritative ENDF-6 evaluated nuclear 
data base. Where available I also list estimates from other sources which are usually based on more 
sophisticated numerical computations than what I have used. 

The one-group calculation method consistently underestimates the true critical mass - primarily because it
does not take into account the effects of inelastic scattering in softening the neutron spectrum. The one-
group calculated critical mass estimates are thus lower bounds on the true value. Comparison between the
one-group calculations and the actual values for the highly fissile isotopes for which good experimental 
data is available (U-233, U-235, Pu-239, and Pu-241) shows a consistent underestimate of 70-75% of the 
true value. For less fissile isotopes, where critical mass estimates have been offered by others (these are 
mostly calculated estimates also, but with more sophisticated models), the underestimates are more severe
(at worst 22-29% of the 'true' value for Pu-242). This too is to be expected because the effects of inelastic 
scattering is relatively greater in less fissile materials. On the other hand, the estimates for extremely 
fissile transuranics like californium isotopes should be quite good. 

The list below is not exhaustive. In particular it is likely that other fissile isotopes of transuranic elements 
exist (curium, berkelium, etc.). 

6.2.4.1 Protactinium
Protactinium was identified by Kasimir Fajans and O.H. Gohring in 1913 from the short-lived Pa-234m 
isotope and was named brevium ("brief") due to its short lifetime (1.175 minutes). When the much 
longer-lived isotope Pa-231 was identified by Austrian-Swedish physicist Lise Meitner and the German 
physical chemist Otto Hahn in 1918 it was renamed protoactinium (i.e. predecessor of actinium). Pa-231 
was independently rediscovered in 1918 by Frederick Soddy, John Cranston, and Sir Alexander Fleck; 
and by Fajans. The name protoactinium was shortened to protactinium in 1949. 

The metal itself was not isolated until 1934 when Aristid V. Grosse developed two methods. One 
involved reduction of the pentoxide Pa2O5 with a stream of electrons in a vacuum and the second 
involved dissociating the iodide PaI5 by a heated filament under a high vacuum. 

Protactinium is a malleable silvery metal with a bright metallic lustre which it retains for some time in air,
tarnishing with an oxide coating. Its has a tetragonal crystal structure and a density is 15.37. Its melting 
point is 1570 C, its boiling point is 4227 C. Since its half-life is similar to Pu-239, it has similar alpha 
activity as well and must handled with similar safety precautions. 

Protactinium has three valence states: III through V. Protactinium in most of its compounds exhibits an 



oxidation state of V (thus resembling tantalum). It is soluble in dilute HF. Its compounds readily 
hydrolyze in water, forming colloids, but dissolve by forming complex ions (as with the fluoride ion in 
hydrofluoric acid). It forms oxides, and halides, and reacts with H2 at 250-300 C to form PaH3. Its 
electronic configuration is 2-8-18-32-20-9-2 or (Rn)5f2-6d1-7s2. 

Protactinium is one of the rarest and most expensive naturally occurring elements. Protactinium has 20 
isotopes, its predominant and stablest isotope, protactinium-231, is a decay product of U-235 and exists in
decay equilibrium with it in uranium ores. The creation and destruction is governed by the reaction chain:

U-235 -> (7.1 x 10^8 yr, alpha) -> Th-231
Th-231 -> (25.52 hr, beta) -> Pa-231
Pa-231 -> (32,500 yr, alpha) -> Ac-227 

From the half-life ratio of U-235 and Pa-231 we can calculate that they exist in the ratio of (3.25 x 
10^4)/(7.1 x 10^8) = 4.6 x 10^-5. Since 0.72% of natural uranium is U-235, the ratio for Pa-231 to all 
uranium atoms is 3.3 x 10-7 (3.2 x 10-7 by mass), discounting any chemical separation of the elements. 
Typical pitchblende ores contain about 0.1 ppm of Pa-231. Some ores from Congo (formerly Zaire) have 
up to 3 ppm. 

Based on theoretical considerations Pa-231 in the past has been considered a potential weapon-usable 
material, the only such material with an atomic number lower than that of uranium. It was the only 
candidate fissile material that could in principle be obtained from natural sources through conventional 
chemical separation techniques alone. It was considered as a candidate fissile material during the early 
stages of atomic research in the 1940s.

This possibility has now been effectively excluded. State-of-the-art calculations by IRSN (L'Institut de 
radioprotection et de s?et?nucl?ire) have shown that Pa-231 is probably not critical even in an infinite 
metal assembly (Report C4/TMR2001/200-1).

Pa-231 is extracted from uranium ores and can be concentrated from uranium ores as part of the normal 
process of ore refining. If Canada, the world's largest uranium producer, had done this with its 1994 
uranium production (9700 tonnes) it would have obtained 3.1 kg of Pa-231. Accumulating an unreflected 
critical mass in this manner would take several decades. 

Unless the "tails" piles left from uranium mining and extraction were stringently guarded (which would 
itself be suspicious) it would be impossible to conceal such activity since an examination of tails samples 
would immediately reveal if Pa-231 accumulation was being practiced. 

Perhaps motivated by interest in its possible use in weapons, between 1959 and 1961 the Great Britain 
Atomic Energy Authority extracted by a 12-stage process 125 g of 99.9% protactinium, the world's only 
stock of the metal at the time. The extraction was made from 60 tons of waste material at a cost of about 
$500,000. 

Protactinium can also be produced from natural thorium in a reactor by the following reactions: 

Th-232 + n -> Th-231 + 2n

Th-231 -> (25.52 hr, beta) -> Pa-231

6.2.4.2 Neptunium
Neptunium was the first transuranium element discovered, and the first synthetic transuranium element to 
be prepared. Though traces of neptunium have subsequently been found in nature, it was discovered by 
Edwin M. McMillan and Philip H. Abelson in May 1940 at Berkeley, California, USA, who bombarded 
uranium with neutrons produced from a cyclotron, producing Np-239. Since it was the next element in the
periodic table after uranium, by analogy it was named after the planet Neptune, which is the next planet 
out from the Sun after Uranus (this pattern was subsequently followed in the naming of plutonium). 



As is also true of plutonium, trace quantities of the element are actually found in nature due to neutron-
induced transmutation reactions in uranium ores produced by spontaneous fission neutrons. 

Neptunium is a silvery metal, with a density of 20.45 (Np-237, 25 C), neptunium is the fifth densest 
element. It has at least three allotropic (crystalline) forms -- the alpha form which is the densest (stable 
below 280 C, orthorhombic, density 20.45 at 25 C), beta (above 280C, tetragonal, density 19.36 at 313 
C), and gamma (above 577 C, cubic, density 18.0 at 600 C). Its melting point is 637 C, and its boiling 
point is estimated at 5235 C. 

Neptunium is chemically reactive and similar to uranium with oxidation states from +3 (III) to +7 (VII). 
The metal is prepared by the reduction of NpF3 with barium or lithium vapor at about 1200C. Neptunium 
of the five ionic oxidation states the pentavalent is the most stable in solution. Neptunium ions in aqueous
solution possess characteristic colours: Np3+, pale purple; Np4+, pale yellow-green; NpO+2, green-blue; 
NpO2+2, varying from colourless to pink or yellow-green, depending on the anion present. The element 
forms tri- and tetrahalides such as NpF3, NpF4, NpCl4, NpBr3, NpI3, and oxides for the various 
compositions such as are found in the uranium-oxygen system, including Np3O8 and NpO2. Its electronic
configuration is 2-8-18-32-22-9-2 or (Rn)5f4-6d1-7s2. 

Fifteen isotopes of neptunium are now recognized. The isotope neptunium-237 (discovered in 1942 by 
Glenn T. Seaborg and Arthur C. Wahl) is the longest lived, with a half-life of 2.144 x 10^6 years, and is 
fissile. It is most easily produced by the following reactions: 

U-235 + n -> U-236

U-236 + n -> U-237

U-237 -> (6.8 days, beta) -> Np-237

It is also produced by the decay of Am-241, but the 433 year half-life of this latter isotope makes the 
production rate very small. 

Published estimates for the critica mass of neptunium-237 are around 90 kg (range of estimates is 75-105 
kg), my one-group lower bound calculation is 19 kg. It has a very low spontaneous fission rate (< 5x10^-
2 F/sec-kg). The high critical mass value (almost double that of HEU) and the high cost of manufacture 
makes it unattractive for weapons use. A certain amount Np-237 is produced normally by U-235 capture 
in reactors. A typical power reactor can discharge about 0.4 kg of Np-237 per ton of fuel. Fast reactors 
can discharge a significantly higher amount. 

Np-237 is used in some types of neutron detection instruments 

6.2.4.3 Americium
Americium (atomic number 95) was the fourth transuranic element to be synthesized (curium, atomic 
number 96, was discovered a few months previously). It was identified by Glenn T. Seaborg, Ralph A. 
James, Leon O. Morgan, and Albert Ghiorso in 1944 as the result of successive neutron capture reactions 
by plutonium isotopes in a nuclear reactor to form Am-241. Americium was also prepared by Glenn 
Seaborg, et al by bombarding Pu-234 with alpha particles to produce Am-241. 

It is a silvery metal, the luster of freshly prepared americium metal is whiter and more silvery than 
plutonium or neptunium prepared in the same manner. It appears to be more malleable than uranium or 
neptunium. Americium tarnishes slowly in dry air at room temperature. It has two allotropic forms. The 
alpha form is stable at low temperatures and is a double close-packed hexagonal structure, density 13.67 
(molar volume 17.6 cm^3/mole, 20 C). It transitions at 1074 C to the beta form with a face-centered cubit 
structure. The melting point is 1175 C. 

Americium has valences III, IV, V, and VI, in acidic aqueous solution with the following ionic species: 
Am3+, pink; Am4+, rose (very unstable); AmO2+ , yellow; and ((AmO2)+2)2, light tan. Trivalent 
americium is most common in aqueous solution and in this state is very similar to the other actinide and 



lanthanide elements. There is some evidence that the ion Am2+ has been prepared in trace amounts, its 
existence suggesting that americium is similar to its lanthanide homologue, europium, which can be 
reduced to its divalent state. Am IV is known only in the solid state. Americium reacts with oxygen to 
form the dioxide AmO2 and with hydrogen to form the hydride AmH2. Americium dioxide is obtained by
ignition of of most trivalent compounds, AmF4 is produced by fluoridation of the dioxide or trifluoride. 

Its electronic configuration is 2-8-18-32-25-8-2 or (Rn)5f7-7s2. 

Am-241 has a half-life of 433 years, and an estimated bare critical mass of 84 kg, my one-group lower 
bound calculation is 23 kg. It has a moderate spontaneous fission rate (2.4x10^2 F/sec-kg). 

The most commonly used isotope of americium is Am-241, now produced in quantity by the decay of Pu-
241:
Pu-241 -> (13.2 yr, beta) -> Am-241 

Since Pu-241 is normally present in freshly made weapons-grade plutonium, Am-241 accumulates in the 
material as the Pu-241 decays. 

Since Pu-241 is normally present in freshly made weapons-grade plutonium, Am-241 plays a significant 
role in weapons issues. Freshly made "weapons-grade" plutonium normally contains 0.5 - 1.0% Pu-241, 
reactor grade plutonium typically contains 5-15% Pu-241 to as much as 25%. In the course of a few 
decades, most of this Pu-241 will decay into Am-241. Am-241's energetic alpha decay and relatively 
short half-life give it a high specific activity and heat output. Much of the alpha and gamma activity and 
heat produced in older weapon grade plutonium is due to Am-241. Reprocessing WG-Pu reclaimed from 
old weapons eliminates this problem. 

This high critical mass (almost double that of HEU) and relatively high cost make it unattractive for use 
as a weapon fissile material. It is made even more unattractive by the fact that a bare critical mass of Am-
241 produces 9.6 kw of heat! It would be challenging to make a storable weapon that can tolerate this 
kind of heat output, probably requiring continuous active cooling in storage. 

The longer lived isotope Am-243 (half-life 7370 years) is another possible fissile material. It has a higher 
critical mass, published estiamtes are unavailable but my one-group calculation is 38 kg. By comparison 
with the estimates for Am-241 this suggests a true value in the vicinity of 140 kg, which would have a 
heat output of 900 watts. Am-243 is a much less available and more expensive material however since it 
is produced by neutron irradiation of Am-241. 

The isotope americium-241 is the most important because of its availability. It has been prepared in 
kilogram amounts from plutonium and has been used industrially in fluid-density gauges, thickness 
gauges, aircraft fuel gauges, and distance-sensing devices, all of which utilize its gamma radiation. Am-
241 is used in very small amounts in smoke detectors (0.26 micrograms per detector) where its alpha 
emissions are employed. It has also been used as a diagnostic aid in bone mineral analysis. In Sept. 1998 
the ORNL Isotopes Division charged $728.00 per gram of americium-241, and $180.25 per milligram of 
americium-243. 

6.2.4.4 Californium

Californium, the sixth transuranium element to be discovered, was produced in 1950 by Glenn T. 
Seaborg, Stanley G. Thompson, Albert Ghiorso, Kenneth Street in 1950 by bombarding microgram 
quantities of Cm-242 with 35 MeV helium ions in the Berkeley 60-inch cyclotron to produce Cf-245. It 
was named after the State and University of California. 

Metallic californium (Cf-249) has been prepared by reducing Cf2O3 with lanthanum metal. Two 

crystalline forms have been identified, a face-centered cubic and hexagonal close-packed structures. The 
melting point is 900 C (+/- 30). From theoretical models the density is 15.3 for the Cf-252 isotope. 

Californium has valences II, III, and (rarely) IV. Californium (III) is the only ion stable in aqueous 



solutions, all attempts to reduce or oxidize californium (III) in solution having failed. In addition to the 
Cf(III) oxide (Cf2O3), several binary compounds with halogens are known -- the Cf (II) bromide and 
iodide; the Cf (III) fluoride, chloride, bromide and iodide; and the Cf(IV) fluoride. Other compounds that 
have been prepared include the oxychloride, CfOCl. Its electronic configuration is 2-8-18-32-28-8-2 or 
(Rn)5f10-7s2. 

Known isotopes of californium include: 

Isotope Atomic Mass Half-life  Decay Mode
Cf-242  242.06372     3.3  m   alpha to Cm-238
Cf-243  243.065      11    m   alpha to Cm-239
Cf-244  244.06599    20    m   alpha to Cm-240
Cf-245  245.06807    44    m   alpha to Cm-241
Cf-246  246.06884    36    h   alpha to Cm-242; SF (0.2%)
Cf-247  247.0712      3.11 h   electron capture to Bk-247 (99.97%)
Cf-248  248.07218       334    d   alpha to Cm-244; SF (0.013%)
Cf-249  249.07485       351    y   alpha to Cm-245; SF (5.2E-7%)
Cf-250  250.07640        13.1  y   alpha to Cm-246; SF (0.079%)
Cf-251  251.079580      898    y   alpha to Cm-247
Cf-252  252.08162         2.64 y   alpha to Cm-248; SF (3.08%)
Cf-253  253.08513        17.8  d   alpha to Cm-249; beta to Es-253
Cf-254  254.08732        60.5  d   SF (above 99%); alpha to Cm-250 (less than 1%)
Cf-255  255.0910                  1.4  h   beta to Es-255

The best known and most widely used isotope of californium is Cf-252. This isotope has an extremely 
high rate of spontaneous fission, a remarkable 3.08% of decay events being fissions, and a relatively short
half-life (2.64 years) making it a potent emitter of fission spectrum neutrons (one microgram emits 170 
million neutrons per minute). The half-life is long enough that a sample of Cf-252 can remain active for 
several years, allowing it to serve as a convenient compact portable neutron source. It has found use as a 
start-up neutron source for nuclear reactors, and in neutron moisture gauges and in well-logging (the 
determination of water and oil-bearing layers in bore holes). It is also being used as a portable neutron 
source for discovery of metals such as gold or silver by on-the-spot activation analysis. Cf-252 foils are 
used as a source of fission fragments for research purposes. Cf-252 has also been used as a source of 
fisson neutrons in a mock-up of the Little Boy bomb in Hiroshima dosimetry studies. As of May 1975 
some 63 mg of Cf-252 had been produced and sold by ORNL. 

Californium has acquired a reputation for having a remarkable small critical mass, usually alleged to be 
"in the gram range", creating much speculation about possible use in "pocket nukes" -- very small fission 
weapons. While this reputation for a small critical mass is partly justified, it is also exaggerated and 
appears to have taken on the character of an urban legend. In particular the assertion that californium has 
a critical mass "in the gram range" is at best very misleading. 

As is true of other transuranic elements, the odd-numbered isotopes of californium have the most 
desirable fissile properties. Only two isotopes are plausible candidates for fission explosives - the long 
lived isotopes Cf-249 and Cf-251. Popular speculation about californium as a weapon material has 
usually centered on Cf-252 due to its neutron-emitting celebrity. Its comparatively short half-life (for 
weapons purposes), intense and penetrating neutron radioactivity, and high thermal output make it quite 
unsuitable for this however. 

I have seen no actual published estimates for californium isotope critical masses, so I have done one-
group calculations for the two californium isotopes that are most plausible for weapons use (Cf-249 and 
Cf-251) as well as the often discussed Cf-252 (see the beginning of this section for more on this method). 
I used theoretical estimates for the density of californium based on its position in the periodic table, which
are fairly reliable, since experimental data is unavailable. The estimation model used tends to 
underestimate critical mass sizes but should be quite accurate for highly fissile materials like thse 
isotopes. The calculated bare sphere critical masses are:

• Cf-249 5.90 kilograms 
• Cf-251 1.94 kilograms 



• Cf-252 2.73 kilograms 

By using a thick beryllium reflector the critical masses can be reduced to 40% or so of their bare value so 
that the most fissile of these isotopes, Cf-251, would have a reflected critical mass of 780 grams. This is 
arguably "in the gram range" since it is less than one kilogram, but it is obviously much, much closer to 
one kilogram than to one gram. Implosive compression can reduce this further. Just as a powerful and 
heavy implosion systems can produce low yield nuclear explosions from as little as 1 kg of Pu-239 (yield 
up to 100 tons, with the implosion system weighing on the order of 1000 kg), a relatively large implosion 
system could produce a low yield explosion from as little as 200 grams of Cf-251. The yield would be 
proportionately smaller of course, around 20 tons, and the total mass on the order of 200 kg. The U.S. has 
tested devices with 20 ton yields using the vastly cheaper plutonium (though much more of it) which only
weighed 13 kg. 

Experience with small nuclear devices indicates that it is impossible to make a nuclear device with a total 
mass less than the bare sphere critical mass of the fissile material used. Beryllium reflectors and high 
explosives can reduce the fissile mass required as indicated, but at the expense of adding more weight 
than is saved. Thus a nuclear device smaller than 2 kilograms or so using Cf-251 is almost certainly 
impossible. 

The isotope Cf-249 results from the beta decay of Bk-249 while the heavier isotopes are produced by 
intense neutron irradiation of this product. Logically one would expect that Cf-252 would be more 
expensive then than Cf-249. However, in Sept. 1998 the ORNL Isotopes Division charged $180.25 per 
microgram of californium-249, and $56.00 per microgram of californium-252, indicating that factors 
other than ease of prodcution were setting the price. If Cf-251 could be manufactured in quantity for the 
1998 sale price of Cf-252, then a critical mass would cost $11 billion. 

6.3 Fusionable Materials

Fusion fuels are all light elements, which are enormously more abundant than the heavy elements relevant
to fission. Isotopic separation is fairly easy in light elements since low masses mean relatively large mass 
ratios (Li-7 is only one atomic mass unit heavier than Li-6, but it is 17% heavier; U-238 is 3 amu heavier 
than U-235, but it is only 1.3% heavier). 

6.3.1 Hydrogen Isotopes 

Hydrogen was identified as a distinct substance by Henry Cavendish in 1766, and was named by Antoine 
Laurent Lavoisier. Natural hydrogen consists of two isotopes: H-1 (light hydrogen or protium), and 
deuterium (D, H-2, heavy hydrogen) which occurs in nature in a concentration of 0.015% (one atom in 
6760 of light hydrogen). Light hydrogen participates in fusion reactions extremely slowly (that's why the 
sun is still around). Deuterium fuses much more readily. In the smallest stars, known as brown dwarfs, 
only deuterium fusion can occur and once this is exhausted the star becomes inert and planet-like. All of 
the deuterium in the universe today was created in the first three minutes of the Big Bang, it has been 
slowly depleted by stellar burning. The unstable super heavy isotope tritium rapidly decays and thus 
exists in nature only in minute quantities. 

In elemental form all hydrogen isotopes are gases with very low densities and boiling points. This often 
makes them inconvenient to incorporate into practical weapons, so lithium deuteride/tritide compounds 
are frequently used. 6.3.1.1 Deuterium (D)
This natural isotope was discovered by American chemist Harold C. Urey and his associates F.G. 
Brickwedde and G.M. Murphy in 1931. Urey was awarded the Nobel Prize for Chemistry for this 
achievement in 1934. Urey had predicted a vapor pressure difference between the molecular hydrogen 
(H2) and of a corresponding molecule with one hydrogen atom replaced by deuterium (HD) and, thus, the
possibility of separating these substances by distillation of liquid hydrogen. The deuterium was detected 
(by its atomic spectrum) in the residue of a distillation of liquid hydrogen. 



Deuterium was first prepared in pure form in 1933 by G.N. Lewis, using the electrolytic method of 
concentration discovered by E.W. Washburn. When water is electrolyzed--i.e., decomposed by an electric
current (actually a water solution of an electrolyte, usually sodium hydroxide, is used)--the hydrogen gas 
produced contains a smaller fraction of deuterium than the remaining water, and, hence, deuterium is 
concentrated in the water. Very nearly pure deuterium oxide is obtained when the amount of water has 
been reduced to about one hundred-thousandth of its original volume by continued electrolysis. This was 
the standard method of preparation of D2O before World War II. 

Deuterium is twice as heavy as hydrogen-1, a fact that is very noticeable in the elemental state. Deuterium
oxide, D2O, is commonly called "heavy water". 

Comparison Between Natural Hydrogen and Deuterium 

                   H              D             H2O          D2O
density (sol.)  0.0763(13 K)                  0.917 (0 C)
density (liq.)  0.0700(20.4 K) 0.169(20.4 K)  1.000(4.0 C)  1.106(11.2 C)
dens (gas, g/l) 0.08987(0 C)   0.17960(0 C)   0.5974(100 C)
melting point   13.96 K        18.73 K          0 C          3.79 C
boiling point   20.39 K        23.57 K        100 C        101.41 C
critical temp.  33.26 K        38.41 K        374.2 C      371.5 C
crit. press.    12.8 atm       16.432 atm     218 atm

Two interesting properties of heavy water are that it releases significant amounts of heat upon mixing 
with light water, and that heavy water ice is slightly denser than light water. Because of this latter 
property, it will sink if dropped into a glass of regular water, making it useful as a (somewhat expensive) 
scientific puzzle demonstration. Heavy water is toxic only when enough has been consumed to replace a 
substantial percentage of light water from the body (several liters or more) so one glass with some heavy 
water ice cubes could be consumed safetly. 

Deuterium is primarily manufactured for use as a nuclear reactor moderator. It is the best moderating 
material known. For reactor use it is enriched to 99.75% purity or higher. The U.S. has not manufactured 
heavy water since 1982. Its cumulative production is estimated at 7300 tonnes. The U.S. produced heavy 
water at Dana, Indiana (discontinued in 1957) and at the Savannah River Facility in South Carolina 
(discontinued 1982). Reactor grade heavy water costs about $500/kg. 

Enrichment Methods
The normal procedure is for a heavy water plant to use a combination of separation techniques in series to
achieve maximum economy. Dual temperature chemical separation is the method of choice for early 
stages of enrichment when the concentration is very low. This is because huge volumes of water are 
handled, and techniques that have very low energy consumption per unit of feedstock are essential. More 
energy intensive, but faster, methods may be used to achieve high purity. 

Chemical Separation of Deuterium
The most economical method uses the fact that D concentrates to varying (small) degrees in hydrogen 
sulfide (H2S) gas at different temperatures. By sending liquid water and H2S mixtures through alternating
hot and cold towers, D progressively builds up, alternating between the gas and liquid phases. This 
method, called the Girdler-Sulfide (GS) process, is usually employed until a concentration of 15% or so 
(13.5% at Savannah River) is reached. Since the 1950s the dual temperature H2S process has been the 
only process known to be used on a large scale anywhere in the world, except for the final concentration 
stages. 

The first process used for deuterium production in association with the U.S. weapons program was 
fractional distillation of water. The world's first heavy water reactor was loaded with D20 produced by 
this process. Water distillation was used as the second and final enrichment stage of the Savannah River 
Plant before shutdown, bringing the concentration to 99.8%. It is widely used around the world as a final 
stage, and has been probably the most widely used process after the GS process. 



During the 1950s the U.S. used and liquid hydrogen distillation to produce deuterium for the hydrogen 
bomb program since it could be scaled up for production rapidly and has a high separation factor. 

Electrolysis has been popular for the final stages of enrichment since it has a very high separation factor 
(D remains behind as water is electrolyzed), and when the volumes of liquid are small, the high energy 
cost is unimportant. Deuterium can be concentrated rapidly to 99.8% purity. The U.S. once used it as the 
final stage at Savannah River, taking 90% enriched feed from the water distillation cascade. 

Two deuterium enrichment techniques, electrolysis and liquid hydrogen distillation, can produce 
substantial quantities of deuterium as a byproduct of industrial chemical processes or other endeavors. 
The famous Norsk Hydro plant at Vemork, Norway which was sabotaged by the allies during World War 
II, was an example of an industrial electrolysis plant that produced heavy water as a byproduct. 

6.3.1.2 Tritium (T)
Discovered in 1934 by bombarding deuterium with accelerated deuterons (thus causing a fusion reaction),
tritium (T, H-3) is radioactive with a half-life of 12.355 (+/- 0.010) yr. It exists in minute amounts 
naturally but significant quantities must be made artificially. 

It is usually produced by the Li-6 + n -> T + He-4 reaction in nuclear reactors designed for isotope 
production. The lithium is enriched in Li-6 prior to irradiation, and is usually loaded in the form of 
aluminum canned lithium fluoride slugs or aluminum-lithium alloy rods. The latter type of target has been
used at Savannah River. Tritium was been purified by heating the rods in a vacuum to release hydrogen 
and helium gases, followed by purification by palladium diffusion (to produce pure hydrogen) and 
cryogenic distillation (to produce pure tritium from the hydrogen isotopic mixture). These same 
refinement processes has been used in reclaiming tritium from recycled weapons reservoirs. Currently 
this is done using a new hydride process. 

Substantial quantities are also generated in nuclear reactors moderated by heavy water through deuterium 
capture: D + n -> T. The Canadian CANDU (Canadian Deuterium) commercial power reactors 
collectively produce 250-500g of tritium annually. 

Since it currently has no operating tritium production plant, the U.S. is exploring the possibility of 
producing tritium using a high energy (approximately 1 GeV) proton accelerator to be built at Savannah 
River (a scheme known as APT - Accelerator Production of Tritium). The APT approach uses the proton 
beam to generate neutrons through spallation from heavy nuclei - probably lead or tungsten. Each proton-
nucleus collision produces about 30 neutrons, and leaves a single radioactive nucleus behind. At present 
the favored design for tritium production surrounds the heavy element target with a moderating blanket of
heavy water, through which tubes circulate helium-3 gas. He-3 (itself produced by tritium decay) has a 
very high cross section for thermal neutrons (5000 barns) and forms tritium upon neutron capture. This 
system in effect recycles the existing tritium inventory. As an alternate approach a matrix of lead and 
lithium-6/aluminum alloy rods can be used for the target. Planned capacity is 3 kg/tritium a year, 
upgradable to 5 kg/yr. 

T emits very weak radiation, 18.6 KeV betas with no gamma emissions. These are easy halted by thin 
layers of material (plastic, skin, etc.), which is why tritium is now used for glow-in-the-dark watches 
instead of radium. Tritium can only be a health hazard if taken internally. Tritium's specific activity is 
9649 Ci/g. The heat output from tritium decay is 0.324 W/g. 

When in the form of elemental hydrogen, inhaled tritium gas is not hazardous since the body does not 
readily absorb hydrogen, only about 0.004% of inhaled tritium gas is absorbed. Tritiated water (HTO) in 
liquid or vapor form is quite hazardous however, when inhaled nearly all of it is absorbed. There is also 
significant absorption of HTO vapor through the skin. The estimated LD50 (quantity that will kill half of 
the people absorbing it) is 10 Ci, given the high specific activity this makes the lethal dose about 1 mg. 
This is comparable to the toxicity of the nerve gas sarin. 

6.3.2 Lithium (Li) 



Lithium, element 3, is named after the Greek word for stone - lithos. Lithium is one of only three 
elements to have existed since the beginning of the Universe, having been synthesized during the Big 
Bang (the other two are hydrogen and helium). It is the lightest metal, both by density and by atomic 
weight. It was discovered in 1817 by Johan August Arfvedson in the mineral petalite. The first isolation 
of elemental lithium was achieved later by W.T. Brande and Sir Humphrey Davy by the electrolysis of 
lithium oxide. In 1855, Bunsen and Mattiessen isolated larger quantities of the metal by electrolysis of 
lithium chloride. In 1923 the first commercial production of lithium metal was achieved by 
Metallgesellschaft AG in Germany using the electrolysis of a molten mixture of lithium chloride and 
potassium chloride. 

It is distributed widely throughout nature. Lithium ranks 35th in order of abundance of the elements in the
crust of the earth, being slightly less abundant than copper, but more abundant than lead. It is abundant 
and is mined commercially in many places including North America, and has wide commercial 
application. Natural lithium consists of two isotopes Li-6 (7.42%) and Li-7 (92.58%). 

Lithium is an alkaline earth metal, and is the lightest of all metals. It is is softer than lead but harder than 
the other alkali metals. It can easily be drawn into wire and rolled into sheets. It is chemically very 
reactive, igniting readily in air and burning with a brilliant white flame. A freshly cut lithium chunk is 
silvery white but it tarnishes in a minute or so in air to give a grey surface. Since it corrodes very rapidly 
upon exposure to air, when it is stored it must be immersed in a non-hygroscopic liquid such as naphtha. 
Chemically, lithium resembles sodium in its behavior. It has the highest specific heat of any solid 
element. It has a body-centered cubic crystal structure. Its electronic configuration is 2-1 or 1s2-2s1. 

Principal physical characteristics:

Density 0.534
Melting Point 180.54 degrees C
Boiling Point 1342 degrees C 

Lithium is found in economically exploitable quantities in such minerals as spodumene, lepidolite, 
amblygonite, and petalite. After decades as the world s leading producer of lithium and its compounds, �s radioactivity 
the United States was surpassed in 1997 when Chile became the world s largest lithium carbonate �s radioactivity 
producer. Lithium has an enormous variety of uses in the chemical industry, it is widely used in small 
amounts by many other industries. The aluminum, ceramics and glass, lubricating grease, and synthetic 
rubber industries consumed most of the lithium minerals and chemicals sold in 1997. The largest use of 
lithium compounds in the United States are lithium carbonate additives in ceramics and glass 
manufacturing processes. The domestic manufacture of thermal shock-resistant cookware (pyroceramics) 
consumes the majority of lithium used in the ceramics and glass industry. The manufacture of black-and-
white television picture tubes consumes significant amounts of lithium concentrates overseas. In the 
aluminum industry lithium is used in the electrochemical production process. The third largest end use for
lithium compounds is as catalysts in the production of synthetic rubbers, plastics, and pharmaceuticals. 
Lithium has recently found extensive use in high energy lithium-ion and lithium-polymer batteries. 
Lithium carbonate, a common mineral, is used in the treatment of bipolar disorder and some forms of 
depression. 

Lithium metal is obtained by the electrolysis of a mixture of fused lithium and potassium chloride. The 
metal is useful as an alloying agent with magnesium and aluminum to produce very light alloys. The 
alloys, which are 2% to 3% lithium by weight, are attractive to the aircraft industries because of their 
reduced density and superior corrosion resistance compared with those of conventional aluminum alloys. 
The metal is used as a deoxidizer and to remove unwanted gases during the manufacture of nonferrous 
castings. Lithium vapor is used to prevent carbon dioxide and oxygen from forming scale in furnaces in 
heat-treating steel. 

Lithium is used in nuclear weapons in the form of lithium hydride. It can be used in weapons simply as a 
convenient means of storing deuterium fusion fuel (lithium hydride contains more hydrogen per unit 
volume than liquid hydrogen does), or it can serve as an essential fusion fuel in its own right. Lithium 



hydrides have also been used in weapons for neutron shielding. For weapons use it is usually desirable to 
enrich lithium in Li-6 to provide a more effective fusion fuel. This has been done using electromagnetic 
separation in the U.S. and Russia, but large scale production uses chemical enrichment methods. 

The Y-12 Plant at Oak Ridge has been the major enrichment site in the U.S., using an electrochemical 
exchange process. This process relies on electromotive exchange, a differential affinity of mercury for Li-
6. A lithium-mercury amalgam is agitated with an aqueous lithium hydroxide solution. Li-6 concentrates 
in the lithium-mercury amalgam phase, Li-7 in the hydroxide solution. Counterflow through a cascade of 
stages produces highly enriched Li-6 in the amalgam. Chemical reaction between the lithium amalgam 
and the water is prevented by placing anodes in the hydroxide solution, and using the amalgam as a 
cathode. The depleted lithium is removed from the aqueous solution through electrolysis. The enriched 
lithium is recovered from the amalgam by decomposing it with water in the presence of a graphite 
catalyst, producing an aqueous lithium hydroxide solution and regenerated mercury ready for 
amalgamation with fresh lithium feed material. 

Originally the exchange was done using large shallow pans in the Elex (Electro-Exchange) Plant at Y-12, 
which operated from 1953-1956. The Elex plant began construction in autumn 1952 for use in weapons 
tests conducted in 1954. The plant reached initial operating capacity on 14 August 1953, with production 
expanding rapidly a few months later. The Elex process required repeated mixing of the amalgam and 
aqueous solution in the pans, followed by settling, and was thus not truly continuous. 

The vast majority of enriched lithium was prepared at the Y-12 Colex (Column Exchange) plant which 
operated from 1955 through 1961. This plant substituted packed columns for the pans, and operated by 
continuous counter-current flow. Enrichment operations ceased entirely in 1963 when a large stockpile 
had accumulated. 

Three enrichment levels were produced: 95.5% Li-6, 60% Li-6, and 40% Li-6. The depleted lithium 
contained 1-4% Li-6. Lithium enriched to 95% Li-6 was used in the Castle Union test on 25 April 1954 
that produced a 6.9 Mt yield (1.9 Mt from fusion). 40% Li-6 was used in the 15 Mt Castle Bravo test on 
28 February 1954 (5 Mt fusion). But natural lithium was used in Castle Romeo (26 March 1954), giving a
11 Mt yield (4 Mt fusion). 

The U.S. produced 442.2 tonnes of enriched lithium (of various grades) between 1954 and 1963, with 
30,917 tonnes of depleted lithium hydroxide monohydrate as tails (this is a lithium content of 5152 
tonnes). Much of this depleted lithium has been offered for sale as surplus since 1968. 10,467 tonnes of 
natural LiOH.H2O remain in inventory. In Sept. 1997 ORNL was offering Li-6 of 95-96% purity for sale 
at $1.30 per gram. High purity (>99%) Li-7, which is not the normal byproduct of Li-6 enrichment, was 
offered for $6.70 per gram. 

Lithium hydrides are white crystalline solids (m.p. 620 deg C), of generally salt-like physical character. 
The term "lithium hydride" may refer specifically to a compound of light hydrogen or may be used 
generically to refer any lithium-hydrogen compound regardless of hydrogen isotope. They are usually 
prepared by direct reaction between hydrogen and metallic lithium at elevated temperature. Lithium 
hydrides have low density (0.82 for LiH, 0.92 for LiD). Lithium hydrides have no known solvent. LiH 
reacts violently with water, producing hydrogen gas (a fact that makes it useful for special purpose 
hydrogen gas generators, such as those used to inflate lifeboats). Pure lithium hydride quickly turns grey 
on exposure to light or air due to the formation of hydroxides and carbonates. 

It can be formed into ceramic-like pieces for use in weapons, but extreme care is required to keep it dry to
avoid deterioration. It is fabricated and handled in special "dry rooms" at Y-12, with workers wearing 
sealed suits to prevent body moisture from escaping. Fabrication of LiH weapon components has been 
performed by hot isostatic pressing. The LiH powder is first packed into a sealed plastic jacket. The 
jacketed LiH is then placed in an oil filled pressurized autoclave where pressures of 10,000 psi or greater 
and high temperatures compact it into a solid mass. This mass is later machined to its final shape. Thin 
film hydriding techniques to form thin lithium hydride layers may be used in some modern weapons. 



In addition to its use as a thermonuclear fuel, lithium-6 has been used to harden nuclear weapons against 
outside neutron fluxes (from other nuclear weapons for example). Lithium-6 hydride has been used for 
this, the light hydrogen isotope presumably for its very strong moderating effect, and Li-6 for its low 
mass and high neutron absorption cross-section in the 0.1-1.0 MeV range. 

6.4 Other Materials

Some other materials of special interest for nuclear weapons use are listed below. 

6.4.1 Beryllium (Be) 

Beryllium, element 4, is named after the mineral beryl, which is a natural ore (beryllium aluminum 
silicate, Be3Al2(SiO3)6, aquamarine and emerald are precious forms of this mineral). It was discovered 
discovered as an oxide by Louis Nicolas Vauquelin in 1798, and was isolated as the metal by Friederich 
W?ler in 1828 (and independently by Antonine Alexandre Brutus Bussy) by the action of potassium on 
BeCl2 in a platinum crucible. Commercial production began in the 1950s as a result of the nuclear 
weapons program in the U.S. 

Beryllium is an alkaline earth metal with a valence of two. It is steel gray and tarnishes only slightly in 
air, becoming covered with a thin layer of oxide. It is one of the lightest metals, being lighter than 
aluminum and only slightly heavier than magnesium. Nonetheless is still surprisingly dense considering 
its very low atomic weight. This is due to its having one of the densest packing of atoms per unit volume 
of any element (only the diamond form of carbon is higher). All of the beryllium in existence is thought 
to have arisen from cosmic ray collisions in interstellar space. 

Beryllium and its compounds (particularly its oxide) have unique and remarkable combinations of 
physical, chemical, electronic, and nuclear properties. Accordingly despite its high cost it is widely used 
in a enormous variety of applications. 

Beryllium has only one natural isotope with an atomic weight of 9. Its electronic configuration is 2-2 or 
1s2-2s2. 

Beryllium's principal properties are:

Density 1.848 (20 C)
Melting point 1278 C (+/- 5 deg.)
Boiling point 2970 C (at 5mm pressure), above 3000 C at standard atmospheric 

Beryllium has the unusual property of that many of its salts have a sweet taste, for which reason the 
element was originally called glucinium. It is also the most chemically toxic element. The OSHA 
permissible working exposure is limited to 2 micrograms/m^3 of air for an 8 hour shift, and about 100 
micrograms/month. NIOSH recommendeds that airborne exposure never exceed 0.5 micrograms/m^3. 
Soluble compounds in the form of solutions, dry dust, or fumes may produce dermatitis or, when inhaled, 
acute potentially lethal effects similar to those caused by the poison gas phosgene. 

It has many outstanding structural properties. Beryllium has a high strength per unit weight. Its modulus 
of elasticity exceeds that of steel (i.e. it is very stiff). It has the highest melting point of the light metals, 
and it has excellent thermal conductivity. It is also nonmagnetic and nonsparking. These factors combine 
to make it a superb material for heat shielding in ICBM reentry vehicles, and for inertial guidance system 
gyroscopes. It has good resistance to chemical attack (it does not oxidize at ordinary temperatures, and it 
resists nitric acid). It is very valuable as an alloying agent with copper. Beryllium-copper alloys (2% Be) 
have high electrical and thermal conductivity, high strength and hardness, good corrosion and fatigue 
resistance, and nonmagnetic properties. It is a superior material for springs and is used in many types of 
machinery, and for electronic connectors. About 75% of U.S. beryllium demand is for use in this alloy. 



Its oxide has a very high melting point, excellent thermal conductivity, and high hardness (beryllium's 
ability to scratch glass is probably due to the formation of a thin layer of the oxide) and strength, making 
it useful in high temperature ceramics and as a substrate for high-density electronic circuits. It is also 
transparent to microwaves and used in many microwave applications. About 15% of U.S. beryllium 
consumption is for the oxide. 

Beryl (which contains about 4% Be) is the most important beryllium ore throughout the world. Emerald, 
one of the rarest and most valuable gemstones, is a form of beryl. The major U.S. source has been low-
grade bertrandite deposits in Utah. The United States is one of only three countries that process beryllium 
ore and concentrates into beryllium products and supplies most of the rest of the world with these 
products. U.S. beryllium production is exclusively handled by Brush-Wellman Inc's Delta Utah plant. It 
processes bertrandite and imported beryl. Beryllium hydroxide is shipped to the company's plant in 
Elmore, OH, where it is converted into beryllium alloys, oxide, and metal. One other company in the 
United States has the capability to produce beryllium alloys -- NGK Metals Corp., a subsidiary of NGK 
Insulators of Japan -- which produces beryllium alloys at a plant near Reading, PA. NGK Metals 
purchases its berylloium from Brush-Wellman however. 

Beryllium compounds are generally white (or colorless in solution) and show great similarity in chemical 
properties to the corresponding compounds of aluminum. This similarity makes it difficult to separate 
beryllium from the aluminum that is almost always present in beryllium ores. Beryllium metal is usually 
prepared by reducing the fluoride with magnesium. 

In 1997 U.S. beryllium consumption of 205 tons was valued at more than $70 million. Worlwide 
production in that year was 276 tonnes (beryllium metal content). The use of beryllium (as an alloy, 
metal, and oxide) in electronic and electrical components, and aerospace and defense applications 
accounted for more than 80% of consumption. The U.S. price of beryllium as domestic vacuum-cast 
metal ingot was $720/kg. Beryllium-copper master alloy was $350 per kilogram of contained beryllium, 
and beryllium oxide powder was $169/kg. The National Defense Stockpile (NDS) goal for beryllium 
metal was 363 tonnes. 

It has many application in nuclear technology. It has high transparency to x-rays. It also has a remarkable 
range of desirable qualities for neutron-related applications. It generates neutrons when bombarded with 
gamma rays or alpha particles (about 30 neutrons/million alphas), through the He-4 + Be-9 -> C-12 + n 
reaction, which made it the first known source of free neutrons for laboratory study (the neutron energy is
also a remarkably high 5.7 MeV). The existence of the alpha->n reaction made it useful in the neutron 
initiator in early fission weapons. 

It has a very low absorption cross section for thermal neutrons and is thus used as a canning material for 
fuel elements in reactors. Due its low atomic weight it is an excellent neutron moderator, and has the 
largest macroscopic neutron scattering cross section of any material (due in part to its packing density). It 
also undergoes Be-9 + n -> Be-8 + 2n reactions, thus acting as a neutron multiplier; although this 
endothermic reaction (- 2.4 MeV) only becomes significant around 3 MeV. 

These characteristics have made it a reflector/moderator of choice for extremely small, light nuclear 
reactors; and a neutron reflector of choice for low yield, very light nuclear weapons. The production of 
high quality beryllium forgings suitable for use as a weapon reflector requires the use of hot vacuum 
isostatic pressing. 

6.4.2 Polonium (Po)
Polonium, element 84, was the first element discovered by Mme. Marie Sklodowska Curie in 1898, while
seeking the cause of radioactivity of pitchblende from Joachimsthal, Bohemia. It is named after her native
country Poland. It was extracted from the uranium ore pitchblende, where it is found in the concentration 
0.1 ppm. 

Polonium has more known isotopes than any other element with 27 (all radioactive). Po-210 is the third 
longest lived (the longest lived isotope is Po-209 with a 109 year half-life). The isotope Po-210 (the only 



readily accessible isotope) is naturally formed from the decay of radium: 

Ra-226 -> (1600 y, alpha) -> Rn-222
Rn-222 -> (3.823 day, alpha) -> Po-218
Po-218 -> (3.05 min, alpha) -> Pb-214
Pb-214 -> (26.8 min, beta) -> Bi-214 
Bi-214 -> (19.7 min, alpha) -> Tl-210
Tl-210 -> (1.3 min, beta) -> Pb-210 ("Radium D")
Pb-210 -> (21 yr, beta) -> Bi-210 ("Radium-E")
Bi-210 -> (5.01 day, beta) -> Po-210 ("Radium F") 

Radium samples more than 30 yr old (to allow the buildup of the Pb-210 parent) contain 0.013% (1 g per 
7.5 kg of radium). Polonium can be conveniently extracted from radium by allowing it to deposit on to 
bismuth plates suspended in RaCl solution. Lead extracted from uranium ores contains Pb-210, from 
which Po-210 can be periodically harvested. In 1934 it was discovered that it could be manufactured by 
bombarding natural bismuth (Bi-209) with neutrons to form Bi-210. 

Elemental polonium is silvery and has two allotropic forms, the alpha and beta forms, which can coexist 
between 18 C and 54 C. Its physical properties are:

Density: 9.196 (alpha form); 9.398(beta form); mixtures have intermediate densities
Melting point: 254 degrees C
Boiling point: 962 degrees C 

Chemically polonium resembles bismuth and tellurium. Polonium dissolves readily in dilute acids, but is 
only slightly soluble in alkalis. Due to its very short half-life polonium compounds tend to decompose 
quickly, particularly organic compounds. Metallic polonium can be prepared from polonium hydroxide. 

Despite its fairly high boiling point, polonium is rather volatile - 50% of a sample will vaporize in 45 hrs 
at 55 C. Part of its volatility can be attributed to its radioactivity. When an atom decays, the recoil from 
the energetic alpha emission dislodges many atoms. Since 0.50% of it decays each day, a significant 
fraction of the atoms are ejected on a daily basis. 

Po-210 is an alpha emitter with a half-life of 138.39 days. It is notable in that it emits almost no gamma 
rays, a property that made it important to the Manhattan Project and the early post-war weapon program 
of the U.S. By encapsulating Po-210 in a specially shaped capsule with beryllium, separated by a thin 
metal foil or film, a neutron initiator for fission bombs could be made. Turbulence created by sudden 
compression would cause the Po-210 and beryllium to rapidly mix, and produce neutrons by the Be-9 + 
alpha -> Be-8 + n + alpha reaction. The foil prevented the poorly penetrating alpha particles from creating
neutrons prematurely. Other alpha emitters produce gamma rays in addition, which easily penetrate the 
foil and knock neutrons loose prematurely. 

Po-210 is highly toxic and dangerous to handle. Its short half-life gives it an extremely intense 
radioactivity of 4490 Ci/g (4500 times as intense as radium-226, 65000 times as intense as Pu-239), its 
volatility makes it easy to ingest. The maximum allowable body burden is 0.03 microcuries (6.7x10^12 
g). 

The Manhattan Project found it impossible to prevent people who handled polonium from absorbing it. 
Fortunately absorbed polonium is not deposited in bone, but is excreted rather rapidly. Monitoring 
polonium content in urine, and frequent staff rotation, minimized the hazard. On the other hand, polonium
deposited on inhaled particles is retained by the lung like plutonium, and can be extremely hazardous in 
this form. Much of the lung cancer hazard of tobacco smoking actually comes from polonium deposited 
on smoke particles, not chemical carcinogens. 

In the chemical isolation from ore, the ore is treated with hydrochloric acid, and the resulting solution is 
heated with hydrogen sulfide to precipitate polonium monosulfide, PoS, along with other metal sulfides, 



such as that of bismuth, Bi2S3, which resembles polonium monosulfide closely in chemical behaviour, 
though it is less soluble. Because of the difference in solubility, repeated partial precipitation of the 
mixture of sulfides concentrates the polonium in the more soluble fraction, while the bismuth accumulates
in the less soluble portions. The difference in solubility is small, however, and the process must be 
repeated many times to achieve a complete separation. Purification is accomplished by electrolytic 
deposition. 

Po-210 produces heat at a rate of 140 w/g. A capsule containing 500 mg will reach 500 C. A milligram or 
so makes an easily visible blue glow from excitation of the air. Polonium has been used in devices that 
ionize the air to eliminate accumulation of electrostatic charges. In most applications (such as textile 
mills) this use has been replaced by safer beta emitters, but it has remained in use in applications where 
products are very sensitive to radiation exposure especially photographic film plants. 
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7.0 Nuclear Weapon Nations and Arsenals
There are currently five nations considered to be "nuclear weapons nations", an internationally recognized
status conferred by the Non-Proliferation Treaty. In order of acquisition of nuclear weapons these are: the 
United States of America, the Soviet Union/Russia, the United Kingdom, France, and China. Since the 
nuclear tests conducted by India and Pakistan in May 1998 both nations have publicly declared 
themselves to in possession of a nuclear arsenal, but this status is not formally recognized by international
bodies. In addition Israel has deployed a nuclear arsenal but has not acknowledged it. The three smaller 
Soviet successor states that inherited nuclear arsenals (Ukraine, Kazakhstan, and Belarus) have now 
relinquished all nuclear warheads which have been removed to Russia. 
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7.1 Nuclear Weapon Treaties

The five nation nuclear "club" is codified in international law by the Nuclear Non-Proliferation Treaty 
(NPT) adopted at the U.N. on 12 June 1968, opened for signature on 1 July 1968, and entered into force 
of 5 March 1970. This treaty declares that only the five nations mentioned above may lawfully possess 
nuclear weapons, but that all other nations may not be prohibited from acquiring peaceful nuclear 
technology. It also specifies that the five nuclear powers must seek to reduce and eliminate their arsenals 
as quickly as possible. It was not until 1998, 30 years after the NPT's adoption, that any nations admitted 
to having deploying a nuclear arsenal since that date, an indication that the iternational norm it established
did has had some effect on national behavior. Also no signatory to the pact has yet successfully acquired 
nuclear weapons after joining NPT. It has not however dissuaded several nations from pursuing these 
weapons, in some cases successfully. As of 20 December 2000, there are 187 parties to the NPT including
185 of the 189 member nations of the U.N. (Switzerland and the Vatican have signed but are not UN 
members). The only holdouts are Cuba, India, Israel, and Pakistan; that last three of whom now possess 
nuclear weapons and cannot sign and retain their arsenals. Some nations who are parties to the treaty have
pursued, or believed to be pursuing weapons are: Iraq, North Korea, Libya, and Iran. South Africa, which 
admitted in the early 90s to having developed an arsenal in the 1980s, has destroyed the arsenal and has 
since signed the pact.

It should be noted that although Iraq made substantial progress in pursuing nuclear weapons while a 
member of NPT, no NPT safeguarded facilities contributed directly to this effort. In fact, no safeguarded 
facility has ever been shown to contribute to a nuclear weapon effort after having been placed under 
safeguards (other than to simply increase the technical expertise of the operating nation). It is only 
through secret programs, conducted entirely outside NPT, that nations have been able to pursue nuclear 
weapons. While the NPT regime is scarcely foolproof, it has been effective in preventing the diversion of 
civilian nuclear technology and facilities placed under safeguards.

Four nations that came into existence with the breakup of the Soviet Union inherited nuclear weapons: 
Russia, Ukraine, Kazakhstan, and Belarus. It was agreed by these nations that Russia would be the 
designated successor to the Soviet Union under NPT. All have now signed the NPT, and all nuclear 
warheads have been removed to Russian soil.

The NPT was originally of limited duration, its initial 25 year period expired in 1995. The NPT Review 
and Extension Conference was held in New York from 17 April to 12 May, 1995. Of the (then) 178 
signatories, 175 attended. More than half of the signatories (111) sponsored renewal, this time indefinitely
instead of a limited duration. As a result of majority sponsorship, the treaty extension was enacted 
without a formal vote. Three resolutions were also adopted that reaffirmed, clarified, and strengthened the
basic NPT approach. Three signatories to the original pact, such as Iran, opposed extending the pact at all 
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and boycotted the proceedings.

The five NPT-recognized nuclear weapon states became official signatories to the treaty in the following 
order: the United Kingdom (27 November 1968), the United States and Soviet Union together (5 March 
1970), China (9 March 1992), and France (2 August 1992). The then UN member of China (now Taiwan)
became a signatory on 27 January 1970, but is now no longer recognized as a UN member of NPT 
signatory. The first nation to accede to the NPT was Ireland (1 July 1968).

There is a non-treaty alliance called the Nuclear Suppliers Group (NSG) to which most industrialized 
countries belong. This organization restricts the access of dual-use technology to countries suspected of 
pursuing nuclear arms.

Other treaties restricting nuclear arms include.

Antarctic Treaty
Signatories: 40 nations (1994)
Date: 4 August 1963
Prevents military use of Antarctic including stationing or testing nuclear weapons 

Nuclear Test Ban Treaty
Signatories: U.S., USSR, UK
Date: 4 August 1963
Prohibits nuclear tests above ground, under water, or in space. 

Outer Space Treaty
Signatories: 93 nations (1994)
Date: 27 January 1967
Prohibits the intorduction of nuclear weapons into space.

Treaty of Tlatelolco
Signatories: USA and all of South America (26 nations)
Date: 1967
Bans nuclear weapons from South America..

Limited Test Ban Treaty
Signatories: 120 nations (1994)
Date: 1968
Prohibits nuclear tests above ground, under water, or in space.

Nuclear Non-Proliferation Treaty (NPT)
Signatories: 187 nations (20 December 2000)
Date: adopted 1 July 1968, in force 5 March 1970, renewed indefinitely 11 May 1995
Prohibits the development or transfer of nuclear weapons or related technologies by and to non-weapon 
holding states. As of 20 December 2000 the only non-signers are Israel, India, Pakistan, and Cuba.

Seabed Treaty
Signatories: 88 nations (1994)
Date: 1971
Prohibits deployment of weapons of mass destruction on the the sea floor beyond the 12-mile coastal 
sovereignty limit.

SALT I (Strategic Arms Limitation Talks I)
Signatories: U.S., USSR
Date: 26 May 1972 
Placed limits on arsenals for both signatories, no destruction of existing arsenals is called for. Duration 
was until 3 October 1977, but both nations agreed to continue to abide by its limits.



Threshold Test Ban Treaty
Signatories: U.S., USSR
Date: 1974 
Restricted underground nuclear tests to 150 kilotons. 

SALT II (Strategic Arms Limitation Talks II)
Signatories: U.S., USSR, UK
Date: 18 June 1979 (never ratified)
Placed tighter limits on arsenals, some weapon destruction is required to meet them..

South Pacific Nuclear Free-Zone (Roratonga) Treaty
Signatories: 11 nations (1994)
Date: 1985
Prohibits testing, deployment, or acquisition of nuclear weapons in the South Pacific. 

Intermediate Range Nuclear Forces (INF) Treaty
Signatories: U.S., USSR
Date: 8 December 1987
Eliminated short and medium range nuclear missiles. All such weapons were destroyed.

START I (Strategic Arms Reduction Talks I)
Signatories: U.S., USSR
Date: 1991 (went into effect 5 December 1994)
Reduces arsenals by about 30%. The original signatory USSR has since dissolved, and the states of 
Russia, Belarus, Kazakhstan, and recently Ukraine have endorsed the treaty by signing the START I 
Protocol. As a result of Ukraine's joining NPT, the treaty went into effect in December 1994.

START II (Strategic Arms Reduction Talks II)
Signatories: U.S., Russia
Date: 1993; U.S. Senate ratification 1996, Russian Duma ratification 2000
Reduces deployed (active duty) arsenals of both the U.S. and Russia to 3000-3500 warheads by 2003 and 
bans MIRVed ICBMs (but not SLBMs). No warheads are actually required to be destroyed. This treaty 
was ratified by the U.S. Senate on 26 Jan. 1996 by a vote of 87-4 with a rider attached prohibiting 
compliance with the treaty terms unless it formally goes into effect. Accordingly this required U.S. 
planning for stockpile management to assume maintenance of the higher START I levels for the 
indefinite future. The Russian State Duma, the lower chamber of parliament, finally approved the treaty 
on 13 April 2000 on a 288 to 133 vote, but with conditions that required U.S. Senate approval before the 
treaty could enter into force. As of 15 Jan. 2001 no vote on these conditions had been scheduled.

Comprehensive Test Ban Treaty (CTBT)
Signatories: 157 (as of 13 October 1999)
Date: 10 September 1996
This treaty was intended to ban all nuclear tests (based on a negotiated definition of "nuclear test") by all 
nuclear weapon possessing states (declared or undeclared). Tests by current non-weapons states is already
banned by the NNPT. After several years of work, treaty negotiations conducted under the auspices of the
61-nation Conference on Disarmament in Geneva earlier this year successfully enlisted support by all five
declared nuclear powers. The final draft, proposed by Dutch negotiator Ramaker in June, required 
signature by the non-declared weapon states: India, Pakistan, and Israel, for the treaty to go into effect. 
India, a supporter of the CTBT concept for many years, came out in open opposition to the final draft - 
declaring that it could not sign the treaty unless it contained a time table for all nuclear powers to destroy 
their arsenals (a requirement not directly connected with the purpose of the treaty - banning tests). It 
quickly became apparent that India's 11th-hour opposition was total - that it proposed to use all available 
means to obstruct the treaty. Since the ground rules for the Conference required unanimous support for 
treaty approval, India's opposition led to the abandonment of treaty negotiations on 22 August.

The other states however cast about to find an alternate avenue of treaty approval, and Australia offered 



to submit the treaty directly to the UN General Assembly for approval. On 9 September a resolution 
calling for approval was introduced into the UN General Assembly by Australia, and it was approved by 
voice vote the next day. It was opened for signature Tuesday, 24 September when President Clinton 
followed by the foreign ministers of the four other declared nuclear powers -- Russia, China, Britain and 
France -- all signed.

As of 24 September 1998, 21 of the 150 signatory nations have also ratified the treaty. The CTBT will not
enter into force, though, until all 44 countries with nuclear reactors have signed and ratified it. Of these 
states, 41 have signed (as of 24 September 1998), including France and the United Kingdom. The three 
remaining states were India, North Korea, and Pakistan. At the time of this writing, both India and 
Pakistan reamin ambivalent to signing in the wake of their May 1998 nuclear test series. Pakistan has 
indicated a willingness to do so, but has stated that it would not agree to the pact unless India does also. 
India continues to complain of problems with the treaty and claims to accept it in principle, but has made 
no commitment to sign it. The treaty requires a conference to decide how to accelerate the ratification 
process should India and others still refuse to join the pact, this conference is now scheduled for 
September 1999.

Pres. Clinton transmitted the treaty to the U.S. Senate in September 1997 but Senate republicans refused 
to consider, taking no action until 30 September 1999. On that day Senate Majority leader Trent Lott 
suddenly declared that the Senate would bring it to an immediate vote - without any hearings being held. 
Efforts to have expert testimony given in the Senate prior to the vote failed, and on 13 October when it 
was defeated on a near-party-line vote of of 51 to 48, marking the first time since 1920 that a major 
international treaty was defeated in the Senate.

Despite its rejection in the U.S., efforts to get India and Pakistan to sign continue.
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7.2 Declared States

In the game of comparing nuclear arsenal sizes a number of different methods of measurement can be 
used. The most popular are the number of warheads, and the total megatonnage of the arsenal. Number of 
warheads is meaningful when each warhead is large enough to destroy the target it is used against. 
Targets large enough to require many warheads are relatively few in number, even if the warheads are 
small (as nuclear weapons go), so warhead number is a fairly good indicator of the effective arsenal size. 
Megatonnage provides a more direct measure of the gross destructive power of the arsenal, and is 
especially important for estimating long range effects (like fallout). Since the destructive potential of a 
nuclear weapon is not necessarily proportional to its size, an alternative to total megatonnage has been 
proposed called equivalent megatonnage. The equivalent megatonnage of a warhead is its yield in 
megatons raised to the two-thirds power: Y(2/3). This metric assumes that blast is the important 
destructive effect, as it is against most structures. The area affected by the thermal flash is directly 
proportional to size however, and this casualty producing effect thus dominates in large weapons.

An additional complication in discussing arsenal sizes with respect to Russia is its large number of retired
warheads from its Cold War arsenal that have yet to be dismantled (few U.S. warheads remain that have 
not been dismantled). Both nations thus have large numbers of superfluous weapons that have yet to be 
dismantled, but are not part of their official arsenals. Information about these inventories of these retired 
weapons are available for the U.S., but is spotty at best for Russia. But these weapons do still exist and 
could be put back into service on short notice if the decision to do so were made. Even after 
dismantlement, the expensive nuclear materials will still exist, often in the form of fabricated weapons 
components, and manufacturing new weapons from them could be undertaken more rapidly than could be
done from scratch.

7.2.1 United States of America

On 1 October 1998 a new SIOP (Single Integrated Operational Plan), known as SIOP-99 went into effect.
The SIOP is the comprehensive policy guidance for employing nuclear weapons. SIOP-99 was the first 
new operational plan since SIOP-81 was enacted at the beginning of the Reagan Era, and was drafted in 
response to Presidential Decision Directive 60, signed by President Clinton in November 1997.

Since the invention of nuclear weapons, the U.S. has built about 70,000 warheads, and dismantled about 
58,000 of them with most of the nuclear materials being recycled into new weapons. The U.S. currently 
has about 12,500 weapons in existence, but only 8700 (approx.) are in active service. The remaining 3800
or so are retired weapons either awaiting dismantlement, making up part of the inactive reserve, or both. 
Some counts give somewhat lower numbers for operational weapons (e.g. 7200), but the weapons making
up this differential are simply "in storage", have not been transferred to reserve status, and are in full 
operational condition. At its numeric peak in 1967, the U.S. arsenal had some 32,500 warheads.

The U.S. has produced no new nuclear warheads in the past ten years (the last fissile bomb core was 
fabricated in December 1989, the last weapon was assembled 31 July 1990). The U.S. is nearing the end 
of the dismantlement effort begun several years ago, and has no plans at present for building any new 
nuclear weapons, or any new strategic delivery systems. Existing warheads have been modified however, 
creating for example the B61 Mod-11 tactical bomb, and remanufacturing of existing warheads to extend 
their service life is expected. If START II is implemented, by 2007 the U.S. plans to have about 4450 
warheads in service (the last time there were fewer than this was in 1957 when 5828 warheads existed) 
with a combined hedge stockpile and inactive reserve of an additional 5000 warheads. The hedge 
stockpile will contain fully operational weapons that are kept in storage away from their delivery systems 
(so that they are not immediately available), there are currently no weapons assigned to this category. The
inactive reserve contains weapons that are intact but not in operational condition. Extensive work may be 
required to return an inactive weapon to service (e.g. expansion of tritium production facilities, followed 
by stockpiling of additional tritium; modification of inactive warheads to mate with current delivery 
systems, etc.). 350 W-84 warheads are currently assigned to the inactive reserve.
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On 1 March 1995, President Clinton declared 212.5 tonnes of highly enriched uranium (HEU) and 
plutonium to be excess to national security needs. Since that time additional information about the 
amount, locations, and forms of this material has been released. The excess plutonium (38.2 tonnes) is 
stored at 10 locations in Washington, Idaho, Colorado, New Mexico (two locations), Texas, Ohio, New 
York, Tennessee and South Carolina. The HEU (174.3 tonnes) is stored at six locations in Washington, 
Idaho, Colorado, New Mexico, Texas and South Carolina. It is expected that the HEU will be blended 
with natural uranium to produce some 7000 tonnes of civilian power plant fuel over 8-10 years. About 10 
tonnes of HEU has already been placed under international safeguards at the Oak Ridge Y-12 site.

The excess HEU consists of 33 tonnes of >92% enrichment material (originally used or intended for 
weapon primary cores), and 142 tonnes of 20-92% enrichment material (much of it used or intended for 
thermonuclear secondaries). No HEU for weapons use has been produced since 1964, and production of 
HEU for use in naval reactors ended in 1991 with future needs to be met from the stockpile.

On 6 February 1996 U.S. Dept. of Energy declassified significant additional information about plutonium 
stocks and their location. It was disclosed that since 1944 the U.S. produced or acquired 111.4 tonnes of 
plutonium, principally for weapons programs. 93.5% was produced in government reactors, 5% was 
imported from 14 countries and 1.5% arose from commercial reactors.

89.3% of the 111.4 tonnes produced or acquired remains in the DOE/Department of Defense inventory 
(99.5 tonnes). The balance consists of plutonium used in the Nagasaki bomb and in weapons tests (3.4 
tonnes, 3.1%), waste (3.1%), inventory differences (2.5%), fission and transmutation (1.1%), transfer to 
foreign countries (0.6%), decay (0.4%) and distribution to the civilian nuclear industry (0.1%).

Of the 99.5 tonnes in current inventory, 85 tonnes is weapons-grade plutonium (less than 7% Pu-240), 
13.2 tonnes is "fuel-grade" (7-19% Pu-240) and 1.3 tonnes is reactor-grade (over 19% Pu-240) material. 
38.2 tonnes of weapons-grade plutonium was declared excess inventory, and will be disposed of. The 
remaining 46.8 tonnes of weapons-grade plutonium includes 32 tonnes of plutonium contained in 
weapons still in the U.S. stockpile, and 5000 pits from disassembled weapons as part of a strategic 
reserve. Of the excess inventory: 55.8% (26.1 tonnes) is located Pantex - almost all in the form of 
fabricated weapon pits; 31.2% is located at Rocky Flats, and is thus inaccessible for weapons use at 
present since the facility has been shut down; most of the remaining 13% is distributed between Hanford, 
Los Alamos, and Savannah River.

A total of 90.5 tonnes of weapon grade plutonium was produced by the U.S. 54.5 tonnes of this was 
produced at Hanford, 36 tonnes was produced at Savannah River.

Three countries provided the bulk of the foreign-derived material: United Kingdom (5,384 kilograms), 
Canada (254.5 kg) and Taiwan (79.1 kg). 749 kilograms of plutonium that was transferred to 39 foreign 
countries between 1959 and 1991 under the U.S. "Atoms for Peace" program. The plutonium was used 
for a variety of civilian purposes, primarily power reactor development under International Atomic 
Energy Agency supervision.

The strategic reserve also contains thermonuclear secondary stages from disassembled weapons, in 
addition to the 5000 pits. These secondaries contain enriched uranium (in the sparkplug and fissile 
tamper) and lithium-6 deuteride. When weapons are disassembled at Pantex the secondaries are shipped 
to Oak Ridge National Laboratory in Tennessee, where the Y-12 plant that manufactured them is located. 
Some of the secondaries are dismantled, but others are retained as part of the strategic reserve. The 
number retained for this purpose is not known, but may perhaps match the number of pits in the reserve.

Despite the halt in weapons manufacture and testing, and the draw down in weapon stockpiles, the U.S. 
has expressed no interest in abandoning nuclear weapons (and netiher has any of the other nuclear 
weapons states). To maintain the existing weapon stockpile, and an infrastructure capable of weapon 
development, production and testing, an ambitious research and construction program has been 
developed. This program maintains the level of funds devoted to the nuclear weapons related programs at 
the DOE at about the same level as during the Cold War. The content of this program has been 



summarized by the DOE as follows: 

• The conduct of a Science Based Stockpile Stewardship program to insure a high level of 
confidence in the active stockpile, including the conduct of a broad range of effective and 
continuing experimental programs. 

• The maintenance of modern nuclear laboratory facilities and programs in theoretical and 
exploratory nuclear technology which will attract, retain, and ensure the continued application of 
our human scientific resources to those programs on which our continued progress in nuclear 
technology depends. 

• The maintenance of the basic capability to resume nuclear test activities prohibited by the CTBT 
should the United States cease to be bound to adhere to this treaty. 

• Continuation of a comprehensive research and development program to improve our treaty 
monitoring capabilities and operations. 

• The continuing development of a broad range of intelligence gathering and analytical capabilities 
and operations to ensure accurate and comprehensive information on worldwide nuclear arsenals, 
nuclear weapons development programs, and related nuclear programs. 

• The understanding that if the President of the United States is informed by the Secretary of 
Defense and the Secretary of Energy (DOE) -- advised by the Nuclear Weapons Council, the 
Directors of DOE's nuclear weapons laboratories and the Commander of the U.S. Strategic 
Command -- that a high level of confidence in the safety or reliability of a nuclear weapon type 
which the two Secretaries consider to be critical to our nuclear deterrent could no longer be 
certified, the President, in consultation with Congress, would be prepared to withdraw from the 
CTBT under the standard "supreme national interests" clause in order to conduct whatever testing 
might be required. 

Under this program the national weapons laboratories are continuing to devise new weapon designs and 
modifications. Los Alamos is developing a replacement warhead for Trident II Mk5 reentry vehicle. 
Lawrence Livermore is studying the reuse of old weapons pits in new weapon designs. Both labs are 
working on adding state-of-the-art safety features to some weapons that now lack them.

7.2.1.1 Current Nuclear Forces
The U.S. is currently wrapping up an interim consolidation of its strategic forces, a process set in motion 
by the unilateral demobilization of thousands of nuclear weapons by Pres. Bush on 27 Sept. 1991. A 
planned force reduction envisioned by the 1994 Nuclear Posture Review (NPR) to complying with the 
provisions of the START II treaty, originally to be completed by 5 December 2001 and then extended by 
Helsinki agreement until the end of 2007, is now on hold indefinitely. In April 2000 START II was 
finally ratified by the Russian Duma after a seven year delay, but with additional conditions that require 
approval from the U.S. Senate. Congressional legislation had previously prohibited complying with the 
START II prescribed force levels until the treaty went into force (a requirement that required an 
additional $104 million in the FY 2000 budget), and no hearings or votes on the Duma-imposed 
conditions have yet been scheduled. The status of START II and its force reduction time table thus 
remains in limbo at the start of 2001. The U.S. military is on record favoring the introduction of further 
force reductions -- particularly the planned decommissioning of four submarines -- to save costs 
regardless of formal treaties.

In any case the START I and START II treaties, like the SALT treaties before them, use strategic 
delivery vehicles and delivery vehicle loadings as the unit of accountability. This practice was originally 
instituted due to mutual suspicion and secrecy during the Cold War since delivery vehicles could be 
counted by satellite, and their configurations confirmed by occasional surprise examination. Nuclear 
weapons (warheads) per se were not counted. This remains true under START I and II, the limits set are 
calculated in terms of agreed upon counting rules for delivery vehicles and loadings. Thus there are no 
restrictions placed on the number of actual nuclear weapons, operational or otherwise, that can be 
stockpiled by either power, and no restrictions on many types of tactical nuclear warheads. Accordingly 
the 1994 NPR specified that the U.S. will actually maintain an intact stockpile of some 10,500 weapons, 
known as the Enduring Stockpile, in various stages of readiness even if and when START II goes into full
effect. This is an inventory some four times the officially calculated 2000-2500 deployed strategic 



warhead limit for START II (for START I the level is 3500). Until such time as other treaties are 
concluded, or a future posture review makes a unilateral revision, this stockpile level will be maintained 
indefinitely.

There are currently nine warhead types in the Enduring Stockpile. Each of the two national weapons labs 
is responsible for the stewardship of the warhead types that they developed. Los Alamos National 
Laboratory is responsible for five warheads - the B61, W76, W78, W80, and W88. Lawrence Livermore 
National Laboratory is responsible for four - the W62, W84, W87, and B83.

In assessing nuclear force levels a distinction should be made between the forces that are in service and 
the forces that are actually available at any given time. Since weapon systems require maintenance, and 
crews that operate them require training, a certain portion of nuclear delivery systems are normally 
unavailable for either or both of these reasons. The percentage of the total force affected by these 
considerations is lowest for the ICBM force, which has an an availability rate on the order of 99%. The 
other legs of the triad have lower rates of availability. 

U.S. ICBMs and those SLBMs at sea are maintained on continuous alert, but are not targeted at any 
specific country. The missiles could, however, be returned to their previous targeting status on short 
notice. The bomber force is no longer maintained on constant "strip alert", although it could be returned 
to alert status within a few days if necessary.

ICBMs 

The US ICBM force consists of 500 Minute Man III missiles, and 50 Peacekeeper (MX) missiles 
deployed at three bases (down from four). Under START II the 50 Peacekeeper missiles were scheduled 
to be deactivated with the US relying solely on the Minuteman III as a land-based ICBM. This 
deactivation had been on hold, though with contingency programs to implement it continuing. In the FY 
2002 budget (which begins 1 Oct. 2001) submitted to congress by Sec. of Defense Rumsfeld however , 
proposed to reture all of them at a savings of about $70 million a year. The MM III force is now based at 
Malmstrom AFB, Montana (200 missiles in the 10th, 12th, 490th, and 564th missile squadrons of the 
341st Space Wing); Minot AFB, North Dakota (150 missiles in the 740th, 741st, and 742nd missile 
squadrons of the 91st Space Wing); and F.E. Warren AFB, Wyoming (150 missiles in the 319th, 320th, 
and 321st missile squadrons of the 90th Space Wing). Warren also hosts the sole Peacekeeper squadron 
(50 missiles, of the 400th missile squadron also of the 90th Space Wing). Each squadron controls 50 
missiles, which are divided in to five "flights" of 10 missiles. There are five underground launch control 
centers (LCCs) in a squadron, each LCC is responsible for monitoring the operational status of one flight. 
For redundancy every LCC in a squadron is capable of commanding the launch of every missile in the 
squadron; to ensure secure control two LCCs (or an airborne LCC aboard a EC-135) must command the 
launch of a missile before it will fire.

The redeployment of MM III missiles from Grand Forks AFB in North Dakota was completed 3 June 
1998. Destruction of the inactivated silos and launch control centers (LCCs) by explosive demolition as 
required by START I began at Grand Forks in 1999. The first silo, near Langdon, North Dakota, was 
destroyed 6 October 1999 with 14 demolished by the end of that year. The process will be completed by 1
December 2001.

The 150 previously deactivated Minuteman II silos and LCCs at Ellsworth AFB, South Dakota have 
already been destroyed. On 13 September 1996 the 149th former silo was blown up at Ellsworth AFB, 
South Dakota. The 150th and last silo at Ellsworth became the Minuteman Missile National Historic Site 
on 29 November 1999. The MM II silo demolition program was completed at Whiteman AFB, Missouri 
(still home to some 550 strategic bombs) in December 1997. The fate of the MM II silos at Grand Forks 
are currently being debated, it has been proposed that some them could used by a National Missile 
Defense (NMD) system.

When (if) the START II treaty goes into force, the MM III force will be downloaded to one warhead 
each. START I limits already restrict warhead loading and some MM IIs have been downloaded to one 



warhead to comply with START I. If Peacekeeper is deactivated under START II the Mark 21 RV/W-87 
warhead will be redeployed on to MM IIIs. The W-87 has superior safety features over the warheads it 
will replace such as insensitive high explosive, a fire resistant pit, and ENDS (enhanced nuclear 
detonation system) which offers better security. Some W-87s have already been placed on MM III 
missiles, perhaps using some of the reserve W-87s not deployed on Peacekeepers. The Air Force is eager 
to retire the W-62 warhead from active service.

The responsibility for maintaining the ICBM force has been contracted out now, to TRW Inc., for a 
possible 15 year term running through 2012 at a cost of $3.4 billion (less than what the Air Force 
expected to spend). TRW is also managing the three-part upgrade program for the MM III force. Since 
the average age of the MM III inventory already exceeds 25 years (last one assembled 11/30/78), a U.S.
$5.2 billion program is refurbishing them and extend their life to 2020. The first part of the program has 
already been completed, in which the MM III launch control centers (LCCs) were upgraded with Rapid 
Execution and Combat Targeting (REACT) consoles developed for the MX Peacekeeper program. The 
second part of the program involves upgrading the electronics and guidance system for the Minuteman. 
Between 1998 and 2002 a total of 652 new guidance units will be produced for the MM III fleet. These 
guidance units are the same Advanced Inertial Reference System (AIRS) developed for the Peacekeeper 
and will enhance MM III accuracy to a comparable or better CEP of 100 m. The third part of the program 
is the "Propulsion Replacement Program" which will remanufacture the solid fuel boosters, including 
repouring the solid propellant, using state-of-the-art techniques. The first remanufactured missile was 
successfully launched from Vandenberg AFB on 13 November 1999.

Although the USAF expects the Minuteman III force to remain in service until 2020, it has begun 
exploratory work on developing a replacement. One suggstion has been to revive the now cancelled 
SICBM (small ICBM) and base it in MM III silos.

SSBNs and SLBMs 

With the return to port by the USS Florida (SSBN 728) from operational patrol on 25 May 2001, the U.S.
Navy strategic submarine force completed its 3500th Fleet Ballistic Missiles (FBM) patrol. The first of 
the 3,500 FBM patrols dates back to 15 November 1960, when the USS George Washington (SSBN 598) 
deployed on her first operational mission carrying 16 Polaris A1 missiles. Since that time there have been 
1245 Polaris patrols, 1182 Poseidon patrols, 826 Trident I patrols, and 247 Trident II patrols. The total 
time on patrol amounts to some 245,000-mission days or some 671 years of combined service.

The Ohio class SSBNs are the only ballistic missile submarines still in the U.S. arsenal, all subs 
belonging to older classes have been decommissioned or converted to other uses. The first Ohio class 
submarine, the Ohio (SSBN 726) was launched 7 April 1979 and commissioned 11 November 1981. All 
of the 18 planned boats have now been commissioned. The final boat, the Louisiana (SSBN 743), was 
commissioned on 6 September 1997. The first 8 Ohio class subs were equipped with the Trident I missile.
Starting with the 9th boat, the Tennessee, commissioned in March 1990, subsequent subs have been 
equipped with the D-5 Trident (Trident II). The Ohio fleet is based at Bangor, Washington (Submarine 
Group 9, consisting of a single squadron of 8 boats) and Kings Bay, Georgia (Submarine Group 10, 
consisting of a squadrons No. 16 and 20 each with 5 boats). Currently only Kings Bay supports the 
Trident II, which reached its full strength of 10 boats with the Louisiana. 

Under START II and the NPR the oldest 4 subs (the Ohio, Michigan, Florida and the Georgia) would be 
retired for a fleet of 14. The remaining 4 Trident I boats (the Alaska, Nevada, Jackson and the Alabama) 
will be converted to use the Trident II, allowing the Trident I missile to be retired. The first submarine to 
be designated for backfit with the Trident II was the Alaska (SSBN 732) in 1998, with the upgrade to take
place during regular depot maintenance in September 2000. The contract for the second upgrade, the 
U.S.S. Nevada (SSBN 733), of $62.8 million was awarded in January 1999. The retrofit program is to be 
completed in FY 2005. Trident II procurement continues with funds allocated in the FY 2001 budget (12 
missiles), now the only U.S. strategic missile production program. The USN is planning for a life 
extension for the Ohio class, giving the boats a service life of 42 years (to around 2030) and is planning 
life extension for the Trident II to match.



Bangor is due to being a 10 year $5 billion upgrade beginning in 2001 to equip it to support the Trident II.
Beginning in 2002 three boats will be shifted from Kings Bay to Bangor so that both bases will support 7 
boats each.

On 26 June 2001, a triple launch of Trident II missiles from the USS Louisiana (SSBN 743) brought the 
Navy to the remarkable total of 94 consecutive launchs of the Trident II without a failure. Of the 116 
Trident II flight tests since 1987, only five have failed, and none since December 1989. This makes the 
Trident II the most reliable strategic nuclear missiles ever developed.

Due to the delay of the Russian Duma in ratifying START II, the decommissioning of the four oldest 
Trident II subs had been in doubt. On 5 January 1999 Chief of Naval Operations, Adm. J.L. Johnson, 
testified to congress that the costs of keeping them is service past their planned decommissioning dates is 
prohibitive due to the need for costly refueling, remarks later echoed by Secretary of Defense Cohen - 
signalling that with or without START II, the Navy intended to decommission them, or retire them from 
nuclear service, starting in 2002; a position that has been reaffirmed by the Bush administration. The 
boats may be eliminated entirely from service, or they may be reassigned to non-nuclear roles. 
Conversion to a combined special operations and cruise missile launcher role has been discussed; two of 
the 24 launch tubes would be converted to handle special ops vehicles and the remaining 22 would house 
7 cruise missiles each (for a total of 154).

Under Start I, the Trident II is limited to 8 warheads (its design capability is 14 or more). This lower 
loading extends its range to over 11000 km. START II will lower the loading to five each, further 
extending the range. The extended timetable for START II agreed to at Helsinki would require that there 
be no more than 2160 SLBM warheads (down from the current 3456), or five per missile for a fleet of 18,
by the end of 2004; and no more than 1750 by the end of 2007.

The United States maintains two full crews for each SSBN, with about 60 percent of operational SSBNs 
(9 or 10 boats) routinely at sea, with about 50 percent being actually on patrol. The SSBN fleet operates 
on a 112 day cycle with a 77 day patrol followed by a 35 day refit period. On average, about 10 percent of
U.S. SSBNs (one to two) are undergoing long-term overhauls at any given time, and thus are not 
available for immediate use. Usually half the patrolling boats (4 or 5) are on "hard alert", that is in their 
patrol area and within range of all their targets. The other boats are on "modified alert" which means in 
transit, going to or returning from patrol, and are available for combat although with poorer target 
coverage. The U.S. Navy disclosed early in 1998 that at that time the actual patrol loading is an average 
of 5 warheads per missile (thus 480 warheads are kept on hard alert), perhaps for the range advantage 
provided.

Bombers 

The U.S. bomber inventory (like that other combat aircraft) is organized ("coded") into three nested 
categories: TAI (total aircraft inventory), PAI (primary aircraft inventory), and PMAI (primary mission 
aircraft inventory). TAI comprises all aircraft in service, PAI is normally a smaller number than TAI, it 
designates those aircraft available to units to fulfill various functions but omits aircraft held as attrition 
replacements and reconstitution reserves. PMAI is a smaller number that PAI, it is the PMAI aircraft that 
form the authorized fighting structure of the Air Force. PMAI denotes aircraft that are "combat coded" - 
authorized to combat units for the performance of the unit's basic missions; it excludes aircraft maintained
for other purposes such as training and testing. PMAI are fully funded in terms of operations and 
maintenance, load crews, and spare parts, and are available for immediate deployment. All bombers in 
inventory, including those in reserve, are kept in flyable condition and receive planned modifications.

The total aircraft inventory of 93 remaining B-1B Lancers (out of an original production run of 100) have 
been converted to a conventional bombing role and by the end of 1997 had been phased out as part of the 
U.S. strategic nuclear forces. While they are not available for nuclear missions on short notice, with 
modification they can be returned to strategic nuclear duty if desired, and are accountable under START-I
delivery vehicle limits. 70 B-1s are PMAI, and 12 are typically assigned to training duty (PAI is 82). In 
the FY 2002 budget, the Bush administration proposed reducing the B-1 force to 60 for a saving of $165 



million in 2002. The money saved would be reinvested in the remaining B-1s for upgrades. On 1 August 
2001 however the House Armed Services Committee voted 33-26 to block the Air Force plan to cut the 
B-1 bomber force at the instigation of the the representatives from the states where they are based.

The force of B-52 Stratofortresses (popularly called the BUFF) has been scaled back to a total inventory 
of 94 planes, all of them B-52Hs (out of an original 104 H models). This is actually increase from the 
early 90s, with additional B-52s being returned to service in recent years. In FY 2001 this these 94 TAI 
aircraft are programmed to decline to a fleet of 76 bombers. Of this fleet 56 are counted as PAI, 44 are 
allocated to PMAI (the PMAI figure is unchanged from previous recent years), and 12 are normally 
training coded. The 20 non-PAI aircraft are for attrition replacements, reconstitution reserves, or test 
aircraft. Despite its age (the last was delivered in October 1962) the B-52H airframe is estimated to be 
good for service at least to 2030 (this is 83 years after the B-52 program's inception!). Maintaining an 
operational inventory this long however requires alotting a substantial number for attrition through the 
rest of the B-52's service life. There is a continuing program of retrofits and upgrades to maintain the 
combat effectiveness of these aircraft, all 76 inventory aircraft being kept up-to-date.

The B-52H force is based at Barksdale AFB, Louisiana and Minot AFB, North Dakota. Barksdale AFB 
supports the 11th, 20th, and 96th Bomb Squadrons of the 2nd Bomb Wing with a total of 58 B-52Hs. 
Minot AFB hosts 5th Bomb Wing with 35 planes, and two test aircraft are kept at Edwards AFB, 
California. With the transfer of the B-1B to conventional duty the B-52H is now the only cruise missile 
(ACM and ALCM) capable carrier aircraft.

All 21 of the Northrop Grumman B-2A Spirit aircraft have now been delivered to the Air Force, The 21st 
and last new production plane was delivered in January 1998. Aircraft have been sent back for upgrades 
to the current Block 30 standard operational configuration from the original Block 10 and test 
configurations even as deliver proceeded. By the end of June 2000 the 20 production version planes had 
all been converted to the Block 30 standard operational configuration, the 20th having been deivered on 
29 June, and were available for service. The last aircraft to be converted is the B-2 test plane whose 
conversion is scheduled for completion by September 2002. The Block 30 modification provides the B-2 
with the ability to carry all types of strategic nuclear bombs (i.e. the B61-7, B61-11, B83, and B83-1 
bombs) and a variety of conventional bombs (including the Mk 84), missiles, and other munitions. Cruise 
missiles are not supported however. Of the 21 TAI B-2s, 16 are PMAI aircraft. 

The first operational B-2 was delivered to the 509th Bombardment Wing (the same unit that flew the 
atomic bombing missions against Japan in WWII) at Whiteman AFB, Missouri 17 December 1993. The 
509th is composed of the 393rd and 325th Bomb Squadrons. The first full squadron (the 393rd) did not 
become became operational until 1 April 1997. The 325th Bomb Squadron became operational on 8 
January 1998. In March 1998 the B-2s participated in their first major exercise when they deployed to 
Andersen AFB, Guam for 10 days. A year later, on 24 March 1999 they saw combat for the first time 
when two B-2s flying a round-trip, 30-hour mission from - and back to - Whiteman AFB, Mo., dropped a 
combined 32 Joint Direct Attack Munitions on Yugoslavia in the opening hours of Operation Allied 
Force.

With reductions in the size of the combat coded strategic bomber force (44 B-52s and 16 B-2s) increasing
number of operational nuclear weapons have been put in storage since they exceed the number necessary 
to fully load the combat-ready force. The maximum load is 1136 weapons (of which no more than 880 
can be cruise missiles). The number of potential bombs and missiles with nuclear warheads totals 2060 
(and omitting the 750 tactically assigned B-61 bombs).

U.S. Strategic Delivery Systems and Characteristics

Delivery Systems
Entry into

Service
Range
(km)

Payload
(kg)

Accuracy
(CEP, m)

Warhead Number
and Type



ICBMs

LGM-30G Minuteman 
III Mk 12

1970 13000 1150 300 3 x W62 (170 kt)

LGM-30G Minuteman 
III Mk 12A

1979 13000 1150 200 3 x W78 (335 kt)

LGM-118A 
Peacekeeper (MX)

1986 13000 3950 100 10 x W87-0 (300 kt)

SLBMs/Submarines

UGM-96A Trident I C4 1979 7000+ 1500 500 8 x W76 (100 kt)

UGM-133A Trident II 
D5 Mk-4

1990 7-11000 2800 8 x W76 (100 kt)

UGM-133A Trident II 
D5 Mk-5

1992
7.4-
11000

2800 100 8 x W88 (475 kt)

Ohio Class Submarine 1981 24 x Trident I/II 

Aircraft

B-52H Stratofortress 1961 11-14000 25000
10 
(ALCM/ACM)
100 (bombs)

20 x 
ALCM/ACM/B61/83 
bombs

B-1B Lancer 1986 11000 100

B-2A Spirit 1994 11000+ 20000 100 16 x B61/83 bombs

Cruise Missiles

AGM-86B ALCM 1981 2500 110 10 1 x W80-1 (150 kt)

AGM-129 ACM 110 10 1 x W80-1 (150 kt)

Notes

Some Minuteman III missiles have been downloaded to one warhead, some have been equipped with W-
87 warheads.

B-1B no longer deployed in the nuclear role, but can be reactivated after modification.

U.S. Strategic Forces: December 2000

Weapon Launcher Warhead Warhead Total Total



Designations Number
Loading

(Number x
Mt)

Number
Yield

(Gross
Mt)

Yield
(Equiv

Mt)

ICBMs

Minuteman III, Mk 12 200 3 x 0.17 600 102 184

Minuteman III, Mk 12A 300 3 x 0.335 900 327 470

Peacekeeper (MX) 50 10 x 0.30 500 150 224

SLBMs/Submarines

Trident I C4 192 8 x 0.10 1536 154 331

Trident II D5 Mk-4 192 8 x 0.10 1536 154 331

Trident II D5 Mk-5 48 8 x 0.475 384 182 234

Ohio Class Submarine 18 24 x Trident I/II 

Aircraft

B-52H Stratofortress 44/56/93
20 x 
0.15/0.30/1.2

B-2A Spirit 16/20/21 16 x 0.30/1.20

B-52H and B-2A force 
combined

60/76/114 1750 959 1209

Grand Total
1085 (active) 7206 2008 2983

U.S. OPERATIONAL STOCKPILE: JULY 1998
This stockpile includes all weapons actually deployed on delivery vehicles, all 
weapons that are certified and kept ready for use, and a modest set of certified 
spares that are used to replace ready-for-use weapons when these are taken off duty 
for inspection or maintenance.

As of July 1998, the active U.S. stockpile consists of the following weapons:
WARHEAD/WEAPON          FIRST    YIELD (kt) USER   NUMBER TOTAL YIELD (MAX) 
                      PRODUCED                             Mt   Equiv. Mt
STRATEGIC WEAPONS
B61-7 Bomb              10/66   0.3 to 340   AF      610*  207    297
B61-11 Bomb              1/96   0.3 to 340   AF       50    17     24
B83/B83-1 Bomb           6/83   low to 1200  AF      600** 720    678
W76 for Trident I C4     6/78       100      Navy   3200   320    689
W88 for Trident II D5    9/88       475      Navy    400   190    244
W62 for Minuteman III    3/70       170      AF      610   104    187
W78 for Minuteman III    8/79       335      AF      915   308    441
W87-0 for Peacekeeper    4/86       300      AF      525   158    235
W80-1 for ALCM          12/81    5 to 150    AF      400    60    113
W80-1 for ACM            ?/90    5 to 150    AF      400    60    113
NON-STRATEGIC WEAPONS
B61-3/4/10 Tactical Bomb 3/75   0.3 to 170   AF/NATO 750   128    230



W80-0 for SLCM***       12/83    5 to 150    Navy    320    48     90

GRAND TOTAL                                         8780  2320   3341
*   310 of these are in storage.
**  120 of these are in storage.
*** All are stored ashore.

The Hedge and Reliability Replacement Stockpiles
Any functional nuclear weapon that is not in active service is available for use in principle. Most or all of 
the dwindling backlog weapons now awaiting dismantlement (about 1500 in mid-1998) are probably 
functional so any of them could be reactivated on short notice. There are two defined classes of warheads 
that are not on active duty, but will be retained indefinitely as part of the U.S. Enduring Stockpile - the 
hedge stockpile, and the reliability replacement stockpile. As weapons are taken off operational status 
over the next several years, they will be placed in one of these two stockpiles instead of being dismantled.

• The Hedge Stockpile. Also called the augmentation or contingency stockpile, this is a stockpile 
of weapons that are kept in the same condition as operational weapons and can thus be returned to 
duty on short notice. Weapons in this stockpile can be carried by delivery vehicles that are in 
service. The hedge stockpile includes (or will include) W62 and W78 Minuteman III warheads, 
W76 warheads from Trident SLBMs, B61 and B83 bombs, and W80 air-launched cruise missile 
warheads. The hedge stockpile may also hold some of the recently retired B53 9 megaton bombs, 
of the estimated 50 that were removed from service only 28 have been reported dismantled, and 
they are not currently listed as among the weapons awaiting dismantlement. 

• The Reliability Replacement Stockpile. Also called the inactive reserve stockpile, this is 
maintained as a reserve of weapons that can replace active or hedge weapons if any should 
develop reliability of safety problems. This stockpile is not continuously maintained in operational
condition, for example filled tritium reservoirs need not be kept in stock for these weapons. They 
may also not be able to be carried by in service delivery vehicles without some adaptation effort. 
This reserve currently contains 50 W-84 ground launched cruise missile (GLCM) warheads. 
Eventually under the 1994 NPR it will hold about 3000 warheads. 

Warhead Retirements 

At the end of 1990 the U.S. held some 21,000 operational warheads, plus another 750 retired warheads 
that were awaiting dismantlement (due to the manufacture of new weapons in the 80s, relatively little 
effort had been spent on dismantling old ones). In 1990 weapon manufacture ceased, a change that was 
not entirely intentional but was forced upon the DOE by safety problems at its Rocky Flats and Savannah 
River plants. With the collapse of the Soviet Union in 1991, and Pres. Bush's decision to begin reducing 
U.S. nuclear forces in September 1991, the whole system was put into reverse and reduction and 
dismantlement became the primary activity. Since that time some 10,500 warheads have been dismantled,
and another 1,500 await dismantlement (as of mid-1998) -- a process to be completed by September 2002.
As of mid-year 1998 there were approximately 1500 weapons awaiting dismantlement of three types -- 
the W56 (Minuteman II), the W69 (SRAM) and the W79 (203mm [8 inch] artillery shell). Most of the 
weapons have been dismantled at the Pantex Plant, some that contained HEU as the sole fissile material 
were dismantled at the Oak Ridge Y-12 Plant. 

    Pantex Weapon Dismantlements
   FISCAL YEAR        NUMBER OF WEAPONS
1 Oct to 30 Sept
      1990                  1151
      1991                  1595
      1992                  1303 (Y-12 dismantled another 553)
      1993                  1556
      1994                  1369
      1995                  1393
      1996                  1064
      1997                   498



     TOTAL                 10482

Disassemblies of Warheads by Type
        FY 1990-1997*
Warhead/Weapon Type         Number
B28 Bomb                      624
B43 Bomb                      258 
W44 ASROC                     104
W48 155 mm shell              759
W50 Pershing 1A               160
B53 Bomb                       28
W54 SADM                      145
W55 SUBROC                    160
W56 Minuteman II                1 
B57 Bomb                     2242
B61-0, B61-2, B61-5 Bombs    1159
W68 Poseidon SLBM            2468
W69 SRAM                       60
W70 Lance                    1170
W71 Spartan ABM                39
W79-0, W79-1 203mm shells       3

*Does not include disassemblies of types currently in the stockpile.

7.2.1.2 Existing Weapon Infrastructure
Most of the weapons production infrastructure that was constructed during the Cold War has been shut 
down, much of it is being dismantled. Planshave been formulated to transfer various production and 
maintenance functions to other facilities as needed, mostly to the U.S. national laboratories: Los Alamos 
National Laboratory (LANL), Lawrence Livermore Natational Laboratory (LLNL), and Sandia National 
Laboratory (SNL). With the termination of weapons tests and production the role of the laboratories have 
been redefined to be "stockpile stewardship" - maintaining the safety and reliability of the existing 
stockpile.

All manufacture of nuclear materials for weapons has been halted. There is now a stockpile surplus of U-
235, Pu-239, and enriched lithium deuteride. 

Tritium has not been produced in the United States since 1988, when the government shut down its last 
weapons reactor at the Savannah River Site in Aiken, S.C. Weapon retirements will offset tritium decay 
in stockpile weapons so that no new tritium production will be needed to support the NPR defined post-
START II arsenal until 2011 (allowing a 5 year reserve). Until START-II hgoes into effect the DOE is 
required by congress to continue support a START I-sized arsenal indefinitely. This larger arsenal will 
require replacement tritium by 2005 (again allowing for a reserve). Planning to develop a new tritium 
production capability resulted in a decision announced Dec. 1998 by DOE Sec. Richardson to begin 
producing tritium in the commercial Watts Bar nuclear plant operated by the Tennessee Valley Authority 
near Knoxville, Tenn with the TVA's Sequoyah nuclear plant outside Chattanooga as a backup. This is 
the first time a civilian commericial facility has been designated for use in producing nuclear weapons 
materials in the U.S. 

There are two nuclear weapon design labs - LANL and LLNL. Each lab is responsible for supervising and
maintaining the weapons it designs. Currently the labs are responsible respectively for the following 
weapons:

• LANL - B53, B61, W76, W80, W88
• LLNL - B83, W87, W84

Lawrence Livermore National Laboratory (LLNL)
This weapon design lab competes with Los Alamos. It was established June 1952 near Livermore 
California and has always operated under a contract with the University of California Board of Regents. 
The 12.2 square mile facility employed 7,800 people on 25 Nov 1995.



LLNL conducts R&D activities associated with all phases of the nuclear weapons life-cycle, as well as 
research on non-proliferation, arms control and treaty verification technology. Facilities include the High 
Explosive Application Facility (HEAF), a tritium facility, the NOVA laser used for Inertial Confinement 
Fusion (ICF) research, and the Atomic Vapor Laser Isotope Separation (AVLIS) plant. It is currently 
planned to be the site for the National Ignition Facility (NIF), a new ICF laser facility. 

Los Alamos National Laboratory (LANL)
Opened in 1943 to design atomic bombs as part of the Manhattan Project, Los Alamos has always been 
operated under a contract with the University of California Board of Regents. This 43.0 square mile 
facility employed 7,987 people on 25 Nov 1995.

Los Alamos National Laboratory originally manufactured pits in small numbers for weapons tests at its 
TA-55 (Technical Area-55) plant. This four acre facility is currently the only full-function plutonium 
handling facility in the U.S. It opened in April 1978 at a cost of $70 million, and houses 400 scientists and
engineers. The 150,000 square foot PF-4 (Plutonium Facility-4) is the actual plutonium processing area of
TA-55.

In recent years plans have lagged to reestablish pit manufacturing capability at TA-55. In March 1998 
LANL announced the successful fabrication of a weapon pit, the first since 1989. By March 2000 TA-55 
had produced three engineering pits for the W88, but were projecting that a certifiable weapons pit would 
only be available "in the next few years" (originally this milestone was slated for 2000). The Stockpile 
Stewardship Environmental Impact Statement called for Los Alamos to develop the capability to make 20
to 50 pits a year eventually; current DOE plans call for Los Alamos to be able to fabricate up to 20 war-
reserve pits a year by 2007. Los Alamos will also support stockpile maintenance by requalifying 100 pits 
a year (this implies a remanufacturing lifecycle of at least 250 years for all active weapons, and nearly 50 
years for requalification). Current estimates of pit lifetime range from 30 to 90 years.

Los Alamos also loads targets with tritium for use by Sandia in manufacturing neutron generators under 
the NTTL (Neutron Tube Target Loading) project. In 1999 NTTL loaded 450 targets for Sandia for the 
W76 warhead.

Until FY 1984 Los Alamos had the capability to fabricate and assembly nuclear weapon test devices. This
function was terminated due to persistent security problems, and is now handled by the Nevada Test Site. 

Nevada Test Site (NTS)
Located 65 miles from Las Vegas, NTS was established as a nuclear weapon test range in 1951 with its 
first nuclear test (January 27, 1951). The last nuclear test was on 23 September 1992. A total of 928 total 
tests (100 atmospheric, 828 underground) are known to have been conducted there. The 1,350 square 
miles facility employed 4,901 people on 25 Nov 1995. 

NTS is currently the only U.S. facility capable of manufacturing nuclear explosive devices. With U.S. 
nuclear explosion tests permanently terminated, its function has shifted to sub-critical tests with high 
explosives and fissile material in enclosed test chambers. In mid-1993, construction was completed on the
$100 million Combined Device Assembly Facility, a 100,000 square foot building within a highly 
secured 22 acre portion of the test site. The facility includes five high explosives containment cells, called
"Gravel Gerties," three weapon assembly bays, two radiographic areas and storage bunkers. 

Pantex Plant
This 16.6 square miles facility, located near Amarillo, Texas, has long been the sole facility for the 
assembly/disassembly of nuclear warhead and bombs. It has not produced any weapons for nine years, the
last new nuclear weapon (a W88 warhead) was assembled on 31 July 1990. It is now performing 
dismantlement operations only, along with a modest evaluation program that involves disassembling and 
reassembling about 60 warheads a year for stockpile reliability purposes. By 2000, when the current 
backlog of weapons has been dismantled, Pantex will reestablish a modest standby manufacturing and 
remanufacturing capability. Over the period 1990-1996 Pantex averaged 1347 dismantlements a year. 
This fell to only 498 in 1997 when a number of accidents, including the cracking of a pit during 



disassembly, caused all work to halt for a time. 

In operation since May 1952, it is run by the Mason and Hanger-Silas Mason Company. It employed 
3,348 people on 25 Nov 1995, and remains staffed at close to this number in 1999. Staffing is projected to
fall to 1600 in 2003 when the current dismantlement program is completed. Its current annual operating 
budget is $265 million. 

Pantex currently stores pits from disassembled weapons (eventually most or all of these will be moved to 
a planned facility at SRS). In mid-1998 it had 10500 pits in storage and had upgraded its pit storage 
capability to 12000. As of mid-year 1998 there were approximately 1500 weapons awaiting 
dismantlement of three types -- the W56 (Minuteman II), the W69 (SRAM) and the W79 (8 inch artillery 
shell). When the current backlog of weapons awaiting dismantlement is cleared (planned date September 
2002) this storage capacity will be full. 

On 6 Feb. 1996, the DOE declared that Pantex holds 21.3 tonnes of weapon-grade plutonium (and 16.7 
tonnes of highly enriched uranium) considered excess inventory including planned dismantlements, this 
represents the plutonium from some 7000 pits. 5000 additional pits, containing 15 tonnes of plutonium, 
are being retained in the strategic reserve. 

Sandia National Laboratory (SNL)
Sandia was established to provide engineering services for the development of nuclear weapons at the end
of WWII. Its 11.9 square mile main facility is located inside Kirtland Air Force Base near Albuquerque, 
New Mexico; it has a 413 acre branch laboratory near Livermore. It is operated by the Lockheed Martin 
Sandia Corp. and employed 8,527 people on 25 Nov 1995. More recent figures (Jan. 1999) are about 
6,600 people in Albuquerque and another 900 in Livermore. 

SNL has taken over production responsibility for neutron generators (initiators) from the now closed 
Pinellas Plant, and a contingency capacity to produce thermal batteries, where they were originally 
manufactured. Equipment has been transferred from the Pinellas plant and installed at Sandia and 
personnel have also been moved from the Pinellas plant. The first thermal battery production was 
expected in 1998 and delivery of the first Sandia-produced neutron initiator in 1999. At full capacity 
Sandia expects to be able to produce 500 neutron initiators per year.

Savannah River Site (SRS)
Located near Aiken, South Carolina, Savannah River was established to be the primary production site of 
nuclear materials for weapons in 1952 at the height of the Cold War. This capability has now been 
completely shut down. The 300 square mile facility contains deactivated production facilities occupying 
16 square miles. It employed 16,655 people on 25 Nov 1995. Its current weapon-related work focuses on 
tritium handling, and managing the radioactive waste left over from the production of plutonium and 
tritium.

In Dec. 1998 DOE Sec. Richardson also announced that a new $500 million plant to disassemble the pits 
(plutonium cores) of nuclear bombs would be built at Savannah River. The facility will disassemble 
nuclear pits and convert the recovered plutonium metal to an oxide form suitable for disposition. Disposal
methods would include fabricating the plutonium oxide into mixed oxide (MOX) fuel, which would be 
burned in existing domestic reactors, and immobilization of the plutonium in ceramic surrounded by 
vitrified high level waste. The DOE is currently conducting a demonstration of a prototype pit 
disassembly and conversion system at Los Alamos National Laboratory (LANL). The demonstration, 
which involves dismantling of pits over a two-to-three year period, provides information for designing 
and operating the full-scale pit disassembly and conversion facility. The full-scale facility is to be 
designed and constructed over 1999-2004, with production operations beginning in 2005. Up to 50 tonnes
of plutonium is expected to be disposed of by this facility. Construction and operation of the full-scale 
facility is contingent on reaching agreement with Russia on plutonium disposition.

Oak Ridge Reservation (ORR)
Located at Oak Ridge, Tennessee, this was one of the two original production sites for nuclear weapons 



material established by the Manhattan Project, the selection of this site was on September 19, 1942 (code 
named Site X) was in fact the first major decision taken as part of the Project. The reservation covers 55.1
square miles and has three main facilities located on it - the 4.5 square mile Oak Ridge National 
Laboratory (ORNL), the 1.3 square mile Y-12 Plant, and the 2.3 square miles K-25 Plant. It is currently 
operated by Lockheed Martin Energy Research Corporation and employed 14,639 people as of 9/30/97. 
Its 1997 budget was $1.1438 billion (not including DOE's Oak Ridge Operations Office).

Originally the K-25 and Y-12 plants both produced enriched uranium for the Manhattan Project. Later the
function of Y-12 was switched to manufacturing materials for thermonuclear weapons (enriched lithium-
6) and the thermonuclear secondaries themselves. It has also held the responsibility for fabricating 
enriched uranium components for weapons. It now has responsibility for dismantling secondaries from 
disasembled weapons, and maintains custody of U.S. stocks of weapons grade enriched uranium, and the 
reserve stockpile of secondaries that are kept intact. ORR also produces weapon components to support to
support the activities of the design laboratories and the Nevada Test Site and fabricates fuel materials for 
the naval nuclear reactor program.

Over the years ORR has produced some 483 metric tons of uranium-235, and 442.4 metric tons for 
nuclear weapons. Currently 189 metric tons of uranium-235 and 3.0 metric tons of low-enriched uranium 
are stored at the Y-12 Plant, 1.5 metric tons of uranium-235 at the K-25 Plant, and 1.4 metric tons of 
uranium-235 and some uranium-233 at ORNL. 84.9 metric tons of this uranium-235 declared excess by 
President Clinton on March 1, 1995.

Other Facilities
Nearly all non-nuclear bomb components are manufactured at the the Kansas City Plant operated by the 
Bendix Kansas City Division of Allied-Signal. This 136 acre facility (containing 3.2 million square feet 
of process building space) was opened in 1949 and employed 3,291 on 25 Nov 1995.

The existing U.S. gaseous diffusion enrichment facilities at Paducah, Kentucky, and Portsmouth, Ohio are
owned and operated by the United States Enrichment Corporation (USEC, established by the Energy 
Policy Act of 1992). On 11 May 2001 the Portsmouth plant ceased operation and USEC consolidated all 
enrichment activity at the Paducah plant. This plant only produces low-enriched uranium. In January 
1991, the NRC received an application to construct and operate the nation's first privately owned uranium
enrichment facility in Homer, Louisiana; a project that was later abandoned. The only facility for 
producing uranium hexafluoride is the Allied-Signal plant in Metropolis, Illinois.

WEAPON DEPLOYMENT/STORAGE SITES
As of mid-1997 the U.S. had nuclear weapons stored at 26 sites in 15 states and 7 foreign countries (this 
does not count ballistic missile submarines on patrol in the open ocean). The 1997 figure is a significant 
decline from a few years ago, and a dramatic one over the last decade when hundreds of sites existed 
around the world. Several more of these sites are being closed now, or due to be closed over the next few 
years.

In the early 1990s, shortly after the demobilization of nuclear weapons begun by Pres. Bush, the Pantex 
Plant in Texas had more U.S. nuclear weapons than any other site in the world, over 5000, although none 
of them were part of the active stockpile. By mid-1997 this number had declined to only 350, the largest 
number of nuclear weapons were now being held at Kirtland AFB in New Mexico with 2850. Only 450 of
these warheads were operational, 1400 of them slated for dismantling, and another 400 are held as part of 
the U.S. reserve stockpile. The inactive warheads are held in the 58 storage bays and bunkers of the 
Kirtland Underground Munitions Storage Complex (KUMSC), a new 300,000 square foot facility opened 
in 1992 at a cost of $30 million. Because of Kirtland, New Mexico has more nuclear weapons than any 
other state.

Kings Bay Naval Base in Georgia has more operational nuclear warheads stationed there than any other 
U.S. base in the world with 2000, although a substantial portion of these are on patrol at sea at any given 
time (also making Georgia the state with the most operational warheads). Second place is Bangor Naval 
Base in Washington state with 1600. The Air Force base with the most warheads is Nellis AFB in Nevada



(home of Area 51) with 1450, second place is F.E. Warren AFB in Wyoming (950).

Only 150 warheads were deployed overseas (not counting ballistic missile submarines on patrol), al of 
them B-61 tactical thermonuclear bombs based in Europe.

U.S. DEPLOYMENT/STORAGE SITES
STATE          WARHEADS       LOCATIONS

New Mexico      2850          Kirtland AFB
Georgia         2000              Kings Bay 
Washington      1600          Bangor 
Nevada          1450          Nellis AFB
Wyoming          950          F.E. Warren AFB
North Dakota     805          Minot AFB (805) 
Montana          600          Malmstrom AFB
Missouri         550          Whiteman AFB
Texas            520          Pantex Plant (350), Dyess AFB (170)
Louisiana        455          Barksdale AFB
Nebraska         255          1 site
California       175          North Island NAS - San Diego
Virginia         175          Yorktown NAS - Norfolk
South Dakota     170          Ellsworth AFB
Colorado         138          1 site

Approx. Total  12700

FOREIGN DEPLOYMENT/STORAGE SITES
COUNTRY
Germany          Buechel, Memmingen, Norvenich, Ramstein (U.S. base)
United Kingdom   Lakenheath (U.S. base)
Turkey           Balikesir, Murted, Incirlik (U.S. base)
Italy            Ghedi-Torre, Aviano (U.S. base)
Greece           Araxos
Netherlands      Volkel
Belgium          Kleine Brogel
Europe Total     150

7.2.1.3 Planned Nuclear Forces
As a result of the START II Treaty, the U.S. Department of Defense prepared a Nuclear Policy Review, 
issued on 22 September 1994, which projected U.S. nuclear forces in the year 2003 (now 2007) after the 
treaty provision go into effect. Current plans are to have 3500 accountable strategic warheads, 1000 non-
strategic warheads, and 500 spares as part of the active inventory. These planned reductions may be 
delayed until the US Senate votes on the conditions placed on the START II treaty by the Russian Duma 
in April 2000. 

DELIVERY SYSTEMS: 2007
WEAPON SYSTEM   NUMBER  WARHEAD NUMBER        YIELD (kt)  TOTAL WARHEADS
                           AND TYPE             
ICBM
Minuteman III   450-500  1 x W87-0             300        450-500 
SLBM/SUBMARINE
Trident II D5     256    5 x W76               100        1280
                   80    5 x W88               475         400
Ohio Class         14   24 x Trident I/II       -          336 missiles
AIRCRAFT
B-52H Stratofort.  33   12 x W61/W83        10 to 1200     396
                   33   20 x ALCM/ACM/bomb   5 to 1200     660
B-2A Spirit        20   16 x B-61/83 bombs low to 1200     320
CRUISE MISSILES
ALCM (AGM-86B)           1 x W80-1           5 to 150
ACM                      1 x W80-1           5 to 150    



PROJECTED STOCKPILE: 2007

OPERATIONAL
WARHEAD/WEAPON          FIRST    YIELD (KT) USER   NUMBER TOTAL YIELD (MAX) 
                      PRODUCED                             Mt   Equiv. Mt
STRATEGIC WEAPONS
B61-7/B61-11 Bomb       10/66    10 to 300   AF      420   126   188
B83/B83-1 Bomb           6/83   low to 1200  AF      500   600   564
W76 for Trident II D5    6/78       100      Navy   1280   128   276 
W88 for Trident II D5    9/88       475      Navy    400   190   243
W87-0 for Minuteman III  4/86       300      AF    450-500 150   224
W80-1 for ALCM/ACM      12/81    5 to 150    AF      400    60   113

NON-STRATEGIC WEAPONS
B61(-3,4,10) Tact. Bomb  3/75   0.3 to 175   AF/NATO 600   105   188
W80-0 for SLCM          12/83    5 to 150    Navy    350    53    99
GRAND OPERATIONAL TOTAL*                            4450  1412  1895
*Plus an additional 500 spares

INACTIVE RESERVE STOCKPILE
W76 for Trident II D5    6/78       100      Navy   450     45    97
W78 for Minuteman III    8/79       335      AF     900    302   434
W84 GLCM Warheads                  10-50      ?     350     18    47
Bombs and cruise missiles         5 - 9000?  AF     800   1000? 1000?
GRAND INACTIVE RESERVE TOTAL                       2500

Principal sources for the section on the United States are:

• TheNRDC Nuclear Notebook prepared by Robert S. Norris and William M. Arkin of the Natural 
Resources Defense Council; monthly installments of which are published in The Bulletin of the 
Atomic Scientists; 

• Stephen Schwartz and The Brookings Institute; The Department of Energy; 
• News stories from the Washington Post and New York Times; 
• News agency stories from Associated Press, Agence France-Presse, Itar-Tass, and Reuters. 

7.2.2 Russia 

The Russian nuclear arsenal remains in an uncertain state of flux due to the direct and indirect 
consequences of the breakup and economic collapse of the Soviet Union. Russia completed the 
redeployment of nuclear weapons from the territory of the non-Russian former Soviet republics by 
November 1996, but now faces severe funding problems for maintaining a standing strategic weapons 
force. The existing Russian nuclear arsenal, largely built up in the 1970s and early 1980s, is reaching the 
end of its useful service life. In September 1997 Gen. Vladimir Yakovlev, chief of the Russian strategic 
rocket forces, stated that 62 percent of Russia's ICBMs are beyond their guaranteed service life. In late 
November 1998, Anatoly Perminov, chief of the strategic missile force's general staff, put the figure at 58
percent. Remanufacturing the existing weapons as the US is currently doing is costly, and Russia appears 
to lack the engineering and industrial resources to undertake such an effort. Much of the original 
industrial base for these weapons was located in now independent former republics, particularly Ukraine. 
The alternative, which Russia is pursuing, is to to replace existing weapons with new ones. The severe 
budget crisis makes replacing existing weapons on a one-for-one basis impossible.

Although under the START II treaty Russia is permitted 3500 warheads, it has been clear for a number of
years that maintaining this number exceeded the resources of Russia. One of the first official indications 
of this was at a stockpile planning at a review held by Pres. Boris Yeltsin on 6 July 1998. At this review 
Yeltsin used the proposed START III levels of 2000-2500 warheads as the basis of stockpile planning. 
Most estimates of Russia's likely nuclear forces over the next decade are sharply lower than this however.

Prior to the July 1998 review, prominent Russian strategist Lev Volkov estimated that Russia may have 
only 700 warheads by 2007. Sergei Kortunov, a top Kremlin defense aide, has written that "with a lot of 



effort" Russia might climb back to 1,000 warheads by 2015. Perhaps the most serious indication of the 
straits Russia's nuclear forces are in, because of its official imprimatur, came in October 1998. News 
organizations reported that a secret report to the Russian Duma by First Deputy Prime Minister Yuri 
Maslyukov, a former top Soviet-era military-industrial planner, had estimated that Russia may well be 
able to field only 800 to 900 nuclear warheads by 2005. These estimates are notable in that they address 
Russian capability regardless of what the official policy might be.

Since shortly after coming to power at the beginning of 2000, Prime Minister Vladimir Putin has 
advocated a START III limit of no more than 1,500 warheads. On 13 November 2000 he moved even 
beyond that, arguing that that the number for START III should go even lower, though he cited no 
specific figure. On the other hand Putin has also stated that reductions in the Russian nuclear arsenal is 
contingent on the U.S. abstaining from deployment of a national ABM system, and that Russia would not 
unilateraly reduce its arsenal. Given Russia's inability to maintain even its highest priority strategic 
programs on track (see the Topol-M below) it is questionable whether Putin can make good on these 
commitments to maintain the existing force structure if events call on him to do so.

By contrast, according to the Natural Resources Defense Council in Washington, the Soviet Union in 
1990 had 10,779 strategic nuclear warheads (this excludes an estimated 6,000 to 13,000 non-strategic 
warheads which have never been covered by arms control treaties.)

The pressure from such hard realities was no doubt a significant factor in bringing the START II treaty, 
which had been awaiting action by the Russian State Duma (the lower chamber of parliament) for 7 years,
to a vote for ratification on 13 April 2000. It passed by a 288 to 133 vote, but with conditions that 
required U.S. Senate approval before the treaty could enter into force.

Drastic reductions in the Russian arsenal possibly moved closer to becoming official policy in July 2000, 
when Gen. Anatoly Kvashnin, chief of the general staff, proposed a radical reform of the strategic missile 
force. His plan, as reported by Izvestia, was to cut the number of land-based missile launchers from 756 
to 150 by the year 2003; eliminating 16 or 17 missile troop divisions (leaving 2 or 3); and firing 3,000 
rocket specialists. The newspaper said he also proposed drastically reducing the production rate of the 
single-warhead Topol-M missile, from 10 a year (the rateof the rpevious year) to two a year. As a result, 
the nuclear forces' share of the military budget would be reduced from 18 percent today to 15 percent. 
This plan would subordinate the missile troops -- now an independent branch -- to the regular army, and 
enhance the role of the general staff over the nuclear forces.

Not surprisingly Defense Minister Marshal Igor Dmitriyevich Sergeyev, a former head of the missile 
troops, strongly objected to this proposal, even threatening to resign. Sergeyev had previously proposed 
establishing a single command over all nuclear forces, along the lines of the US Strategic Command, an 
idea intended to provide a substantial simplification of command and control for the Russian nuclear 
forces as they grew smaller, but maintaining its top level ranking as an equal to the Air Force, Navy, and 
Army. Currently, control over nuclear weapons passes through the General Staff, which oversees the 
various services in combat.

PM Putin tabled Kvashnin's proposal at the time without rejecting it, but then at the end of the month 
fired 6 generals closely associated with Sergeyev in a move widely considered to be a signal about the 
debate. The other shoe finally dropped on 27 April 2001, when the new Defense Minister Sergei Ivanov 
(replacing Sergeyev) downgraded the Strategic Rocket Force from being a separate branch of the military,
replacing the Sergeyev loyalist Commander-in-Chief Vladimir Yakovlev with Nikolai Solovtsov, but 
with only the rank of Commander. Sergei Ivanov had been on the job four weeks, and was formerly head 
of Putin's Security Council where he had overseen the development of military refrom plans.

If the rest of Kvashin's plan is now implemented, it would probably reduce the ICBM force to a mere 150 
warheads, retiring 3400 warheads and leaving Russia with no more than 2100 even if all other forces no 
one the books remained. Some reports have said that Kvashin suggested a total force of only 550 
warheads. It should be noted that the actual number of Topol's finally deployed in 2000 was no more than
6 and may have been as few as 3 - down sharply from 10 the year before, and dramatically from the 20 



originally planned for 2000. Thus actual Topol procurement rates now also seem to be reflecting 
Kvashin's proposals.

The most significant strategic program undertaken by Russia in recent years was the deployment of the 
operational regiments of Topol-M ICBMs (designated as either RT-2PM or RS-12M2 and designated SS-
27 by NATO). This is the first missile to be built exclusively in Russia.

The Topol-M was designated as the highest priority defense program. In contrast to other state defence 
programs, the Topol-M production program was fully funded in the 1998 budget. Gen. Vladimir 
Yakovlev, head of the RVSN, said that just to build the Topol-Ms, which cost about $30 million apiece, 
"will require the concentration of all our resources."

The first test flight of this missile was 20 December 1994, it successfully completed its initial six flight 
test schedule on 9 December 1998 with a launch from the Plesetsk cosmodrome in northern Russia. The 
regiment was declared operational by Defense Minister Igor Sergeyev on 27 December 1998 at a strategic
missile base in Tatishchevo, near the Volga River city of Saratov. The first two missiles were actually 
installed at the base in old SS-19 silos near in December 1997.

The Topol-M is being deployed as a single warhead missile although it is capable of carrying three 
warheads. It has a range of 10500 km, and is suitable for silo or mobile basing. It has improved reliability 
and operational features, including an improved road-mobile launcher and turning radius, and succeeds 
the SS-25 Topol. Like its predecessor it is an inertially guided three-stage solid-fuel missile. The missile's
launching weight is 47 tonnes, the payload (warhead weight) is one tonne. The missile's length without 
the warhead is 17.9 meters, and the maximum diameter of the body is 1.86 meters.

According to Maslyukov, who is in charge of the Russian military-industrial complex, the original plan 
was to deliver to the Russian Strategic Missile Force (RVSN, or Strategic Rocket Force - SRF - in 
English) 10 Topol-M missile systems in 1998, 10 in 1999, 20 in 2000, after which a production level of 
35 to 45 a year would have been achieved. In the Soviet era, the Votkinsk factory, which builds the 
Topol-M in the central Urals mountains, made about 80 missiles a year. In actual fact, the deployed force 
at the end of 2000 was 24 to 26 Topol (the exact number is unclear), with only 4 to 6 being delivered in 
2000 (some reports say only 3 were made operational). So it appears that even this one program is in 
serious trouble, and may be stretched out greatly.

Russia is also working on keeping existing systems in operation as long as practical. To support this effort
the RVSN made a successful test launch of an RS-22 ICBM (known as the SS-24 Scalpel by NATO) with
multiple warheads from a railway missile system on 10 December 1998. The launch from Plesetsk tested 
the deployment of 10 warheads and "hit targets at the Kamchatka test site with high precision," according 
to the Interfax news agency.

Under the Nunn-Lugar Act, a program named for its originators originated by Senators Richard Lugar 
and Sam Nunn, D-Ga., the United States has spent more than $400 million each year since 1991 to help 
Russia dismantle its old Soviet weapons, and plans to allocate an additional $440 million in 1999.

Under the 'swords for plowshares' deal signed in January 1994 to dispose of excess weapons material, the 
U.S. Government will purchase 500 tonnes of HEU from Russia for dilution, for US$11.9 billion. Under 
the Russian-U.S. agreement the United States Enrichment Corporation will purchase a minimum of 500 
tonnes of military HEU over 20 years, commencing with 10 tonnes for the first five years and not less 
than 30 tonnes per year thereafter. The weapons-grade is to be blended down to 4.4% U-235 in Russia 
and the Russians intend to use 1.5% U-235 for this, to minimize the levels of U-234 in the product. In the 
short term the military uranium is likely to be blended down to 20% U-235, then stored. In this form it is 
not usable for weapons.

The blending down of 500 tonnes of military HEU will result in about 15,000 tonnes of low-enriched 
uranium over 20 years. This is equivalent to about 150 000 tonnes of natural uranium, or approximately 
three times western world demand in 1993. The dilution of 10 tonnes of military HEU per year for the 



first five years will displace approximately 3,700 tonnes of uranium oxide production per year, equivalent
to output from a medium to large uranium mine. By 2000 the dilution of 30 tonnes of military HEU will 
displace about 11,200 tonnes of uranium oxide mine production per year which represents approximately 
20% of the western world's uranium requirements. 

In 1995 the U.S. Enrichment Corporation received its first shipments of low-enriched uranium from 
Russia (186 tonnes), derived from six tonnes of weapons-grade material. The first shipment of this to a 
customer, valued at US$145 million, was made in November, and is presumably now generating 
electricity.

On 27 April 1997 Nuclear Energy Minister Viktor Mikhailov announced that Russia had dismantled 
almost half of its arsenal, removing nearly 400 tonnes of HEU in the process.

7.2.2.1 Current Nuclear Forces

Over the last few years there has been little change in the formal size of the Russian nuclear forces 
although their effective size has shrunk slightly due to continuing system deterioration. A Pentagon report
issued on 10 January 2001 placed Russia's strategic arsenal at 5,870 operational strategic nuclear 
warheads in 2000 with 1,130 intercontinental and submarine-launched ballistic missiles in working 
condition (slightly lower than the figures totalled in the table Russian Strategic Forces: January 2001 
below).

Current strategic plans are to manufacture the Topol-M (SS-27) to replace most of the ICBMs currently in
service. Under START-II Russia can retain SS-19s (downloaded from six warheads to one) and SS-25s in
service. The SS-19 is a relatively old system (some have now been in service 20 years) and probably will 
have to be retired before 2007. The composition and size of Russia's nuclear forces is difficult to project 
given the uncertainties regarding its actual capability to deploy the Topol-M and maintain existing 
systems. Russia's failure to maintain even the low initial production rate of the Topol-M, allegedly its 
highest priority defense project, indiactes that this force component is likely to remain small - fewer than 
100 until late in the decade.

The RVSN is organized into four missile armies with headquarters at Vladimir, Omsk, Orenburg, and 
Chita. There are 19 missile bases, each consisting of a separate missile division. The RVSN's 6th Main 
Directorate is responsible for nuclear security and custody. As of mid-1998 there were 754 missles of four
basic types: 180 SS-18s, 168 SS-19s, and 10 SS-24s in underground silos; 36 SS-24s on railroad cars, and
360 road-mobile SS-25s. 10 silo based SS-27s were added at the end of 1998.

During 2000 the RSVN conducted six launches that verified reliability of its four principle ICBM 
systems. Three launches were conducted of the new SS-27, the 10th test launch on 9 February, the first 
operational training launch from Plesetsk on 26 September, and the first launch of a mobile SS-27 on 27 
September. One launch was conducted for each of the SS-18 (26 September) as part of a commercial 
satellite launch from Baikonur, the SS-19 (1 November) with a single warhead, and the SS-25 (11 
October). These three launches will assist in keeping these missiles in service for a few more years.

The SS-18 is the largest nuclear missile ever deployed, and the most destructive remaining nuclear 
delivery vehicle in the world. It is believed that the 25 megaton unitary warhead of the SS-18 is not now 
in service.

As part of large nation-wide exercise, Russia test launched an array of missile tests on 16 February 2001 
at 13:43 Moscow Time (5:43 a.m. EST). The Russian armed forces launched a Topol ICBM from the 
Plesetsk base in northwestern Russia and a SLBM of unspecified type from a submarine in the Barents 
Sea off Russia's north coast. Both hit their targets in a test range on the Kamchatka Peninsula some 4,200 
miles away in Russia's far eastern extremities, officials said. News reports also said that Air Force 
bombers test-fired one strategic and two tactical missiles in southern Russia.

The Russian strategic ballistic missile submarine (SSBN) force officially consists of 42 boats (down from 



62 in 1990) of six types (Yankee-I, Delta-I, Delta-II, Delta-III, Delta-IV, and Typhoon), but only boats of 
the latter three classes are believed to be in actual operation so the true force is much smaller. At 
beginning of 2001 only 17 submarines are actually considered operational -- 3 Typhoons, 7 Delta-IVs, and
7 Delta-IIIs. Of the original six Typhoon class subs, one was scrapped in 2000, and two more have been 
taken out of service. In 1999 only seven SSBN patrols were conducted (down from 37 in 1991), an 
average of only one submarine on patrol at at time. The remainder are likely kept ready in port as static 
(but highly vulnerable) missile launchers. During the three months of May-June 1998 Russia reportedly 
had no SSBNs on patrol. The fleet had been expected to drop to 12 in 2000, with the retirement of five 
Delta-IIIs from the Pacific fleet, but the operational life of these boats has been extended until 2005. 
There is speculation that the entire Typhoon may be retired soon. A source of confusion to the uninitiated 
is that the Typhoon (NATO designation) submarine, is known in Russian as the Akula (shark); a name 
also unfortunately chose by NATO to designate an entirely different Russian attack submarine.

Operational SSBNs are based on the Kola Peninsula at Nerpichya and Yagalnaya, and on the Kamchatka 
Peninsula at Rybachi. All the Typhoon-class submarines are stationed with the Northern Fleet at 
Nerpichya. Nerpichya and Yagalnaya and located close to Polyarnyy on fjords that have access to the 
Barents Sea. Nerpichya is on Zapadnaya Litsa (Litsa Fjord). All the Delta IV submarines serve in the 3rd 
flotilla of strategic submarines of the Northern fleet based at Yagelnaya, which is part of the Gadzhiyevo 
[Gadzhievo] Naval Base. The Delta III submarines are all based at Rybachi located on the southern side 
of Avacha Bay 15 km from, and opposite, the city of Petropavlovsk.

The production line for the SS-N-23 was reopened for low rate production to keep the Delta-IVs 
(evidently the soundest SSBN class in the fleet) in operation. Russia conducted a successful test launch of
two SS-N-23s from the Delta-IV submarine Karelia on 27 March 2000, and a single launch at 11:00 am 
(0800 GMT) 27 December 2000 in the Barents Sea from the Northern Fleet Delta-IV submarine 
Novomoskovsk and successfully hit its target in Kamchatka according to Fleet spokesman Igor Degalo.

There is a new SLBM missile (SS-NX-28) under development, but as of the end of 2000 had not yet been 
test flown. The keel of the first Borey (Arctic Wind) class ballistic missile submarine was laid on 2 
November 1996 at the Severodvinsk Shipyard, one of three planned new subs, but construction was 
halted in 1998 and has not resumed, the other two have yet been started. Chief of the Navy Adm. 
Vladimir Kuroyedov has announced that the Borey was being redesigned to accomodate a new missile. 
No new subs will enter service for several years. The Borey class, if eventually launched, will probably 
carry twelve SLBMs, each with four warheads. Under the strategic stockpile review held in July 1997, 
Yeltsin had directed Russian strategic forces to shift to greater emphasis on sea-based missiles by putting 
half of all warheads on submarines (then at about 30%). This can only be accomplished in the near term 
by sharp reductions in land forces so that the remaining force is half sea-based.

Of the three legs of the Russian nuclear arsenal, the bomber force has been in the worst state. The premier
Russian bomber, the Tu-160 Blackjack, had fallen to a force of only 6, with perhaps as few as two in 
operational condition by the late 90s. Russia remained committed to reconstituting this force however. 
On-again/off-again plans to purchase 19 Blackjacks inherited by Ukraine sputtered along for several years
due to lack of funds, but finally a deal was struck in October 1999 with Ukraine now deeply in debt to 
Russia for natural gas deliveries, to exchange the bombers for debt relief. Eight of these have been 
returned to Russia from the Ukrainian base at Priluki and refurbished to return them to service. The 
Kazan Gorbunov production line for the Blackjack was shut down in 1994, but efforts to complete 6 
remaining partially built planes appear to have largely succeeded with one being delivered in May 2000 
and 4 new aircraft now located at Zhukovsky Test Center. This has brought the Tu-160 force up to 15 
aircraft, and Russia may succeed in rebuilding a force of as many as 20 Blackjacks in the next few years. 
With this increase in the Tu-160 force Russia has created a second unit, the Blackjack force is now 
organized into a new unit, the 22nd Donbass Guard Heavy Bomber Aviation Division. As part of the 
exchange Ukraine also sent three Tu-95MSs and 575 cruise missiles to Russia. The Tu-95 Bear force has 
declined from 87 in 1998 to 63 in 2001: 29 Tu-95 MS6 and 34 Tu-95 MS16s. These are organized into 
the 79th Heavy Guard Bomber Regiment at Ukrainka Air Force Base, and the 121st Heavy Bomber 
Regiment at Engels AFB, near Saratov.



Current Deployment Locations

ICBM 
SS-18: Aleysk, Dombarovski, Kartaly, and Uzhur (186 total)
SS-19: ?
SS-24 M1: Bersht, Kostroma, and Krasnoyarsk (12 each)
SS-24 M2: Tatishchevo (10)
SS-25: ?
SS-27: Tatishchevo (10)
(Only 8 of 19 bases listed)

BOMBERS
Bear:       Ukrainka
            Engels Air Base
Blackjack:  Engels Air Base (15)

SUBMARINE
Nerpichya (Kola Peninsula): Typhoon (3)
Yagalnaya (Kola Peninsula): Delta IV (7)
Rybachi (Kamchatka Peninsula): Delta III (7)

Russian Strategic Forces: January 2001

Weapon
Designations

Launcher
Number

Warhead Loading
(Number x Mt)

Warhead
Number

Total
Yield

(Gross
Mt)

Total
Yield

(Equiv
Mt)

ICBMs

SS-18 M4/M5/M6 
Satan

180 10 x 0.550/0.750 1800 1170 [1.] 1347 [1.]

SS-19 M3 Stiletto 150 6 x 0.750 900 675 743

SS-24 M1 Scalpel (silo
based)

36 10 x 0.550 360 198 242

SS-24 M2 Scalpel (rail
mobile)

10 10 x 0.550 100 55 67

SS-25 Sickel (Topol, 
truck mobile)

360 1 x 0.550 360 198 242

SS-27 (Topol-M, silo 
based)

26 1 x 0.550 26 14.3 17.5

SLBMs/Submarines

SS-N-18 M1 Stingray 176 3 x 0.500 528 264 333

SS-N-20 Sturgeon 60 10 x 0.200 600 120 205

SS-N-23 Skiff 112 4 x 0.100 448 45 97



Delta-III Class 
Submarine

11 16 x SS-N-18

Delta-IV Class 
Submarine

7 16 x SS-N-23

Typhoon Class 
Submarine

3 20 x SS-N-20

Aircraft

Tu-95 MS6 (Bear H6) 29
6 x AS-15A 
ALCM/bomb

174 44 69

Tu-95 MS6 (Bear H6) 34
16 x AS-15A 
ALCM/bomb

544 136 216

Tu-160 Blackjack 6
12 x AS-15B ALCM/
AS-16 SRAM/bomb

72 18 29

Grand Total
1179 (active) 5915 2937 3610

Notes

1. Assumes 50% 0.55 Mt, 50% 0.75 Mt

Russian Strategic Delivery Systems and Characteristics

Delivery System
Entry into

Service
Range
(km)

Payload
(kg)

Accuracy
(CEP, m)

Warhead Number
and Type

ICBMs

SS-18 M4/M5/M6 Satan 
(NATO);
RS-20, R-36N Voevoda 
(Russian)

1979 11000 8800 250
10 x 0.550/0.750; some 1
x 25?

SS-19 M3 Stiletto 
(NATO);
RS-18, UR-100NU 
(Russian)

1979 9000 4350 300 6 x 0.750

SS-24 M1/M2 Scalpel 
(NATO);
RS-22,RT-23U Molodets 
(Russian)

1987 10000 4050 200 10 x 0.550

SS-25 Sickle (NATO); 1985 10500 1000 200 1 x 0.550



RS-12M, RT-2PM? Topol 
(Russian)

SS-27 Sickle (NATO);
RS-12M2, RT-2PM?, 
Topol-M (Russian)

1985 10500 1000 200 1 x 0.550

SLBMs/Submarines

SS-N-18 M1 Stingray 
(NATO);
RSM-50 (Russian)

1978 6500 1650 400 3 x 0.500

SS-N-20 M1/M2 Sturgeon 
(NATO);
RSM-52 (Russian)

1983 8300 2550 500 10 x 0.200

SS-N-23 Skiff (NATO);
RSM-54 (Russian)

1986 9000 2800 500 4 x 0.100

Delta-III Class Submarine 16 x SS-N-18

Delta-IV Class Submarine 16 x SS-N-23

Typhoon Class Submarine 20 x SS-N-20

Aircraft Blackjack TU-160 1987 12500/ 

Bear H6 (NATO);
TU-95 MS6 (Russian)

1984 13000

Bear H16 (NATO);
TU-95 MS16 (Russian)

13000

Blackjack (NATO);
TU-160 (Russian)

1987 12500

Notes

Due to the disordered state of Russian affairs in general, and military affairs in particular, it is difficult to 
estimate the actual available nuclear forces. The figures given below are the maximum available forces. 
The actual effective SLBM and aircraft forces may be only a fraction of those indicated. At one point 
during the summer of 1995 only one Typhoon SLBM boat was deployed. Few, if any, Blackjacks are 
currently operational. Some of the forces that have become unavailable due to maintenance and support 
problems may eventually be reactivated.

Russia now has nine power stations operating 29 nuclear reactors Jan. 2001), with 29 gigawatts of 
electrical capacity; this represents 14.4% (1999) of total electricity generated in Russia.

Russia has four uranium enrichment facilities, in Ekaterinburg, Tomsk, Krasnoyarsk and Angarsk, with a 
total annual enrichment capacity 20 million SWU. Isotope separation has gone through several stages of 
development: gaseous dynamic nozzle technology, gaseous diffusion, and gas centrifuge. Russia is 
currently using 50% of her enrichment capacity for domestic and export production, and is thus 



aggressively marketing her high technology centrifuge separation capacity.

Principal sources for the section on Russia are:

• TheNRDC Nuclear Notebook prepared by Robert S. Norris and William M. Arkin of the Natural 
Resources Defense Council; monthly installments of which are published in The Bulletin of the 
Atomic Scientists; 

• News stories from the Washington Post; 
• The Arms Control and Disarmament Agency (ACDA); 
• News agency stories from Associated Press, Agence France-Presse, Itar-Tass, and Reuters. 

7.2.3 Britain 

Britain was the first country to seriously study the feasibility of nuclear weapons, and made a number of 
critical conceptual breakthroughs. The first theoretically sound critical mass calculation was made in 
England by Frisch and Peierls in Feb. 1940; and from 10 April 1940 to 15 July 1941 the MAUD 
Committee headed by Tizard worked out the basic principles of fission bomb design and uranium 
enrichment by gaseous diffusion. The work done by the MAUD Committee was instrumental in alerting 
the U.S. (and through espionage, the USSR) to the feasibility of fission weapons in WWII. A high level 
of cooperation between Britain, the U.S., and Canada continued through the war, formalized by the 1943 
Quebec Agreement. Britain sent "the British Mission", a team of first rank scientists to work at Los 
Alamos. The mission made major contributions to the Manhattan Project, and provided the nucleus for 
British post-war atomic weapons development effort.

Due to U.S. secrecy the collaboration with the UK broke down at the end of the war, leaving Britain to 
pursue nuclear weapons on its own. The British nuclear weapons went through a phase of aggressive 
development and testing (within the UK's financial constraints) of its own indigenous designs during the 
1950s. With the resumption of close contact with the U.S. on nuclear weapons technology in 1958, the 
UK acquired access to the latest weapons technology of the much larger and more advanced U.S. 
program and switched to using U.S. nuclear weapon designs, adapted to the needs of British service. The 
UK also began using some U.S. delivery systems, particularly U.S. SLBM systems, the Polaris and later 
the Trident.

7.2.3.1 Current Nuclear Forces

A comprehensive Strategic Defense Review was completed by the Labor government in March 1988 that 
resulted in a major revision in Britain's strategic nuclear posture in July. Effective immediately all WE177
bombs were removed from service, and all of them (175 WE 177 A and B bombs - with yields of 200 and
400 kt) were dismantled by the end of August. This left only a single nuclear weapon system in service - 
the Trident submarine.

This system too was significantly scaled back. The final seven Trident II missiles that had been planned 
were cancelled (saving 50 million pounds and writing off another 40 million), leaving the UK with a total 
missile inventory of 58. The number of submarines on patrol at any given time was reduced to one, and 
the number of warheads deployed on a submarine was reduced to 48 (half of what had been planned, and 
identical to the force loading on its previous Polaris fleet). The SDR also announced that Britain would 
hold its arsenal to "a stockpile of fewer than 200 operationally available warheads". The UK was already 
believed to have fewer than 200 Trident warheads, although the number could have eventually gone as 
high as 248 under previous MoD directives. In the fall of 1998 the Trident warhead was still apparently in
production but probably ended early in 1999.

The first batch of British Trident warheads were completed in September 1992. They were designed by 
the Atomic Weapons Establishment (AWE) at Aldermaston, and are assembled at Aldermaston and 
Burghfield. The warheads are though to have similar characteristics to the U.S. W-76 now on U.S. 
Trident I and II missiles. The British Trident warheads are capable of selective yield, ranging from under 
a kiloton up to the full yield of 100 kt or so (this appears to differ from U.S. SLBM warheads). Yields are 



probably 0.3 kt, 5-10 kt and 100 kt.

In keeping with the reduced operational tempo, only a single crew for each submarine will be maintained.
Furthermore the missiles are kept in a de-targeted state. The SDR further declares that "the submarines 
will routinely be at a 'notice to fire' measured in days rather than the few minutes quick reaction alert that 
we sustained throughout the Cold War."

The SDR points out that the implied maximum arsenal of 192 warheads "is a reduction of a third from the
maximum of 300 announced by the previous government and represents a reduction of more than 70% in 
the potential explosive power of the deterrent since the end of the Cold War". It is quite possible that the 
actual warhead stockpile is somewhat smaller than the maximum figure of 192. Only 174 warheads are 
required to fully equip the entire missile inventory at the specified force loading, but some additional ones
would be kept as spares.

The SDR confirmed plans for the Royal Navy to complete the construction of four Vanguard-class 
nuclear powered ballistic missile submarines (SSBNs). The first submarine of the class, the HMS 
Vanguard, went on its first patrol in December 1994. The second, the Victorious, entered service in 
December 1995. The Vigilant was launched in October 1995 and entered service in the autumn of 1998. 
The final sub, the Vengeance, was launched on 19 September 1998 at Barrow-in-Furness, and was 
commissioned 27 November 1999. The Vengeance completed shakedown trials and entered operational 
service 12 February 2001. It is expected to go on patrol as part of the First Submarine Squadron in early 
2001. The SDR anticipates keeping this force in service for at least 30 years.

The 58 missile bodies being procured are fewer than the 64 required to completely equip all four boats, so
rotating missiles between submarines will be required. But since only one Trident submarine will be kept 
on patrol, it will be easy to have one submarine out of service - undergoing refitting and maintenance - at 
any given time, requiring only 48 missiles for the three active boats. This is similar to the practice the UK
followed with its previous submarine fleet, the Resolution class Polaris missile subs. The UK produced 
only enough warheads for three of the four boats, so that warheads were rotated from boats in port to ones
that were setting out on patrol. Typically two Trident submarines may actually be at sea at any given 
time, one going or coming back from patrol while the other is on duty. In a crisis three boats could be put 
to sea fairly quickly with up 144 warheads (120 or so is a more likely figure).

The Trident II missiles are not actually owned outright by the UK. Instead the Trident II missiles belong 
to a pool of missiles managed by the United States and stored at Kings Bay, Georgia. British boats pick 
up their load of missiles at Kings bay when they are commissioned and exchange them there when 
missiles need servicing. The Trident warheads are mated to the missiles on-board the submarine at the 
Royal naval Armament Depot at Coulport.

Although the average number of warheads per missile will be 48, the actual distribution of warheads on 
missiles is uncertain. Beginning in 1996 the UK adopted the strategy of "sub-strategic deterrence". This is
basically the same idea as the U.S. policy of "flexible response". It entails having a range of nuclear 
options, especially limited ones. Some Trident missiles are thus downloaded to a single warhead so that it 
is possible to launch a strike without using multiple warheads, others will thus have a higher loading. The 
Trident warheads also offer multiple yields - probably 0.3 kt, 5-10 kt and 100 kt - by choosing to fire the 
unboosted primary, the boosted primary, or the entire "physics package". According to the 1996 Defence 
White Paper this policy became fully operational when the Vigilant entered service.

With the entry into service of this last SSBN, barring changes in policy with this or future 
Administrations, the UK nuclear deterrent has entered a state of stability with no planned changess that 
may last for decades.

British Strategic Forces: March 2001



Weapon
Designations

Launcher
Number

Warhead
Loading

(Number x
Mt)

Warhead
Number

Total
Yield

(Gross
Mt)

Total
Yield

(Equiv
Mt)

SLBMs/Submarines

Trident II D-5 58 1-6 x 0.100 192 19.2 41.4

Vanguard Class 
Submarine

4
16 x Trident II D-
5

Grand Total
58 192 19.2 41.4

Notes

7.2.3.2 Existing Weapon Infrastructure

In the United Kingdom nuclear weapons development, acquisition and deployment now occurs 
entirely within the organizational structure of the Ministry of Defense (MoD). The organization 
within the MoD responsible for the development, manufacture, and servicing of nuclear weapons is 
the Atomic Weapons Establishment (AWE), which is under the authority of the Procurement 
Executive of the MoD. The AWE came into existence on 1 September 1987 through the merger of 
the Atomic Weapons Research Establishment (AWRE) at Aldermaston, and the Directorate of 
Atomic Weapons Factories (aka the Royal Ordnance Factories, or ROF) at Burghfield and Cardiff.
Prior to its transfer to the MoD in 1973, the AWRE had been under the United Kingdom Atomic 
Energy Authority since 1954.

AWE Aldermaston

This is the central facility of the British nuclear weapon establishment. It is located at Aldermaston,
near Reading, in Berkshire. This facility not only performs most research activities, it also develops 
weapon designs, and manufactures the majority of weapon components, including nuclear 
components. It was officially established 1 April 1950 on the site of a World War II airfield. 
Weapons development work was transferred there from the codenamed "High Explosive 
Research" (HER) project at Fort Halstead in Kent. The AWE employs about 5000 people.

The facility at Aldermaston covers 880 acres and is broken up into 11 areas. The main 
administration building is F6.1 in the F area. Area A is known as the Citadel, it occupies the north 
side of the site and includes the plutonium manufacture and pit fabrication facilities. The A1 
plutonium manufacturing buildings were the original fabrication facilities that opened in the early 
to late 50s. They became badly contaminated in 1978 and were closed, but were reopened in 1982 to
manufacture the Chevaline warheads. Operation continued long after its planned closing date, and 
it manufactured the first Trident warheads. The replacement A90 complex began construction in 
1983 and after many delays went into operation in 1991 (5 years late). The A90 complex has 300 
glove-box production units, and now handles Trident plutonium component 

production. 

AWE Aldermaston is organized into three major departments relating to weapons development: 
the Warhead Physics Department, the Warhead Design Department, and the Materials 
Department.

The Warhead Physics Department is responsible for research and analysis of the fundamental 



physical processes involved in nuclear weapons. It is divided into the Mathematical Physics Division
(conducts theoretical work and computer modelling and simulation), the Warhead Hydrodynamics 
Division (conducts experimental work in the processes of weapon assembly and disassembly), the 
Radiation Physics Division (conducts experimental work in both nuclear radiation physics and 
radiation hydrodynamics), and the Foulness Division (conducts explosive experiments at Foulness 
in Essex).

The Warhead Design Department develops the complete nuclear weapon design. It is divided into 
the Weapon Engineering Division ("physics package" design), the Weapon Diagnostics Division 
(system testing for EMP and nuclear hardening, etc.), and the Electronic Systems Division (fuzing 
and arming systems development).

The Materials Department develops the materials and processes required to design and 
manufacture nuclear weapons. It is divided into the Chemistry and Explosives Division, the 
Chemical Technology Division, and the Metallurgy Division.

AWE Burghfield

The Royal Ordnance Factory (ROF), Burghfield (now AWE Burghfield) was established in 1954 as 
the final assembly plant for nuclear weapons (the British equivalent of Pantex). It is located 5 miles 
southwest of Aldermaston and covers 265 acres, although since 1976 it has been omitted from all 
British maps. It employs some 600 people. Many of the non-nuclear components of nuclear 
weapons are manufactured at Burghfield - including electronic components, and various casing and
component packaging materials. At any given time a number of weapons may be stored there for 
servicing or disassembly.

AWE Cardiff
Located in Llanishen, 3 miles north of Cardiff, Wales, AWE Cardiff has been involved in nuclear 
weapon component production since at least 1963. It has a work force of 400 and specializes in high
precision components and complex assemblies. Essential parts of thermonuclear weapons, and 
beryllium/U-238 tampers for fission primaries are manufactured there. Up to 50 tons of depleted 
uranium may be stored on site. In 1987 AWE Cardiff used 2300 kg of beryllium. 
Servicing/disassembly of nuclear weapon components also occurs at the facility.

AWE Foulness
This is a 2000 acre test range located on remote Foulness Island on the northern edge of the 
Thames estuary near Shoeburyness. High explosive tests are conducted at the range, both for 
weapons development and safety, and to simulate nuclear weapon blast effects.

Sellafield/Windscale/Calder Hall
The main plutonium production site in the United Kingdom is at Sellafield (renamed Windscale 
when the reactor facility was first built, but now reverted to the original name Sellafield) in north-
west England, located on the Cumbrian coast of the Irish Sea. Two 100 MW air-cooled graphite-
moderated natural uranium plutonium production reactors (the Windscale Piles) were built there 
starting in 1950. The first reactor went critical in October 1950, the second in June 1951. These 
Piles operated until Windscale Pile No. 1 caught fire on 7 October 1957. The fire burned for five 
days, releasing tens of thousand of curies of radioiodine, and 240 curies of polonium-210 which was 
being manufactured in the reactor for weapon neutron initiators. During the 11 reactor-years of 
combined operation these piles produced about 385 kg of weapon-grade plutonium.

Starting in 1956 four more reactors were built at Sellafield - the Calder Hall (CH) Magnox 
reactors. The Calder Hall reactors entered service between October 1956 and May 1959. These 
were 180 MW carbon-dioxide cooled reactors with a dual-purpose: they could produce both 
weapons grade plutonium and electricity. Weapons grade plutonium production tends to interfere 
with the most economical production of electricity (requiring more uranium for fuel, longer shut 
down times, and more spent fuel handling), so they were not operated continuously for weapons 



grade plutonium production. Weapons plutonium production appears to have occurred during 
1956-64, the late 1970s, and the mid-late 1980s. These reactors were uprated (as were the identical 
Chapelcross reactors) to 240 MW in the 1960s, and then downrated slightly in the 1970s.

Sellafield is also the location of British fuel reprocessing facilities, now operated by British Nuclear 
Fuels Limited (BNFL). The original plant employed the Butex separation process and went into 
operation on 25 February 1952. The first billets of impure plutonium were produced 31 March 
1952. There are now two main plants - the older B205 facility used for Magnox fuel and the newer 
THORP (thermal oxide reprocessing plant) facility which handles only civilian fuel and is 
safeguarded. The B205 plant has a capacity of 1,500 tonnes of spent fuel per year , compared to 
1,200 tonnes/year for THORP. 

Chapelcross
Four more military production reactors, identical to the Calder Hall models but designated "CX", 
are located at Annan, near Dumfries on Solway Firth in south-west Scotland. Although these 
reactors have been used for plutonium production, they are also the principal source of tritium for 
the UK. Although Britain is known to have produced kilogram quantities of tritium before 1970 
(6,7 kg of it were exported to the U.S.) the initiation of tritium production at Chapelcross was 
announced in April 1976. Tritium has apparently been purchased from the U.S. at certain times. 

Total Plutonium Production
In addition to the militarized nuclear reactors mentioned above, prior to 1969 spent fuel was 
diverted from other civilian nuclear reactors as well. Attempting to estimate British weapons 
plutonium production from these many sources is quite difficult. The best estimates have been 
made by Albright, Berkhout, and Walker in Plutonium and Highly Enriched Uranium 1996, SIPRI 
Press. Their net estimate is that Britain produced 3.6 tonnes of weapon grade plutonium in reactors
(using fuel burnups of 400-800 megawatt-days/tonne) +/- 0.5 tonnes. About 0.5 tonnes has been 
effectively lost through reprocessing waste, expenditures in tests, and transfers to the United States.
Another 8.7 tonnes of fuel or reactor grade plutonium is also in military inventory.

A British nuclear industry report on plutonium holdings for 1995 showed that British Nuclear 
Fuels PLC held a total 85 tonnes tonnes of civilian plutonium. 54 tonnes are owned by UK utilities 
and 31 tonnes owned by BNFL or its overseas customers. Of this 85 tonnes, 39.5 tonnes remains in 
spent fuel. Only 66 kg was listed as being in MOX fuel exported, none in MOX stock. All separated 
plutonium had more than 15% Pu-240. The military plutonium stockpile was given as 4.5 tonnes 
held in various forms by the UK Atomic Energy Authority.

Capenhurst

Britain's indigenous supply of enriched uranium is supplied by the gaseous diffusion plant at 
Capenhurst, originally the site of a Royal Ordnance factory, 25 miles from Risley in Cheshire. 
Although an enrichment plant was authorized in October 1946, the site was not selected until early 
1950. Capenhurst made its initial start up in February 1952, but did not successfully enter 
operation until 1953 (producing low enriched uranium), and did not produce highly enriched 
uranium (HEU) until 1954. The plant was given successive upgrades during the fifties, reaching a 
military significant capacity of 125 kg of highly enriched uranium a year in 1957, and much higher 
levels in 1959 (as much as 1600 kg/yr, or an enrichment capacity of 325,000 SWU/yr). Capenhurst 
operated as a source of HEU at full capacity only until the end of 1961. Most of the stages were shut
down at that point and the plant converted to low-enriched uranium production for civil reactor 
use. The 1996 SIPRI estimate was 3.8-4.9 tonnes of HEU being produced, almost all of it in 1959-
1961. 

The original gaseous diffusion plant was dismantled in 1982, and a new gas centrifuge plant was 
built called Capenhurst A3. This plant has a capacity of 200,000 SWU/yr and has never produced 
HEU. After start up ion 1984-85 it produced 4.5% enriched uranium for export to the U.S. either 



for further enrichment to HEU or in exchange for an equivalent amount of HEU. Since 1993 
Capenhurst A3 has been operated as a civilian fuel enrichment plant operated by Urenco under 
IAEA safeguards.

The majority of Britain's HEU supply was purchased from the United States. Prior to 1970 6700 kg
of HEU was imported. An estimated 4000 kg has been acquired from the U.S. since that time. The 
total amount of HEU acquired by the UK since the start of its nuclear program is estimated by 
SIPRI at 15.1 tonnes, of which 5.8 tonnes have been used in submarine reactors, 1.0 tonnes used in 
nuclear tests, and 0.5 tonnes lost in processing wastes. This leaves 7.8 tonnes available for weapons 
use (+/- 25%).

As part of the SDR, the UK released its first official figures about its holdings of fissile weapons 
material. These figures can be compared with the estimates given above. Current defence stocks are
7.6 tonnes of plutonium, 21.9 tonnes of highly enriched uranium (both substantially higher than the
estimates above) and 15,000 tonnes of other forms of uranium. With the reduction in planned 
warhead numbers, the UK plans to place a surplus of 0.3 tonnes of weapons grade plutonium under
international safeguards (along with surplus non-weapons grade material).

The UK also declared that: 

"We will also cease exercising our right as a nuclear weapon state under the Nuclear 
Non-Proliferation Treaty to withdraw fissile material from safeguarded stocks for 
nuclear weapons. Future withdrawals will be limited to small quantities of materials not 
suitable for weapons purposes and the details will be made public. No material 
withdrawn from safeguards will be used in nuclear weapons. All planned future 
reprocessing will also be carried out under safeguards and we intend to publish an 
initial report by 2000 on past defence fissile material production."

Principal sources for the section on the United Kingdom are:

• Nuclear Weapons Databook Volume 5: British, French, and Chinese Nuclear WeaponsRobert 
S. Norris, Andrew S. Burrows, Richard W. Fieldhouse; 1994, NRDC (Natural Resources 
Defense Council)/Westview Press; 

• French and British Nuclear Forces, 2000 Robert S. Norris, William M. Arkin; Bulletin of the 
Atomic Scientists, September/October 2000, pp. 69-71. 

• Plutonium and Highly Enriched Uranium 1996 - World Inventories, Capabilities, and Policies; 
by Albright, David; Berkhout, Frans; and Walker, William. 1997. SIPRI (Stockholm 
International Peace Research Institute)/Oxford University Press. 

• Unpublished declassified documents from the Public Records Office, London 
• The Strategic Defense Review report; UK Ministry of Defense; 1998. Public Records Office, 

London 

7.2.4 France

France completed its last nuclear test, the sixth of its 1995-96 Pacific test series, on 27 January 
1996. This 120 kt explosion, the largest of the series and probably a test of the TN 75 warhead, was 
declared to be the last France would ever conduct by PM Jacques Chirac two days later.

On 23 February 1996 Chirac announced a major restructuring of France's nuclear posture. As part
of a dramatic overall reduction in French military structure (the largest in Europe), Chirac 
announced the elimination of all land-based nuclear missiles, and a halt in production of all fissile 
material for weapons. The 18 SSBS S3D MRBMs based on the Plateau d'Albion were retired (being
deactivated on 16 September 1996), along with the Hades tactical missile. The dismantlement of the
S3D complex was completed in 1998 at a cost US$77.5 million. Although France has abandoned its 
land based nuclear deterrent it is maintaining a nuclear "dyad" of submarine launched ballistic 
missiles and air-launched missiles carried by both land based and carrier based fighter/bombers, 



and plans to continue to update each of these elements.

It is estimated that the French nuclear arsenal reached its historical peak size in 1991-92 with about
538 warheads. It currently has some 470 or so warheads (of three types) in service, which is 
expected to decline to around 400 (of two types - the TN-75 and the TN-81) by 2005.

France and the U.S. signed an agreement to share data on nuclear weapons design on 4 June 1996. 
The agreement builds on 1961 and 1985 accords to share information on the "safety, security and 
reliability" of nuclear installations and weapons systems. Under the agreement, the United States 
will share computer data drawn from simulated explosions, information considered so sensitive 
that it has previously only been shared with the UK. The agreement aims to facilitate work on eight
different scientific challenges posed by the global test ban, including ensuring that existing 
warheads remain potent as their components age, and preventing accidental detonation of these 
warheads or their seizure by extremists. To avoid handing over information that could be used to 
design new weapons, the U.S. decided to release the classified results of computer simulations that 
describe the workings of fission devices, but not the fusion stages. Since fusion energy cannot be 
released without detonating a fission trigger, safety and security issues for thermonuclear weapons 
can be adequately addressed by only considering the fission primary.

In 1996, for the first time, the French government has published figures on civilian plutonium in 
France. A total of 206 tonnes was held. This consists of 55 tonnes of separated plutonium (as 
isolated plutonium or in fresh MOX fuel), nearly half of which belonged to foreign customers, and 
the balance in spent fuel. Of the latter, 64 tonnes was in spent fuel at reactors and 87 tonnes at 
reprocessing plants. Production of military plutonium remains classified, but is estimated by SIPRI
to have been 6.0 tonnes (+/- 1.7 tonnes) by the end of 1995. Due to losses from processing and 
weapons tests the current inventory is about 5.0 tonnes (+/- 1.4 tonnes). In May 1993 the CEA 
Administrator-General announced that France had ceased production of plutonium for military 
purposes in 1992. In 1998 France began dismantling the Marcoule reprocessing plant.

No figures are available about actual inventories of weapon grade uranium, but SIPRI estimates 
that some 45 tonnes (+/- 30%) of highly enriched uranium could have been produced by Pierrelatte.
After subtracting losses from various causes (naval reactor use, weapons tests, etc.) they estimate 
22-26 tonnes (+/- 30%) of weapon grade material may have be on hand, two to three times the 
amount probably required for their arsenal. France ceased producing highly enriched uranium in 
1996 and started dismantling the Pierrelatte uranium enrichment plant in 1998.

France has already decommissioned its test facilities on the Pacific atolls of Mururoa and 
Fangataufa.

7.2.4.1 Current Nuclear Forces

Plans are going forward though to upgrade the air and sea-based legs of the French nuclear 
arsenal. The submarine fleet will eventually be re-equipped with the M51 long range ballistic 
missile, and the ASMP nuclear missile carried by the Mirage 2000N (and the Rafale after the turn 
of the century) will be upgraded. The scale of all these programs has been reduced over original 
plans however.

With the retirement of its tactical and strategic land based missiles, the bulk of France's nuclear 
force rests with the Strategic Oceanic Force (FOST - Force Oc?nique Strat?ique) represented by 
the L'Inflexible and Le Triomphant class strategic missile submarines. Each submarine has 16 
ballistic missiles.

The first L'Inflexible and was deployed on 1 April 1985. This class was actually an upgrade of the 
existing Redoubtable class. The other three Redoubtables included in this upgrade were returned to 
service from October 1987 and February 1993. Currently there are two boats of this class in service
- the L'Indomptable (S613) and the L'Inflexible herself (S615). L'Inflexible will be the last boat 



retired.

On 24 July 1981, Pres. Mitterand announced plans for an entirely new third generation submarine 
class, the SNLE-NG (Sous-Marins Nucleaires Lanceurs Engins-Nouvelle Generation), later 
designated Le Triomphant. Originally slated to be a fleet of six submarines, in May 1992 this was 
scaled back to four. The lead ship of the class, Le Triomphant (S616), was rolled out in Cherbourg 
on 13 July 1993 and went into service late in September 1996, carrying the new MSBS M45 
SLBMs. These successors to the MSBS M4B missile are an updated extended range version of the 
M4 family and are armed with the new TN-75 warhead. The second boat, Le Temeraire entered 
service 23 December 1999. Originally planned for commissioning at the beginning of 2000, the 
schedule for Le Vigilant, has been slipped repeatedly for budgetary reasons and is now expected to 
enter active service in July 2004. The fourth boat, designated S619 but still unnamed, was not 
ordered by the Commission de la D?ense de l Assembl? Nationale until 15 September 1999 and is �Assembl? Nationale until 15 September 1999 and is 
planned for entry into active service in July 2008. As each boat is deployed it will replace one of the 
L'Inflexible class. Future modernization plans call for replacement of the M45 missile with a new 
missile designated the M51, with entry into service in 2010 and full deployment by 2015.

The TN-75 is the only nuclear warhead currently being manufactured. It is being produced at the 
Centre d'Etudes de Valduc (Valduc Research Institute, the "Pantex of France"), near Is-sur-Tille, 
40 km north of Dijon. The program to develop the TN-75, a miniaturized hardened and stealthy 
thermonuclear warhead of moderate yield, began in 1987. Developmental testing of the warhead 
ended in 1991, but Chirac asserted in June 1995 that a full yield proof test was needed prior to 
deployment. Its first full-yield test was probably the 110 kt detonation on 1 October 1995 at 
Fangataufa. Series production began soon afterward, and probably will continue until some time in
2001-2003. Since at about 100 kt the TN-75 has reduced yield compared to its predecessor the TN-
71 (150 kt) the MSBS M45 missile will carry a somewhat smaller amount of firepower.

The other leg of the French Force de Dissuasion (Deterrent Force, formerly the Force de Frappe or 
Strike Force) consists of the ASMP missile (Air-Sol Moyenne Portee) carried on the Mirage 2000N 
and the carrier-based Super Etendard (the Mirage IVP having been retired in July 1996). The 
ASMP has carried the burden as France's air delivered nuclear weapon since 11 September 1991 
when Mitterand announced the retirement of the AN 52, France's last nuclear gravity bomb. The 
number of Mirage 2000N aircraft committed to nuclear missions has been reduced from 75 in 1989 
to 45 today. These are deployed in three squadrons at Luxeuil and Istres. The number of nuclear 
capable Super Etendard aircraft has been reduced from 55 to 24 (only 20 warhead-equipped 
missiles are available in any case), deployed in two squadrons. A possible future modernization of 
this arm may be to deploy a range-enhanced "ASMP Plus" (500 km vs. 300 km). About half of the 
Super Etendards are deployed on the Charles de Gaulle, France's only operational aircraft carrier 
which enetered service in late 2000 after six and a half years of trials (numerous problems were 
encountered). The Foch was retired by the end of 2000, and the Clemenceau was decommissioned 
in 1997. The Navy has requested a second de Gaulle class aircraft carrier to be named Richelieu.

The Rafale next-generation multipurpose fighter/bomber will eventually replace both the Mirage 
2000N and the Super Etendard. The first production Rafale was delivered 4 December 1998. 
Production rates will slowly climb from 8 a year to about 16 in 2003/2004 and maybe 20 annually 
later in the decade (total planned deployment is 234). The Navy has priority for the Rafale; the A?
onavale wants to have its first unit of six aircraft (out of a total order of 60 Rafale Ms) ready on the 
aircraft carrier Charles de Gaulle by June 2001, but won't tak up a nuclear mission before 2002. 
The airforce (Arm? de l'Air) will begin receiving aircraft in earnest in 2003, with the first squadron
(escadron) of 20 fighters ready by early 2005. Deliveries will stretch at least to 2020 (more than 40 
years since the start of the program).

The AN 51 Pluton warheads and the AN 52 gravity bombs have already been dismantled at Valduc.
Currently the 18 TN 61 one Mt warheads from the S3 MRBMs, and the 30 TN 90 variable yield 
warheads for the Hades are in storage awaiting disassembly.



French Strategic Forces: End of 2000

Weapon
Designations

Launcher
Number

Warhead
Loading

(Number x Mt)

Warhead
Number

Total
Yield

(Gross
Mt)

Total
Yield

(Equiv
Mt)

SLBMs/Submarines

M4B 32 6 x 0.150 TN-71 192 28.8 54.2

M45 32 6 x 0.100 TN-75 192 19.2 41.4

L'Inflexible Class 
Submarine

2 16 x M4B

Le Triomphant Class 
Submarine

2 16 x M45

Aircraft

Mirage 2000N 45
1 x 0.30 (ASMP 
w/TN-81)

45 13.5 20.2

Super Etendard 24
1 x 0.30 (ASMP 
w/TN-81)

20 6 9.0

Grand Total
133 449 67.5 124.8

Notes

French Delivery Systems and Characteristics

Delivery Systems
Entry into

Service
Range
(km)

Payload
(kg)

Accuracy
(CEP, m)

Warhead Number
and Type

SLBMs/Submarines

MSBS M4B 1985/87 6000 6 x TN 71 (150 kt)

MSBS M45 1996 6000 6 x TN 75 (100 kt)

L'Inflexible Class 
Submarine

16 x M4B

Le Triomphant Class 
Submarine

16 x M45

Aircraft



Mirage 2000N 1988 2750 1 x ASMP TN 81 (300 kt)

Super Etendard 1978 650 1 x ASMP TN 81 (300 kt)

Cruise Missiles

ASMP 1986 90 300/ 1 x 
TN 81 65

1986 300 1 x TN 81 (300 kt)

Notes

7.2.4.2 French Nuclear Installations

Just as the old AEC once did on the United States, the CEA administers all nuclear activities in 
France. Military programs are controlled by the Military Application Division (Direction des 
Applications Militaires, or DAM), which was created on 12 September 1958. There are six DAM 
research centers (Centre d'Etudes) for the research, design, and development of warheads as well 
as their manufacture and assembly. The DAM is also responsible for the production of weapon 
grade nuclear materials.

Centre d'Etudes de Limeil-Valenton
Located in Villeneuvre-Sain-Georges, 15 km southeast of Paris, this is "France's Los Alamos" the 
central weapon design laboratory. The site is an ancient fortress that was appropriated for atomic 
weapons work on 3 September 1951. The first French nuclear device was assembled there, at 
Batterie de Limeil, and on 1 January 1960 it became Centre d'Etudes de Limeil. It expanded until it
overran the commune of Valenton, and now comprises 12.5 hectares. It has a staff of about 950. 

Centre d'Etudes de Valduc
This research center is "France's Pantex", the site were weapons are actually assembled and 
disassembled. It is near Is-sur-Tille on the Cote-d'Or, 25 km north of Dijon. It was established in 
1958. In 1986 it employed over 1000 people. In addition to weapons manufacture, it processes waste
products from weapons manufacture and conducts high pressure research on nuclear materials 
(e.g. plutonium). It is equipped with a high pressure gas gun for shock compression studies. 

Centre d'Etudes du Ripault
Located in Mont-sur-Guesnes, in the Indre-et-Loire, 30 km south of Chinon, this center 
manufactures high explosives components (detonators, insensitive and liquid high explosives, etc.), 
performs stockpile maintenance functions, and has an accident response team. It was established in 
1962 and now occupies 103 hectares. It has over 80,000 square meters of buildings and employs 
about 800 people. 

Centre d'Etudes Scientifiques et Techniques d'Aquitaine (CESTA)
This research center is located in Le Barp in the Gironde, 30 km southwest of Bordeaux. It is 
France's equivalent of Sandia Laboratories - it performs militarization and production engineering 
functions for warhead designs developed by Limeil-Valenton. It was established in 1965 and 
occupies 700 hectares in the forest between Bordeaux and Arcachon.

Centre d'Etudes de Bruyeres-le-Chatel (CEB)
This research center is situated 35 km south of Paris, west of Arpajon in the Essone. It was 
established in 1957 and occupies 35 hectares. The Centre's activities include research on 
metallurgy, chemistry, electronics, seismology, toxicology, and the diagnostic measurement of 
nuclear explosions.



Centre d'Etudes de Vaujours-Moronvilliers
Located 17 km northwest of Paris at Vaujours in the Seine-Saint-Denis, this Centre was created in 
1955. It performs explosive and high pressure research. It is equipped with shock tubes and high 
pressure light gas guns.

Pierrelatte
France's uranium enrichment plant, based on gaseous diffusion, was located near the village of 
Pierrelatte (Drome), on the Rhone river about 80 miles northeast of Marseille. The gaseous 
diffusion program began in 1953, and following a successful demonstration of a pilot plant at 
Saclay in 1958, approval for a full-scale plant was given. A diffusion barrier plant was built in 1960.
In 1964 the first of four sections of the plant became operational, producing 2% enriched uranium. 
The next three sections reached full operation in late 1965, early 1966, and April 1967. when the 
fourth and last section became operational the plant became producing weapon grade uranium. 
The plat stopped producing highly enriched uranium in 1996. The last two sections were shut down
in 1998, when the plant began to be dismantled.

Marcoule
The main facility for the production of plutonium for military purposes is the complex located at 
Marcoule, in the commune of Bagnols-sur-Ceze in the Gard. Founded in 1952, Marcoule was 
equipped with France's first plutonium production reactor, the natural uranium fueled, graphite 
moderated, gas-cooled G1 reactor, and its first plutonium separation plant, known as UP1. 
Plutonium production for weapons use ceased in 1992. Larger versions of the G1 known as G2 and 
G3, 250 MW each, were built in the mid-late fifties. These three reactors accounted for about half 
of France's total military plutonium production. Also located Marcoule are the 190 MW (thermal) 
Celestin I and II reactors, and the Phenix prototype breeder reactor. The Celestin reactors are 
heavy water designs fueled with plutonium (originally) and later with enriched uranium. These 
reactors have been used for civilian isotope, tritium, and military plutonium production. The 563 
MW (thermal) Phenix was intended as a prototype for larger breeder power reactors, but its 
plutonium production appears to have been primarily for military purposes.

The G1 reactor went critical 7 January 1956, reached full power (40 MW thermal) September 1956,
and was decommissioned October 1968. G1, and its larger sister reactors G2 and G3, were dual-
purpose - producing both plutonium and electrical power. G2 and G3 were both 250 MW (the same
size as the original Hanford reactors in the U.S.). G2 went critical July 1958, reached full power in 
March 1959, and was decommissioned February 1980. G3 went critical June 1959 and was 
decommissioned July 1984.

The first Celestin reactor went in to operation in May 1967, and the second in October 1968. 
Originally dedicated to radioisotope and tritium production, they began producing military 
plutonium by the mid-70s. Around the decommissioning of G2 it appears their function became 
primarily military plutonium production. Since 1991 they have been alternating operation, only one
operating at any given time. Since military plutonium production was discontinued in France in 
1992, presumably these reactors are now being used primarily for tritium production again. They 
are expected to remain in service at least until the end of the century. These reactors have the 
capacity to produce some 1.5 kg of tritium annually. In their current alternate operation mode they
could be producing 750 g a year, an ample amount to maintain the current and planned French 
arsenal (which probably requires less than 200 g annually).

Phenix started operation in 1973 and is still in service. It could have produced up to 1400 kg of 
military plutonium by the end of 1997, but actual production is probably substantial less.

Construction on UP1 began July 1955 and the plant reached full operation in January 1958. UP1 
employed the Purex solvent extraction process. By August 1984 it had reprocessed over 10,000 
tonnes of gas-cooled reactor fuel and separated more than 2.5 tonnes of military plutonium. 
Production of plutonium halted at UP1 in 1992, and the dismantlement of the plant began in 1998.



La Hague
A second plutonium separation plant called UP2 was built at La Hague near Cherbourg in 
Normandy. UP2 started operation in 1966, and can handle 800 tonnes of spent fuel a year.

Other Reactor Sites
France does not separate its civilian and military weapons programs, and has produced substantial 
quantities of military plutonium from civilian power reactors. Among the reactors believed to have 
made substantial contributions to the military stockpile are Chinon-1, Chinon-2, Chinon-3, St. 
Laurent-1, St. Laurent-2, and Bugey-1. The amount is highly uncertain, ranging from 500 kg to 
2000 kg.

Principal sources for the section on France are:

• Nuclear Weapons Databook Volume 5: British, French, and Chinese Nuclear Weapons Robert 
S. Norris, Andrew S. Burrows, Richard W. Fieldhouse; 1994, NRDC (Natural Resources 
Defense Council)/Westview Press; 

• French and British Nuclear Forces, 2000 Robert S. Norris, William M. Arkin; Bulletin of the 
Atomic Scientists, September/October 2000, pp. 69-71. 

• Plutonium and Highly Enriched Uranium 1996 - World Inventories, Capabilities, and Policies; 
by Albright, David; Berkhout, Frans; and Walker, William. 1997. SIPRI (Stockholm 
International Peace Research Institute)/Oxford University Press. 

• Janes Strategic Weapon Systems by The Janes Information Group; 
• News agency stories from Associated Press, Agence France-Presse, and Reuters. 

7.2.5 China

Given the People's Republic of China's size in terms of geography (third in the world, only slightly 
behind Canada), population (number one), and economy (second largest in the world by 1999 CIA 
equivalent purchasing power estimates, with current growth rates in the high single digits), it seems
inevitable that China (also called the PRC) will become the dominant power in the world within a 
few decades. China's leaders are acutely aware of this fact, and are also acutely aware that except 
for the last few centuries, China has consistently been the most powerful and advanced society in 
the world for 3500 years. They undoubtedly intend that China will have military capabilities 
commensurate with this once and future status.

Over the years China has certainly invested a much smaller amount of resources (although not 
necessarily a much smaller proportion of its resources) to developing and deploying nuclear 
weapons than either of the two superpowers. The exact size and composition of its nuclear forces is 
very difficult to determine however due to strict secrecy. Force structure estimates consequently 
are rather uncertain, and published estimates are even a bit mysterious. It is hard to assess the 
ultimate source or reliability of the data provided.

Since the cut-off of aid to its nuclear weapons program in 1960 by the Soviet Union, most of the 
technology used on the program has been developed indigenously. There has been (and continues to
be) considerable concern in the West about the export of this technology to non-nuclear powers 
interested in acquiring these weapons. China is known to have given Pakistan considerable 
assistance, possibly including actual warhead designs. Recent concern has focused on Chinese deals 
with Iran. With the collapse of the Soviet Union, China has turned its interest to obtaining more 
advanced nuclear technology from the successor to its old mentor. Nihon Keizai Shimbun has 
reported that China bought computer simulation technology for nuclear warheads from Russia 
during the mid-90s.

To date China has conducted many fewer nuclear tests than the United States or the Soviet Union/
Russia (less than 5% as many as either) and this discrepancy accounts for China's initial reluctance
to sign on to a permanent ban of all nuclear tests at the CTBT negotiations, although these 
reservations have now been overcome since the conclusion of China's final test series



The final test series concluded in the spring and summer of 1996. According to Japanese 
government sources (reported in Nihon Keizai Shimbun), the penultimate underground Chinese 
nuclear test on 8 June 1996 (calculated at 20 to 80 kilotons) was actually a simultaneous detonation 
of multiple warheads (a common practice by both the U.S. and USSR). It was said to be part of a 
program to produce smaller warheads for submarine-launched and multiple-targeted missiles. 
Overall, the yields since 1990 have suggested that two warheads have been in development: one in 
the 100-300 kt range, and one in the 600-700 kt range.

China's last nuclear test was detonated at 0149 GMT (9:49 p.m. EDT) on 29 July 1996. According 
to the Australia Geological Survey Organization in Canberra its yield was 1 to 5 kilotons, with a 
seismic magnitude of Mb 4.3. This was China's 45th test, and its 22nd underground one.

It is believed that with the conclusion of this series, China has completed development of a range of 
warheads similar to the state of the art weapons developed by the other major nuclear powers. 
These would be miniaturized hardened thermonuclear warheads with yields in the tens to hundreds
of kilotons, as well as warheads with variable yield options, and enhanced radiation ("neutron 
bomb") warheads.

The subject of China's neutron bomb capability has been the subject of considerable public 
attention over the last several years. China reportedly conducted a successful test of a neutron 
bomb on 29 September 1988; in March 2000 a Chinese military newspaper threatened to use 
neutron bombs to capture Taiwan if it declared independence. But most of the attention has 
centered on alleged connections with the theft of nuclear secrets from the United States.

Allegations have circulated for over 20 years that U.S. nuclear weapon technology has been leaked 
to China. CIA Director George Tenet reported in the 1999 "Intelligence Community Damage 
Assessment" on Chinese spying, that China "obtained information on a variety of U.S. weapon 
design concepts and weaponization features, including those of the neutron bomb."

As was reported by Dan Stober in the 13 April 2000 San Jose Mercury News, in 1981 Gwo-Bao Min,
a nuclear weapons engineer in the D-Division at the Lawrence Livermore National Laboratory, was
forced to resign form the laboratory due to suspicions about having provided China with 
information about U.S. neutron bomb technology from the W-70 warhead. According to Stober:

Exactly how the government discovered the loss of neutron bomb secrets to China and 
what led investigators to Min remain a secret.Sources outside the FBI say the agency is 
protecting its source, which could be a spy or the clandestine interception of an 
electronic communication.

Min continued to be investigated after his resignation by an FBI operation known as "Tiger Trap".
Stober interviewed a number of officials familiar with the case: 

"We did not design nuclear warheads (in D-Division), but we had access to all that 
stuff," said one of Min's co-workers. "They're classified documents and you go down 
and check them out. There's a classified library and you sign your name to show what 
you checked out."

"If the information was compromised, (the damage) could have been quite severe," said 
Houston T. Hawkins, an expert on Chinese nuclear weapons who is the top intelligence 
official at Los Alamos. Hawkins directs the group that wrote the "damage assessment" 
in the wake of the Tiger Trap case".

Although no prosecution ever developed from Tiger Trap, a December 1982 phone call between 
Min and Los Alamos scientist Wen Ho Lee emerged as an important piece in the infamous case 
against Lee two decades later.



Walter Pincus and Vernon Loeb reported in stories published in the Washington Post on 8 April 
and 9 May 1999 that in 1997 another Chinese-American scientist named Peter H. Lee had been 
arrested and pled guilty to verbally passing classified nuclear weapons information to Chinese 
scientists while he was employed as a physicist at Los Alamos. Like Wen Ho Lee (who is unrelated),
Peter Lee is a naturalized citizen born in Taiwan. The 1985 incident for which he was convicted 
involved a briefing Lee gave seven or more top Chinese nuclear scientists for two hours in a small 
conference room at another Beijing hotel. According to Pincus and Loeb; 

"He talked about laser fusion and even discussed problems the United States was having
in its nuclear weapons simulation program. He drew diagrams and supplied 
specifications. He explained test data. And he described at least one portion of a 
classified paper he had written, knowing that his disclosures violated the law.

"In December 1997 -- more than 12 years after the events, and after a six-year FBI 
investigation that included agents tapping his phones for months, reading his e-mail and 
his personal diaries, trailing him to China and conducting a polygraph -- Lee finally 
confessed and pleaded guilty. He was not paid by the Chinese for information, receiving 
only some travel expenses in 1997, and there was no evidence he disclosed classified 
information other than what he, himself, had described".

Ironically even though Peter Lee pled to passing classified defense information to unauthorized 
recipients (for which he was sentenced in March 1998 to a five-year prison term, suspended in 
favor of 12 months in a halfway house, a $20,000 fine and 3,000 hours of community service), by the
time of his arrest much of the information on laser fusion had been declassified (in 1993). But a 
DOE impact analysis of Lee's disclosures completed in February 1998 held that the information 
"was of significant material assistance to the PRC in their nuclear weapons development 
program, ... This analysis indicates that Dr. Lee's activities have directly enhanced the PRC nuclear
weapons program to the detriment of U.S. national security." Lee had also revealed current 
classified information to Chinese scientists in 1997 about his work at TRW involving space radar 
imaging of submarines.

By far the most celebrated case of actual and alleged Chinese-American nuclear espionage involved
the case against Los Alamos nuclear scientist Wen Ho Lee. This saga grew out of a strange incident 
in 1995, in which a Chinese intelligence agent walked in to a U.S. diplomatic office unannounced 
and handed over a collection of highly classified Chinese documents, which included a 1988 Chinese
document that made reference to design features of America's miniaturized nuclear warheads. The 
CIA later concluded that, for unknown reasons, this "walk-in" had acted at the direction of 
Chinese intelligence.

Of particular interest were some design details of the W-88 warhead, America's most sophisticated 
design. The details fell far short of evidence that China had obtained anything close to a complete 
design however, a fact that was often ignored in the later controversy, and it transpired could have 
been obtained from documents about the warhead distributed at many sites around the country 
and accessible to thousands of people. Nonetheless, because the warhead design had originated at 
Los Alamos, an FBI investigation focused there, and because Wen Ho Lee was the only Chinese-
American employed in the X-Division, he quickly became the focus of the investigation. Lee's early 
appearance in Tiger Trap essentially clenched him as the prime (and sole) suspect in the eyes of 
Department of Energy investigator Notra Trulock.

The Wen Ho Lee investigation was kicked into hyperdrive when the Cox Committee, organized to 
investigate the transmission of space and missile technology to China, got wind of it and hastily 
added a sensationalized section on nuclear weapon espionage to the committees final report in 
December 1998. Virtually no attention was paid to Chinese nuclear spying allegations until a front-
page 6 March 1999 New York Times story about the investigation. DOE Secretary Richardson fired 
Wen Ho Lee two days later. During the next 18 months circumspection was rarely seen in 
pronouncements made politicians, pundits, and officials. The extravagant claims made about Lee 
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and supposed intelligence compromises led to Lee's arrest, extended imprisonment in solitary 
confinement, threats of capital punishment, and sworn testimony by government witnesses that was
later admitted to be false. In the end the espionage case utterly collapsed with no evidence of spying
by Lee ever having been found. Finally a plea agreement was reached on 13 September 2000 in 
which Lee pleaded guilty to one count of improperly handling classified information and was 
released.

As far as can be determined from publicly available information, there appears to be no real 
evidence of China obtaining actual nuclear warhead designs from the U.S. At most the information 
seems to have been information about warhead design and technology, possibly quite sketchy, that 
would help guide Chinese research and development down the most productive tracks. Without 
detailed designs of warheads ("blueprints"), Chinese weapons would necessarily be based on 
indigenous designs even if they incorporated design features and concepts derived from U.S. 
systems.

7.2.5.1 Current Nuclear Forces

China's nuclear delivery system program's have traditionally proceeded very slowly. This has 
resulted in the deployment of forces that have been one to two decades behind the other nuclear 
powers in technology (although cause and effect may be reversed, lack of advanced technology may 
have been the cause of such tardy deployments). It is believed that fewer than 250 ballistic missiles 
have ever been deployed (with only the first cryogenic liquid fuel missile having been retired). The 
vast majority of China's arsenal is not capable of reaching the United States, and thus seems geared
towards deterring (or threatening) its immediate neighbors.

The oldest weapon in China's missile arsenal, the single stage liquid fueled DF-3 deployed in 1971, 
is gradually being retired. The DF-3 has a range of 2800 km. The DF-4 missile has a range of 4750 
km, making it capable of reaching any part of Russia.

Current estimates assert that only about 20 ICBMs are in service - the Dong Feng (East Wind)-5A. 
This figure is surprising in light of China's ability to produce the same basic booster in larger 
numbers as the Long March 2 satellite launcher. The U.S. government has stated that in 1981 there 
were DF-5As deployed in hardened silos at two sites. It is thought to carry the largest warhead ever
tested by China (4-5 Mt).

China has placed little emphasis on aircraft as a strategic weapon carrier. The Hong-6 and Qian-5 
are short-medium range, light payload aircraft suitable more for tactical or regional-strategic 
operations. The main bomber, the Hong-6, is based on the Tu-16 Badger which entered Soviet 
service in 1955 and first flew in China on 27 September 1959. This plane was used to drop two live 
nuclear weapons in tests: a fission bomb in May 1965 and a megaton-range thermonuclear bomb in
June 1967.

The Xian Aircraft Company has been developing the Hong-7 (FB-7), a supersonic fighter-bomber, 
for over 10 years, but no date has been given for its deployment. The most attractive possibility for 
modernization of the air arm is simply to purchase advanced fighter bombers from Russia (where 
they are readily available on easy terms) and modify them to carry Chinese nuclear weapons. 
China has already purchased 24 Su-27SK and 2 Su-27UBK Flankers (in 1992). Russia has also sold 
production rights for the Su-27 to China, and an assembly plant has been set up at Shenyang. The 
first two Chinese-made SU-27s flew in December 1998. China plans to build at least 200 SU-27s 
over the next 15 years. There is no information available to indicate that they have been assigned a 
nuclear role however.

China has had a rather unsuccessful ballistic missile submarine program. China has only one 
operational ballistic missile submarine, the Xia (No. 406). This 6500 ton nuclear-powered boat was 
laid down in 1978, and launched in April 1981 from the Huludao Shipyard and Naval Base on the 
northern Bohai Gulf but achieved operational status only with great difficulty. The first attempt to 



fire a missile from the Xia failed in 1985, and it entered service only after a successful test launch 
was conducted on 27 September 1988. It was deployed to the Jianggezhuang Submarine Base, 
where the nuclear warheads for the missiles are believed to be stored, in January 1989. A second 
submarine was reportedly launched in 1982, but is not now in service. Unsubstantiated reports 
claim it was lost in a 1985 accident. The Xia underwent a modernization refit beginning in 1995. It 
has never sailed beyond China's regional waters and is believed incapable of deployment to distant 
areas. The submarine is armed with the Julang-1 (Giant Wave, or Tsunami) two-stage solid fuel 
missile, which was first test fired 30 April 1982. The Julang-1 was adapted to land service as the 
DF-21 (CSS-5). There will very probably be no more submarines of this class. A new design (Type 
094) submarine, to be equipped with the longer range three stage Julang-2, a variant of the DF-31, 
is been under development for several years but probably won't see deployment for several more.

Much less is known about Chinese tactical nuclear weapons, which are believed to comprise a large 
part of the Chinese nuclear arsenal. The neutron bomb claimed by China is strictly a tactical 
weapon (designed for use against armored vehicles). China has conducted a number of low yield 
tests that may have been tactical weapons, and a large military exercise incorporating simulated 
nuclear weapons was held in June 1982. China's M-family of tactical ballistic missiles, the M-9, M-
11 and M-18, are believed to be nuclear capable. Taiwanese officials have said that over the last 
four years the number of M-family missiles in China's three southern provinces nearby, have 
increased from 30-50 to 160-200 today. Estimates of Chinese tactical warheads range from 100 to 
200, with yields from a few kilotons to hundreds of kilotons. 

Chinese Tactical Forces: End of 2000

Delivery
Systems

Entry into
Service

Range
(km)

Payload
(kg)

Accuracy
(CEP, m)

Warhead
Number and

Type

Launcher
Number

M-9 1988 600 300 Single HE or nuclear ?

M-11 1988 300 < 300 ?

M-18 1990s? Single HE or nuclear ?

Grand Total
120 [1]

Notes

1. Nuclear armed.

Chinese Strategic Forces: End of 2000

Weapon
Designations

Launcher
Number

Warhead
Loading

(Number x Mt)

Warhead
Number

Total
Yield

(Gross
Mt)

Total
Yield

(Equiv
Mt)

[1]

Land Based Missiles



Dong Feng-3A (DF-
3A)
CSS-2 (NATO)

40
1 x 2-3.3, or 3 MRV
50-100 kt

40 6-132 16.3-88.7

Dong Feng-4 (DF-4)
CSS-3 (NATO)

20 1 x 2-3.3 20 40-66 31.7-44.3

Dong Feng-5A (DF-
5A)
CSS-4 (NATO)

20 1 x 4-5 20 80-100 50.4-58.4

Dong Feng-21A (DF-
21A)
CSS-5 (NATO)

48 1 x 0.20-0.50 48 9.6-24 16.4-30.2

Dong Feng-31 (DF-
31)

0 MIRV x ? 0 0 0

SLBMs/Submarines

Julang (JL)-1
CSS-N-3 (NATO)

12 1 x 0.20-0.50 12 2.4-6 4.1-7.6

Xia Class Submarine 1 12 x JL-1

Aircraft

Hong-6 (H-6);
B-6 (NATO)

120 1-3 x bomb 120
kt to Mt 
(120 [2])

120 [2]

Qian-5 (Q-5);
A-5 (NATO)

30 1 x bomb 30
kt to Mt (30 
[2])

30 [2]

Grand Total
288-478 269-379

Notes

1. Equivalent megatonnage (EMT) is based on the relative blast effect and is calculated by Y2/3 where Y 
is the yield in megatons.
2. Assumes 1 Mt nominal average yield (both gross and EMT).

Chinese Delivery Systems and Characteristics

Delivery Systems
Entry into

Service
Range
(km)

Payload
(kg)

Accuracy
(CEP, m)

Warhead Number and
Type

Land-Based Missiles



Dong Feng-3A (DF-
3A)
CSS-2 (NATO)

1971 2800 2150 1000
1 x 2-3.3 Mt, or 3 MRV 50-
100 kt

Dong Feng-4 (DF-4)
CSS-3 (NATO)

1980 4750 2200 1 x 2-3.3 Mt

Dong Feng-5A (DF-
5A)
CSS-4 (NATO)

1981 13000 3200 500 1 x 4-5 Mt

Dong Feng-21A (DF-
21A)
CSS-5 (NATO)

1985 1800 600 1 x 0.20-0.50 Mt

Dong Feng-31 (DF-
31)

2001? 8000 MIRV x ?

New ICBM 2010? 12-13000 MIRV x ?

SLBMs/Submarines

Julang (JL)-1
CSS-N-3 (NATO)

1987 1700 600 1 x 0.20-0.50 Mt

Xia Class Submarine 1987 12 x JL-1

Julang (JL)-2
CSS-NX-4 (NATO)

2010? 8000 600 1 x 0.20-0.50 Mt

Aircraft

Hong-6 (H-6);
B-6 (NATO)

1965 3100 4500 1-3 x bomb (kt to Mt)

Qian-5 (Q-5);
A-5 (NATO)

1970 400 1500 1 x bomb (kt to Mt)

Notes

Principal sources for the section on China are:

• Nuclear Weapons Databook Volume 5: British, French, and Chinese Nuclear Weapons Robert 
S. Norris, Andrew S. Burrows, Richard W. Fieldhouse; 1994, NRDC (Natural Resources 
Defense Council)/Westview Press; 

• Chinese Nuclear Forces, 2000 Robert S. Norris, William M. Arkin; Bulletin of the Atomic 
Scientists, November/December 2000, pp. 78-79. 

• Janes Strategic Weapon Systems by the Janes Information Group 
• News service reports from the San Jose Mercury News, Washington Post, the New York 

Times, Reuters, the Associated Press, and Agence France-Presse. 



7.2.6 India

That India can build nuclear weapons has been an established fact since 8:05 18 May 1974 (IST), 
when India exploded a 6-10 kt plutonium bomb 107 meters underground in the Thar Desert of 
Rajasthan. This test, known as "Smiling Buddha", the PNE (for "Peaceful Nuclear Explosive") or 
(now) Pokhran-I, was located at 27.095 deg N, 71.752 E, which is usually identified as being 
"Pokhran" (or "Pokaharan"), the name of a town that is 24.8 km southeast from the test site.

India maintained at the time, and long afterward that the test was for peaceful purposes, and that it
possessed no nuclear arsenal. As one of the principal scientists on the project (who was also a 
former junior Defense Minister, and a former director of BARC - the "Indian Los Alamos"), Raja 
Ramanna conceded on 10 October 1997 the former was never true. The Press Trust of India quoted
him as saying "The Pokhran test was a bomb, I can tell you now." He was also quoted as saying 
later: "An explosion is an explosion, a gun is a gun, whether you shoot at someone or shoot at the 
ground." He said the "peaceful" label had come "from the political side", adding: "I just want to 
make clear that the test was not all that peaceful."

But surprisingly, the latter contention - that India had no nuclear arsenal - remained true for more 
than a decade after Pokhran-I.

A key motivation for India's nuclear program is its concern about nuclear-armed China, which 
faces India along much of its northern border. Disputes about this border exist: China currently 
occupies the Aksai Chin plateau adjacent to Ladakh, Kashmir in Northwest India; India occupies 
the North-East Frontier Agency claimed by China. In October 1962 China invaded India, an attack
that India was powerless to respond to (China eventually withdrew voluntarily later that year). 
Although China and India have had better relations in recent years, the rise of China's economic 
and military strength, coupled with the simultaneous decline of Russia which had acted as a 
counterweight to China, has caused India to view China as a long-term strategic threat. India has 
also fought repeatedly with Pakistan since 1947, and holds Kashmir - Muslim inhabited territory 
claimed by Pakistan. Pakistan's own nuclear program now serves as justification for perpetuating 
India's own program, although Pakistan did not acquire weapon capability until a decade after 
India's nuclear test. India also has aspirations to being a major power on the Asian continent, and a
major player in world affairs, and views nuclear weapons as a necessary component of acquiring 
this status.

Although India first tested a nuclear explosive in 1974 it did not become a nuclear weapons state - 
in the sense of having the ability to deliver nuclear weapons until 1986-88 when, according to Dr. 
Sanjay Badri-Maharaj author of The Armageddon Factor, a rudimentary delivery system was in 
place [Indian Express, 18 June 2000]. This presumably refers to a developmental delivery system 
based on the Mirage 2000 that began development in 1986, after an attempt to integrate a DRDO 
developed nuclear bomb with the Jaguar fighter-bomber failed. This system provided India with a 
usable but limited nuclear weapons capability, but the weapon system did not actually enter service
until it passed a full field drop test in May 1994 at Balasore, though most observers thought that 
this milestone had been passed years before.

The US CIA testified before congress in 1993 that it did not believe that India maintains assembled 
or deployed nuclear weapons, although it believed India was producing weapon components. The 
CIA's HUMINT (human intelligence, as opposed to electronic intelligence) regarding India's 
nuclear program is famously poor however (witness the U.S. intelligence communities surprise 
about the 1998 tests) so it cannot be accorded great weight; nonetheless it could be true that in 1993
India still had not taken the step of maintaining weapons in a ready-to-use state. There is a vague 
report though [Chengappa 2000; pg. 418] of "a few" weapons existing as early as the early 1980s. 
Chengappa relates that hardened concrete bunkers were built in the early 1980s at Mumbai to 
house India's weapons plutonium stocks, and a few weapons. Gen Sundarji was shown these 
weapons in the mid-80s, an unusual step since the military chiefs of staff had not been briefed on 
India's nuclear capability even as late as 1990. These weapons may not have been kept fully 
assembled, but there is little doubt that India could have made them ready in a matter of hours (or 



days at the most).

7.2.6.1 Current Nuclear Forces
India has several aircraft that are nominally considered "nuclear capable", the Mirage 2000, Mig-
27, and the Jaguar. Due to the cost of integrating and qualifying an aircraft for nuclear delivery, 
and maintaining a cadre of specially trained pilots, it is unlikely that India would choose to deploy 
nuclear weapons on more than one or two aircraft types. Only the Mirage 2000 is known to have 
been qualified as a nuclear delivery platform, and the Jaguar is known to have been abandoned for 
nuclear weapons delivery due to technical problems. Thus it may be that the Mirage 2000 remains 
the sole air breathing nuclear weapon delivery system.

India has developed short and medium-range nuclear-capable missiles. These are the Prithvi (range
250 km, payload 500 kg), and the Agni-II (range 2500 km, payload 1000 kg).

The first operational capability of a missile deliverable nuclear warhead was probably soon after 
the official deployment of the Prithvi SS-250 missiles in September 1997, which occurred after the 
successful completion of integration and testing of the warhead and missile during 1996-97. 
Reportedly four nuclear armed Prithvis were deployed during the Kargil War in June 1999. Also 
during this war was the first deployment of the medium range Agni-II, apparently consisting of a 
single preproduction model. The Agni-II was not qualified for full production and deployment until
after the second Agni-II test occurred on 17 January 2001 at 10:01 a.m. IST (Indian Standard 
Time) when it was tested in its final deployment configuration.

India reportedly is investigating development of an ICBM-class missile called Suriya (or Surya) 
with a range of over 6000 km.

There are no official figures for weapon stockpiles at any stage of development of India's arsenal. 
The only figures that can be offered are either explicit estimates made from considerations of 
India's probable ability to produce critical raw materials and considerations of likely production 
plans; or are unofficial statements of uncertain provenance and authenticity. To show the problems
with figures of the latter sort we have only to look at the statement by K. Subrahmanyam, a leading
strategic theorist, that by 1990 India had stockpiled at least two dozen unassembled weapons, 
versus the May 1998 estimate by G. Balachandran, an Indian nuclear researcher, that India had 
fewer than 10 weapons ready to be assembled and mounted on warplanes or missiles.

The types of weapons India is believed to have available for its arsenal include: 

• a pure fission plutonium bomb with a yield of 12 kt; 
• a fusion boosted fission bomb with a yield of 15-20 kt, made with weapon-grade ploutonium;
• a fusion boosted fission bomb design, made with reactor-grade plutonium; 
• low yield pure fission plutonium bomb designs with yields from 0.1 kt to 1 kt; 
• a thermonuclear bomb design with a yield of 200-300 kt. 

All of these types should be available based on the tests conducted during Operation Shakti 
(Pokhran-II). It may be possible to extrapolate significantly from these device classes however 
without further testing. There is reasonable doubt about whether the thermonuclear device actually
performed as designed. Even if this so, it does not rule out the possiblity that sufficent test data was 
collected to field a successful design with reasonable confidence of good performance. Interest has 
been expressed in the development of a neutron bomb (a very low yield tactical thermonuclear 
device), but this would probably require additional testing to perfect.

The most widely accepted estimates of India's plutonium production have been made by David 
Albright. His most recent estimate (October 2000) was that by the end of 1999 India had available 
between 240 and 395 kg of weapon grade plutonium for weapons production, with a median value 
of 310 kg. He suggests that this is sufficient for 45 - 95 weapons (median estimate 65). The 
production of weapon grade plutonium has actually been greater, but about 130 kg of plutonium 



has been consumed - principally in fueling two plutonium reactors, but also in weapons tests. His 
estimate for India's holdings of less-than-weapons-grade plutonium (reactor or fuel grade 
plutonium) are 4200 kg of unsafeguarded plutonium (800 kg of this already separated) and 4100 kg 
of IAEA safeguarded plutonium (25 kg of this separated). This unsafeguarded quantity could be 
used to manufacture roughly 1000 nuclear weapons, if India so chose (which would give it the third 
largest arsenal in the world, behind only the U.S. and Russia).

Indian Delivery Systems and Characteristics

Delivery
Systems

Entry into
Service

Range
(km)

Payload
(kg)

Accuracy
(m)

Launcher
Number

Warhead
Number
and Type

Land-Based Missiles

Agni-I 1999? 1500 1000 10? 1 x > 15 kt?; 200 kt?

Agni-II 2000
2500-
3000

1000 3-4? 1 x > 15 kt?; 200 kt?

Agni-III 2005?
3500-
5000

1000 3-4? 1 x > 15 kt?; 200 kt?

SS-150 Prithvi 1997 150 1000 15 20? 1 x 12 kt

SS-250 Prithvi-2 2001? 250 500-750 25 0 1 x 12 kt

Dhanush 2003? 350 500 35 0 1 x 12 kt

Aircraft

Mirage 2000 1988 1 x 12 kt bomb

Notes

7.2.6.2 Existing Weapon Infrastructure
The center piece of India's nuclear weapons program is the Bhabha Atomic Research Center 
(BARC) in Trombay near Mumbai (Bombay) which is the center for nuclear weapons associated 
work. BARC was founded as the Atomic Energy Establishment, Trombay (AEET) on 3 January 
1954 by Dr. Homi Jehangir Bhabha. Bhabha was the also the founder India's entire nuclear 
industry and infrastructure, and India's first Secretary of the Department of Atomic Energy (DAE)
when it was created on 3 August 1954. In its early years BARC was already a very large, but 
primarily civilian-oriented nuclear research laboratory. When India's first nuclear device was 
designed and fabricated at there, the work was conducted surreptitiously (often at night) to hide it 
from the rest of the laboratory. But in May 2000 a watershed was reached in this tension between 
civilian and military work when the civilian Atomic Energy Regulatory Board (AERB) which had 
been exercising regulatory oversight was split off from BARC. As S. Rajagopal oberved, an expert 
on nuclear affairs and a professor of the Bangalore-based National Institute of Advanced Studies, 
this decision effectively reclassified BARC as a nuclear weapons laboratory - a laboratory with a 
primarily military function though also conducting civilian oriented work in a model similar to the 
U.S. weapons labs. But without much of the civilian oversight and management that the U.S. labs 
have.



BARC is the site of the two reactors used for weapons-grade plutonium production: the 40 MW 
CIRUS (Canadian-Indian-U.S.) reactor, and the 100 MW reactor named R-5, but usually called 
"Dhruva". Both of these are heavy water moderated and cooled natural uranium reactors.

CIRUS was supplied by Canada in 1954, but uses heavy water supplied by the U.S. (hence its 
name). The reactor is not under IAEA safeguards (which did not exist when the reactor was sold), 
although Canada stipulated, and the U.S. supply contract for the heavy water explicitly specified, 
that it only be used for peaceful purposes. Nonetheless CIRUS has produced much of India's 
weapon plutonium stockpile, as well as the plutonium for India's 1974 Pokhran-I nuclear test. India
argued in 1974 that the contract allows its use in producing peaceful nuclear explosives, which is 
how it characterized this explosion, though in recent years the project director Raja Ramanna has 
conceded that this was a sham. CIRUS reactor achieved criticality on 10 July 1960. It can produce 
6.6-10.5 kg of plutonium a year (at a capacity factor of 50-80%).

In 1977 work began on the larger Dhruva plutonium production reactor, which was developed 
indigenous but based on the Canadian supplied technology. It was commissioned on 8 August 1985 
but startup problems caused by resonance vibrations from the cooling system damaged fuel 
assemblies soon required shutdown. After modifications were made (spring clips to damp fuel rod 
vibration) it began operating at one-quarter power in December 1986 and reached full operation in 
mid-January 1988. It operates at 100 MW and is capable of producing 16-26 kg of plutonium 
annually (at a capacity factor of 50-80%).

An additional possible source of plutonium are a number of unsafeguarded CANDU power 
reactors,including Madras Atomic Power Stations (MAPS, known as Madras I and II, or MAPS-I 
and MAPS-II); the Narora Atomic Power Stations (NAPS, known as NAPS-I and NAPS-II), and 
the Kakrapar Atomic Power Station (KAPS). Like CIRUS and Dhruva, the CANDU reactors are 
heavy-water moderated natural uranium reactors that can be used effectively for weapon-grade 
plutonium production. The possible production by MAPS is much larger than CIR and Dhruva 
combined, although the fuel burnup in power reactors of this type normally produces lower grade 
plutonium that is less desirable for weapons. Each power station reactor could produce up to 160 
kg/yr (at a 60% capacity factor). It is uncertain how practical it is to operate MAPS for weapons 
grade plutonium production, although even the reactor-grade output has weapons potential. If 
supergrade plutonium were produced at BARC by short irradiation periods, it could be mixed with
MAPS plutonium to extend the plutonium supply. As of November 1998 India had a total of 10 
small power reactors operating, with 4 under construction and due to begin operation in 1999, but 
with 12 more planned or under construction that would boost electrical output by another 5100 
MW.

Nuclear power supplied 2.65 percent of India's electricity in 1999 and this is expected to reach 10 
per cent by 2005. Expectations for nuclear power growth have consistently fallen far short of goals 
for over 30 years, so this percentage is likely to continue to grow slowly. India's nuclear power 
program proceeds almost entirely without fuel or technological assistance from other countries. 
Partly as a result its power reactors have been among the worst-performing in the world (with 
regard to capacity factors), reflecting the technical difficulties of the country's isolation, but are 
apparently now improving significantly. Its industry is largely without IAEA safeguards, though a 
few plants are under facility-specific safeguards.

In February 2001 India had 14 small nuclear power reactors in commercial operation, two larger 
ones under construction and ten more planned. The 14 operating ones comprise:

• two 150 MWe BWRs from USA, started up in 1969, now using locally-enriched uranium and
are under safeguards, 

• two small Canadian PHWRs (1972 & 1980), also under safeguards; and 
• ten local PHWRs based on Canadian designs, two of 150 and eight 200 MWe. 

The separated plutonium for the 1974 test was produced at the separation plant in Trombay, near 



to Bombay, capable of processing 50 tonnes of heavy metal fuel/yr. Construction on the first facility
there began in the 1950s, and began operating in 1964. In 1974 it was shut down for repair and 
expansion and reopened in 1983 or 1984. Trombay handles the fuel from both the Cirus and 
Dhruva reactors. India also can separate plutonium in the Power Reactor Fuel Reprocessing 
(PREFRE) facility. This plutonium separation plant was built at Tarapur, north of Bombay, and 
began operating in 1979. The plant has encountered operating problems, but India reports having 
overcome these by 1990. The nominal annual capacity is given as 100-150 tonnes of CANDU fuel. A 
much larger plant is now under construction at Kalpakkam sufficient to handle all existing 
reactors.

Given its immense thorium resources, India is actively interested in developing the thorium/U-233 
fuel cycle. India is known to have produced kilogram quantities of U-233 by irradiating thorium in 
CIR, Dhruva, and MAPS reactors. Substantial production of U-233 is not practical though with 
natural uranium fueled reactors. The thorium cycle requires more highly enriched fuel to have an 
acceptable breeding ratio with the non-fissile thorium blanket. Reactor-grade plutonium from 
MAPS could serve as start-up fuel for U-233 plants in the future. If available U-233 is as effective a 
weapon material as plutonium.

India has been developing the capability to produce heavy water domestically to provide the 
moderator load for future reactors. The heavy water for almost all existing reactors was imported 
however. The 110 tonnes of unsafeguarded moderator for Dhruva and Madras I and II were 
ironically provided by China.

India has acquired and developed centrifuge technology and built centrifuge enrichment plants in 
Trombay and Mysore in the 1980s. The larger Rare Metals Plant (RMP), as it is called, at Mysore 
has a cascade capable of producing 30% enriched uranium in kilogram quantities, beginning in 
1992-93, although reliability has been a problem. These enrichment plants appear to have no role in
India's power reactor development plans, so they may be intended to offset the prestige of 
Pakistan's enrichment capability, or to provide additional standby weapons production capability. 
India has reported that it plans to build an enriched uranium reactor, and a domestically fueled 
nuclear submarine.

India's interest in light weight weapon design can be surmised from BARC's acquisition in the 
1980s of a vacuum hot pressing machine, suitable for forming large high-quality beryllium 
forgings, as well as large amounts of high purity beryllium metal. India is known to manufacture 
tritium, and may have developed designs for fusion-boosted weapons. 

India is not a signatory to NPT and has opposed the treaty as discriminatory to non-weapons states.
India has previously taken the position that a world-wide ban on nuclear testing, and the 
production of fissionable material for weapons is called for. Except for China, which continues 
testing, there is now a de facto halt to testing worldwide, as well as the production of weapons grade
plutonium and uranium by the US and Russia. India has shown no interest so far in restricting its 
own activities despite these changes in the world situation. India has also rejected offers at bilateral 
negotiation with Pakistan, but in December 1988 the two nations signed an agreement prohibiting 
attacks on each other's nuclear installations and informing each other of their locations (though not
their purposes). 

7.2.6.3 Planned Nuclear Forces
Nothing is publicly known about official Indian nuclear force planning, but assessments made by 
opinion leaders provide a context for judging the prevailing attitude in Indian government circles

India's first effort to formulate a nuclear policy and the determine the means needed to implement 
it was an informal but authoritative study group that was set up in November 1985 to answer 
queries by Rajiv Gandhi regarding defense planning. It encompassed the three services (Navy Chief
of Staff Adm. Tahliani, Army Vice Chief of Staff Gen. K. Sundarji, Deputy Cheif of Air Staff John 
Greene), leaders of BARC (Ramanna), the DRDO (Abdul Kalam), and the AEC (Chidambaram), 



and India's most prominent strategic analyst K. Subrahmanyam. The outcome of the group's 
deliberations was to recommend building a minimum deterrent force with a strict no first use 
policy. The arsenal envisioned was 70 to 100 warheads at a cost of about $5.6 billion.

In 1994 K. Subrahmanyam suggested that a force of 60 warheads carried on 20 Agnis, 20 Prithvis 
and the rest on aircraft would cost about Rs 10 billion over 10 years. In 1996 Sundarji suggested a 
cost of some Rs 27.5 billion -- Rs 6 billion for 150 warheads, Rs 3.6 billion for 45 Prithvis and Rs 18 
billion for 90 Agni missiles.

7.2.7 Pakistan 

Pakistan undertook a program to develop nuclear weapons on 24 January 1972, scant weeks after 
its crushing defeat by India in the 1971 Bangladesh war. On this date President Zulfikar Ali Bhutto
committed Pakistan to a nuclear weapon program at a meeting held in Multan. The program 
initially focused on acquiring plutonium production capability through foreign assistance - in a 
manner similar to the Israeli and Indian nuclear programs. But following the May 1974 Indian 
nuclear test, the Pakistani program was ham-strung by the international restrictions on plutonium 
production technology that followed. The fortunes of the program turned four months later when a 
Pakistani national living abroad with access to highly classified foreign uranium enrichment 
technology volunteered to act as a spy, and pass detailed information to Pakistan. This Pakistani 
was Dr. Abdul Qadeer Khan, a metallurgist employed by URENCO, the tri-national European 
uranium enrichment centrifuge consortium.

Khan had access to detailed plans about several enrichment centrifuge designs, as well as 
comprehensive information about the parts suppliers used by URENCO. With this information 
Pakistan began purchasing enrichment components in 1975, and in early 1976 Khan returned to 
Pakistan to (a few months later) take control of the enrichment program. Little attention was paid 
to enrichment technology at the time, so the Pakistani activities escaped the notice of nations 
attempting to control nuclear proliferation.

Pakistan's enrichment plant, built at Kahuta, began doing enrichment on 4 April 1978. The plant 
was made operational in 1979 and by 1981 was producing substantial quantities of uranium. The 
facility was named A.Q. Khan Research Laboratories (KRL) by President Zia ul-Haq on 1 May 
1981.

Pakistani work on weapon design predated both India's test and A.Q. Khan's involvement. In 
March 1974 Munir Ahmad Khan, head of the Pakistan Atomic Energy Commission (PAEC), 
formed a task force consisting of Drs. Hafeez Qureshi, Abdus Salam, Riaz-ud-Din, and Zaman 
Sheikh to design a nuclear explosive. This design group was based at Wah, and became known as 
"The Wah Group".

Preparations for a nuclear test site in the Ras Koh Hills and Kharan in Baluchistan were begun as 
early as 1977, and the shafts used in the 1998 tests were completed in 1980.

The Pakistan nuclear weapons program became militarized after the 5 July 1977 coup in which 
Army General Zia-ul-Haq siezed control of the government (the deposed Zulfikar Ali Bhutto was 
eventually hanged on 4 April 1979). The Pakistani military has retained exclusive control of 
Pakistan's nuclear weapons capability ever since, even during the periods in which it has tolerated 
civilian rule.

The Wah Group had a weapon design - an implosion system using the powerful but sensitive HMX 
as the principal explosive - ready for testing in 1983. The first "cold test" of a weapon (i.e. a test of 
the implosion using inert natural uranium instead of highly enriched uranium) took place on 11 
March 1983 under the leadership of Dr. Ishfaq Ahmed of the PAEC. This test was conducted in 
tunnels bored in the Kirana Hills near Sargodha, home of the Pakistan Air Force s main airbase �Assembl? Nationale until 15 September 1999 and is 
and the Central Ammunition Depot (CAD).



1984 saw the arrest of Pakistani nationals for smuggling krytrons and other pulse power 
components useful in nuclear weapon firing systems. It was perhaps around the end of 1984 that 
Pakistan first achieved the capability to manufacture and test a nuclear explosive.

During the latter 80s Pakistan inexorably moved toward converting its potential capability into an 
actual one. The Pressler Amendment, a congressional act passed to keep Pakistan receiving aid 
despite its active weapons program, helped restrain Pakistan from moving beyond stockpiling 
enriched uranium as hexafluoride gas. The 1990 crisis with India that erupted over Indian 
repression in Kashmir, finally prompted Pakistan to take the last steps. In May 1990 Pakistan 
converted 125 kg of uranium hexafluoride to metal and reportedly manufactured seven weapon 
cores, putting it in the position of assembling a nuclear arsenal from stockpiled components in a 
matter of days. During the Kashmiri crisis at least one complete nuclear weapon is believed to have 
actually been assembled.

Excellent U.S. intelligence provided detailed information about the status of Pakistan's capabilities, 
which leaks and official discloures gradually revealed to the public. Nonetheless Pakistan refrained 
from officially declaring itself as a nuclear power, but at the same time went to great pains to make 
clear its nuclear capabilities. On 7 February 1992 Pakistani Foreign Minister Shahryar Khan 
stated in an interview with the Washington Post that Pakistan had the components to assemble one 
or more nuclear weapons. This statement went further than any made by other "non-weapon 
states" in admitting to the existence of a nuclear arsenal. Pakistan had previously admitted to 
having fabricated pits for fission weapons. In July 1993 General (retired) Mirza Aslam Beg, former
army chief of staff, acknowledge that Pakistan had conducted cold tests of nuclear devices. And in 
August 1994, then Prime Minister Nawaz Sharif said "I confirm that Pakistan possesses the atomic 
bomb" although the government repudiated the statement (but admitted having the capability to 
make them).

In 1998, after the Indian Pokhran-II test series in May and India's open declaration of its status as 
a nuclear weapons state, Pakistan followed suit with its own tests. The first test was conducted in a 
1 km horizontal tunnel under the mountain Koh Kambaran in the Ras Koh Hills at 10:16:17.6 UCT
(+/- 0.31 sec) on 28 May 1998 (28.7919N 64.9475E +/- 0.003 deg). Official (and semi-official) 
descriptions of the tests said that five devices were successfully fired with a combined yield of 40 kt. 
Independent seismic analysis set the yield at approximately 9 kt (with a 5-20 kt possible range). The
second test of a single device was fired at 06:55:00.0 30 May 1998 UCT at about 28.433 deg N 
63.860 deg. The claimed yield was 18 kt, seismic estimates put it at 4-6 kt (3-11 kt maximum range).

Again following India's lead, Pakistan formally declared itself a nuclear weapons state following the
28 May tests.

7.2.7.1 Current Nuclear Forces

It is estimated that Pakistan produced produced about 210 kg (range 160 - 260 kg) of HEU up to 
the moratorium in 1991 [Albright and O'Neill 1998]. The current production capacity of Pakistan 
is approximately 110 kg per year (range 80 - 140 kg/year), and the cumulative production of HEU 
(less the HEU expended in the 1998 tests) is estimated at about 800 kg at the end of 2000 (range 665 
- 940 kg) [Albright 2000]. Since a uranium weapon requires about 15 kg this equates to a potential 
for 53 weapons (range 44 - 62), although somewhat more than 15 kg may be used to produce more 
powerful and efficient weapons.

In April 1998 the unsafeguarded Kushab reactor began operating. This reactor is a heavy water-
natural uranium reactor built with Chinese assistance and has an operating power of 50-70 MW. 
This reactor should be able to produce around 10-15 kg of plutonium a year at a 60-80% load 
factor (the fraction of the time the reactor actually operates). Through the end of 2000 
approximately 10-28 kg is estimated to have been separated from the fuel, a figure that is strongly 
affected by how quickly the fuel is processed after irradiation, and the effectiveness of the 
separation plant. Pakistan has a pilot plutonium reprocessing plant called "New Labs" at the 
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Pakistan Institute of Scientific and Technical Research (Pinstech) complex near Rawalpindi. 
Reportedly the New Labs facility was expanded during the 90s to handle the full fuel load from 
Kushab. CBS News reported on 16 March 2000 that US intelligence had found evidence (such as 
krypton-86 emissions) that Pakistan is reprocessing irradiated fuel from the Khushab reactor and 
recovering separated plutonium. Fission weapons require 4-6 kg of plutonium, so 2-7 weapons 
could have been manufactured from this material.

In addition to Kushab, Pakistan is also manufacturing reactor-grade graphite and has its own 
heavy water plant both of which may be used to build additional plutonium production reactors 
fueld with natural uranium. It currently possesses two power reactors - the Karachi Nuclear Power
Plant (KANUPP) with an output of 137 MW electrical, and the Chasma Nuclear Power Plant 
(CHASNUPP) with an output of 300 MWe. CHASNUPP is a pressurized water reactor constructed 
by the China National Nuclear Corporation was completed in late 1995. CHASNUPP began 
operations in November 1999 and was connected to the power grid (run by the Karachi Electric 
Supply Company) on 14 June 2000. These reactors have produced 600 kg of plutonium in their 
spent fuel but this plutonium remains unseparated and under IAEA safeguards.

The Kushab reactor could also be used to produce tritium for boosted weapons. The production 
capacity for tritium would be on the order of 100 g per year if enriched uranium is used as fuel, 
enough to boost perhaps 20 weapons. Pakistan is known to be interested in tritium, having acquired
a tritium purification and production facility, and 0.8 grams of pure tritium gas from West 
Germany in 1987, as well as even larger quantities of tritium from China.

According to A. Q. Khan, as well as other Pakistani scientists, the devices tested in 1998 were most 
of all boosted weapon designs. Pakistan has not tested a true staged thermonuclear device. This 
implies that Pakistan can built pure fission or boosted fission devices with yields ranging from sub-
kiloton up to perhaps 100 kt. Higher yields are possible, but suffer from the delivery weight limits 
of its existing missiles and probable limits to Paksitani minaturization technology. China has 
provided a complete tested designs for a 25 kt pure fission weapon.

Pakistan has been active since the early 80s in acquiring ballistic missiles and missile technology. 
This has resulted in the acquisition and development of an imposing list of missile systems (see table
below). These systems are all basically derivatives of Chinese and North Korean technology, and in 
many cases are simply missile systems imported from abroad (the M-9 and M-11) or assembled 
from foreign components (the Ghauri and Ghauri-2 missiles). The Ghauri designation refers to a 
muslim ruler -- Shahabuddin Ghauri -- who repeatedly raided Hindu cities during the middle ages.

In October 2000 it was reported that the Pakistan Atomic Energy Commission's (PAEC)National 
Defence Complex (NDC) had begun serial production of its 'indigenously-built' solid-fuelled 
Shaheen-1 ("Eagle" or Hatf-4) intermediate-range ballistic missile (IRBM), according to local 
media reports quoting senior defence officials. The Shaheen-1, with a declared range of 750 km, has
officially been flight tested only once, in April 1999. Pakistani defence officials also said the test of 
the road-mobile missile was successful [Farooq 2000], [PTI 2000]. 

Currently the only missiles that are beleived to be in service are the Hatf-1 and Hatf-2, the Chinese 
supplied M-9 abd M-11, the Shaheen-1, and possibly the Ghauri/Ghauri-2 (basically North Korean 
supplied No-dong missiles). On 13 June 1996 the Washington Post quoted a leaked CIA draft 
document as saying Pakistan had "probably finished developing nuclear warheads" for Chinese-
supplied M-11 missiles. If true, it may indicate Chinese assistance minaturizing the warhead design.

Summary of Pakistan's Missiles

Name
Alternate

Names
Range
(km)

Payload
(kg)

Test Firings Developer Status
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Hatf-1 80 500 April 1989 KRL
In service since 
1996

Hatf-1A 100 500 February 2000 KRL In service?

Hatf-2 260-300 500 April 1989 KRL In service?

Hatf-3 800 3 July 1997? KRL? Never deployed

Hatf-4 Shaheen-1 750 1000 15 April 1999 NDC
Deployed 
September 2000

Hatf-5 Ghauri-1
1100-
1500

700 6 April 1998 KRL/DPRK

Hatf-6? Ghauri-2 2000 500-700? 14 April 1999 KRL/DPRK

Hatf-7 Shaheen-2
2400-
2500

1000
Declared ready for 
test Sept. 2000

NDC

Ghauri-3? 
(Ghaznavi?)

3000 15 August 2000??
KRL/
DPRK?

M-9 CSS-6/DF-15 600-650 500 China Supplied?

M-11 CSS-7/DF-11 300 500-800 China 30-80 supplied

Notes

1. NDC: National Defence Complex
2. KRL: A.Q. Khan Research Laboratories
3. DPRK: Democratic People's Republic of Korea (North Korea)
4. Hatf-2 may be a Pakistani manufactured M-11
5. Shaheen-1 believed to be based on Chinese M-9 technology and design
6. Shaheen-2 believed to be based on Chinese M-18 or DF-21 technology and design
7. Ghauri and Ghauri-2 are believed to be DPRK (North Korea) No-dong missiles or No-dong based 
designs

7.2.6.2 Existing Weapon Infrastructure

Under construction.

7.2.6.3 Planned Nuclear Forces

Under construction.
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7.3 Suspected States

It is questionable whether Israel should be classed as a "suspected state" at this point. Israel has not 
officially admitted to having a nuclear arsenal, or to having developed nuclear weapons, or even to having
a nuclear weapons program, although former PM Shimon Peres unofficially acknowledged this last fact in
the summer of 1998, extensive information from about this program was disclosed by Mordechai Vanunu
in 1986, and imagery analysts can identify weapon bunkers, mobile missile launchers, and launch sites in 
satellite photographs. It is clear though that Israel can deploy or employ nuclear weapons at will. 
However until it admits to having an actual stockpile of weapons, it will be retained on the "suspect" list 
for the present time.

7.3.1 Israel 

Israel's involvement with nuclear technology literally extends back to the founding of the country in 1948.
A host of talented scientists emigrated to Palestine during the thirties and forties, particularly one Ernst 
David Bergmann - later the director of the Israeli Atomic Energy Commission and the founder of Israel's 
efforts to develop nuclear weapons. The Weizmann Institute of Science actively supported nuclear 
research by 1949, with Bergmann heading its chemistry division. Also in 1949, Francis Perrin - French 
nuclear physicist, atomic energy commissioner, and personal friend of Bergmann's - visited the 
Weizmann Institute, after which Israeli scientists were invited to the newly established French nuclear 
research facility at Saclay. A joint research effort was subsequently set up between the two nations. 

At this time France's nuclear research capability was quite limited. France had been a leading research 
center in nuclear physics before the war, but had fallen far behind developments in the U.S., the USSR, 
Britain, and even Canada. Israel and France were thus at a similar level of expertise at the time, and it was
possible for Israeli scientists to make valuable contributions. Consequently the development of nuclear 
science and technology in France and Israel remained closely linked in the early fifties, for example 
Israeli scientists were involved in the construction of the G-1 plutonium production reactor and UP1 
reprocessing plant at Marcoule. 

In the 1950s and early 1960s, France and Israel had very close relations. France was Israel's principal 
arms supplier, and as instability spread in France's colonies in North Africa, Israel provided valuable 
intelligence obtained from its contacts with sephardic Jews in those countries. The two nations even 
collaborated (along with Britain) in planning and staging the joint Suez-Sinai operation against Egypt in 
October 1956. The Suez Crisis, as it became known, proved to be the genesis of Israel's nuclear weapons 
production program. 

Six weeks before the operation Israel felt the time was right to approach France for assistance in building 
a nuclear reactor. Canada had set a precedent a year earlier when it had agreed to build the 40 MW 
CIRUS reactor in India. Shimon Peres, a key aide to Prime Minister (and Defense Minister) David Ben 
Gurion, and Bergmann met with members of the CEA (France's Atomic Energy Commission). An initial 
understanding to provide a research reactor appears to have been reached during September. 

On the whole the Suez operation, launched on 29 October was a disaster. Although Israel's part of the 
operation was a stunning success, allowing it to occupy the entire Sinai peninsula by 4 November, the 
French and British invasion on 6 November was a failure. The attempt to advance along the Suez canal 
bogged down and then collapsed under fierce U.S. and Soviet pressure. Both European nations pulled out,
leaving Israel to face the pressure from the two superpowers alone. Soviet premier Bulganin issued an 
implicit threat of nuclear attack if Israel did not withdraw from the Sinai. 

On 7 November 1956, a secret meeting was held between foreign minister Golda Meir, Peres, and French 
foreign and defense ministers Mssrs. Christian Pineau and Maurice Bourges-Manoury. The French 
officials were deeply chagrined by France's failure to support its ally in the operation, and the Israelis 
were very concerned about the Soviet threat. In this meeting the initial understanding about a research 
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reactor may have been substantially modified, and Peres seems to have secured an agreement to assist 
Israel in developing a nuclear deterrent. 

After some further months of negotiation, the initial agreement for assistance took the form of an 18 MW 
(thermal) research reactor of the EL-3 type, along with plutonium separation technology. At some point 
this was officially upgraded to 24 MW, but the actual specifications issued to engineers provided for core 
cooling ducts sufficient for up to three times this power level, along with a plutonium plant of similar 
capacity. How this upgrade came about remains unknown. 

The reactor was secretly built underground at Dimona, in the Negev desert of southern Israel near 
Beersheba. Hundreds of French engineers and technicians filled Beersheba which, although it was the 
biggest town in the Negev, was still a small town. Many of the same contractors who built Marcoule were
involved, for example the plutonium separation plants in both France and Israel were built by SGN. The 
Ground was broken for the EL-102 reactor (as it was known to France) in early 1958. The heavy water 
for the reactor was purchased from Norway, which sold 20 tons to Israel in 1959 allegedly for use in an 
experimental power reactor Norway insisted on the right to inspect the heavy water for peaceful use for 
32 years, but was permitted to do so only once, in April 1961, prior to it being loaded into the Dimona 
reactor tank. 

Israel used a variety of subterfuges to explain away the activity at Dimona - calling it a "manganese 
plant" among other things (although apparently not a "textile plant" as most accounts claim). U.S. 
intelligence became aware of the project before the end of 1958, took picture of the project from U-2 spy 
planes, and identified the site as a probable reactor complex. The concentration of Frenchmen was 
certainly impossible to hide. 

In 1960, before the reactor was operating, France, now under the leadership of de Gaulle, reconsidered 
the deal and decided to suspend the project. After several months of negotiation, an agreement was 
reached in November that allowed the reactor to proceed if Israel promised not the make weapons and 
announced the project to the world, work on the plutonium plant halted. 

On 2 December 1960, before Israel could make the announcement, the U.S. State Department issued a 
determination that Israel had a secret nuclear installation. By 16 December this became public knowledge
with its appearance in the New York Times. On 21 December Ben Gurion announced that Israel was 
building a 24 MW reactor "for peaceful purposes". 

Over the next year the relationship between the U.S. and Israel was strained over the issue. The U.S. 
accepted Israel's claims at face value in public, but exerted pressure privately. Although Israel did allow a
cursory inspection by physicists Eugene Wigner and I.I. Rabi, PM Ben Gurion consistently refused to 
allow international inspections. The final resolution was a commitment from Israel to use the facility for 
peaceful purposes, and an agreement to admit a U.S. inspection team once a year. These inspections, 
begun in 1962 and continued until 1969, were only shown the above-ground part of the buildings, which 
continued down many levels underground. The above ground areas had simulated control rooms, and 
access to the underground areas was kept bricked up while the inspectors where present. The most 
favorable interpretation that can be given to adherence to the pledge is that it has apparently been 
interpreted by Israel to mean that nuclear weapon development is not excluded if the are used strictly for 
defensive, and not aggressive purposes. It should be remembered though that Israel's security position in 
the late fifties and early sixties when the nuclear program was taking shape was far more precarious than 
it subsequently became after the Six Day War, the establishment of a robust domestic arms industry, and 
a reliable defense supply line from the U.S.. During the fifties and early sixties a number of attempts by 
Israel to obtain security guarantees from the U.S., thus effectively placing Israel under the U.S. nuclear 
umbrella in a manner similar to NATO or Japan, were rebuffed. If an active policy to restrain Israel's 
proliferation had been undertaken, along with a secure defense agreement, the development of a nuclear 
arsenal might have been preventable. 

In 1962 the Dimona reactor went critical, and the French resumed work on the plutonium plant, believed 
to have been completed in 1964 or 1965. The acquisition of this reactor and related technologies was 



clearly intended for military purposes from the outset (not "dual use") as the reactor has no other function.
The security at Dimona (officially the Negev Nuclear Research Center) is stringent, an IAF Mirage was 
actually shot down in 1967 for straying into Dimona's airspace. There is little doubt then, that some time 
in the late sixties Israel became the sixth nation to manufacture nuclear weapons. 

According to Seymour Hersh, PM Levi Eshkol delayed starting nuclear weapons production even after 
the Dimona facility was finished. The reactor remained in operation so the plutonium continued to 
accumulate, whether it was separated or not. It is generally believed that the first extraction of plutonium 
occurred in 1965, and that enough plutonium was on hand for one weapon during the Six Day War in 
1967 although whether a prototype weapon actually existed or not is unknown. Hersh relates that Moshe 
Dayan gave the go-ahead for starting weapon production in early 1968, which is when the plutonium 
separation plant presumably went into full operation. After this Israel began producing three to five 
bombs a year. William Burroms and Robert Windrem, on the other hand, assert in Critical Mass that 
Israel actually had two bombs available for use in 1967, and that Eshkol actually ordered them armed in 
Israel's first nuclear alert during the Six Day War. 

Israel began purchasing Krytrons in 1971. These are ultra high speed electronic switching tubes that are 
"dual use", having both industrial and nuclear weapons applications. 

At 2 p.m. (local) on 6 October 1973 Egypt and Syria attacked Israel in a coordinated surprise attack, 
starting the Yom Kippur War. Caught with only their standing forces on duty, and these at a low level of 
readiness, the Israeli front lines were overrun. By early afternoon on 7 October no defensive forces were 
left in the southern Golan Heights and Syrian forces had reached the edge of the plateau, within sight of 
the Jordan River. It has been widely reported that this crisis brought Israel to its first nuclear alert. Hersh 
reports that the decision was made by PM Golda Meir and her "kitchen cabinet" on the night of 8 
October. This resulted in the Jericho missiles at Hirbat Zachariah and the nuclear strike F-4s at Tel Nof 
being armed and prepared for action against Syrian and Egyptian targets. US Sec. of State Henry 
Kissinger was apparently notified of this alert several hours later on the morning of 9 October, which 
helped motivate a U.S. decision to promptly open a resupply pipeline to Israel (Israeli aircraft began 
picking up supplies that day, the first U.S. flights arrived on 14 October). 

Though stockpile depletion remained a concern, the military situation stabilized on October 8 and 9 as 
Israeli reserves poured into the battle and disaster was averted. Well before significant resupply had 
reached Israeli forces, the Israelis counterattacked and turned the tide on both fronts. On 11 October a 
counterattack on the Golan broke the back of Syria's offensive, and on October 15 and 16 Israel launched 
a surprise crossing of the Suez Canal. Soon the Egyptian Third Army was faced with encirclement and 
annihilation, with no protective forces remaining between the Israeli Army and Cairo. This prompted 
Leonid Brezhnev to threaten, on 24 October, to airlift Soviet troops to reinforce the Egyptians. Pres. 
Nixon's response was to bring the U.S. to world-wide nuclear alert the next day, whereupon Israel went to
nuclear alert a second time (according to Hersh; Burrows and Windrem do not recognize this alert). This 
sudden crisis quickly faded as PM Meir agreed to a ceasefire, relieving the pressure on the Egyptians. 

Considerable nuclear collaboration between Israel and South Africa seems to have developed around 
1967 and continued through the 70s and 80s. During this period SA was Israel's primary supplier of 
uranium for Dimona. An open question remains regarding what role Israel had (if any) in the 22 
September 1979 nuclear explosion in the south Indian Ocean which is widely believed to be a SA-Israel 
joint test. This relationship is discussed more fully in the section on South Africa.

Hersh relates extensive (and highly successful) efforts by Israel to obtain targeting data from U.S. 
intelligence. Much satellite imaging data of the Soviet Union was obtained through the American spy 
Jonathan Pollard, apparently indicating Israel's intention to use its nuclear arsenal as a deterrent, political 
lever, or retaliatory capability against the Soviet Union itself. 

Satellite imagery from a U.S. KH-11 satellite for example was used to plan the 7 June 1981 attack on the 
Tammuz-1 reactor at Osiraq, Iraq. This attack, carried out by 8 F-16s accompanied by 6 F-15s punched a 
hole in the concrete reactor dome before the reactor began operation (and just days before an Israeli 



election) and delivered 15 delay-fuzed 2000 lb bombs deep into the reactor structure (the 16th bomb hit a 
nearby hall). The blasts shredded the reactor and blew out the dome foundations, causing it to collapse on 
the rubble. This was the world's first attack on a nuclear reactor. 

Since 19 September 1988 Israel has had its own satellite reconnaissance system and thus no longer needs 
to rely on U.S. sources. On that day the Offeq-1 satellite was launched on the Shavit booster, a system 
closely related to the Jericho-2 missile. Offeq-2 went up on 3 April 1990. The launch of the Offeq-3 
failed on its first attempt on 15 September 1994, but was retried successfully 5 April 1995. On 22 January
1998 an attempt to launch the Offeq-4, timed to coincide with the ending of service by Offeq-3, also 
failed. 

Both Hersh and Burrows and Windrem agree that Israel went on full scale nuclear alert again on the first 
day of Desert Storm, 18 January 1991, when 7 Scud missiles were fired against the cities of Tel Aviv and 
Haifa by Iraq (only 2 actually hit Tel Aviv and 1 hit Haifa). This alert apparently lasted for the duration of
the war (43 days). Threats of retaliation by the Shamir government if the Iraqis used chemical warheads 
are interpreted to mean that Israel intended to launch a nuclear strike if gas attacks occurred. 

The principal uncertainty in evaluating Israel's weapon production capability is the actual power level of 
the Dimona reactor. It has long been believed that Israel has upgraded the reactor repeatedly to increase 
its plutonium production. The only inside account of the program from a publicly named source is that of 
Mordecai Vanunu, whose story was published by the London Sunday Times on 5 October 1986. Vanunu 
was a mid-level technician in the Machon 2 complex at Dimona for 9 years, who claimed that Israel 
possessed 100-200 nuclear weapons (implying some 400-800 kg of plutonium) and can produce 40 kg of 
plutonium a year. This production figure indicates an average operating power of 150 MW thermal. 
Analysts generally discount figures this high, and the consensus is that it was initially operated at 40 MW 
and was upgraded to 70 MW sometime before 1977. A 1996 study by the Stockholm International Peace 
Research Institute (SIPRI) produced a somewhat lower range of estimates, concluding that Israel has 
produced 330-580 kg of plutonium through 1995, enough for a stockpile of 80-150 efficient weapons (the
extreme estimate range was 190 to 880 kg). 

Vanunu provided information indicating that the uranium fuel is subjected to burnups of 400 
MW-days/tonne, a figure similar to that used by the U.S. early in its weapons production program. This 
results in a high grade plutonium with a Pu-240 content of 2%. According to Vanunu 140 fuel rods are 
irradiated for periods of about three months before discharge for plutonium extraction. At 70 MW the 
Dimona reactor would consume some 48 tonnes of fuel a year and produce about 18 kg of plutonium. 

Vanunu also claimed that Israel possessed fusion boosted weapons, and has developed hydrogen bomb 
technology. He provided information about both lithium-6 and tritium production. He stated that initially 
tritium was produced by a facility in Machon 2 called Unit 92 by separating it from the heavy water 
moderator where it is produced in small amounts as a by-product. In 1984 production was expanded when
a new facility called Unit 93 was opened to extract tritium from enriched lithium that had been irradiated 
in the reactor. The large scale production of tritium by Israel has been confirmed by South Africa, which 
received a shipments of tritium totalling 30 g during 1977-79. This clearly indicates tritium production on
a scale sufficient for a weapon boosting program. It is difficult to find any other rationale for such a large 
tritium production capability except some sort of thermonuclear weapon application.

It is quite difficult to develop gas fusion boosting technology like that used in U.S. weapons and weapons 
tests are probably essential. Although radiation implosion weapons could be developed without testing, 
they would tend to be large and heavy and would perhaps be incompatible with Israel's available delivery 
systems. It is quite possible then that a Sloika/Alarm Clock type system has been developed using 
lithium-6 deuteride fuel surrounding the plutonium core (in fact a weapon mock-up photographed by 
Vanunu appears to be this type of weapon). Tritium could be used to spike the fusion fuel and boost the 
yield, just as the Soviets did with the 400 kt "Joe-4". 

Bomb components made of plutonium, lithium-6 deuteride, and beryllium are fabricated in level 5 of 
Machon 2. They are transported by convoys of unmarked cars to the warhead assembly facility, operated 



by Rafael north of Haifa. 

Hersh reports (without any stated source) that Israel has developed an extensive array of tactical nuclear 
weapons: efficient compact boosted fission bombs, neutron bombs (allegedly numbering in the hundreds 
by the mid-eighties), nuclear artillery shells, and nuclear mines. With an arsenal that is quite possibly in 
excess of 100 weapons it is likely that some of the nuclear materials would be applied tactical weapons. 
Boosted bombs are doubtful, as are neutron bombs, due to problems with development in the absence of a
significant testing program. Neutron bombs also require very large amounts of tritium (20-30 g per 
weapon) which would impact the production of plutonium quite seriously (each gram of tritium displaces 
80 grams of plutonium production). Artillery shells are also doubtful due to their wastefulness in 
plutonium. Tactical weapons are probably aircraft or missile delivered, or are pre-emplaced mines. 

Burrows and Windrem claim (without indicating a source) that Israel has produced 300 warheads, 
including those that have since been dismantled. They place the current arsenal at about 200 weapons. 

Several reports have surfaced claiming that Israel has some uranium enrichment capability at Dimona. 
Vanunu asserted that gas centrifuges were operating in Machon 8, and that a laser enrichment plant was 
being operated in Machon 9 (Israel holds a 1973 patent on laser isotopic enrichment). According to 
Vanunu the production-scale plant has been operating since 1979-80. The scale of a centrifuge operation 
would necessarily be limited due to space constraints, and might be focused toward enriching depleted 
reactor fuel to more efficiently use Israel's uranium supply. A laser enrichment system, if developed to 
operational status, could be quite compact however and might be producing weapon grade material in 
substantial quantities. If highly enriched uranium is being produced in substantial quantities, then Israel's 
nuclear arsenal could be much larger than estimated solely from plutonium production. 

Reports that Zalman Shapiro, the American owner of the nuclear fuel processing company NUMEC, 
supplied enriched uranium to Israel in the 1960s seems to have been authoritatively refuted by Hersh. 

Israel produces uranium domestically as a by-product of phosphate mining near the Dead Sea but this 
amounts to only 10 tons a year, and is grossly insufficient for its needs. Israel has addressed this shortfall 
by reprocessing the low burnup spent fuel to recover uranium (which most nations do not do). It is also 
known to have purchased at least 200 tons of natural uranium on the world market under an alias. A 
major source though was some 600 tons of uranium provided by South Africa in a quid pro quo for 
Israel's assistance on its weapons program. Combined with uranium recycling, and the possible use of 
enrichment to stretch the uranium supply, these quantities may be sufficient to account for Dimona's fuel 
supply to the present date (1997). 

Israel can undoubtedly deploy nuclear weapons using its capable air force. The aircraft and crews 
dedicated to nuclear weapons delivery are located at the Tel Nof airbase. Originally the F-4 Phantom II 
acquired in 1969 was probably the designated carrier, today it would be the F-16. The F-16 has an 
unrefueled radius of action of 1250 km, extending out to western Iran, the shores of the Black Sea, 
Riyadh, or the Libyan border. With refueling it can travel much farther of course, and an unrefueled one-
way mission could take it as far as Moscow. 

Israel also possesses medium-range ballistic missiles: the Jericho-1 (Ya-1 "Luz") with a 500 kg payload, 
and a range of 480-650 km (operational since 1973); and the Jericho 2 (either Ya-2 or Ya-3) with a 1000 
kg payload and a range of over 1500 km (operational since 1990). Under development is the Jericho-2B 
with a range of 2,500 km. These missiles were almost certainly developed specifically as nuclear delivery
systems (although chemical warheads cannot be ruled out). About 50 Jericho-1s and 50 Jericho-2s are 
believed to have been deployed. Israel also has a 100 or more U.S. supplied Lance tactical missiles, with 
a range of 115 km (72 miles). Although these were supplied with conventional warheads, they could have
been outfitted with nuclear or chemical ones. 

Both the Jericho 1 and 2 are two stage solid-propellant missiles. The Jericho-1 is about 10 m long, 1 m 
wide, and weighs 4500 kg. The Jericho-2 is about 12 m long, and 1.2 m wide with a launch weight of 
6500 kg. The Jericho-1 was developed in the mid-sixties with French assistance. It is believed to be based



on the Dassault MD-600. Jericho-2 development is indigenous, and started soon after the Jericho-1 was 
deployed. Test launches began in 1986 and the first two had ranges of 465 km (1986) and 820 km (1987).
The Jericho-2 shares the first two stages of the civilian Shavit (Comet) space launch vehicle, which 
launched Israel's first satellite, the Offeq-1, in September 1988. 

The Jericho 1 and 2 are deployed near Kfar Zachariah and Sderot Micha in the Judean foothills, about 23 
km west of Jerusalem (and about 40 km southeast of Tel Aviv). Located a few kilometers to the northwest
is Tel Nof air base. Images of the missile complex made by commercial satellites have been published in 
recent years, and September 1997 Jane's Intelligence Review published a 3-D analysis of high resolution 
pictures taken by the Indian IRS-C satellite. 

The complex is compact - smaller than 6 km x 4 km. The missiles are mobile, being deployed on 
transporter-erector-launchers (TELs), and are based in bunkers tunneled into the side of the limestone 
hills. There are no signs of missile silos. TELs require firm, accurately leveled ground in order to launch, 
and maximum missile accuracy requires pre-surveyed launch points. Consequently there are a number of 
prepared launch pads (paved culs-de-sac) connected to these bunkers by paved roads. Images of an actual 
Jericho 2 TEL indicate that it is about 16 m long, 4 m wide, and 3 m high. It is accompanied by three 
support vehicles (probably a power supply vehicle, a firing control vehicle, and a communications 
vehicle). The Zachariah missile base was enlarged between 1989 and 1993 during the Jericho-2 
deployment. A few kilometers north of Tel Nof is the IAI's MLM Division plant in Be'er Ya'acov where 
the Jericho and Arrow missiles and the Shavit are manufactured. In April 1997 this factory suffered a 
serious fire. 

From its deployment location in central Israel the Jericho-1 missile can reach such targets as Damascus, 
Aleppo, and Cairo. The Jericho-2 can reach any part of Syria or Iraq, and as far as Teheran, and 
Benghazi, Libya. The Jericho-2B will be able to reach any part of Libya or Iran, and as far as southern 
Russia. The short range of the Lance limits it mainly to battlefield use, although the Syrian capital of 
Damascus is in range from much of northern Israel. According to Jane's World Air Forces, Israel has 
three Jericho-equipped missile squadrons. 

Also located at the site are a group of 21 bunkers thought to contain nuclear gravity bombs. Five of the 
larger ones are about 15 m wide and 20 m long, and rise 6 m above ground. 

Israel has taken active steps to prevent nations that are officially at war with it from acquiring nuclear 
capabilities. The bombing of the Tammuz-1 reactor at Osiraq in Iraq in 1981 is the most famous case, but 
an earlier successful sabotage of the reactor core in France prior to shipment is no doubt attributable to 
Mossad. 

Israel's official policy is that it will not be the first nation to introduce nuclear weapons into the Middle 
East. In contrast to the coy hinting practiced in the past by some undeclared weapon's states, Israel thus 
actively denies possessing nuclear weapons. Its obvious capability in this regard has thus established de 
facto deterrence, while minimizing (but not eliminating) domestic and international controversy. 

7.3.2 Iran 

Iran is actively pursuing a nuclear power program, and U.S. intelligence believes that is pursuing nuclear 
weapons as well. Reports have been accumulating for several years regarding Iranian efforts to obtain 
weapons related materials and technology outside of NPT supervision. 

A report to Congress on Tuesday by the CIA's Nonproliferation Center on 9 Februrary 1999 stated that 
Iran was perhaps the most aggressive developer of weapons-of-mass-destruction capability, seeking its 
own indigenous missile capability, working to develop a nuclear capability, beginning work on a 
biological weapons program, and expanding its already formidable chemical weapons arsenal that 
includes stockpiles of ``blister, blood and choking agents and the bombs and artillery shells for delivery 
them.'' 



Iran has not been officially accused of violating the NPT. The concerns appear to be principally due to 
general patterns of behavior in acquiring dual use technology, and suspected intentions, rather than any 
concrete violation (so far). There has apparently been much interest by Iran in acquiring technology and 
materials applicable to early-generation gas centrifuges - such as maraging steel, high strength aluminium
alloys, and a variety of numerically controlled machine tools - from Western Europe, Russia, China, and 
Pakistan. Given the similarity to the weapons efforts of Pakistan and Iraq, this is cause for special 
concern. 

In 1996 the deputy minister for atomic affairs, Reza Amrollahi, visited the South African nuclear facility 
at Pelindaba. He is reported to have requested an extensive list of items essential for nuclear weapons 
production, a list that was rejected. Previously Iran has attempted to purchase hundreds of tons of South 
African uranium concentrate (yellowcake). 

There was a reported attempt in 1994 to purchase weapons-grade uranium from the Ulba (or Ublinsky) 
Metallurgical Plant in Kazakhstan. The U.S. later removed some 600 kg of HEU from Kazakhstan in 
Operation Sapphire, but the material had been poorly guarded for up to two years prior, so complete 
recovery of all HEU cannot be assured. However claims widely circulated in previous years that Iran had 
stolen two nuclear weapons from the post-Soviet stockpile in Kazakhstan have been completely 
discredited. 

A September 1997 report from Jane's International Defense Review relates unsubstantiated reports of Iran
hiring nuclear experts from Russia and South Africa. 

The most striking allegation came on 9 April 1998, when the Jerusalem Post reported that Iranian 
government documents obtained by intelligence sources had revealed that Iran received several nuclear 
warheads from a former Soviet republic in the early 1990s and that Russian experts were maintaining 
them. 

According to the Post, the documents were deemed authentic by US congressional experts and contain 
correspondence between Iranian government officials and leaders of the Revolutionary Guards that 
discusses Iran's successful efforts to obtain nuclear warheads from former Soviet republics. 

"At this point, we can't say for certain whether these are genuine," a senior Israeli source quoted by the 
Post said, "But they look awfully real." A US government consultant said he is certain of the authenticity 
of the documents. "They are real and we have had them for years," he said. 

The documents appear to bolster reports from 1992 that Iran received enriched uranium and up to four 
nuclear warheads from Kazakhstan, with help from the Russian underworld. 

A detailed account of the Iranian effort, released on January 20, 1992, by the US Task Force on Terrorism
and Unconventional Warfare of the House Republican Research Committee, asserted that by the end of 
1991 there was a "98 percent certainty that Iran already had all [or virtually all] of the components 
required for two to three operational nuclear weapons [aerial bombs and SSM warheads] made with parts 
purchased in the ex-Soviet Moslem republics." 

"I didn't give these reports credibility at the time," said Shai Feldman, director of Tel Aviv University's 
Jaffee Center for Strategic Studies to the Post. "It seemed like the kind of information that the Iranian 
opposition put out. There were specific queries made and everybody said there was no evidence of a 
warhead transfer." 

An Iranian document obtained by the Post, dated 26 December 1991, describes this acquisition of nuclear 
devices. In this document Brig.-Gen. Rahim Safavi, deputy commander of the Revolutionary Guards 
Council, discusses a meeting with Dr. Riza Amrullahi, Iran's vice president and head of its Atomic 
Energy Commission in which he tells Amrullahi that "two war materiel of nuclear nature" had arrived 
from Russia and were being held by the guards. Amrullahi, Safavi reports, said the "efforts of the Islamic 
Republic's intelligence forces, which lasted 24 hours a day, have borne fruit and two tactical atomic 



weapons from Russia have been delivered to Iranian sources in the Astara region." The report adds that 
"they paid $25 millions for these weapons of a tactical nature." In a handwritten message at the bottom of 
the document, an Iranian intelligence official identified as Issa Pour writes, "Tell engineer Amir 
Amruhalli that it is forbidden to discuss this subject even with brothers of high rank, for such a discussion
could only endanger the interests of the Islamic Republic." 

Another document, dated 6 January 1992, from somebody identified as Engineer Turkan, chairman of the 
defense industries, reports that after an "investigation into the subject of the weapons delivered to the 
Lavizan industries, it has become clear their covers contain a safety mechanism that makes them 
impossible to use." 

Turkan said the only way to make the weapons operational is to "find a way to bring the experts from the 
country in which they were produced and to remove the covers." 

He also expressed dissatisfaction with the level of work of technicians from Argentina employed by the 
Iranian defense industries. "Turkan called the Argentinians lazy, greedy, and egotistical," the document 
reads. "He expressed hope that that the group of experts from Russia that arrived in Iran will not cause 
these problems." 

According to the Post, the Israeli government acknowledged receipt of the Iranian governments, but 
would not vouch for their veracity. "We are studying the documents," said David Bar-Illan, Prime 
Minister Binyamin Netanyahu's communications director. "We're neither confirming nor denying this [the
contents of the document]." 

Moshe Fox, director of the North American division of Israel's Foreign Ministry, said he had no comment
on the report itself. "What we do know is that the Iranians are in the process of creating a prototype, but 
how far they have gotten we do not know," Fox said. 

In Moscow, Russian Atomic Energy Ministry spokesman Georgy Kaurov dismissed the report as 
"nonsense." Kaurov said all nuclear warheads produced in the former Soviet Union are individually 
registered and numbered. "Not a single warhead has disappeared," he told The Associated Press. "They 
are all either kept in storage, or have been destroyed in accordance with agreements on nuclear weapons 
reduction." 

Asked about the 

Jerusalem Post story, State Department spokesman James Rubin said the US believes this is false. The US
looked into the matter in 1992, when reports first surfaced, and concluded "there was no evidence to 
substantiate such claims," he said. 

"While we remain concerned about Iranian intentions to acquire nuclear weapons capability, we have no 
information suggesting that Iran is in possession of nuclear warheads acquired from the former Soviet 
republic of Kazakhstan," Rubin said. 

"But we do believe Iran is pursuing a nuclear weapons program, and as an organized structure dedicated 
to acquiring and developing nuclear weapons by seeking the capability to produce both plutonium and 
highly enriched uranium, which are the critical materials for a nuclear weapon. We are aware of this 
through a variety of data, including information on Iran's procurement activities that are clearly at 
variance with a purely peaceful nuclear program," he added. 

"Our view is that Iran does not have a nuclear weapon and... that they are seeking a nuclear weapons 
capability. And our view is that this report that Iran received nuclear weapons from Kazakhstan, we have 
no reason to believe is true." 

If these reports are in fact genuine, it may still be questioned whether the device in question are actual 
intact warheads complete with nuclear material. The possibility exists that decommissioned devices 



lacking nuclear components (and thus no longer being kept secure) or training device mockups might 
have been obtained. 

In 1995 Russia agreed to complete the construction of two 1000 MW (electric) light water power reactors,
and a 30-50 MW (thermal) light water research reactor in Iran that would be built and operated under 
NPT safeguards. The deal also includes the sale of 2000 tons of natural uranium, assistance in the 
development of a uranium mine, and originally included the sale of a gas centrifuge uranium enrichment 
plant as well. Although Iran is a signatory to NPT, and safeguarded power reactors have would contribute
little to any weapons program, the U.S. has protested this sale out of general concerns about enhancing 
Iran's access to any nuclear technology. At the US-Russian summit on 10 May 1995 between Presidents 
Clinton and Yeltsin in April 1995, Russia agreed to drop the uranium enrichment component of this deal, 
but the other parts remain intact. 

As a signatory to NPT Iran has a right to safeguarded civilian nuclear technology. On the other hand, if it 
is trying to circumvent NPT then it abrogates that right. It is argued by some that Iran must be after 
nuclear weapons in its deal with Russia, since it has vast amounts of fossil fuels and has no reason to want
power reactors. This is not necessarily true. Iran might want to conserve its oil and gas for export, which 
would be profitable if it could produce electricity from reactors more cheaply. Given the severely 
depressed ruble this might possibly be the case (normally nuclear power would be more expensive than 
domestic fossil fuel supplies). 

On the other hand, purchasing enrichment technology does not make economic sense. There is a world 
wide glut of both enriched reactor grade uranium, and enrichment capacity. Iran reportedly has substantial
domestic uranium reserves , but even using domestic uranium Iran could not develop and operate 
enrichment plants for civilian purposes more cheaply than it could buy reactor fuel overseas. It could even
ship domestic uranium to outside countries (like Russia) for bargain basement enrichment. Similarly the 
sale of 2000 tonnes of natural uranium to Iran makes no sense for a domestic power program since it must
be enriched to be used in a light water reactor. This amount of uranium is substantially more than was 
available in the either the U.S. or the Soviet Union when those countries developed their first atomic 
bombs. Iran opposed the renewal of the NPT pact in the spring of 1995. 

Iran appears to have dispersed its nuclear research activities rather widely to forestall possible attack. It 
has a nuclear research center at Isfahan, employing some 3000 people at several locations in this city. 
There is allegedly a secret research facility at Moallam Keliah near the Caspian Sea. Nuclear research has
also been conducted at Sharif University. Iran has safeguarded hot cells that can be used to develop 
plutonium processing techniques on a laboratory scale. The principal government organization involved 
in nuclear research and development is the Atomic Energy Organization of Iran (AEOI). 

Iran has important reserves near Saghand in east Iran and additional deposits have been found in 10 other 
locations. Mining operations are underway at several of these deposits, and a number of yellowcake 
milling plants are in operation. Milling plants are known at Saghand, Bandar Abbas, and Bander-e 
Langeh (the latter two on the Gulf coast). Iran has acquired equipment and technology for producing 
uranium hexafluoride gas, used in gas diffusion and gas centrifuge enrichment plants, apparently from 
China and possibly also from Russia. 

Iran possesses a 5 MW thermal reactor under IAEA safeguards at the Teheran Research Center. Iran also 
has a partially completed two reactor nuclear power plant at Bushehr on which more than $1 billion was 
spent. This plant was abandoned after Western technology was withdrawn following the 1979 Iranian 
Revolution. Finishing these reactors are part of the $800 million deal Russian nuclear project, but may not
be technically practical. 

Iran has received a small electromagnetic isotope separation machine from China which, while 
inadequate for a weapon program, will provide experience with the technology and could be reverse 
engineered to allow domestic manufacture. China apparently also has deals for uranium processing and 
fabrication facilities. A deal was recently signed to build two Quinshan-class 300 MW power reactors at 
Darkhovin. 



It appears that Iran's nuclear weapons program, is still at a very preliminary state. Iran appears to lack the 
basic technologies and materials to initiate an actual development program. Iran clearly has legitimate 
security concerns, in light of the Iraqi attack on Iran that precipitated the 8-year Iran-Iraq war, and Iraq's 
own nuclear program. Its hostility to nuclear-capable Israel, and being located near the nuclear-capable 
states of Pakistan and India provide additional motivations. 

Like other suspected nuclear weapon seeking states, Iran has also been actively pursuing ballistic missile 
technology. In July 1998 Iran test-fired a missile dubbed the Shehab-3 with a range of 1,300 kilometers. 
Despite Iranian Defense Minister Ali Shamkhani's assertion that the Shehab-3 "is absolutely domestically 
produced and has no assistance from any foreign country," the Shehab-3 is believed to be based on the 
North Korean No-Dong missile. The Shehab-3 could reach targets in Israel, Saudi Arabia, much of 
Turkey and portions of Russia, and is expected to enter service by the end of 1999. 

Iran is also developing in parallel a more sophisticated weapon with a range of more than 2,000 
kilometers called Shehab-4. Unlike the Shehab-3, the Shehab-4 is entirely a product of Russian missile 
technology. Western intelligence assessments have concluded that it is based on an obsolete Soviet 
missile known as the SS-4 missile and predict that development will be completed within the next two to 
five years. Iran claimed in February 1999 that the Shehab-4 was going to used as a satellite launcher, a 
claim that has been questioned due to its limited size. As a ballistic missile it will have sufficient range to 
reach much of Europe. 7.3.3 North Korea 

North Korea appears to have begun an active program of weapon development in 1980, when the 
construction of a small natural uranium-graphite power reactor began at Yongbyon, 100 km north of 
Pyongyang. Intelligence revealed the project in 1984, prior to its operation in 1986. The reactor is based 
on 1950s MAGNOX technology (graphite moderator, aluminum-magnesium clad natural uranium fuel, 
CO2 gas cooling) which is very good for producing weapon grade plutonium as a byproduct. After startup
problems, it was operating at 20-30 MW by 1990. 

A larger 50 MW MAGNOX-type reactor is under construction at Yongbyon with a completion date in 
1995. A 200 MW of the same design is under construction at Taechon, 60 miles north of Pyongyang 
(completion is possible as early as the beginning of 1996), and a 600-800 MW reactor is also underway at
Taechon (completion possible by 1997). The largest of these reactors could produce 180-230 Kg of 
plutonium a year, enough for 30-40 weapons. It is almost certainly intended for power production, but the
potential for dual use exists. 

A large secret plutonium separation facility was built at Yongbyon early in the 1980s capable of handling 
several hundreds of tons of fuel a year, enough to handle fuel from all of the reactors. The existence of 
this plant was discovered through intelligence in 1989. 

A small radiochemical laboratory in located in Pyongyang, built with Soviet aid in the 1970s. Small 
quantities of plutonium were separated there in 1975 from Soviet-supplied irradiated fuel. 

Under pressure from the Soviet Union, North Korea joined Non-Proliferation Treaty on 12/12/85, and 
told the IAEA of the existence of the Yongbyon facility. On 5/4/92 North Korea made its initial 
declaration of its holdings of nuclear material. During an inspection by the IAEA soon after to verify this 
declaration, North Korea revealed that it had separated 100 g of plutonium in March 1990. Subsequent 
analysis of the composition of samples allowed the IAEA to determine that more plutonium had been 
separated than the North Korean had admitted. The plutonium samples examined by the IAEA had a 
composition of 97.5% Pu-239, and 2.5% Pu-240. This indicates a fuel burnup of 330 MW/days at the 
time of removal, indicating 16 kg of plutonium existed in the reactor core at the time. This implies that it 
had operated about 45% of the time (assuming a 25 MW operating level) since fuel was first loaded. 
Requests for additional inspections led North Korea to announce its withdrawal from the NPT on 3/12/93.

North Korea did not actually withdraw from NPT, but tense negotiations continued over the next year 
during which N. Korea refused to comply with the treaty. On 4/8/94 N. Korea shut down its reactor in 
preparation for refueling. Up to this time N. Korea had kept the original load of fuel in the reactor (it 



said), the earlier separations were allegedly from damaged fuel rods that had been replaced. On 5/12/94 
North Korea finally began unloading the 50 tonnes of irradiated fuel from its reactor. If the earlier 
operating regime had been followed, the fuel contains some 32 kg of weapon-grade plutonium (5-6 
bombs worth), although 25 kg is considered more probable. The range of plausible estimates is 17-33 Kg.
The maximum possible amount (assuming unrealistic operating conditions: full power for 80% of the 
time) is 53 Kg. So far this fuel has not been reprocessed. 

The CIA believes that North Korea removed up to half of the fuel during a 1989 shutdown. Assuming 
55% operation up to this time, this implies 7-14 Kg of plutonium was removed. This fuel may have been 
reprocessed, and would supply sufficient plutonium for 1 or possibly 2 bombs. 

The economy of North Korea had begun collapsing in the early 1990s following the cut off of Soviet and 
Chinese aid. In the spring of 1994, elderly and ailing Great Leader Kim Il Sung revised long standing 
policy and signaled increasing accommodation with the West. As a result of a diplomatic mission by 
Jimmy Carter, Kim agreed to compromise on the North Korean nuclear program. Kim died soon after this
meeting, but North Korea generally continues to adhere to his policies. 

In the fall of 1994 North Korea agreed to suspend its nuclear program in exchange for a $4.5 billion 
assistance program to build two safeguarded light water power reactors (1000 Mwe each), after complex 
negotiations with the U.S.. Most of the funding would be supplied by Japan, the reactors themselves 
would be built by South Korea. This agreement required that all reactor and reprocessing plant work be 
halted, that all irradiated fuel remain under safeguards, and that North Korea's domestic reactors 
eventually be dismantled. The situation remained tense over the next several months with North Korea 
refusing to implement this agreement, and Dear Leader Kim Jong Il making ambivalent statements. It did 
not resume its nuclear activities however, and as the economic situation grew increasingly desperate 
agreed to allow foreign rice in to the country to relieve famine. On 13 June 1995, North Korea officially 
endorsed the nuclear pact with the U.S.. 

7.3.4 Libya 

Despite having signed the NPT in 1975, Col. Qaddafi has openly declared an intention to develop nuclear 
weapons. There is little evidence of progress in this quest however. it is suspected that he is attempting to 
acquire nuclear weapons ready-made. 

It was reported in the September 1997 Jane's Defense review that Judith Miller, formerly head of the New
York Times bureau in Cairo, was told by a senior presidential aide in Libya that the country had offered 
China and India U.S.$15 billion each for a single atomic bomb. 

Libya operates a 10 MW thermal research reactor at the Tajoura Research Center. This is a Soviet 
supplied light water/highly enriched uranium type that is subject to IAEA safeguards. 



Back to top of Section 7 

7.4 States Formerly Possessing or Pursuing Nuclear Weapons

These are nations known to have initiated serious nuclear weapons programs, with varying degrees of 
success. All of them are now regarded as currently no longer actively developing, or possessing, nuclear 
arms. 

7.4.1 Argentina

Argentina began a serious program to acquire nuclear weapons under military rule in 1978 when it was 
not a signatory to NPT. The centerpiece of this effort was a successful secret program to develop 
domestic gaseous diffusion technology. The existence of this technology, and the enrichment plant built 
at Pilcaniyeu in the Rio Negro province, were successfully concealed until it was revealed by the Alfonsin
government, shortly after the restoration of civilian rule in 1983. 

The plant was designed to produce up to 20% enrichment, and thus does not appear to have been intended
by itself to produce weapons grade material. It should be remembered though that very little separative 
work is required to enrich 20% HEU to 90%+ enrichment, and the size of such a cascade is relatively 
small due to the smaller amounts of material being handled. The initial planned capacity was 20,000 
SWU/yr (enough for 500 kg of 20% HEU), with longer term plans to expand to 100,000 SWU/yr. A 
portion of the cascade was completed in the mid-eighties, but the plant has never operated well due 
problems with short barrier life, leaking seals and compressor reliability. The cascade consists of 20 units 
with 20 stages each (400 stages total). During this period only produced small amounts of low enriched 
uranium were produced. In 1989 the cascade was shut down, and a new 20 stage pilot plant with 
improved technology was opened in December 1993. Renovation of the older plant, to be operated under 
safeguards, was subsequently undertaken but completion of the effort is in doubt. It is now planned to 
produce no more than 5% enriched uranium. 

Argentina has some plutonium production capabilities. It operates the pressurized natural uranium heavy 
water reactor Atucha I. It began a plutonium separation pilot plant at Ezeiza, under the Galtieri military 
government in 1978. It was designed to produce 15 kg of plutonium a year, but was never completed. 
Construction halted on the plant in 1990. 

Argentina operates 3 power reactors with a combined output of 1750 MW electrical (about 14% of total 
production capacity in 1994), and has plans for a large scale civilian reactor program over the next 20-30 
years. 

Historically Argentina has had rivalries with both Chile and Brazil. Skirmishes have been fought with 
Chile over territorial disputes, although Brazil has usually been viewed as the greater potential threat. 
Under civilian rule both Argentina and Brazil have opened up and demilitarized their nuclear programs, 
placing them under international inspection. In 1991 the parliaments of Argentina and Brazil ratified a 
bilateral inspection agreement that created the Brazilian-Argentine Agency for Accounting and Control of
Nuclear Materials (ABACC). In 1994 Argentina ratified the Treaty of Tlatelolco, and on 10 February 
1995 Argentina signed the NPT. 

7.4.2 Brazil
Brazil began a secret program to acquire nuclear weapons code-named "Solimoes" in 1978 under military
rule. Although civilian government was restored in 1985, the military remains a powerful and largely 
autonomous force (unlike the discredited military of Argentina). Substantial military nuclear development
has thus continued. 

Brazil has maintained a two track nuclear program, an open civilian program and a secret military 
program (which undoubtedly draws on the technology and expertise of the civilian component). The 
civilian program is under IAEA safeguards and is managed by the state-owned Brazilian Nuclear 
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Corporation (Nuclebras). In 1989 Brazil had one power reactor with an output of 657 MW electrical, and 
was building or planning to build 4 more with a combined electrical output of 5236 MW. 

Nuclebras began participating in uranium enrichment technology development with URENCO, and 
German companies developing nozzle separation techniques. Throughout most of the 1980s Brazil 
attempted to develop indigenous centrifuge technology, and announced in 1987 that it had succeeded in 
constructing a pilot facility at IPEN (Institute of Energy and Nuclear Research) located on the campus of 
Sao Paulo University. This experimental facility first produced slightly enriched uranium in September 
1982, and opened a cascade of 9 machines in 1984. 

A much larger plant, which is operated by the Navy, has since been constructed at the Aramar Research 
Center near Ipero in the state of Sao Paulo. It was inaugurated in 1988, and now operates under the name 
Isotopic Enrichment Facility or LEI. In the early 90s it was reported that it housed over 500 centrifuges 
made of maraging steel with a separation capacity of perhaps 900 SWU/yr. By 1997 there were 725 
centrifuges operating with a capacity of 2200-3600 SWU/yr. New carbon fiber supercritical centrifuges 
with greatly enhanced performance are now being installed in a new cascade to be completed in 2000. 
When complete the 3000 cascade facility will have a capacity of 15,000-21,000 SWU/yr. Plans to expand 
Brazil's enrichment capacity to 100,000-200,000 SWU/yr have been repeatedly proposed. Brazil 
apparently possesses the capability of enriching uranium to weapon-grade levels but it is not known to 
have done so. Enrichments at least up to 10% have been announced, but most uranium is enriched to just 
3%. 

A laboratory scale plutonium separation plant was built at IPEN and operated until 1989, although it 
appears to have used simulated rather than real spent fuel. In September 1991 the Army revealed that it 
was designing a 40 MW natural uranium graphite reactor evidently for plutonium production. This has 
been scaled back to a 2 MW experimental reactor, but even this probably will not be built. Brazil has built
a heavy water production plant. 

In 1991 the parliaments of Argentina and Brazil ratified a bilateral inspection agreement that created the 
Brazilian-Argentine Agency for Accounting and Control of Nuclear Materials (ABACC). In 1994 Brazil 
ratified the Treaty of Tlatelolco banning nuclear weapons from South America. On 13 July 1998 
President Fernando Henrique Cardoso signed and ratified both the Nuclear Non-Proliferation Treaty 
(NPT) and the Comprehensive Test Ban Treaty (CTBT), denying as he did so that Brazil had developed 
nuclear weapons. A month earlier, on 10 June 1998, Brazil had joined with five other nations in what they
termed was a serious international initiative to push for global nuclear disarmament. 

7.4.3 Iraq
Iraq's status as a "former weapons developing state" is of course purely involuntary. The international 
inspections and pressure put on Iraq after its crushing defeat in Desert Storm have allowed much of its 
previous nuclear program to be revealed and dismantled. The discoveries made after the war surprised 
intelligence agencies and analysts around the world, and called into question how effective the monitoring
of nuclear programs has been. Iraq has continued to conceal information and technology whenever 
possible. It has never released the sources of its illegally imported nuclear technology, and significant 
pieces of equipment are known to be missing. Presumably Iraq continues to pursue nuclear ambitions, but
under the continuing UN import/export restrictions, its ability to pursue them are limited. 

Iraqi equivalent of the Los Alamos laboratory was its nuclear development complex at Al Atheer, 40 km 
south of Baghdad. This facility and the adjacent Al Hateen high-explosive facility, was blown up under 
UN supervision on 14 April 1992. Documents show that it was the intended center for nuclear weapons 
development. This state-of-the-art research facility included a 15,000 m^2 uranium metallurgy plant, a 
HE test firing bunker, internal explosion test chambers, a tungsten carbide production facility (usable 
perhaps for a weapon tamper material), and large amounts of dual use test, measuring, and fabrication 
equipment. 

The principal component of Iraq's nuclear program was a uranium enrichment program based on 
electromagnetic separation technology using calutrons. That this technology was being developed was 



unknown prior to the international inspections following Desert Storm, and was a major surprise. 

Calutron technology was acquired and developed during the early to mid 1980s. Calutrons were built and 
operated at Tuwaitha and Tarmiya. A plan was underway to build a large enrichment facility at Tarmiya 
sufficient to produce 0.5 weapons a year, using natural uranium feed, but this program was progressing 
more slowly than planned. A captured 1987 report shows that Iraq had planned to install 70 alpha (first 
stage) calutrons, and 20 beta (final stage) calutrons during 8/89-12/92. Actually just 8 alpha machines had
been installed during 2/90-9/90. This was about 10 months behind schedule. Iraq was preparing to install 
another 17 alpha machines in January 1991, a process that would have taken months, but the installation 
was halted by the initiation of hostilities. No beta machines were ready for installation although 4 were 
due to have been installed by 10/90. 

According to the original plan, the calutrons would have begun operating as they were installed. Using 
natural uranium as the feedstock these would have produced the first 15 kg of 93% uranium, enough for 
one bomb, by the time the installation of the last machine was complete. Alternatively, if 2.5% low 
enriched uranium was used as feedstock, the first 15 kg would have been ready in 24 months. The annual 
production rate for the completed facility would have been 7 kg/yr using natural uranium feed. In fact, the
installed calutrons had not yet begun operation. Given an approximate one year delay for the calutron 
production program, and assuming Iraq would have no further difficulties in reaching full production 
capability, Iraq could have produced 15 kg of weapon-grade uranium as early as the beginning of 1994. 
Using the 1763 kg of IAEA safeguarded 2.6% uranium that Iraq possessed, this could have been 
advanced by a year but would have almost certainly alerted the international community before the 
material was ready. In all likelihood though, these estimates are too optimistic. Iraq had operated 
calutrons on an experimental basis, and had no experience with a large scale production operation. 
Additional time would have been necessary to work out problems, and build up operating capacity. 
Recent reports indicate that Iraq regards the calutron program as a disappointing failure and is unlikely to 
pursue this technology further. 

Centrifuge technology was also actively pursued. While unable to acquire centrifuge design Pakistan-
style through intelligence activity, Iraq appears to have been able to purchase them on a clandestine "gray 
market". A German formerly employed by URENCO was hired to improve the purchased design. 

Iraq is now known to possess both centrifuge designs and significant centrifuge technology. Information 
about Iraqi centrifuge designs and knowledge is due primarily to Bruno Stemmler, a German ex-
employee of MAN Technologie of Munich, which is an important partner in URENCO. In 1988 he was 
recruited by Walter Busse, another German centrifuge expert, and in 1988 and 1989 he traveled to Iraq 
and provided technology and consultation services to the Iraqi centrifuge program (both were arrested in 
1989 in Germany). While in Iraq he saw designs based on the German G-1 centrifuge which may have 
been obtained from Pakistan or Busse. Stemmler provided help in many areas of centrifuge design and 
manufacturing, including oil bearings, various aspects of rotor tube and baffle design, and oxidation 
treatment of steel rotors, although he denies providing classified information and has not been charged. 

Centrifuge test stands were constructed and operated at Tuwaitha, Rashidiya, and Al Furat using 
maraging steel rotors. Poor quality rotors were manufactured at Factory 10, near Baghdad. A better plant 
was under construction at Al Furat, which also was planned to receive a 100 centrifuge pilot enrichment 
cascade. Iraq is believed to have imported 400 tonnes of maraging steel for rotor construction, although 
only 100 tonnes were located by inspectors. Iraq was found to have carbon fiber rotors, an even more 
advanced material. Later investigation showed that 20 carbon fiber rotors had been supplied to Iraq by the
German company RO-SCH Verbundwerstoff GmbH. Several years of work would have been required 
before Iraq could have begun constructing centrifuges suitable for an enrichment program. 

Plutonium separation technology was developed at Tuwaitha during the 1970s. This portion of the 
program was abandoned after the Israeli bombing of the Osiraq reactor in 1981. Iraq has declared that 5 g 
of plutonium was separated at Tuwaitha. 

Iraq also investigated chemical enrichment technology to partially enrich uranium to serve as calutron 



feed. A combination of the French Chemex and the Japanese Ashi methods were expected to produce 6-
8% enriched U-235. 

In 1990 Iraqi agents were detected attempting to obtain krytrons in the U.S.. 

After the 8 August 1995 defection of Lt. Gen. Hussein Kamel Majid, son-in-law to Saddam Hussein, and 
former director of weapon procurement, Iraq revealed that during the Gulf conflict in 1990-91, it had 
initiated a crash development program to manufacture a single nuclear weapon using highly enriched 
uranium fuel intended for its internationally safeguarded Tammuz test reactor. The plan was to complete 
the atomic bomb during the spring of 1991. Unirradiated and low-irradiated fuel was actually unloaded 
and some fuel elements later turned over to UN inspectors show signs of tampering. Iraq had 12.3 kg or 
93% U-235, and 33.1 kg of 80% U-235 available that was unirradiated or had low radiation levels and 
could have been easily processed. With the start of hostilities in January these plans were aborted. 

Early in 1996, the former Lt. Gen. Majid returned to Iraq under a personal guarantee of safety from 
Saddam Hussein. He was murdered two days later. 

7.4.4 South Africa
This is the only nation known to have developed nuclear weapons, and then voluntarily relinquished that 
capability. On 24 March 1993 Pres. F. W. De Klerk announced that South Africa had produced nuclear 
weapons, but had destroyed their arsenal before 10 July 1991, when South Africa joined the NPT. He 
subsequently released other details about the program. 

The South African program began in the mid-1970s, after large scale intervention in central and southern 
Africa by the Cuban military began. The apparent motivation was as a hedge against Soviet-sponsored 
aggression. The strategy was to use these weapons as leverage with Western powers - demonstrating their
existence, and then threatening to resort to nuclear attack if assistance was not provided. The decision to 
abandon its nuclear arsenal was motivated by the end of Cold War intervention, and the prospect of 
reintegrating with the world if and when Apartheid was abandoned. The decision to completely destroy 
weapons related technology and information may have been made in part to keep nuclear weapons out of 
the hands any future black-lead government. 

South Africa developed a unique technology for enriching U-235 called UCOR during the 1960s based on
aerodynamic forces produced by vortex tubes (this technology is not economically competitive with 
existing enrichment technologies). PM John Vorster ordered the construction of a UCOR enrichment 
plant in 1970. Research on weapons began in 1971, and in 1974 the decision was made to develop and 
manufacture nuclear weapons. The design adopted was a gun-assembly bomb using U-235.

South Africa is known to have received technical assistance from Israel on its weapon program, in 
exchange for supplying Israel with 300 tons of uranium. The extent of this assistance is not clear. Several 
Israeli nuclear scientists, including the "Oppenheimer of Israel" Ernst david Bergmann, visited South 
Africa in 1967, and evidence of increasingly close relations accumulate throughout the 70s. Moshe Dayan
is reported to have made a secret visit to discuss nuclear weapon cooperation in 1974, including the 
possibility of nuclear tests. PM Vorster visited Israel in 1976 which resulted in the establishment of full 
diplomatic relations. Israel did supply South Africa with substantial quantities of tritium (about 30 
grams), and probably provided technical advice about bomb design although details about this are 
lacking.

In 1977 U.S. intelligence satellites observed preparations for a nuclear test site in the Kalahari Desert. The
Carter administration brought pressure on South Africa (which perhaps did not realize up until that time 
how closely they were being observed) and further work on the site was abandoned. This may not have 
been the end of test preparations however. 

Some uncertainty surrounds the fate of the first nuclear device built by South Africa. The story originally 
circulated by the South African government was that the first batch of enriched uranium (55 kg of 80% 
enriched U-235) was ready in September 1979 and was loaded into an experimental device named 



"Melba", which was completed in 1980. This device was used in one zero-yield test, the only nuclear test 
of the entire program. 

This story has been called into question. In April 1997 South African Deputy Foreign Minister Aziz 
Pahad was reported as stating that an unexplained nuclear explosion detected in the south Indian Ocean 
on 22 September 1979 was a South African nuclear test, making South Africa the seventh nation known 
to have exploded a nuclear device. Subsequent investigation has shown that Pahad was conveying his 
own beliefs and the claim was not supported by definite knowledge. Over the years, other sources have 
also asserted similar stories however. See the Vela Incident article for more details about this event. 

If the story of a South African test is true, then it would seem that the first batch of material was ready in 
September 1979, and was quickly loaded into a bomb prototype and then exploded in a covert naval 
operation. From documents made available to it, the IAEA believes that this first batch was not made 
uinto a device until November. This is however only a question of perhaps six weeks in the delivery 
schedule, and it is possible that alterations or omissions in the documents might prevent the IAEA from 
detecting a discrepancy of this size. Whether Melba was loaded with material from later production runs, 
or whether Melba ever actually existed at all as a laboratory test system is an open question. 

An alternative story about the Vela incident asserts that it was some form of joint test between Israel and 
South African. In this case it may have been an Israeli manufactured device. 

The first "deliverable" device ("it could be kicked out he back of a plane"), and the second device built, 
was ready in April 1982. This was considered a "prequalification device". 

The final weapon design was a 65 cm by 1.8 m air-deliverable bomb weighing about 1000 kg. It used 55 
kg of 90% enriched U-235 and had an estimated yield of 10-18 kt (this is 1.0-1.8% efficient), other 
sources suggest a yield of 20 kt at 96% enrichment. This implies a very conservative and reliable, but 
inefficient, design. It used tungsten as a reflector. If it were loaded with 80% U-235, this would have been
5-9 kt (other sources say 4 kt). This weapon had stringent safety and reliability standards, and a large 
proportion of the program's effort went into this aspect. The first was built in August 1987, and was the 
first truly weaponized device made. Only four devices of this type were built. When the program was 
terminated in 1990, a seventh was under construction (non-nuclear components only). This is really a 
deliverable inventory of only 4-5 bombs. 

The enrichment plant, the Y Plant at Valindaba, had an effective capacity of around 60 kg of 90% U-235 
a year, 120 kg/yr by design (12,000-24,000 separative work units or SWUs, assuming 0.3% tails assay), 
and was shut down in Feb. 1990. Part of this capacity was used for low enriched uranium for the two 
reactors of the Koeberg power plant (capacity 1930 MW electrical), and to supply 45% enriched material 
to the Safari 1 experimental reactor. The enrichment plant was commissioned in 1974, began producing 
highly enriched uranium in 1978, and by late 1979 had made enough 80% U-235 (55 kg) for Melba. It 
had initial production problems, and was closed from 8/79 to 7/81, but operated successfully thereafter. 
The total production of enriched uranium (above 80%) was 400 kg, it is believed that about 150-200 kg of
45% enriched uranium exists. The equipment for the final stages of separation was subsequently 
dismantled. 

The bomb program was managed by the national armament company Armscor, now privatized and called
Denel. The bombs were developed at the Advena Central Laboratory, 15 km east of the Pelindaba facility 
operated by the South African Atomic Energy Commission. 

In the early 1980s, the program employed about 100 people, of which only about 40 were directly 
involved in the weapons program and only about 20 actually built the devices. The rest were involved in 
administrative support and security. By the time the program was canceled in 1989, the work force had 
risen to 300, with about half directly involved in weapons work. 

By the end of the program they could produce two to three weapons a year. At that point, the annual 
operating expenditures were about 20-25 million rand, or about $5.9-7.4 million at today's exchange rate. 
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In the early 1980s, the annual budget was about 10 million rand, or about $2.9 million. 

The facilities and level of technology available at Advena appear much more sophisticated than a gun-
type design would require. By the end of the program South Africa was investigating implosion designs, 
starting in the mid 80s. They considered a cost of a cold implosion test facility (natural uranium core, no 
nuclear reaction) to be essential for proving the implosion design. It was estimated at $3.5 million and 
was never built. Implosion designs would have halved the amount of material needed per bomb, and thus 
doubled their arsenal, while increasing the yield. 

Advena had also investigated using tritium to boost its existing weapons, but no plans to do so were ever 
approved. The yield would have been increased to 100 kt (10% efficiency). Since it now offers custom 
explosive lens products for commercial and military use, it is apparent that South Africa has mastered the 
necessary technologies for producing efficient implosion bombs. 

South Africa has large indigenous uranium reserves, currently estimated at some 144,000 tonnes of U3O8
(at a production cost less than U.S.$66/kg). South Africa's nuclear power plants provide about 6% of 
electricity consumed. 

7.4.5 South Korea
South Korea began a nuclear weapons program in the early 1970s, which was believed abandoned after 
signing NPT in 1975. It may have been continued after this date by the military government however. In 
1984-5 South Korea attempted to participate in a plutonium extraction program with Canada, as part of its
own civilian nuclear power program. This participation was halted under U.S. pressure. South Korea 
signed an agreement in 1991 with the North pledging a nuclear weapon-free Korean Peninsula. In 1994 
Suh Sujong, former chief secretary to the head of the Agency for National Security, said that as recently 
as 1991 South Korea planned to develop nuclear as a response to North Korea's nuclear program if it 
could not be stopped. 

South Korea builds its own civilian nuclear power plants, and is planning on supplying them to North 
Korea. It has a number of hot cells at the Post-Irradiation Examination (PIE) facility at the Daeduk 
research facility. These cells are used for dissolving an analyzing fuel rods for safety and engineering 
analyses. It has a 30 MW heavy water research reactor at Daeduk fueled with 19.75% enriched uranium 
fuel (undesirable for plutonium production). In 1989 it operated 9 power reactors producing 7700 MW 
electrical (50% of national needs), with plans for 5 more with a capacity of 4500 MWe. By 1995 this had 
increased to 10 reactors operating. 

7.4.6 Sweden
During the 50s and 60s Sweden developed considerable nuclear expertise - developing reactor technology
and building nuclear power plants. Sweden seriously investigated nuclear weapons from the mid 1950s 
into the 1960s. A very substantial research effort into the fundamental technical issues of weapon design 
and manufacture was conducted. By the mid-1960s this effort had supplied sufficient knowledge to allow 
Sweden to begin immediate manufacture of fairly sophisticated fission weapons. Faced with this decision,
Sweden decided not to pursue a weapon production program. 

In 1989 Sweden operated 12 power reactors producing 10130 MW electrical (45% of its total electricity), 
by 1994 this had risen to 51%. A previous referendum that voted to eliminate nuclear power by 2010 
seems to have become moot in the face of economic reality. 

7.4.7 Switzerland
In 1995 previously secret studies into nuclear weapons and plans for deployment came to light. A 
scientific group, the SKA (Study Commission for Nuclear Energy), had been formed in 1946 with the 
objective of studying the civil use of atomic energy and by secret order to also study the scientific and 
technical bases for building nuclear weapons. The activity of this group was rather low and only slow 
progress was made. The intensifying Cold War and the arms race of the mid-fifties provided new impetus
however. 



A secret commission, "Study Commission for the Possible Acquisition of Own Nuclear Arms", was 
instituted by Head of General Staff, Louis de Montmollin with a meeting on 29 March 1957. The 
recommendations of the commission were ultimately favorable, and on 23 December 1958 the Federal 
Council of Ministers instructed the Federal Military Department (EMD) to investigate the effects, the 
acquisition, the purchase and the manufacture of nuclear arms. Efforts remained focused on study and 
planning rather than implementation however. 

By 1963 planning had proceeded to the point that detailed technical proposals, specific arsenals, and cost 
estimates were made. Dr. Paul Schmid prepared a 58-page thick report laying the theoretical foundations 
for Swiss nuclear armaments on 15 November 1963. On 28 November 1963, the Lower Chief of General 
Staff: Planning, calculated costs of 720 million Swiss francs over 35 years, initially including 20 million 
francs for pure research. Should the decision be for plutonium instead of super-enriched uranium, then the
estimate would be 2,100 million francs over 27 years. On 4 May 1964 the military joint staff issued a 
recommendation to have about 100 bombs (60-100 kt), 50 artillery shells (5 kt) and 100 rockets (100 kt) 
within the next 15 years, at costs of about 750 million Swiss francs. There were plans for 7 underground 
nuclear tests in 'uninhabited regions' of Switzerland ("an area with a radius of 2-3 km that can be sealed 
off completely"). 

Financial problems with the defense budget in 1964 prevented the substantial sums required from being 
allocated. Continuing financial short-falls prevented the proposed effort from getting off the ground. 
Then, on 27 November 1969, Switzerland signed the Treaty on Non-Proliferation of Nuclear Arms 
(NTP). The official (but unimplemented) policy of acquiring nuclear weapons was replaced by one of 
simply studying acquisition to provide a policy option should the NTP collapse. 

The Working Committee for Nuclear Issues (AAA) was created, but met only 27 times between 1969 and
1988. As the thaw and rapprochement between the United States and Soviet Union proceeded in the late 
eighties the activity of the AAA seemed less and less relevant. Finally, it remained for the AAA to apply 
for its own dissolution, which was decided unanimously with one abstention. Accordingly, on 1 
November 1988, Minister of State, Arnold Koller, drew the final stroke through the issue of Swiss nuclear
armaments. 

The first Swiss nuclear reactor (a heavy water test reactor) was built in 1960. Switzerland has five power 
reactors with a combined capacity of 3049 MW (electrical), providing 40% of the nation's power. 

7.4.8 Taiwan
Taiwan ratified the NPT in 1970, but nonetheless began a preliminary nuclear weapon program in the 
1970s. This fact has been officially confirmed, for example in July 1995 right after China test-fired 
missiles across Taiwanese waters, Preseident Lee teng-hui told the national assembly "We should restudy 
the question [of nuclear weapons] from a long term point of view... "Everyone knows we had the plan 
before." A few days later, once the crisis atmosphere had dissipated, he remarked that Taiwan "has the 
ability to develop nuclear weapons, but we will definitely not [develop them]." 

The 40 MW (thermal) Taiwan Research Reactor (TRR) supplied by Canada in 1969 is identical to the 
Cirus reactor used by India to produce the plutonium for its first bomb. In 1977 the U.S. pressured 
Taiwan to stop construction of a hot cell facility for handling spent fuel from the TRR. A second hot cell 
facility for laboratory scale plutonium separation facility began construction in 1987, also to handle TRR 
fuel. Work was again halted in 1988 under U.S. pressure, and Taiwan also agreed to shut down the TRR. 
Weapons-related work appears to have been discontinued. By 1988 Taiwan had accumulated 85 tonnes of
irradiated fuel from this reactor containing 85 kg of plutonium, enough for 20 bombs. This material is 
under IAEA safeguards. The U.S. subsequently persuaded Taiwan to ship the 1600 spent fuel rods to the 
U.S. for safe keeping (although opposition in the U.S. has kept the last 118 rods continuing 6 kg of 
plutonium from being shipped). The U.S. now lists 79.1 kg of Taiwan supplied plutonium in its inventory
or weapon grade plutonium. In 1989 Taiwan had 6 power reactors producing 5144 MW electrical (35% of
national needs), with plans for 2 more for an additional 2000 MW. 

7.4.9 Algeria



Algeria has been something of a puzzle regarding its nuclear capabilities and intentions. In 1983 China 
secretly agreed to build a nuclear research facility, including a reactor, at Ain Oussera. This is an isolated 
area in the Atlas Mountains, 125 km south of Algiers. The reactor, named Es Salam, is a 15 MW thermal 
heavy water moderated reactor that uses low enriched uranium fuel. The facility includes a hot cell that 
can be used to separate plutonium on a small scale. A large heavy walled building nearby has no 
announced function, but is believed to have been intended to be a full scale plutonium plant. 

This project was publicly reported in April 1991, and soon after the Algerian government agreed to place 
it under IAEA safeguards. The safeguard agreement was signed in February 1992 and entered into force 
in June, 18 months before the reactor began operating. In January 1995 Algeria signed the Nuclear Non-
Proliferation Treaty (NPT), and it signed the Comprehensive Test Ban Treaty (CTBT) on 15 October 
1996. The hot cell is now under IAEA safeguards, but the nearby building has not been declared as a 
nuclear facility by Algeria and thus is not subject to inspection. 

The Es Salam reactor could have produced up to 5 kg of plutonium a year, enough for about one bomb. 
As it never operated out of IAEA safeguards there is no unsafeguarded fuel or plutonium in Algeria. Why
Algeria started and then abandoned what appears to be a small scale nuclear weapons project remains a 
mystery. 

On 23 Aug 1998 the Madrid daily paper El Pais quoted extracts from a July 1998 Spanish secret services 
report indicating that Algeria's nuclear program was still active and could produce plutonium for military 
use within two years. The paper said that the report claimed that "the Algerian nuclear program continues 
to develop the installations necessary to create all the operations linked to acquiring plutonium for 
military use, a key element in a nuclear weapons program." 

Algeria's scientific and technical capacities, developed in conjunction with China and Argentina, put it "in
a good position to undertake a program of a military nature if there were a corresponding political 
decision," the report goes on. 

The report states that Algeria's signing of the NPT has not led to any modications of its research 
programme which it started in the 1980s with a view to military use. It added that this gives Algeria "a 
nuclear capacity far superior to its needs." 

7.4.10 Other Former Soviet States 

On 26 December 1991, the day the Soviet Union broke up, three successor states - Ukraine, Kazakhstan, 
and Belarus - became the third, fourth, and eighth largest nuclear powers in the world. On paper anyway. 
None of these states had control of the strategic arsenals deployed on their territory, and wresting control 
from Moscow would have been quite difficult. They could have seized and made use of part of the 
tactical nuclear weapons stockpiled within their borders, but fortunately these were quickly relinquished 
by all three nations and shipped back to Russia. 

The negotiations regarding the strategic arsenals present in these states, and their dismantlement, has been
a slower and more difficult process. All three states have now signed the NPT, and endorsed START I, 
and have abandoned claims to these weapons. As of 23 November 1996, the last nuclear warheads outside
of Russian were removed (from Belarus) thus completing the transition to Russia being the sole inheritor 
of the Soviet nuclear arsenal. Note that all of the strategic weapons mentioned below are counted as part 
of the Russian arsenal in 7.1.2. 

7.4.10.1 Ukraine

Nationalist sentiment in Ukraine initially inhibited the surrender of claims to the strategic weapons 
present at the time of dissolution of the Soviet Union. The first president, Leonid Kravchuk, variously 
used these weapons as a populist rallying point, and a bargaining tool with the West. Following his 
replacement by Pres. Kuchma, and after obtaining commitments of aid from the U.S. and Europe, the 
Ukrainian parliament voted 301 to 8 to sign NPT on 16 November 1994. On 5 December 1994 Ukraine 



became the 167th member of NPT, as a consequence, on this same day the START I treaty entered force. 

Ukraine began transferring nuclear warheads on its territory to Russia in March 1994, with a shipment of 
60 ICBM warheads. About 540 were shipped to Russia in 1994, and 720 in 1995. The last nuclear 
weapon was transferred to Russia in May 1996, rendering Ukraine a non-nuclear nation. 

32 SS-19 missiles will be returned to Russia, the remaining SS-19s will be placed in storage by Ukraine 
after removal from their silos. The silos themselves are slated for destruction, the first having been blown 
up 5 January 1996 at Pervomaysk. 

Reportedly 19 Tu-160 Blackjack bombers are located at Priluki Air Base, and 25 TU-95 Bear-H bombers 
are located at Uzin Air Base. Ukraine had previously agreed on principle to return all of the bombers to 
Russia, and on 3 December 1996 an agreement was announced for Russia to purchase 10 Blackjacks and 
15 Bears. According to Ukraine these planes are supposedly operational, but they have not flown since 
the collapse of the Soviet Union and Russia estimates that only one third are flyable. The planes will be 
paid for in cash ($320-$350 million according to Russia), spare parts and debt relief. 

In 1995, the 15 operating nuclear reactors generated 70.5 trillion watt-hours of electricity, equivalent to 
37% of the nation's electrical production (up from 34.2% in 1994, and 24.5% in 1990). 

Accelerated development of nuclear energy is planned in Ukraine. Zaporozhe-6 was scheduled for 
commissioning in 1995, Khmelnitsky-2 in 1998, Rovno-4 in 1999, and Khmelnitsky-3 and -4 in 1999-
2000. Installed nuclear capacity will exceed 30% of overall generating capacity, generating more than 
40% of total electricity production. In December 1995, a deal was arranged at the G-7 summit to pay U.S.
$2.5 billion to arrange the closure of the Chernobyl facility by 2000, by providing replacement nuclear 
generating capacity. 

Ukraine is moving quickly to expand its nuclear industry to provide maximum self-sufficiency. This 
includes expanding uranium ore production, fuel enrichment and fabrication plants, and fuel and waste 
reprocessing facilities. 

7.4.10.2 Kazakhstan 

From being the fourth largest nuclear power on the day of its independence (harboring perhaps as many 
warheads as France, Britain and China combined), Kazakhstan has moved steadily forward in divesting 
itself of all nuclear weapon related materials. Kazakhstan initially had 104 SS-18 Satan (RS-20) missiles 
deployed at Derzhavik and Zhangiz-Tobe. By the end of 1994, 44 of the SS-18s had been removed from 
their silos. The remaining SS-18s were taken out of operation during 1995. By April 1995 all SS-18 
warheads had been removed from Kazakhstan. 

The last of 40 Bear-H bombers (27 Bear-H6, and 13 Bear-H16) were withdrawn from their base in 
Semipalatinsk in Feb. 1994, along with 370 AS-15 air-launched cruise missile warheads. 

In a secret operation code named "Project Sapphire" in November 1994 the United States acquired 
approximately 600 kg of weapon grade uranium stored in Kazakhstan and flew it to the U.S. This 
uranium is currently being demilitarized by blending down into low enriched uranium, a process expected
to be completed by May 1996. 30 kg of plutonium has also been purchased by the U.S. from Kazakhstan 
(1994). 

The only nuclear reactor in Kazakhstan is the BN-350 nuclear reactor at Aktau, a design well suited for 
producing weapon grade plutonium. In November 1997 President Nursultan Nazarbayev signed 
agreements with the U.S. to submit the spent fuel from this reactor to IAEA monitoring. 

7.4.10.3 Belarus

On the day of independence, Belarus had 81 SS-25 Sickle (RS-12M) missiles at two sites: Lida and 



Mozyr. At the end of 1994 Belarus still had 36 SS-25s, 18 at each site. In 1995 this decreased to 18, 9 in 
each site (one regiment per site). Although Belarus has been unhappy however with the refusal by Russia 
to pay compensation for the weapon fissile material removed from its territory, the last nuclear warheads 
were reportedly removed on 23 November 1996. Some of the SS-25 missiles remained at that time (now 
unarmed), but the removal of the last of these was expected by early 1997. 
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7.5 Other Nuclear Capable States

In August 1996 there were 439 nuclear power plants in 32 countries, supplying 17% of the world's 
electricity (347,000 MW electrical capacity; 2228 trillion watt-hours total in 1995). There are 32 power 
reactors under construction in 12 countries (adding about 7 percent to existing capacity), and those 
ordered or planned would add a further 19 percent. Currently the growth rate in nuclear power production
is about 4.5% a year (mostly due to improved operations of existing reactors). The continuing 
industrialization of Asia (and China in particular), coupled with the basically flat supply of petroleum and
pressure to restrict fossil fuel burning in general, seems to assure continued strong expansion of 
worldwide nuclear power over the next few decades. Some fifteen countries derive 30% or more than of 
their electricity from nuclear power. There are also more than 310 research reactors operating worldwide 
in 54 countries, with more under construction. 

The world's power reactors consume the equivalent of 60,000 tonnes of uranium each year. The total 
amount of plutonium produced worldwide is about 1270 tonnes at present (mostly unseparated), and is 
accumulating at 70 tonnes per year. It is estimated that civilian plutonium separation programs will 
produce 190,000 kg of plutonium during the 1990s. 

Virtually any industrialized nation today has the technical capability to develop nuclear weapons within 
several years if the decision to do so were made. Nations already possessing substantial nuclear 
technology and arms industries could do so in no more than a year or two. The larger industrial nations 
(Japan and Germany for example) could, within several years of deciding to do so, build arsenals rivaling 
those planned by Russia and the U.S. for the turn of the millennium following the implementation of 
START II. 

It is also very likely that most any country with advanced military capabilities system will have 
undertaken design work in nuclear weapons to some extent. This is almost mandatory for national 
security reasons, if only to provide indigenous expertise in evaluating intelligence and projecting the 
capabilities of possible foes. 

Accordingly I will only briefly mention below some notable capabilities of possessed by certain states 
that could potentially be turned to the development of nuclear arsenals if they chose. 

7.5.1 Australia

From the 1950s to 1971 Australia produced uranium, primarily for the U.S. and UK weapons programs. 
When the deposits being mined were exhausted, production and exports ceased. 

Large new deposits were opened for production in the late 1970s, this time only for civilian use under 
international safeguards. However since uranium is being exported to France, which does not separate its 
civilian and military nuclear programs, the exports are still supporting at least one nuclear weapons 
program. 

Actual production began in 1981 and during the last decade Australia has become one of the world's 
largest producers of uranium. From mid-1985 to mid-1995 it exported 43,000 tonnes of U3O8 (uranium 
content 36,000 tonnes) worth almost A$3 billion, an average of 10% of world production (currently 7%). 
Australia has the world's largest low cost uranium reserves, about 27% of the world's estimated reserves, 
with 928,000 tonnes of U3O8 at a production cost of U.S. less than $80/kg U (May 1995). 

Curiously for an industrialized nation that is also a major uranium supplier, Australia has no nuclear 
power plants. It has one 10 MW (thermal) research reactor. 

7.5.2 Canada
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Canada has a well developed nuclear technology base, centered around its domestically developed 
civilian CANDU (Canadian Deuterium Uranium) power reactor technology and large uranium reserves. 
CANDU reactors are heavy water designs that are fueled by natural uranium dioxide. The fuel is typically
subjected to 7500 MWD/tonne burnup, which makes the plutonium produced reactor grade although they 
could be operated to produce weapon grade Pu. These reactors also produce 250-500 g of tritium a year as
a byproduct. In 1995 Canada operated 21 power reactors. 19 of these are at three locations in Ontario with
a combined capacity of 13300 MW electrical, and a further reactor each in Quebec and New Brunswick. 
Canada produces 19% of its electricity from nuclear power. 

Canada was the first nation in the world to build to build an industrial-scale heavy water plant (the Trail 
Plant during WWII, which was also only the second heavy water plant ever built, and the first in the 
western hemisphere). Canada has produced all of the heavy water used in its reactors, including export 
units. Since demand and production has declined in recent years, currently only one D2O production 
facility remains in operation. Canada exports heavy water under IAEA safeguards. 

A total of 13 CANDU reactors have been sold to Pakistan, India, Argentina, South Korea and Romania, 
along with the engineering expertise to build and operate them. 

Canada has one conversion facility that produces UF6 for export, with a capacity of 10,500 tonnes U per 
year. Two fuel fabrication plants produce 1700 tonnes U per year for the country's own reactors. 

The Canadian nuclear industry is responsible for providing 30,000 direct jobs (2000 of these in mining) 
and a further 10,000 indirect jobs. 

Canada is currently the world's largest producer of uranium, accounting for 32% of world production 
(1995). In 1995 it produced 12,351 tonnes of U3O8 (10,473 tonnes U). About 20 per cent of Canada's 
uranium production is domestically consumed. Based on new explorations, reserves are now estimated 
(January 1996) at 484,000 tonnes of uranium at a production cost of under U.S.$72.70/kg (14% of world 
reserves, third largest after Australia and Kazakhstan). 

7.5.3 Germany
Germany has a robust nuclear industry capable of manufacturing reactors, enriching uranium, fuel 
fabrication, and fuel reprocessing. It operates 19 power reactors producing one third of its total electrical 
needs. The reactors in the former East Germany have all been shut down. During the 1980s Germany was
a leading exporter of nuclear technology, sometimes with unfortunate results as its sales to Iraq 
demonstrated. 

Germany has long been the most stable and orthodox member of NATO with regard to nuclear weapons 
policy. Soon after NATO was founded, the policy of retaining the option of "first use" of nuclear weapons
to defend NATO members if attacked was formally adopted. German strongly advocated this policy at the
time for a very straightforward reason -- with Warsaw Pact forces deployed on the edge of the heartland 
of West Germany a conventional defense had no hope of defeating a conventional attack before Pact 
forces had rolled over most of the West German state. No other NATO member faced this prospect. 
Throughout the next 50 years, while many other NATO members advocated repealing the "first use" 
option, or otherwise waffled or hedged their commitment to it (including the United States at times), 
Germany remained committed to the "first use" option. 

This changed abruptly in October 1998 when the newly elected Social Democrat party and the small, 
environmentalist Greens party decided to form a center-left coalition government, making Social 
Democrat Gerhard Schroeder the German Chancellor. Hostility to all things nuclear has been a central 
tenet of the Greens party since its founding in 1981, and abandoning long established nuclear policies was
one its chief interests in joining the government. 

Chancellor Schroeder has repeatedly advocated the adoption of a "no first use" policy by NATO, 
observing that the original justification of the first use option had disappeared with the collapse of the 
Soviet bloc. Coming up on the 50th anniversary of NATO's establishment howver, there seems little 



interest in the alliance to change this policy. 

Another of the immediate pronouncements made by the new government was that all German nuclear 
power plants would be quickly shut down. The Greens party wanted plant closings to start immediately, 
whereas Schroeder had talked about a process lasting as long as three decades. In a compromise, the two 
parties set November 1999 as the deadline for reaching agreement with industry over the pace of 
shutdowns. If no consensus can be reached by then said Juergen Trittin, Greens party leader and the new 
Environment Minister, the new government will legislate a timetable. "This is the exit from atomic 
energy," Trittin declared, insisting "a series of atomic power plants will go off line in this legislative 
period," or the next four years. 

Coming up on four months in office, Schroeder remained committed to eliminating nuclear power, but 
has indicated that a much slower approach than that advocated by the Greens would be needed. For 
example initial intentions to halt all export of spent fuel for reprocessing abroad by the end of 1998 were 
abruptly reversed. 

Germany had previously abandoned plans for fuel reprocessing and the use of plutonium in domestic 
reactors. A planned commercial reprocessing plant has been canceled, and its existing breeder reactors are
being reconfigured as plutonium burners. Due to reprocessing done elsewhere, Germany will own 48 
tonnes of separated reactor grade plutonium by the year 2000. 

Several German companies are key participants in the tri-national URENCO uranium enrichment 
consortium that developed gas centrifuge technology. Germany also holds exclusive control of 
domestically developed nozzle enrichment technology. 

As is true of Japan, Germany has an advanced science and technology base capable of supporting an 
aggressive nuclear program should it be deemed necessary to do so. Although hard information about this
is lacking, it is likely that Germany has undertaken advanced design work on a full range of nuclear 
weapon types. As noted at the beginning of this sub-section, this would be almost mandatory for national 
security reasons if only to create a base of expertise for conducting intelligence assessments of the nuclear
programs of other nations. In addition there have been influential proponents of acquiring nuclear arms in 
the German government, such as the first Minister for Nuclear Affairs Franz Josef Strauss, who would 
most likely have sponsored such work. 

It is known that Germany has considered manufacturing fusion bombs for civil engineering purposes. In 
the early 1970s a feasiblity study was conducted for a project to build a canal from the Mediterranean Sea
to the Qattara Depression in the Western Desert of Egypt using nuclear explosives. This project proposed 
to use 213 bombs, with yields of 1 to 1.5 megatons detonated at depths of 100 to 500 m, to build this 
canal for the purpose of producing hydroelectric power. 

7.5.4 Japan
Japan has a very aggressive nuclear power program, and is developing plutonium as a reactor fuel in a big
way. Japan is maintains an active breeder reactor program and expects to institute a plutonium energy 
economy with full reprocessing after the year 2000. 

Overall Japan has an extremely advanced civilian scientific and engineering infrastructure capable of 
supporting nuclear weapons development and production. Japan has indigenously developed some 
uranium enrichment processes (e.g. the Ashi chemical exchange process), and has the technical means to 
deploy other processes if it chooses to do so. As one of the two leading manufacturing nations for 
computers (especially supercomputers), and has the second most advanced inertial confinement fusion 
program in the world, Japan is well positioned to quickly develop thermonuclear weapons. 

In 1989 Japan produced 28% of its electricity (30500 MW) from 39 nuclear power plants, but had 26 
more plants under construction or on the planning board. This would bring its nuclear power production 
to 57000 MW, over 50% of its total. In 1995 it had 50 reactors operating, providing 31% of its electricity.
Japan plans eventually to generate all of its base load electricity from nuclear power. 



Japan has an active breeder reactor development program, and operates the Monju fast breeder reactor. 
Japan has a limited plutonium reprocessing pilot plant at Tokai, and has contracts with Britain and France
for several tons of reprocessed plutonium, although tens of tons are expected in the future. 

The Rokkasho separation plant, under construction by Japan Nuclear Fuels Ltd. since 1993, will have a 
capacity of 800 tonnes/yr of heavy metal. Safety upgrades have delayed its completion until 2003, at a 
cost of U.S.$15 billion. Reprocessing costs are expected to be 40% higher than currently incurred for 
reprocessing in Europe. 

At the end of 1994 Japan possessed 13 tonnes of separated plutonium. Of this, 

    4352 kg was held domestically:
     at reprocessing plants      836 kg,
     at fuel fabrication facilities 3018 kg,
     at reactors and R&D facilities  498 kg;

and 

    8720 kg was held overseas:
    in UK               1412 kg
    in France           7308 kg.

Japan has used plutonium in mixed oxide fuel for light water reactors and for fast neutron reactors over 
some 15 years. In 1994, 323 kg of plutonium was used in Monju, Joyo and Fugen reactors, and 111 kg 
was recovered from reprocessing spent fuel in Japan. 

By the year 2000 Japan will have an inventory of about 55 tonnes of separated reactor grade plutonium. It
should be noted that this is enough plutonium to manufacture ~10,000 warheads, more than the combined
nominal arsenals of the U.S. and Russia combined under START II. 

Although hard information about this is lacking, it is likely that Japan has undertaken advanced design 
work on a full range of nuclear weapon types. As noted at the beginning of this sub-section, this would be
almost mandatory for national security reasons if only to create a base of expertise for conducting 
intelligence assessments of the nuclear programs of other nations. In contrast with Germany, Japan is in a 
relatively exposed position to potential threats with a long-term trend that is decidedly negative due to the
rapid growth of China's strength. It may also be argued that the lack of NATO membership for Japan 
makes the U.S. nuclear umbrella somewhat more tenuous. These factors give Japan greater incentive to 
maintain a latent nuclear weapons capability. Should Japan decide to do so, it is likely that emergency 
capability nuclear weapons could be deployed by Japan within a few months of a decision to produce 
them. 

According to proliferation assessments made by the U.S. government, no non-nuclear country is as well 
positioned to "break-out" and develop advanced nuclear weapons than Japan. 

7.5.6 Netherlands
Operates two power reactors producing 539 MW electrical, 5% of it electrical needs. Several Dutch 
companies are key participants in the tri-national URENCO uranium enrichment consortium. By the year 
2000 the Netherlands will own about 2 tonnes of separated reactor grade plutonium. 
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8.0 The First Nuclear Weapons
This section describes the first fission and fusion bombs that were developed and tested. The purpose is 
three-fold. First, these devices are of considerable historical and public interest, the "first" of anything 
garners special attention. Second, these devices serve as archetypal examples of basic designs, and more 
information is available about these devices than later ones. Third, the effort and technology that was 
required to develop these devices provide indications of how easily primitive nuclear weapons can be 
developed by others. 

• 8.1 The First Atomic Bombs   
• 8.1.1 The Design of Gadget, Fat Man, and "Joe 1" (RDS-1)   
• 8.1.2 TRINITY - The   Gadget   Test   
• 8.1.3 Little Boy   
• 8.1.4 Fat Man   
• 8.1.5 Availability of Additional Bombs   
• 8.2 The First Hydrogen Bombs   
• 8.2.1 Early Research on Fusion Weapons   
• 8.2.2 Design and Testing of the First Fusion Weapons   

8.1 The First Atomic Bombs

This subsection describes the three atomic bombs, which were constructed and detonated in 1945. 

8.1.1 The Design of Gadget, Fat Man, and "Joe 1" (RDS-1)

The design of the Gadget and Fat Man devices are discussed together since they are basically the same. 
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Gadget was an experimental test version of the implosion system used in Fat Man and were identical in 
all but a couple of details. A test of the implosion bomb was considered essential due to the newness of 
the explosive wave shaping technology, and the complexity of the system.

Although the data given below is based on the US made Gadget/Fat Man, it also applies to a large extent 
to the first Soviet atomic bomb, code named RDS-1 (ReakTivnyi Dvigatel Stalina; Stalin's Rocket 
Engine) by the Soviet Union and designated Joe-1 by US intelligence. This is because detailed 
descriptions of the design were given to Soviet intelligence by spies who worked at Los Alamos; and 
Lavrenti Beria, who was the Communist Party official heading the project, insisted that the first bomb 
copy the proven American design as closely as possible. The information the Soviets recieved were not 
complete specifications of the final design, and in particular lacked precise measurements, so even an 
attempt to make an exact replica would inevitably vary in exact dimensions and other respects.

The two key spies at Los Alamos were Theodore Alvin ("Ted") Hall and Klaus Fuchs. Hall was involved 
in certain aspects of the experimental work involved with the implosion experiments and was the first 
source to provide the Soviets with information about the implosion concept, while it was in preliminary 
development, in the fall of 1944. The detailed design information about the bomb was provided by Fuchs 
who actually had a key role in its development. Significant information about lens manufacture was also 
passed on by David Greenglass, but this was mostly or entirely redundant with the Hall and Fuchs 
information. In the early 90s KGB/RFIS officials dissiminated an account of an unidentified scientist-spy 
code named "Perseus", but this has since been determined to be a fictional composite.

A fairly complete description of the Gadget's design emerged into the public domain over a span of 45 
years, from 1950 to 1995, mostly as an indirect result of Soviet espionage. The Rosenberg trial resulted in
a first description of the implosion process and explosive lens design due to the release of testimony 
provided by David Greenglass and Klaus Fuchs. The very detailed information provided by Klaus Fuchs 
emerged after the collapse of the Soviet Union. Many additional FBI records relating to the Fuchs and 
Rosenberg investigations have recently been released in recent years also.

The intelligence based descriptions of the Gadget and Fat Man suffered somewhat from the fact that they 
actually recounted different stages of design evolution, not the specifications of the actual devices 
exploded at Trinity and Nagasaki. Since 1995 more specific information about the actual Gadget and Fat 
Man designs has been uncovered and published through the efforts of John Coster-Mullen, who has 
assembled a great deal of data through interviews, field investigations, archive searches and FOIA 
requests. Coster-Mullen's work is available in the form of his self-published book: Atom Bombs: The Top 
Secret Inside Story of Little Boy and Fat Man. 

 

Internal Structure of the Gadget

http://www.amazon.com/Atom-Bombs-Secret-Inside-Little/dp/B0006S2AJ0
http://www.amazon.com/Atom-Bombs-Secret-Inside-Little/dp/B0006S2AJ0
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Explosive Sphere Component
Dimensions
(Outside Diameters)

Pit Assembly

Neutron initiator 2.0 cm (0.79 inches)

Initiator cavity 2.5 cm (0.98 inches)

Plutonium core 9.20 cm (3.62 inches)

Uranium tamper shell 22.225 cm (8.75 inches)

Boron-plastic shell 22.86 cm (9 inches)

Implosion Assembly

Aluminum pusher shell 46.99 cm (18.5 inches)

Inner HE booster shell 92.075 cm (36.25 inches)

Explosive lens 137.8 cm (54.25 inches)

Explosive Sphere Casing

Cork liner 140.3 cm (55.25 inches)

Duraluminum case 145.4 cm (57.25 inches)

Fat Man Bomb Ballistic Case Dimensions

file:///home/user/Schreibtisch/Hew/Nwfaq/Gadget2_sm.png


Ballistic case (ID) 152.1 cm (59.875 inches)

Ballistic case (OD) 153.0 cm (60.25 inches)

Scale drawing of the Gadget (click for large image). 

 

Cut-away view showing the lens block arrangement (click for large image).

8.1.1.1 The Pit Assembly

The heart of the pit assembly was the plutonium core whose fission in its compressed state would release 
the explosive energy of the bomb. The core contained 6.2 kg of a delta-phase plutonium-gallium alloy. 
The core was a 9.20 cm sphere, solid except for a 2.5 cm cavity in the center for the neutron initiator. The
solid design was a conservative one suggested by Robert Christy to minimize asymmetry and instability 
problems during implosion. The sphere had a 2.5 cm hole and plutonium plug to allow initiator insertion 
after assembly of the sphere.

The plutonium was produced by the nuclear reactors at Hanford, Washington; although it is possible that 
about 200 g of plutonium produced by the experimental X-Reactor at Oak Ridge was also used in the first
core. Wartime production meant that the plutonium had to be separated as quickly as feasible after being 
bred in the reactor. Due to the very short irradiation periods used, about 150 days, this was super-grade 
weapon plutonium containing only about 1.2% Pu-240. 

The plutonium was stabilized in the low density delta phase (density 15.9) by alloying it with 3% gallium 
(by molar content, 0.8% by weight), but was otherwise of high purity. The weapon design at the start of 
1945 called for the use of pure plutonium in the alpha phase, its densest phase and the phase that is stable 
at room temperature. At that time knowledge of plutonium phase behavior and alloys were slight, and 
using plutonium with no diluents and in its densest phase favored the most efficient explosion possible. 

But as increasing quantities of plutonium came available for metallurgists to work with problems with 
making using castings of alpha plutonium became apparent. Hot pressing 0.9 inch (2.29 cm) hemispheres,
weighing 60 g, had been successful in April, but attempts to repeat this in May with 2 inch (5.08 cm) 
hemispheres, weighing 650 g, failed. The pressings warped and split due to the phase change that 
occurred, much of it after the metal had cooled. Fortunately for the program, a suitable alloy that 
stabilized the low density delta phase had already been developed.
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The previous summer, after the plutonium crisis had struck Los Alamos, the theoretical division had 
calculated the tolerance for diluent atoms in plutonium, that is, the concentration of non-plutonium atoms 
that would not significantly affect the explosion efficiency. This level was set at 5% (molar). In February 
1945, the metallurgists identified two alloying elements that stabilized the metal s delta phase -- silicon �s delta phase -- silicon 
and aluminum. Further work found that only aluminum produced alloys with satisfactory stability, and 
suitable ones with an aluminum content ranging from 1% to 4% were tested. 

In early March new tolerances for various light element impurities were calculated based on the 
production of neutrons from the "alpha, n" reaction. The levels were quite conservative, although the Pu-
240 had imposed neutron backgrounds some 620 times higher than originally expected, the light element 
neutron background was allowed to rise only 62 times, so that it would not be a significant contributor to 
the neutron emission. It was soon noticed that these limits set the maximum content of aluminum at 0.5% 
(molar), making the only candidate delta-stable alloy unacceptable. Tests were soon made with 
aluminum s next heaviest chemically similar neighbor, gallium. In April the 3% gallium alloy was �s delta phase -- silicon 
developed and tested and thus offered a ready solution to the plutonium fabrication problem.

Switching to the low density delta phase alloy had other benefits. The higher critical mass of the lower 
density metal required the use of more plutonium, but it also allowed the use of more plutonium. The 
more plutonium used in the bomb, the bigger the explosion. Serendipitously the expected drawback of 
using lower density metal, a less efficient reaction, did not materialize. Even stabilized, the delta phase 
collapsed quite easily so that during implosion the plutonium would compress to the same density as 
would a pure plutonium alpha phase core.

Another advantage of the alloy was that the stabilization eliminated any possibility of phase transition 
expansion due to inadvertent overheating of the core after manufacture, a real risk for the self-heating 
plutonium, which would distort and ruin it for weapon use. A final advantage was that the alloy proved 
relatively corrosion resistant, undergoing corrosion at only 4% the rate of pure plutonium. This alloy has 
remained in use in subsequent nuclear weapons down to the present day.

The bomb cores were formed in two hemispheres by hot pressing an ingot of the proper weight in steel 
dies. The alloy proved easy to press-form at 400 ºC and 30,000 psi (200 MPa).

Since plutonium is a chemically very reactive metal, as well as a significant health hazard, each half-
sphere was plated with an inert metal to protect it. The initial technique used was electroplating silver to 
form a layer 0.005 inches (0.13 mm) thick. This protection method was used for the Gadget core, but 
created a problem. Hasty preparation had left plating solution trapped under the silver, resulting in 
blistering that ruined the corrosion protection and the fit. Careful grinding and layering with gold leaf 
restored the necessary smooth surface. However a thin gold gasket (about 0.1 mm thick) between the 
hemispheres was a necessary feature of the design in any case to prevent premature penetration of shock 
wave jets between the hemispheres that could have prematurely activated the initiator.

After Trinity, two changes were made in bomb core fabrication. Silver plating was replaced by a new 
process that coated the plutonium with a much tougher and more effective protective layer of nickel. The 
plutonium was exposed to an atmosphere of a nickel carbonyl, which reacted with the plutonium to 
deposit a film of nickel. This coating technique would remain in use at least through the 1950s at Rocky 
Flats. Later cores also had a design change that eliminated the need for the gold gasket. This possibly 
involved changing the mating surfaces of the hemispheres from being flat to having some sort of step or 
bevel to block shock wave jets.

In the center of core was a 2.5 cm cavity that held the neutron initiator. The initiator used was called the 
"Urchin" or "screwball" design. It was a sphere consisting of a hollow beryllium shell, with a solid 
beryllium pellet inside, the whole initiator weighing about 7 grams. The outer shell was 2 cm wide and 
0.6 cm thick, the solid inner sphere was 0.8 cm wide. The Urchin had 15 concentric latitudinal grooves 
cut into the inner surface of the shell. Each groove was wedge-shaped and 2.09 mm deep. Like the 
plutonium core, the shell was formed in two halves by hot pressing in a nickel carbonyl atmosphere. The 
surfaces of the shell and central sphere were coated by a layer of nickel, and then plated with 0.1 mm of 



gold. 50 curies of polonium-210 (11 mg) were deposited on the grooves inside the shell and on the central
sphere. The gold and nickel layers protected the beryllium from alpha particles emitted by the polonium 
and surrounding plutonium. The Urchin was attached to a mounting bracket inside the core s central �s delta phase -- silicon 
cavity.

The Urchin was activated by the arrival of the implosion shock wave at the center of the core. When the 
shock wave reached the walls of the cavity, they vaporized and the plutonium gas shock wave then struck 
the initiator, collapsing the grooves and creating Munroe-effect jets that rapidly mixed the polonium and 
beryllium of the inner and outer spheres together. The alpha particles emitted by the Po-210 then struck 
beryllium atoms, periodically knocking loose neutrons, perhaps one every 5-10 nanoseconds.

Surrounding the core was a natural uranium tamper weighing 108 kg, with a diameter of 9 inches (22.225 
cm). The tamper formed a 6.56 cm thick layer around the core; together the core and tamper formed the 
"pit assembly." The thickness of the tamper layer was determined by neutron conservation considerations,
since a few centimeters are sufficient to provide effective inertial confinement. Thicker natural uranium 
reflectors (exceeding 10 cm) provide significant additional savings to ordinary critical assemblies, but the 
"time absorption" effect inherent to fast exponential chain reactions reduced the benefits of a thicker 
reflector. About 20% of the bomb yield was from fast fission of this tamper. 

With the neutron reflection provided by the tamper the plutonium core was about 78% of a critical mass 
before implosion. An additional margin of safety was provided by the use of a cadmium wire in the pit 
before initiator insertion. When compressed by the implosion to over twice its original density the pit 
became an assembly of some 3 to 4 critical masses.

On the outside surface of the tamper was another measure to improve weapon reliability -- a brown one-
eighth inch thick (0.32 cm) layer of neutron-absorbing enriched boron-10 bonded with acrylic 
thermoplastic. This feature reduced the neutron background in the core. The very fast spontaneous fission 
neutrons originating in the pit assembly had a very short residence time. They would quickly either be 
captured in the pit assembly, or escape from it, but upon doing so they would encounter the thick 
hydrogen-rich explosive layer which would act as an effective moderator and neutron reflector. The 
strongly absorbing boron captured these slow neutrons before they could be scattered back into the pit 
assembly where they would then persist for a relatively long time.

8.1.1.2 The Implosion Assembly

The implosion assembly comprised three layers: the outermost explosive lens layer which created the 
converging implosion shock wave, an inner booster explosive layer that strengthened the converging 
wave, and an aluminum sphere called the "pusher" which further enhanced the implosion wave. Every 
aspect of the implosion assembly had to conform to high standards of precision to ensure a highly 
symmetric implosion wave, no more than a 5% variation was tolerable.

The entire high explosive implosion system, made up of the lens and booster layers, was 17.875 inches 
(45.4 cm) thick. These layers each consisted of 32 explosive blocks (20 hexagonal and 12 pentagonal 
blocks) which fitted together in the same pattern as a soccer ball (see Figures 3-7 and 3-8 in Section 
3.2.3.1.1 Implosion Assembly). The complete spherical explosive assembly was 54.25 inches (137.8 cm) 
wide and weighed 5300 lb (2400 kg).

Each lens block had two components: the body made of high velocity explosive, and a parabolic low 
velocity explosive focusing element on the inner surface. These pieces formed the lens that shaped a 
convex, expanding shock wave into a convex converging one (see Figure 3-6). Each lens block was 9 
inches (22.9 cm) thick. The hexagonal lens blocks each weighed about 145 lb (66 kg), each pentagonal 
block about 95 lb (43 kg). The complete lens layer weighed about 4000 lb (1800 kg).

The lenses were made by precision casting which required explosive mixtures that could be safely melted.
The high velocity explosive was composition B ("Comp B"), a mixture of 60% RDX - a very high 
velocity but unmeltable explosive, and 39% TNT - a good explosive that melts easily (m.p. 80.35 °C) , 



and 1% wax as a binder. The slower explosive was baratol, it is a mixture of TNT and barium nitrate of 
variable composition (TNT is typically 25-33% of the mixture) with 1% wax. The high density of barium 
nitrate gives baratol a density of at least 2.5.

The inner layer of explosive blocks had a thickness of 8 7/8 inches (22.5 cm) thick. The hexagonal blocks
each weighed 47 lb (19 kg), each pentagonal one was 31 lb (14 kg) for a total mass of about 1300 lb (590 
kg).

The entire explosive assembly had to be made to very precise tolerances. The composition and densities 
of the explosives had to be accurately controlled and extremely uniform. The pieces had to fit together 
with an accuracy of one-thirty second of an inch (0.8 mm) to prevent irregularities in the shock wave. 
Accurate alignment of the lens surfaces was even more important than a close fit. A great deal of tissue 
and blotting paper and adhesive tape was also used to make everything fit snugly together with no air 
gaps.

To achieve the most precise detonation synchronization possible, conventional detonators, which 
consisted of an electrically heated wire, and a sequence of primary and secondary explosives were not 
used. Instead newly invented exploding wire detonators were used. This detonator consists of a thin wire 
that is explosively vaporized by a surge of current generated by a powerful capacitor. The shock wave of 
the exploding wire initiates the secondary explosive of the detonator (PETN). The discharge of the 
capacitor, and the generation of initiating shock waves by the exploding wires can be synchronized to ±10
nanoseconds. A disadvantage of this system is that large batteries, a high voltage power supply, and a 
very powerful capacitor bank were needed to explode all 32 detonators simultaneously; a cascade of spark
gap switches was used to trigger the discharge of the capacitor bank. Known as the X-Unit, this system 
weighed 400 lb (180 kg) and was one of the most difficult components to qualify in time for the second 
atomic attack.

Surrounding the tamper and boron-plastic layer was a 4 3/4 inch (12.0 cm) thick aluminum sphere 
weighing 130 kg, called the "pusher," replacing a similar thickness of high explosive. This layer of inert 
higher density material (a density ratio of 1.64) improved the implosion wave in a number of ways. Upon 
encountering the higher density layer the shock wave slows, which tends to reduce the size of 
irregularities that have developed, and creates a partial shock reflection of increased pressure that 
propagates outward. This strengthens the implosion wave, and reduces the drop in pressure than tends 
occurs behind the shock front, both of which contribute to enhancing the compression of the core. At this 
smaller radius the effect of implosion convergence had concentrated the shock wave energy to the point 
that the explosive that was replaced no longer contributed significant amounts of energy to it in any case. 

8.1.1.3 The Explosive Sphere Casing

The development of the casing that held the explosive sphere together progressed independently from the 
work on the design of the implosion system itself -- it was taken for granted that whatever the final design
it would be high explosive sphere sized to fit the 59 inch case. A complex early design designated the 
"1222" model involved 12 pentagonal sections of the aluminum alloy duraluminum (dural), inside an 
icosahedral steel shell, the assembly of which required 1500 bolts. This was abandoned in the summer of 
1944 in favor of a much simpler system, the "1561" model. This consisted of a spherical shell made up of 
two polar caps and five equatorial segments of machined dural castings, which required only 90 bolts for 
assembly. The overall thickness of the aluminum was 1 inch. This sphere was enveloped by an ellipsoidal
shell of steel attached at the equator, with the tail bolted to the ellipsoid. The electrical detonating and 
fusing equipment was mounted on the sphere in the space between the sphere and the outer ellipsoid.

A layer of one-half inch thick cork lined the inside of the aluminum sphere and cushioned and 
compressed the explosive sphere, holding the whole implosion system together. The outermost steel shell 
had a thickness of three-eighths of an inch. It was intended to be heat-treated steel armor plate but 
warping during the heat treatment process caused replacement with a case of ordinary steel.

Both the implosion bomb prototype Gadget, and the combat Fat Man bomb, were assembled on the site 



from separate pieces. The explosive sphere was built up from separate explosive blocks, the tamper and 
pusher spheres were lowered in by a small crane, and the pieces of the dural shell was bolted together. 
Due to the complexity of the weapon, this was a process that took at least two days (including checkout 
procedures).

The final bomb design, after Fat Man, allowed "trap door" assembly. The entire bomb was assembled 
ahead of time, except for the pit assembly. To complete the bomb, one of the domed caps was removed, 
along with one of the explosive lenses and inner explosive blocks. The initiator was inserted between the 
plutonium hemispheres, and the assembled pit was inserted in a 40 kg uranium cylinder that slid into the 
tamper to make the complete core. The explosive block and lens were replaced, its detonator wires 
attached, and the cap bolted back into place.

Safety was a serious problem for Fat Man, though in a comparison of worst case accidents, not as serious 
a problem as it was for Little Boy. The critical mass of the uranium reflected core in the delta phase was 
7.5 kg, but only 5.5 kg in the alpha phase. Any accidental detonation of the high explosive (in a fire or 
plane crash for example) would be certain to collapse the 6.2 kg delta phase core to the supercritical alpha
phase state. The expected yield from the explosion would range from on the order of tens of tons, roughly
a factor of ten higher than the energy of the high explosive itself, to perhaps as high as hundreds of tons. 
The main hazard would be from gamma radiation however, which would be deadly well outside the main 
area of blast effects. A 20 ton explosion would produce a lethal 640 cSv prompt gamma radiation 
exposure 250 m from the bomb!

8.1.2 TRINITY - The Gadget Test

The test of the first atomic explosion in history was conducted at the Jornada del Muerto trail (Journey of 
Death) at the Alamagordo Bombing Range in New Mexico at 33 deg. 40' 31" North latitude, 106 deg. 28' 
29" West longitude (33.675 deg. N, 106.475 deg W). The device was called Gadget, the whole test 
operation was code-named TRINITY. 

Gadget was a 150 cm sphere consisting of the basic explosive assembly described above with its dural 
shell, the firing electronics and equipment were mounted externally on the test platform which was atop a 
100 foot steel tower, giving Gadget an elevation of 4624 ft above sea level. 

The assembly of Gadget took five days and began on July 11, 1945. By July 13, the assembly of Gadget's
explosive lens, uranium reflector, and plutonium core were completed at Ground Zero. On July 14, 
Gadget was hoisted to the top of the 100 foot test tower, and the detonators were connected, after which 
final test preparations began. On July 16, 1945, 5:29:45 a.m. (Mountain War Time) Gadget was 
detonated. The explosive yield was 20-22 kT (by latest estimates), vaporizing the steel tower. Since the 
bomb was exploded above the ground it produced only a very shallow crater (mainly created by 
compression of the soil) - 2 meters deep with an 80 m radius. The crater was surrounded by fused 
(melted) sand dubbed "trinitite" (or "atomsite"). The exact yield was originally placed at 18.6 kT on the 
basis of radiochemical tests. Since the projected yield was only 5-10 kT, many of the experiments were 
damaged or destroyed by the test and failed to yield useful (or any) data. 

Gadget was exploded close enough to the ground that considerable local fallout was generated (along 
with significant induced radioactivity at ground zero from the emitted neutrons). The most intense 
induced radiation was in an irregular circle, about 10 m in radius around ground zero. The cloud rose to 
11,000 m. The wind was blowing to the northeast, but significant fallout did not descend for about 20 km 
downwind. 

The heaviest fallout was detected about 20 miles northeast of ground zero. In this area radiation levels 
recorded along U.S. Highway 380 for a distance of ten miles reached "approximately 50 R total." Also in 
this area was a site dubbed "Hot Canyon". The canyon was 5 miles east of the town of Bingham, 1.1 
miles east of a road junction. This is a summary of radiation levels: 



 15.0 R/hr at 0300 hours after zero
 14.0 R/hr at 0330 hours
  6.0 R/hr at 0830 hours
  0.6 R/hr at 3600 hours

The total exposure as this site was 212-230 R. 

Some evacuations were conducted the path of the fallout plume out to 30 km. At Bingham, New Mexico 
gamma intensities of 1.5 R/hr were recorded between 2 and 4 hours after the test. South of Bingham 
readings reached 15 R/hr, but declined to 3.8 R/hr 5 hours after the detonation, and had decreased to less 
than 0.032 R/hr one month later. 

0.9 miles east of "Hot Canyon", was a house containing the Raitliff family, consisting of two adults and a 
child. Levels at this location were "0.4 R/hr at 3600 hours after zero and after a rain. Accumulated total 
dose 57-60 R." Also nearby was another house with a couple named Wilson. None of these people were 
evacuated. 

Radiation (beta) burns were later observed on cattle in the general vicinity of the test. The main fallout 
pattern extended about 160 km from ground zero, and was about 50 km wide. 

8.1.3 Little Boy

The design of Little Boy was completely different from Gadget/Fat Man. It used the gun assembly method
that had originally been proposed for the plutonium bomb. The development of the uranium gun weapon 
was somewhat erratic. Early design and experimental work directed towards developing a gun system for 
uranium assembly was conducted during the summer and fall of 1943, after Los Alamos began operating. 
It was soon discontinued as attention shifted to the technically more demanding plutonium gun. It was felt
that once the plutonium gun was successfully developed, the uranium gun would be almost an 
afterthought since the necessary speed of assembly was much lower.

When the very high neutron emission rate of reactor-produced plutonium was discovered in April-July 
1944, the gun method was abandoned for plutonium and serious attention returned to the uranium gun. 
The uranium gun program (the O-1 group of the Ordnance Division) was lead by A. Francis Birch. He 
faced an odd combination of considerations in directing the work. The system was straightforward to 
develop, and sufficient U-235 to build the bomb obviously wouldn't be available until mid 1945, if then. 
Birch was nonetheless under a great deal of pressure to complete development as quickly as possible so 
that all of the laboratory's assets could be directed to the risky implosion bomb. Furthermore since the 
feasibility of the plutonium bomb was now in doubt, he had to make absolutely sure that the uranium 
bomb would work. Thus although it was a comparatively easy project technically, it still required 
extraordinary attention to detail.Thus despite being straightforward technically, the program still required 
extraordinary attention to detail. The design arrived at was a very conservative one, the principle risk was 
whether the fuzing system with trigger the bomb at the appropriate time.

Three 6.5 inch (165 mm) smooth-bore gun tubes with 2 inch (5.08 cm) thick walls and designed for a 
maximum pressure of 40,000 psi (2700 bar) were ordered in March 1944 and received in October. Proof 
firings, consisting of firing a 200 lb (90 kg) projectile at 1000 ft/sec (300 m/sec) two or three times from 
each tube, were conducted in December. To hold weight down the tubes were not designed for many 
repeated firings, unlike conventional artillery.

The gun tubes were 6 feet (1.8 m) long and weighed about 1000 pounds (450 kg), little more than ten 
percent of the final bomb weight. Far more massive, weighing in at over 5000 pounds (2300 kg), was the 
high alloy steel case forging that held the target assembly. The target case, measuring 28 inches (71 cm) 
wide and 36 inches (91 cm) long and was screwed on to the end of barrel (lest recoil from the gun s firing�s delta phase -- silicon 
pull them apart) and had to absorb the full momentum of the projectile and bring it to rest without 
cracking or deforming. The target case that was used in Little Boy was the first one ever made, which 



surprisingly had proved also to be the best ever made. It had been used in four proof-test firings without 
damage before its use in combat.

Inside the target case was a cavity that held the cylindrical tungsten carbide tamper, 13 inches (33 cm) 
wide and long and weighing 680 pounds (310 kg). The tamper acted as a neutron reflector, increasing the 
effective the number of critical masses in the uranium core and, with a density of 14.8, it also served as an
inertial tamper to hold the core together as long as possible to increase the explosive yield. When fully 
assembled, the uranium core resided in a 6.5 inch wide (16.5 cm) cylindrical cavity, surrounded by a 3.25 
(8.255 cm) inch thick layer of tungsten carbide.

The choice of tungsten carbide as a tamper, instead of the natural uranium used in Fat Man, was dictated 
by the need to keep neutrons out of the assembly. U-238 undergoes spontaneous fission 100 times more 
frequently than U-235, and a piece large enough to be useful as a tamper (200 kg) would generate 3400 
neutrons a second - too many for gun assembly to be feasible.

The enriched uranium core, weighing 64.15 kg fully assembled, was divided 40/60 between the target 
insert (25.6 kg) and the hollow core in the projectile (38.53 kg). The hollow core was slightly less than 
6.5 inches wide (16.5 cm) and 7 inches long (17.8 cm). It was fabricated as a stack of nine rings of 
varying thickness with a 4 inch (10.2 cm) inside diameter. The target insert was a cylinder 4 inches (10.2 
cm) wide and 7 inches long (17.8 cm) also made up of a stack of rings. The six target insert rings had a 1 
inch inside diameter to accommodate a rod that held the stack together.

With an enrichment of around 80% the spontaneous fission rate in the 64 kg of uranium amounted to 79 
fissions/second, only one sixth of the limit previously established for Thin Man. The assembly velocity 
was reduced to one third of requirement for the plutonium gun, and even with the larger uranium core 
(which gave a greater assembly distance) the chance of predetonation was still significantly reduced. 
Since the mass of a gun varies with the square of its velocity to the one third reduction in velocity allowed
a potential decrease in gun mass to only one ninth of the original design. In fact the mass of the final gun 
was greater than this, providing an increased margin of reliability.

Both the target insert and uranium projectile were backed by disks of tungsten carbide reflector 6.5 inches
wide and 3.25 inches thick The projectile consisted of the uranium core and carbide reflector disk packed 
in a steel sheet can with a wall thickness of 0.0625 inches (1.59 mm) thick, along with the 6 inch (15.2 
cm) long steel projectile body. The projectile body was equipped with brass bands to provide the gas-tight
seal with the smooth-bore barrel. The complete weight of the projectile was 190 pounds (86 kg).

When the projectile united with insert, the impact drove the assembled core and the tungsten carbide disk 
backing the target against a malleable steel disk, the anvil,  mounted inside the target case. It was the �anvil,� mounted inside the target case. It was the � mounted inside the target case. It was the 
anvil s job to deform, spreading out like a pancake, thus cushioning the impact and absorbing the bulk of �s delta phase -- silicon 
the projectile s kinetic energy; its momentum was absorbed by the massive target case. The engineering �s delta phase -- silicon 
design of the complete bomb, designated Model 1850, was complete by February 1945, only preparations
for field use were required after that. The actual bomb was ready for combat use by early May 1945 - 
except for the U-235 core which waited on deliveries of enriched uranium.

The complete weapon was 28 inches in diameter, 126 inches long and weighed 8900 lb. The target case 
and tamper, and the gun barrel, accounted for nearly all of Little Boy s length and three quarters of its �s delta phase -- silicon 
weight. Most of the remaining weight was in the steel plates that stretched back from where they joined 
the target case to form the hollow bomb body. A 1 inch (2.54 cm) thick, 27.25 inch wide (69.2 cm) steel 
bulkhead disk slid over the rear of the gun barrel to create the aft end of the bomb body, five steel plates 
were bolted between the bulkhead and target case to form a compartment around the barrel. Inside this 
compartment was the fuzing system  the electrical and mechanical components required to detonate the � the electrical and mechanical components required to detonate the 
bomb.

Little Boy used the same air burst detonator system as Fat Man (see below). Essentially all the enriched 
uranium on hand was used to fabricate the weapon core. Since deliveries had taken place over about a 
seven month period, with varying degrees of enrichment, the material varied in quality. It was important 



to place the most highly enriched material in the center of the core, where the neutron flux would be 
highest, so the target insert was fabricated last using the latest and most highly enriched shipments. The 
insert was completed on 24 July, the projectile having been cast in pieces from 15 June to 3 July. The 
insert had an enrichment of 86%, the projectile was enriched to 82% for an average enrichment for the 
core of 83.5%, equal to slightly more than three critical masses.

At the bottom of the core cavity one or more beryllium/polonium ABNER initiators (different from the 
implosion initiators; simpler in design, with less polonium) could be mounted. Even if the neutron 
initiator failed to work, the bomb would have exploded from spontaneous fission in a fraction of a second.
The decision to include initiators in the final weapon wasn t finalized by Oppenheimer until 15 March �s delta phase -- silicon 
1945. In the end four initiators out of a batch of 16 shipped to Tinian were used in Little Boy. These were 
fastened radially around the target assembly.

Little Boy was a terribly unsafe weapon design. Once the propellant was loaded, anything that ignited it 
would cause a full yield explosion. For this reason Deke  Parsons, acting as weaponeer, decided to place�anvil,� mounted inside the target case. It was the � mounted inside the target case. It was the 
the cordite in the gun after take-off in case a crash and fire occurred. The projectile, once rammed into the
barrel, required several tens of thousands of pounds of force to drive forward from its seat. While it is 
unlikely that even a violent crash would provide the necessary acceleration, an accidental drop from 
above 15,000 feet would have done so, causing anything from a fizzle (a few tons yield) to a full yield 
explosion. Little Boy also presented a hazard if it fell into water. Since it contained nearly three critical 
masses with only air space separating them, water entering the weapon would have acted as a moderator, 
possibly making the weapon critical. A high yield explosion would not have occurred, but a rapid melt-
down or explosive fizzle and possible violent dispersal of radioactive material could have resulted.

The complete weapon was 126 inches long, was 28 inches in diameter and weighed 8900 lb. Little Boy 
used the same air burst detonator system as Fat Man (see below). 

No other weapon of this design was ever detonated. Only five other Little Boy units were built, but no 
others entered the US arsenal. It appears that not even one additional complete set of components required
to assemble a combat-ready weapon were ever procured. 

The first U-235 projectile component was completed at Los Alamos on June 15, 1945. Casting of the U-
235 projectile for Little Boy was completed on July 3. On July 14 Little Boy bomb units, accompanied by 
the U-235 projectile, were shipped out of San Francisco. They were picked up by the USS Indianapolis 
(CA-35) at the U.S. Navy's Hunter's Point shipyard at San Francisco on July 16, bound for Tinian Island 
in the Mariana Islands. On July 24 the last component for Little Boy, the U-235 target insert, was 
completed and was tested the next day. The Indianapolis delivered Little Boy bomb units, and the U-235 
projectile to Tinian on July 26. On the same day the target assembly, divided into three parts flew out of 
Kirtland Air Force Base, Albuquerque on three C-54 transport planes, which arrived July 28 at Tinian. 

Bomb unit L11 was selected for combat use and on July 31 the U-235 projectile and target were installed,
along with 4 initiators - making Little Boy ready for use the next day. An approaching typhoon required 
postponing the planned attack of Hiroshima on Aug. 1. Several days are required for weather to clear, and
on Aug. 4 the date was set for 2 days later. On August 5 Tibbets named B-29 No. 82 the "Enola Gay" 
after his mother, over the objections of its pilot Robert Lewis. Little Boy was loaded on the plane the same
day. 

August 6, 1945 - 
* 0000, final briefing, the target of choice is Hiroshima. Tibbets is pilot, Lewis is co-pilot.
* 0245, Enola Gay begins takeoff roll.
* 0730, the bomb is armed.
* 0850, Flying at 31,000 ft Enola Gay crosses Shikoku due east of Hiroshima.
* Bombing conditions are good, the aimpoint is easily visible, no opposition is encountered.
* 0916:02 (8:16:02 Hiroshima time) Little Boy explodes at an altitude of 1968 feet (600 m), 550 feet from
the aim point, the Aioi Bridge. 



Due partly from the absence of any instrumented test with this weapon design, the yield of this explosion 
has been subject to a wide range of estimates over the years, ranging from a low of 12.5 kT up to 18 kT. 
The most thorough analyses have typically placed the yield at 15 to 16 kT. Finally a definitive 
determination was arrived at in 2002, after nearly 60 years of investigation, from a meticulous study of 
the radiation field produced by the bomb. The revised burst altitude is 20 meters higher that previously 
believed, and is now precisely 600 meters. The yield of the explosion is now confirmed at 16 kT. 

The yield of Little Boy had been predicted before delivery at 13.4 kT, and the burst height was set at 1850
ft (564 m). For inflicting essentially complete destruction on a city a blast pressure of 5 psi is sufficient, 
by this criterion this burst height setting was optimal for a weapon yield of only 5 kt, a measure of the 
uncertainty and conservatism of the Manhattan Project leaders since setting the burst height too high 
would lead to a rapid drop-off in weapon effectiveness. With its higher actual yield and burst height the 
explosion was optimum for a blast pressure of about 12 psi (i.e. it maximized the area subjected to a blast 
pressure of 12 psi or greater). The burst height was sufficient to prevent any significant fallout over Japan.

8.1.4 Fat Man

The combat configuration for the implosion bomb (the Model 1561) basically consisted of the Gadget 
device encapsulated in a steel armor egg. The two steel half-ellipsoids were bolted to the dural equatorial 
band of the explosive assembly, with the necessary X-Unit, batteries, and fuzing and firing electronics 
located in the front and aft shell. For use in combat, each Fat Man bomb required assembly almost from 
scratch - a demanding and time consuming job. Assembly of a Fat Man bomb was (and may still be) the 
most complex field preparation operation for any weapon ever made. 

Like Little Boy, Fat Man was fuzed by four radar units called "Archies", the antennas for which were 
mounted on the tail of the bomb. Developed originally as fighter tail warning systems, these units 
measured the bomb's height above the ground and were set to detonate at a pre-calculated altitude (set to 
1850 ft, +/- 100 ft). A barometric switch acted as a "fail-safe", preventing detonation until the bomb had 
fallen below 7000'. 

Fat Man was 60 inches in diameter, was 12 feet long, and weighed 10,300 lb. 

The Fat Man plutonium core, and its initiator, left Kirtland Air Force Base, for Tinian Island on July 26, 
1945 in a C-54 transport plane. It arrived on Tinian on July 28. Also on July 28, three specially-modified 
B-29s flew from Kirtland Field carrying three Fat Man bomb assemblies, including units F-31 and F-32, 
each encased in an outer ballistic shell. These arrived at Tinian on August 2, the first Fat Man units to do 
so. The bombing date was set for August 11 at this time, with Kokura as the target. Assembly of practice 
(non-nuclear) weapons began shortly afterward, with the first completed bomb (Fat Man unit F33) ready 
on Aug. 5. On August 7 a forecast of 5 days of bad weather around the 11th moved the bombing date up 
to August 10, then to August 9. This compressed the bomb assembly schedule so much that many check-
out procedures had to be skipped during assembly. On August 8 the assembly of Fat Man unit F31, with 
the plutonium core, was completed in the early morning. At 2200, Fat Man was loaded on the B-29 
"Bock's Car". 

August 9, 1945 -
* 0347, Bock's Car takes off from Tinian, the target of choice is Kokura Arsenal. Charles Sweeney is 
pilot. Soon after takeoff he discovers that the fuel system will not pump from the 600 gallon reserve tank.
* 1044, Bock's Car arrives at Kokura but finds it covered by haze, the aimpoint cannot be seen. Flak and 
fighters appear, forcing the plane to stop searching. Sweeney turns toward Nagasaki, the only secondary 
target in range.
* Upon arriving at Nagasaki, Bock's Car has enough fuel for only one pass over the city even with an 
emergency landing at Okinawa. Nagasaki is covered with clouds, but one gap allows a drop several miles 
from the intended aimpoint.
* 11:02 (Nagasaki time) Fat Man explodes at 1650 +/- 33 feet (503 m) near the perimeter of the city with 
a yield of 22+/-2 kT. Due to the hilly terrain around ground zero, five shock waves were felt in the 



aircraft (the initial shock, and four reflections). 

Although Fat Man fell on the border of an uninhabited area, the eventual casualties still exceeded 70,000.
Also ground zero turned out to be the Mitsubishi Arms Manufacturing Plant, the major military target in 
Nagasaki. It was utterly destroyed. 

The 1987 reassessment of the Japanese bombings placed the yield at 21 kT. At the extreme estimate 
ranges for Little Boy and Fat Man (low for Little Boy, high for Fat Man), a ratio of nearly 2-to-1 has been
implied. The 1987 best estimate figures make Fat Man only about 40% larger than Little Boy (and 
possibly as little as 15% more). 

Using the 21 kT figure, the optimal burst height for Fat Man would have been about 3100 feet. The actual
burst height was optimal for 15 psi overpressure The burst height was sufficient to prevent any fallout 
over Japan. 

8.1.5 Availability of Additional Bombs

The date that a third weapon could have been used against Japan was no later than August 20. The core 
was prepared by August 13, and Fat Man assemblies were already on Tinian Island. It would have 
required less than a week to ship the core and prepare a bomb for combat. 

By mid 1945 the production of atomic weapons was a problem for industrial engineering rather than 
scientific research, although scientific work continued - primarily toward improving the bomb designs. 

The three reactors (B and D which went started up for production in December 1944, and F which started 
up February 1945) at Hanford had a combined design thermal output of 750 megawatts and were 
theoretically capable of producing 19.4 kg of plutonium a month (6.5 kg/reactor), enough for over 3 Fat 
Man bombs. Monthly or annual production figures are unavailable for 1945 and 1946, but by the end of 
FY 1947 (30 June 1947) 493 kg of plutonium had been produced. Neglecting the startup month of each 
reactor, this indicates an average plutonium production 5.6 kg/reactor even though they were operated at 
reduced power or even shut down intermittently beginning in 1946. 

Enriched uranium production is more difficult to summarize since there were three different enrichment 
processes in use that had interconnected production. The Y-12 plant calutrons also had reached maximum
output early in 1945, but the amount of weapon-grade uranium this translates into varies depending on the
enrichment of the feedstock. Initially this was natural uranium giving a production of weapon-grade 
uranium of some 6 kg/month. But soon the S-50 thermal diffusion plant began feeding 0.89% enriched 
uranium, followed by 1.1% enriched feed from the K-25 gaseous diffusion plant. The established 
production process was then: thermal diffusion (to 0.89%) -> gaseous diffusion (to 1.1%) -> alpha 
calutron (to 20%) -> beta calutron (up to 89%). Of these three plants, the K-25 plant had by far the 
greatest separation capacity and as it progressively came on line throughout 1945 the importance of the 
other plants decreased. When enough stages had been added to K-25 to allow 20% enrichment, the alpha 
calutrons were slated to be shut down even if the war continued. 

After Japan's surrender in August 1945, S-50 was shut down; the alpha calutrons followed in September. 
But K-25 was complete on August 15, and these shutdowns would have occurred in any case. At this 
point gaseous diffusion was incapable of producing weapon grade uranium, a planned "top plant" had 
been cancelled in favor of more beta calutrons. An expansion of K-25, called K-27, to produce a larger 
flow of 20% enriched feed was under construction and due to go in full operation by 1 February 1946. In 
October production had increased to 32 kg of U-235 per month. 

In November and December additional beta tracks went on line, and the percentage of downtime for all 
beta tracks fell, boosting production further. Between October 1945 and June 1946, these improvements 
led to a 117% increase in output at Oak Ridge, to about 69 kg of U-235 per month. 



It is very unlikely any more Little Boy-type bombs would have been used even if the war continued. 
Little Boy was very inefficient, and it required a large critical mass. If the U-235 were used in a Fat Man 
type bomb, the efficiency would have been increased by more than an order of magnitude. The smaller 
critical mass (15 kg) meant more bombs could be built. Oppenheimer suggested to Gen. Groves on July 
19, 1945 (immediately after the Trinity test) that the U-235 from Little Boy be reworked into 
uranium/plutonium composite cores for making more implosion bombs (4 implosion bombs could be 
made from Little Boy's pit). Groves rejected the idea since it would delay combat use. 

The improved composite core weapon was in full development at Los Alamos when the war ended. It 
combined two innovations: a composite pit containing both U-235 and Pu-239, and core levitation which 
allowed the imploding tamper to accelerate across an air gap before striking the pit, creating shock waves 
that propagated inward and outward simultaneously for more rapid and even compression. 

The composite pit had several advantages over using the materials separately:

* A single design could be used employing both of the available weapon materials.
* Using U-235 with plutonium reduced the amount of plutonium and thus the neutron background, while 
requiring a smaller critical mass than U-235 alone. 

The levitated pit design achieved greater compression densities. This permitted using 25% less than fissile
material for the same yield, or a doubled yield with the same amount of material. 

Production estimates given to Sec. Stimson in July 1945 projected a second plutonium bomb would be 
ready by Aug. 24, that 3 bombs should be available in September, and more each month - reaching 7 or 
more in December. Improvements in bomb design being prepared at the end of the war would have 
permitted one bomb to be produced for every 5 kg of plutonium or 12 kg of uranium in output. These 
improvements were apparently taken into account in this estimate. Assuming these bomb improvements 
were used, the October capacity would have permitted up to 6 bombs a month. Note that with the peak 
monthly plutonium and HEU production figures (19.4 kg and 69 kg respectively), production of close to 
10 bombs a month was possible. 

When the war ended on August 15 1945 there was an abrupt change in priorities, so a wartime 
development and production schedule did not continue. Development of the levitated pit/composite core 
bomb ground to a halt immediately. It did not enter the US arsenal until the late forties. Plans to increase 
initiator production to ten times the July 1945 level were abandoned. 

Fissile material production continued unabated after the S-50 and alpha calutron shutdowns though the 
fall, but plutonium shipments from Hanford were halted, and plutonium nitrate concentrates were 
stockpiled there. 

In early 1946, K-25 and K-27 were reconfigured to produce weapon grade uranium directly, but the 
extremely costly Y-12 beta tracks continued to operate until the end of 1946. By that time Y-12 had 
separated about 1000 kg of weapon grade uranium. From this point on gaseous diffusion enriched 
uranium was the mainstay of weapon grade fissile material production in the US, dwarfing plutonium 
production, until highly enriched uranium production for weapons use was halted in 1964. 

The Hanford reactors accumulated unexpected neutron irradiation damage (the Wigner effect) and in 
1946 they were shut down or operated at reduced power. If war had continued they both would have been
pushed to continue full production regardless of cost or risk. 

The effects of these priority changes can be seen in the post war stockpile. Although Los Alamos had 60 
Fat Man units - that is the non-nuclear components to assemble complete Fat Man bombs - on hand in 
October 1945, the US arsenal after had only 9 actual Fat Man type bombs in July 1946, with initiators for
only 7 of them. In July 1947 the arsenal had increased to 13 bombs. There was probably sufficient fissile 
material on hand for over 100 bombs though. 



8.2 The First Hydrogen Bombs

The discovery of fusion reactions arose early in the Twentieth Century out of the growing understanding 
of atomic physics. By the early 20s it was realized that hydrogen fusion was the source of the sun's power
output, although the details were still obscure. This work culminated in the paper published by Hans 
Bethe in Physical Review in 1939 describing the role of fusion reactions in the sun, for which he received 
the Nobel Prize in Physics in 1967. 



8.2.1 Early Research on Fusion Weapons



The possibility of creating weapons employing 
thermonuclear fusion reactions was not seriously 
considered until after the discovery of fission. 
Almost immediately physicists around the world 
realized that fission explosions generating high 
temperatures might be possible, but a few years 
passed before the idea of using these temperatures 
to ignite fusion reactions was suggested. While 
working on atomic bomb research in September 
1941, Enrico Fermi mused to Edward Teller ("out 
of the blue") whether a fission explosion could 
ignite a fusion reaction in deuterium. After some 
study Teller concluded that it is impossible and 
although no further work on the subject followed 
for awhile, this conversation began Teller's 
eventual obsession with fusion bombs.

Research into the possibility of fusion weapons 
took an irregular and halting journey from the 
time of Fermi and Teller's conversation until 
bombs were actually built in the early 1950s. 
During WW II there was an initial surge of 
interest once fission bomb physics was fairly well 
understood. After preliminary theoretical 
investigation it was realized that much better 
experimental data was needed, and a fusion 
research program was included in the Manhattan 
Project at Los Alamos. Continuing theoretical 
investigations took repeated turns towards 
optimism, then pessimism, and back again. As the 
difficulty of the enterprise came clear, its priority 
was steadily downgraded. Teller on the other hand
grew so captivated by the problem that he became 
unable to fulfill his duties at Los Alamos, was 
relieved of all technical leadership responsibilities,
and was eventually transferred to a separate study 
group to prevent him from interfering in the work 
of others on the atomic bomb. 

During July-September 1942 Oppenheimer's 
theoretical study group (Oppenheimer, Bethe, 
Teller, John Van Vleck, Felix Bloch, Robert 
Serber, and Emil Konopinski) in Berkeley 
examined the principles of atomic bomb design, 
and also considered the feasibility of fusion 
bombs. Megaton range fusion bombs were 
considered highly likely.

April, 1943 - During the initial organization effort 
at Los Alamos, Bethe is selected over Teller to 
head the Theoretical Division. Teller is soon 
placed in charge of lower priority research on 
fusion weapon design (designated the Super), but 
remains responsible for much theoretical work on 
the fission weapon as well.

In The Making of the Atomic Bomb (1986), Richard 
Rhodes reported that Tokutaro Hagiwara at the 
University of Kyoto was the first person to conceive 
of igniting a thermonuclear reaction based on a single
statement translated from a hand-written summary of 
a speech given by Hagiwara on 23 May 1941. The 
statement read: "If by any chance U-235 could be 
manufactured in a large quantity and of proper 
concentration, U-235 has a great possibility of 
becoming useful as the initiating matter for a quantity
of hydrogen."
Hagiwara himself never claimed any credit for 
conceiving this, and in June 1999 a copy of the 
original speech was obtained from Hagiwara's 
daughter. Upon examination it was discovered that a 
kanji character substitution had occurred in hand-
copying the original speech text, changing "super" to 
"initiating". The actual text stated: "If in some way it 
becomes possible to manufacture a fairly large 
amount of U-235 and mix it with a suitably 
concentrated hydrogen on an appropriate scale, the U-
235 is expected to have a high probability of causing 
a super explosion." This refers to the incorrect idea 
that an atomic explosion requires a moderator, which 
was held by many early investigators of atomic 
weapons.

Shuji Fukui, Tetsuji Imanaka, James C. Warf, The 
Bulletin of the Atomic Scientists, Vol. 56, No. 4, July/
August 2000, p. 5, 65.

Historical footnote: During World War II, the idea 
occurred in Germany that convergent shock waves 
and collapsing shells might focus enough energy to 
allow conventional high explosives to ignite limited 
fusion reactions. This idea was probably inspired by 
Gudderly's work in converging shock waves, and 
certainly by the Allied attempts to destroy the heavy 
water plant at Vemork, Norway. Since German 
physicists considered fission weapons to be beyond 
reach during the current war, they concluded that the 
Allied interest in heavy water must be due its 
application in high explosive weapons. The Germans 
actually checked craters left by the British "Grand 
Slam", the largest conventional bomb dropped during 
the war, to discover whether its unusual power was 
due to fusion boosting. Researchers in the U.S., 
Russia, Poland and Canada have successfully 
generated fusion neutrons through convergent shock 
waves. No one has ever released significant amounts 
of energy this way, although the theoretical 
possibility of doing so remains. 



February, 1944 - The Los Alamos Governing Board reevaluates deuterium fusion research and 
determines that tritium would be necessary to make an explosive reaction. Priority of fusion bomb work is
further downgraded. 

May, 1944 - Teller is removed entirely from the Theoretical Division to prevent his interference with 
fission bomb work. He is placed in charge of a small independent group for fusion research. 

At the end of the war most of Los Alamos' scientific and technical talent, and virtually all of its 
leadership, left for civilian careers. Teller was among those who left. For a period of time very little 
progress on weapon research of any kind occurred. A conference, chaired by Teller, was held in April 
1946 to review the wartime progress on the Super. 

The design at that time was for a gun-type uranium fission bomb to be surrounded by about a cubic meter 
of liquid deuterium, with the whole assembly being encased in a heavy tamper. A large but undetermined 
amount of tritium would be required to ignite the reaction. If the amount of tritium required was too large,
then the bomb would be impractical. Since the fusion of one T atom releases 8% the energy of the fission 
of a Pu-239 atom, with which it competes for neutrons in production reactors, the energy boost from D+D
fusion must be considerably more than a factor of 10 greater than that released by the tritium starter fuel 
before the Super could be worthwhile. 

The assessment at the time of the conference was that the Super was basically sound, but that more 
detailed calculations would be required verify it. Also present at the conference was Klaus Fuchs, who 
was spying for the Soviet Union. The Soviets thus were well informed about American interest and 
optimism about fusion weapons. 

In mid-1946 Teller developed an idea he called the Alarm Clock. This involved the use of fusion fuel, 
specifically lithium-6 deuteride inside a uranium tamper of an implosion fission bomb. The idea was that 
the fission neutrons would breed tritium form the lithium, and fission energy would compress and heat the
fusion fuel and ignite a reaction. A fusion-fission chain reaction would then proceed between the fusion 
fuel and tamper until the bomb disassembled. 

By the end of 1946 Teller thought the Alarm Clock idea unpromising. In his September 1947 
memorandum "On the Development of Thermonuclear Bombs" he was pessimistic about Alarm Clock's 
potential, but felt that it, like the Super were possible and required further study. Due to limitations in 
computing devices then available, he proposed delaying further work on both approaches for two years. If
work had proceeded on the Alarm Clock design at this time the U.S. could probably have tested a device 
similar to Joe 4 (see below) before the end of 1949. 

In the four years following the end of the war about 50% of the Los Alamos Theoretical Division's effort 
went into studying the Super, although its size and talent were much reduced from wartime levels. The 
absence of good calculating machines hampered the massive numerical computations that were required 
and greatly slowed progress. 

By 1949 the Cold War was in full swing, with the Berlin blockade and Communist governments seizing 
control throughout Eastern Europe. This included Teller's homeland of Hungary, where much of his 
family still lived. Early in the summer of 1949 he thus rejoined Los Alamos to pursue the Super. On 
August 29 the first Soviet atomic bomb, code named RDS-1 and called Joe 1 by US intelligence, was 
exploded breaking the US nuclear weapon monopoly. 

Up to this time the more detailed work on the classical Super design had showed that it was marginal at 
best. The large amounts of tritium required made it extremely expensive for the yield produced, and it 
was not even certain that the design would work at all. Teller remained optimistic however. During the 
next few months Robert Oppenheimer, as head of the Atomic Energy Commission's General Advisory 
Council (GAC) consistently opposed accelerating work on the Super due to its demonstrated 
shortcomings. 



Despite this, on 31 January 1950, Pres. Truman announced that the US would proceed to develop 
hydrogen bombs. A couple of weeks after Truman's announcement, Teller issued a 72 page update of "On
the Development of Thermonuclear Bombs". In this paper he again regarded both the Super and Alarm 
Clock as viable candidates for weapons development, but again proposed delaying decision on full scale 
development of either for another two years. 

At this time Soviet research on the subject was already well underway, focusing on the Sakharov-
Ginsberg version of the Alarm Clock concept which they called the Layer Cake. A special department 
was set up in March 1950 to proceed with actual Layer Cake weapon development. 

By February 1950, immediately after Truman's decision, Stanislaw Ulam had discovered by hand 
calculation that even more immense amounts of tritium than previously believed would be necessary for 
the Super to have any chance of success. When Ulam and Cornelius Everett completed more detailed 
computations on June 16, the design even these huge amounts of tritium appeared to be inadequate. 
Additional analysis by Ulam and Enrico Fermi nailed the coffin shut on the classical Super. When John 
Von Neumann's newly invented ENIAC began doing extensive calculations on the problem later in the 
year, the negative results were simply piling more dirt on the grave. Until early 1951 real progress on 
hydrogen bomb development was impossible because no one knew how to proceed. 

8.2.2 Design and Testing of the First Fusion Weapons

In January 1951, Ulam broke the barrier to progress by inventing the idea of staging: using the energy 
released by an atomic bomb primary to compress an external fuel capsule. He initially developed the idea 
as a means to create improved fission bombs, the second stage being a mass of fissionable material. By 
late in the month he realized that the powerful compression that was possible would overcome the 
obstacles to efficient large scale fusion reactions. By multiple staging, bombs of virtually unlimited size 
could be created. 

This key idea was not sufficient by itself. Before a workable design could be developed a scheme was 
needed for generating efficient compression using this energy flux, as was a means for igniting the fuel 
once it was compressed. Ulam's idea was to use the neutron flux or the hydrodynamic shock wave of the 
expanding bomb core to achieve compression. Working with Ulam, Teller added additional refinements 
to this insight during the month of February. Teller's principal contribution during this period was 
realizing that the thermal radiation flux from the primary was a more promising means of generating the 
necessary implosive forces. On 9 March 1951, Ulam and Teller jointly wrote a report, _On 
Heterocatalytic Detonations I. Hydrodynamic Lenses and Radiation Mirrors_, that summarized these 
ideas. 

From this point on Teller increasingly began to claim exclusive credit for the breakThrough, and 
eventually came to deny that Ulam had made any original or significant contribution. 

Later in March Teller added an important additional element to the radiation implosion scheme. Adapting
Ulam's idea to use staged implosion to trigger a fission reaction, Teller suggested placing a fissile mass in
the center of the fusion fuel. The convergent shock wave would compress this to supercriticality upon 
arriving at the center, making it act as a "spark plug" to ignite the fusion reaction. This idea is perhaps not
strictly necessary, the convergent shock wave will generate very high temperatures in the center any way 
and might suffice to initiate fusion as it does in modern laboratory inertial confinement fusion 
experiments. 

Since the continuing compression on the fusion fuel would act to confine the fission spark plug, this final 
combined design concept was termed the "equilibrium thermonuclear". Teller wrote this idea up in a 
report on 4 April, 1951. 

It was only in April 1951 that the necessary physical principles were in hand to allow the development 



and testing of an actual hydrogen bomb to go forward. More computations were required to design the 
device than for any other project in human history up to this point (made possible by the recent invention 
of the programmable computer). The elapsed time from this point until the detonation of the Mike device 
was less than 19 months, an achievement as remarkable in its own way as the Manhattan Project. 

In April 1951 experiments with fusion reactions and atomic bombs were already being prepared by the 
US as part of the Greenhouse test series, including a test of the idea of fusion boosting. The Greenhouse 
George test in particular provided a valuable opportunity to evaluate the Teller-Ulam ideas by allowing 
the observation of radiation effects in heating and compressing (although not imploding) an external mass
of fusion fuel. 

Since there are several known designs for incorporating fusion reactions into weapons we come to a 
question that is largely a matter of definition: Which design qualifies as a *true* hydrogen bomb? I will 
not try to debate this issue here (see Section 11: Questions and Answers), instead I am including 
descriptions of all of the significant tests that lead to the development and deployment of early 
thermonuclear weapons. 

The tests are listed in chronological order. Each is followed by a brief discussion of its significance to 
weapons development. 

Greenhouse George
Detonated 5/9/51 at 0930 (local time) on a 200 ft tower on Ebireru/Ruby island at Eniwetok atoll.
Total yield: 225 kT 
George was a test of a pure fission bomb, and the highest yield bomb tested up to that time. The bomb 
was a cylindrical implosion U-235 bomb, perhaps based on a design by physicist George Gamow. An 
experiment called the Cylinder device was piggy-backed on George to test the ignition of a thermonuclear
reaction. The cylindrical implosion design allowed the fusion experiment to be heated directly by the pit 
without the shielding effects of a high explosive layer, and avoided disruption by expanding detonation 
gases. A deuterium-tritium mixture external to the large fission core was ignited by the thermal flux, and 
produced detectable fusion neutrons. This was the first ignition of a thermonuclear reaction by an atomic 
bomb. Rhodes, in _Dark Sun_, estimates the fusion energy yield as 25 kT, although the mass of fuel 
given ("less than an ounce") is at a factor of 12 too small for this. Other sources simply give the fusion 
yield as "small". This approach provided no prospect for development into a high yield thermonuclear 
weapon. This test fortuitously provided useful data for evaluating the Teller-Ulam design which had been 
devised two months prior. 

Greenhouse Item
Detonated 5/25/51 at 0617 (local time) on a 300 ft tower on Engebi/Janet island at Eniwetok atoll.
Total yield: 45.5 kT 
First test of a boosted fission device. A deuterium-tritium mixture in the U-235 bomb core boosted fission
yield by 100% over its expected unboosted yield. This innovation was eventually incorporated into most 
or all strategic weapons, but the fusion yield was negligible and overall yield was still limited by the 
capabilities of fission designs. 

Ivy Mike
Detonated 11/1/52 at 0714:59.4 +/- 0.2 sec (local time) at ground level on Elugelab/Flora island at 
Enewetak atoll.
Total yield: 10.4 megatons.
This was the first test of the Teller-Ulam (or Ulam-Teller) configuration. The Mike device used liquid 
deuterium as the fusion fuel. It was a massive laboratory apparatus installed on Elugelab Island in the 
Enewetak Atoll consisting of a cylinder about 20 feet high (more exactly 243.625 inches or 6.19 m), 6 ft 8
in wide, and weighing 164,000 lb (including attached diagnostic instruments); also said to weigh 140,000 
lb without "the cryogenic unit" (this may mean the casing by itself). It was housed in an open hanger-like 
structure 88 ft x 46 ft, and 61 ft high, where assembly started in September of 1952. 

The Mike device consisted of a massive steel cylinder with rounded ends, a TX-5 implosion bomb at one 



end acted as the primary, and a giant stainless steel dewar (thermos) flask holding several hundred liters 
of liquid deuterium surrounded by a massive natural uranium pusher/tamper constituted the secondary 
fusion stage (know as the "Sausage"). 

The welded steel casing was lined with a layer of lead. A layer of polyethylene several centimeters thick 
was attached to the lead with copper nails. This layer of plastic generated plasma pressure during the 
implosion. 

The Sausage consisted of a triple-walled stainless steel dewar. The inner most wall contained the liquid 
deuterium. Between this wall and the middle wall was a vacuum to prevent heat conduction. Between the 
middle wall and the outer wall was another vacuum, and a liquid nitrogen-cooled thermal radiation shield 
made of copper. 

To reduce thermal radiation leakage even further, the uranium pusher (which was oxidized to a purple-
black color, making it an excellent thermal radiator) was lined with gold leaf. 

Down the axis of the dewar, suspended in the liquid deuterium was a plutonium rod that acted as the 
"spark plug" to ignite the fusion reaction once the compression shock wave arrived at the center. It did not
run the entire length of the dewar, but was supported at each end by axial columns. The spark plug was a 
boosted fission device, it was hollow and was charged with a few grams of tritium/deuterium gas (which 
of course liquified once the dewar was charged with liquid deuterium). 

The Mike device had a conservative design. The external casing was made of steel and was 
extraordinarily thick (usually described as "a foot thick", but more likely 10 inches to be consistent with 
the weight) to maximize the confinement of the radiation induced pressure inside. The interior diameter 
was thus about 60 inches. A very wide radiation channel was provided around the secondary stage to 
minimize thermal gradients, and to make success less dependent on sophisticated analysis. Due to the low
density of liquid deuterium, and the necessity of thermal insulation, the secondary itself was quite 
voluminous which, when combined with the wide channel between the secondary and the casing led to 
the 80 inch diameter. The massive casing accounted for most of Mike's weight (about 85%). 

The TX-5 device was an experimental version of the implosion system that was also deployed as the Mk-
5 fission bomb. It used a 92 point ignition system, that is, 92 detonators and explosive lenses were used to
make the spherical imploding shock wave. This allows the formation of the implosion shock wave with a 
thinner layer of explosive than earlier designs. The TX-5 was designed to use different fission pits to 
allow variable yields. The highest reported yield for a TX-5 test was Greenhouse Easy at 47 kT on 20 
April 1951, with a 2700 lb device. The smaller mass compared with earlier designs kept the temperature 
higher and allowed thermal radiation to escape more quickly from the primary, thus enhancing the 
radiation implosion process. If the Easy configuration was used in Mike, then the secondary 
fusion/primary yield ratio was 50/1. The deployed Mk-5 had an external diameter of 43.75 inches, the 
TX-5 would have been substantially smaller since it lacked the Mk-5 bomb casing. 

Three fuels were considered for Mike: liquid deuterium, deuterated ammonia (ND3), and lithium 
deuteride. The reason for choosing liquid deuterium for this test was primarily due to two factors: the 
physics was simpler to study and analyze, and extensive studies had already been conducted over the 
previous decade on pure deuterium fuel. The desirability of lithium-6 deuteride as a fuel was known, but 
sufficient Li-6 could not be produced in time to make the November 1952 target date (in fact construction
of the first lithium enrichment plant had just begun at the time of the test). 

Liquid deuterium produces energy through four reactions: 

1. D + T -> He-4 + n + 17.588 MeV 
2. D + D -> He-3 + n + 3.268 MeV 
3. D + D -> T + p + 4.03 MeV 
4. He-3 + D -> He-4 + p + 18.34 MeV 



For Mike to function successfully, densities and temperatures in the secondary sufficient to ignite 
reactions 2 and 3 were required. This requires densities hundreds of times normal, and temperatures in the
tens of millions of degrees K (say, 75 g/cm^3 and 3x10^7 K). 

Since the reaction cross section of 1 is some 100 times higher than the combined value of 2 and 3 the 
tritium is burned as fast as it is produced, contributing most of the energy early in the reaction. Reaction 
4, on the other hand, requires temperatures exceeding 200 million K before its cross section becomes 
large enough to contribute significantly. Whether sufficient temperatures are reached and quantities of 
He-3 are produced to make 4 a major contributor depends on the combustion efficiency (percentage of 
fuel burned). 

If only reactions 1-3 contribute significantly, corresponding to the combustion of 25% of the deuterium 
fuel or less, then the energy output is 57 kT/kg. If reaction 4 contributes to the maximum extent, the 
output is 82.4 kT/kg. The maximum temperature generated by an efficient burn reaches 350 million K. 

The fission fraction for Mike was quite high - 77%. The total fusion yield was thus 2.4 megatons, which 
corresponds to the efficient thermonuclear combustion of 29.1 kg of deuterium (172 liters), or the 
inefficient combustion of 41.6 kg (249 liters). The total fission yield was 7.9 megatons, the fission of 465 
kg of uranium. All but some 50 kT of this was due to fast fission of the uranium secondary stage tamper 
by fusion neutrons, a 3.3 fold boost. 

The amount of deuterium actually present in Mike was no more than 1000 liters, which is the amount of 
liquid deuterium handled by Operation Ivy. In fact, it was probably substantially less than this since 
excess LD2 was undoubtedly brought along in case leakage or other losses occurred. 

Prior to test, Mike's yield was estimated at 1-10 megatons, with a most likely yield of 5 Mt, but with a 
remote possibility of yields in the range of 50-90 Mt. The principal uncertainties here would have been 
the efficiency of the fusion burn, and the efficiency with which the tamper captured neutrons. Both of 
these factors are strongly influenced by the success of the compression process. The fusion efficiency 
involved novel and complex physics which could not be calculated reliably even if the degree of 
compression were known. The physics for determining the efficiency of neutron capture on the other 
hand were well understood and could be calculated if the conditions could be predicted. 

The upper limit estimate provides some insight into the mass of the uranium fusion tamper. Presumably 
the 90 Mt figure was calculated by assuming complete fusion and fission of all materials in the secondary.
If 1000 liters of deuterium were burned with complete efficiency, the yield would be 13.9 Mt. Fission 
must account for 76.1 Mt, corresponding to a uranium tamper mass of 4475 kg. Lower amounts of 
deuterium would lead to higher tamper estimates (a ratio of 0.82 kg of U for each liter of LD2). 

The detonation of Mike completely obliterated Elugelab, leaving an underwater crater a 6240 feet wide 
and 164 ft deep in the atoll where an island had once been. Mike created a fireball 3 miles wide; the 
"mushroom" cloud rose to 57,000 ft in 90 seconds, and topped out in 5 minutes at 135,000 ft - the top of 
the stratosphere- with a stem eight miles across. The cloud eventually spread to 1000 miles wide, with a 
stem 30 miles across. 80 million tons of soil were lifted into the air by the blast. 

TX-16/EC-16
The Mike design was actually converted into a deliverable weapon, demonstrating that lithium deuteride 
is not essential to making a usable weapon. The weaponized design, designated the TX-16, went into 
engineering development in June 1952 (5 months before the Ivy Mike test). The design eliminated the 
cryogenic refrigerator, reduced the weight of the tamper, drastically reduced the dimensions and mass of 
the casing, used a lighter and less powerful primary, and pared the weight in other areas. The expected 
yield was reduced to 7 Mt. The device was about 60 inches in diameter, 25 ft long, and weighed 30,000 
lb. This weapon design would have been filled with liquid deuterium at a cryogenic filling station before 
take-off, a reservoir in the weapon held sufficient liquid hydrogen to replace boil-off losses during flight. 
Components for about five of these bombs were built in late 1953, and had reached deplyment by the time
of the Castle tests. 



A unit of the TX-16, code named Jughead, was slated for proof test detonation on 22 March 1954 as part 
of the Castle series, prior to its expected deployment as the EC-16 (Emergency Capability) gravity bomb 
in May 1954. The excellent results with the solid-fueled Shrimp device in the Castle Bravo test on 1 
March(see below) resulted in the cancellation of this test, and then of the entire EC-16 program on 2 April
1954. 

Soviet Test: Joe 4/RDS-6s
Detonated: 12 August 1953, on a tower at Semipalatinsk in Kazakhstan
Total yield: 400 kilotons
This was the fifth Soviet trest, and first Soviet test of a weapon with substantial yield enhancement from 
fusion reactions. This bomb (designated RDS-6s) did not employ the Teller-Ulam configuration, instead it
used the "Sloika" design invented by Andrei Sakharov and Vitalii Ginzburg. A sloika is a layered Russian
pastry, rather like a napoleon, and has thus been translated as "Layer Cake". The design was first invented
in the United States by Edward Teller (who called it "Alarm Clock") but it was not developed into a 
weapon there. 

This design is based on a combination of what Sakharov has called the "First and Second Ideas". The 
First Idea, developed by Sakharov, calls for using a layer of fusion fuel (deuterium and tritium in his 
original concept) around a fission primary, with an outermost layer of U-238 acting as a fusion tamper. 
The U-238 tamper confines the fusion fuel so that the radiation-driven shock wave from the fission core 
can efficiently compress and heat the fusion fuel to the ignition point, while the low conductivity of the 
fusion tamper prevents heat loss and at the same time yields addition energy from fast fission by the 
fusion-generated neutrons. The Second Idea, contributed by Ginzburg used lithium-6 deuteride (with 
some tritium) as the fusion fuel. Being a solid, this is a convenient material for designing a bomb, and it 
also produces additional tritium from fission neutrons through the Li-6 + n reaction. This establishes a 
coupled fission -> fusion -> fission chain reaction in the U-238 tamper, with the fusion fuel acting in 
effect as a neutron accelerator. Larger bombs can be created by placing additional successive layers of Li-
6 D and U around the bomb. The device tested in 1953 probalby had two layers. 

A small U-235 fission bomb acted as the trigger (about 40 kT). The total yield was 400 kT, and 15-20% 
of the energy was released by fusion, and 90% due directly or indirectly to the fusion reaction. 

A few weeks before the test it was belatedly realized that despite the sparse population of the area around 
Semipalatinsk, a serious fallout hazard nonetheless existed for tens of thousands of people. The options 
were to carry out a mass evacuation or delay the test until an air-dropped system could be arranged, which
would take at least six months. Rather than delay the test, a hasty evacuation was conducted. [Note: This 
implies that the Layer Cake was not available as a usable weapon until after Feb. 1954, a time at which 
the US had actually deployed the EC-14, a megaton-range lithium deuteride fueled Teller-Ulam design. 
See the Castle Union test below.] 

Castle Bravo 
Detonated: 1 March 1954 (0645 local time) on reef 2950 ft off of Nam/Charlie island, Bikini Atoll
Total yield: 15 megatons
The Shrimp device detonated in the Bravo test was the first test of a Teller-Ulam configuration bomb 
fueled with lithium deuteride. This became the standard design for all subsequent hydrogen bombs 
(including Soviet designs). Shrimp was a cylinder 179.5 in long, and 53.9 in wide, weighing 23,500 lb. 
The lithium in Shrimp was enriched to a level of 40% Li-6. The predicted yield of this device was only 6 
Mt (range 4-6 Mt), but the production of unexpectedly large amounts of tritium through the fast neutron 
fission of Li-7 boosted the yield to 250% of the predicted value, making it the largest bomb ever tested by
the US (and destroying much of the measuring equipment). The fission yield was 10 Mt, the fusion yield 
was 5 Mt for a fusion fraction of 33%. 

The explosion created a 6000 ft crater, 240 ft deep in the atoll reef. The cloud top rose to 114,000 ft. 

The Bravo test created the worst radiological disaster in US history. Due to failure to postpone the test 
following unfavorable changes in the weather, combined with the unexpectedly high yield, the 



Marshallese Islanders on Rongerik, Rongelap, Ailinginae, and Utirik atolls were blanketed with the 
fallout plume. They were evacuated on March 3 but 64 Marshallese received doses of 175 R. In addition, 
the Japanese fishing vessel Daigo Fukuryu Maru (Fifth Lucky Dragon) was also heavily contaminated, 
with the 23 crewmen received exposures of 300 R (one later died from complications). The entire Bikini 
Atoll was contaminated to varying degrees, and many operation Castle personnel were subsequently over-
exposed as a result. After this test the exclusion zone around the Castle tests was increased to 570,000 
square miles, a circle 850 miles across (for comparison this is equal to about 1% of the entire Earth's land 
area). 

The two stage device Shrimp design was used as the basis for the Mk-21 bomb. The weaponization effort 
began on 26 March, only three weeks after Bravo. By mid April the military characteristics were defined. 
On 1 July an expedited schedule for deployment was approved. The use of the final fast fission stage was 
apparently eliminated. After a number of efforts to reduce the weight, the design seems to have stabilized 
in mid-July 1955 with a projected yield of 4 megatons (subsequently tested at 4.5 megatons in Redwing 
Navajo, 95% fusion, 11 July 1956). Quantity production began in December 1955 and ended in July 1956
with 275 units being produced. The Mk 21 weighed about 15,000 lb; it was 12.5 ft long, and 56 in. in 
diameter. During June-November 1957 it was converted to the Mk 36 design. 

Castle Romeo
Detonated 27 March 1954 on barge in Bikini atoll lagoon near Bravo test site at 0630:00.4 (local time).
Total yield: 11 megatons
The Runt I device (the second in the Castle series) was another solid fueled two stage design. This device 
was 224.9 in. long, 61.4 in. in diameter, and weighed 39,600 lb. The fuel for Runt was natural lithium 
deuteride, a major advantage considering the high cost of lithium-6 enrichment. It exceeded its predicted 
yield by an even larger margin than Bravo, with a most probable yield of 4 Mt out of a 1.5-7 Mt range. 
This is consistent with the higher proportion of Li-7, compared to Bravo. The fission yield was 7 Mt, for a
fusion fraction of 36%. 

The Runt I and Runt II devices (seen Castle Yankee below) were design tests for the EC-17 and EC-24 
bombs respectively. These two weapons were very similar (externally identical, similar internal 
configurations, but with different primaries). They were the most powerful weapons ever built by the US, 
with predicted yields of 15-20 megatons, and were also the largest and heaviest bombs ever deployed by 
the US The Mk 17/24 (as the deployed versions were eventually designated) was 24 ft. 8 in. long, with a 
61.4 in. diameter, and a weight of 41,400-42,000 lb (30,000 lb of this was the 3.5 in. steel casing). 

Although the initial work on these weapons dates at least to Feb. 1953, they went into development 
engineering in Oct. 1953. The EC-17 and EC-24 became the second and third models of hydrogen bomb 
to enter the US arsenal. From April to September in 1954 EC-17 and EC-24 bombs were stockpiled (5 
EC-17, and 10 EC-24). These bombs were removed in October, modified for better safety features and 
with drogue parachutes for slower fall, and returned to duty as the Mk 17 Mod 0 and Mk 24 Mod 0 in 
November 1954. These weapons went through two subsequent modifications, and stockpiles reached 200 
Mk 17s and 105 Mk 24s during the October 1954 - November 1955 production run. The Mk 24s were 
retired in Sept-Oct 1956; the Mk 17s were retired between Nov. 1956 and Aug. 1957. 

Castle Union
Detonated 26 March 1954 (0610:00.7 local time) on barge in Bikini atoll lagoon off Yurochi Island.
Total yield: 6.9 megatons
This was actually the fourth test in the Bravo series (the third test - Koon - failed when the fusion stage 
did not ignite). This was the test of the EC-14 Alarm Clock bomb (unrelated to Teller's earlier Alarm 
Clock concept), which was the first hydrogen bomb actually to enter the US arsenal and the first Teller-
Ulam bomb ever to be deployed anywhere. This was a solid fueled two stage device using 95% enriched 
lithium-6. It also exceeded expectations, the predicted yield was 3-4 Mt (range 1-6 Mt). The fission yield 
was 5 Mt for a fusion fraction of 28%. The tested device had a length of 151 in., a diameter of 61.4 in,. 
and weighed 27,700 lb. 

The TX-14 Alarm Clock went into development engineering in August 1952, and procurement was 



approved in mid-September (some 6 weeks before Mike had even been tested). The first EC-14 weapons 
were produced in Feb. 1954, two months prior to test of the design. The design was simple but had very 
poor safety features. A total of 5 were deployed, this low figure can probably be attributed to scarcity of 
Li-6 at the time. Safety could presumably have been improved through retrofitting, but the high cost of 
these weapons probably led to their rapid retirement. They were removed from the arsenal in October 
with the deployment of the EC-17. The Mk 14 (its final deployed designation) had a diameter of 61.4 in., 
a length of 18 ft. 6 in., and weighed 28,954 lbs. After refitting with a drogue parachute its weight 
increased to 29,851 lbs. 

Castle Yankee
Detonated 5 May 1954 (0610:00.1 local time) on barge in Bikini atoll lagoon, above the Union crater.
Total yield: 13.5 megatons
The Runt II device was very similar to Runt I, mostly differing in the design of the primaries. The fuel for
Runt II was also natural lithium deuteride. It also exceeded its predicted yield, with a most probable yield 
of 8 Mt out of a 6-10 Mt range. See Castle Union for a discussion of weapons derived from this test. This 
device was 225 in. long, 61 in. in diameter, and weighed 39,600 lb. The fission yield was 7 Mt for a 
fusion fraction of 48%. 

Soviet Test No. 19 Test 11/22/55 (No common name) Detonated 11/22/55
Total yield: 1.6 megatons
The first Soviet test of a Teller-Ulam/Sakharov Third Idea bomb. It used radiation implosion to detonate a
lithium deuteride fueled capsule. This was the world's first air-dropped fusion bomb test. After this test 
the Soviet Union used radiation implosion bombs as the basis for their strategic arsenal. Exploded 
underneath an inversion layer, the refracted shock did unexpected collateral damage, killing three people. 
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10.0 Chronology For The Origin Of Atomic Weapons
A proper history of the Manhattan Project, and the development of the first atomic bombs, is beyond the 
scope of this FAQ. I have included here a chronological listing of events and milestones leading up to the 
use of atomic weapons against Japan. Brief explanatory notes are inserted to provide some context and 
interpretation. The interested reader is directed to several excellent books available (see bibliography), 
particularly the Pulitzer Prize winning book by Rhodes, and Critical Assembly: A Technical History of 
Los Alamos During the Oppenheimer Years 1943-1945, from whom the bulk of the material for this 
timeline was extracted. 

The timeline is divided into several epochs which seem to me to be naturally separated by critical events. 
Each epoch begins with a short summary of the key themes that characterize it. Although this is a strict 
chronology which list events that are more or less datable, occasional paragraphs are interspersed 
summarizing the thrust of events. 

• 10.1 Early History of Nuclear Weapon   
• 10.2 The Discovery of Fission and Its Properties   
• 10.3 Organizing to Investigate Atomic Weapons   
• 10.4 Organizing to Develop Atomic Weapons   
• 10.5 The Manhattan Project - The Work Begins in Earnest   
• 10.6 Racing Against Victory - The Final Year   
• 10.7 Chronology of Atomic Weapons in the Soviet Union   

10.1 Early History of Nuclear Weapons

*** From 1920 To December 1938 ***

During this epoch the basic physics upon which the discovery of fission would be based were worked out.
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June 3, 1920 - Ernest Rutherford speculates on the possible existence and properties of the neutron in his 
second Bakerian Lecture, London. 

December 28, 1931 - Irene Joliot-Curie reports studying penetrating particles produced by beryllium 
when bombarded by alpha rays. She believes the particles, which are actually neutrons, to be energetic 
gamma rays. 

February 7 to 17, 1932 - In a series of experiments James Chadwick demonstrates the existence of the 
neutron. 

September 12, 1933 - Leo Szilard conceives the idea of using a chain reaction of neutron collisions with 
atomic nuclei to release energy. He also considers the possibility of using this to make bombs. This 
predates the discovery of fission by more than five years. 

May 10, 1934 - Enrico Fermi's research group publishes a report on experiments with neutron 
bombardment of uranium. Several radioactive products are detected. 

July 4, 1934 - Leo Szilard files patent application describing the use of neutron induced chain reactions to
create explosions, and the concept of the critical mass. 

September, 1934 - Ida Noddack publishes a paper in _Zeitshrift fur Angewandte Chemie_ arguing that 
the anomalous radioactivities produced by neutron bombardment of uranium may be due to the atom 
splitting into smaller pieces. 

October 22, 1934 - Enrico Fermi discovers the principle of neutron moderation, and the enhanced capture 
of slow neutrons. 

October 8, 1935 - The British War Office rejects Szilard's offer to turn over to them his patents of nuclear
energy for free, an offer made to bring them under British secrecy laws. 

December, 1935 - Chadwick wins Nobel Prize for discovery of the neutron. 

February, 1936 - The British Admiralty accepts Szilard's offer to turn over his patents. 

10.2 The Discovery of Fission and Its Properties

*** From December 1938 To September 1939 ***

This period, initiated by the discovery of fission by Hahn, was marked by preliminary investigation the 
properties and principles of fission. There was also substantial speculation about the possible uses of 
fission, but without firm experimental support for making projections. 

December 21, 1938 - Otto Hahn submits paper to _Naturwissenschaften_ showing conclusive evidence of
the production of radioactive barium from neutron irradiated uranium, i.e. evidence of fission. 

January 13, 1939 - Otto Frisch observes fission directly by detecting fission fragments in an ionization 
chamber. With the assistance of William Arnold, he coins the term "fission". 

Mid January, 1939 - Leo Szilard hears about the discovery of fission from Eugene Wigner. He 
immediately realizes that the fission fragments, due to their lower atomic weights, would have excess 
neutrons which would have to be shed. 

January 26, 1939 - Niels Bohr publicly announces the discovery of fission at an annual theoretical physics
conference at George Washington University in Washington, DC. 



January 29, 1939 - Robert Oppenheimer hears about the discovery of fission, within a few minutes he 
realizes that excess neutrons must be emitted, and that it might be possible to build a bomb. 

February 5, 1939 - Niels Bohr realizes that U-235 and U-238 must have different fission properties, that 
U-238 could be fissioned by fast neutrons but not slow ones, and that U-235 accounted for observed slow 
fission in uranium. 

At this point there were too many uncertainties about fission to see clearly whether or how self-sustaining
chain reactions could arise. Key uncertainties were 1) the number of neutrons emitted per fission, and 2) 
the cross sections for fission and absorption at different energies for the uranium isotopes. For a chain 
reaction there would need to be both a sufficient excess of neutrons produced, and the ratio between 
fission to absorption averaged over the neutron energies present would need to be sufficiently large. 

The different properties of U-235 and U-238 were essential to understand in determining the feasibility of
an atomic bomb, or of any atomic power at all. The only uranium available for study was the isotope 
mixture of natural uranium, in which U-235 comprised only 0.71%. 

March, 1939 - Fermi and Herbert Anderson find that there are about two neutrons produced for every one 
consumed in fission. 

June, 1939 - Fermi and Szilard submit paper to _Physical Review_ describing sub-critical neutron 
multiplication in a lattice of uranium oxide in water, but it is clear that natural uranium and water cannot 
make a self-sustaining reaction. 

July 3, 1939 - Szilard writes to Fermi describing the idea of using a uranium lattice in carbon (graphite) to
create a chain reaction. 

August 31, 1939 - Bohr and John A. Wheeler publish a theoretical analysis of fission. This theory implies 
U-235 is more fissile than U-238, and that the undiscovered element 94-239 is also very fissile. These 
implications are not immediately recognized. 

September 1, 1939 - Germany invades Poland, beginning World War 2. 

10.3 Organizing to Investigate Atomic Weapons

*** From September 1939 To September 1941 ***

The preliminary research into fission indicated that it was probable that power could be produced from 
fission. Two general approaches both seemed viable, the uranium-graphite and uranium-heavy water 
reactor. The possibility of a bomb was still controversial, but it hadn't been ruled out by experiments to 
date. With the growth in scale of the experiments additional sources of funds were increasingly necessary 
to continue work. The outbreak of war in Europe also created pressure on the scientists to resolve the 
bomb question quickly. Attempts to gain governmental attention and support became increasingly 
strident. 

During this phase efforts to investigate the possibility of atomic bombs, and to support basic research, 
were pressed on the governments of both Britain and the US Considerably more success in this was made 
in Britain, although the larger research establishment in the US which was still at peace made more of the 
fundamental discoveries. The favorable results of Britain's MAUD committee in investigating the 
feasibility of atomic bombs was instrumental in eventually spurring the US to action. 

October 11, 1939 - At Szilard's urging Alexander Sachs presents Pres. Franklin D. Roosevelt with the 
"Einstein Letter". The letter, signed by Einstein but drafted by Szilard in consultation with Einstein, 
warns the President of the possibility of nuclear weapons and urging him take action to prevent Germany 
from gaining an advantage with them. 



October 21, 1939 - First meeting of the Advisory Committee on Uranium (the "Briggs Uranium 
Committee") in Washington, DC, created at Pres. Roosevelt's order. Lyman Briggs of the Bureau of 
Standards presides, attendees include Szilard, Wigner, Sachs, Edward Teller, Army Lt. Col. Adamson, 
and Navy Cmdr. Hoover. Physicists argue for urgent government attention, Adamson is hostile. Teller 
requests $6000 for research on preliminary uranium-graphite slow neutron experiments, which is 
grudgingly approved. A report of the meeting is sent to FDR on Nov. 1, but no action results. 

From the outset it was clear to all of the physicists who thought about the problem seriously that fast 
fission was necessary to construct a bomb. Rapid multiplication is essential to develop significant 
explosive force, and the process of slowing down neutrons takes too long. But it was known that the 
average cross section for fast fission in U-238 was too small to support such a reaction. Up to this point 
U-235 had been considered only for its slow fission potential - leading to power plants, not bombs. No 
one had yet developed a plausible approach for building a bomb. The fact that a large cross section for 
slow fission implied a large fast fission cross section as well was not realized. 

February 1940 - Frisch and Rudolf Peierls, living in the UK, consider the possibility of fast fission in U-
235. Based on a theoretical estimate of the fast fission cross section they estimate the critical mass of pure
U-235 at "a pound or two", and that a large percentage could be fissioned before explosive disassembly. 
They also estimate the likely effects of the bomb, and possible assembly methods, as well as estimates of 
the feasibility of isotope separation. After preparing a memorandum on this discovery, they give a copy to
Mark Oliphant, who passes it along to Henry T. Tizard, chairman of the Committee on the Scientific 
Survey of Air Defense. At this point the "Tizard Committee" is the most important scientific committee 
for defense in Britain. 

March, 1940 - After much prodding by Szilard, Briggs finally releases the promised $6000. 

March 2, 1940 - The first direct measurements of the enormous slow fission cross section of U-235 are 
made by John Dunning at Columbia University. 

April 9, 1940 - Germany invades Denmark and Norway. 

April 10, 1940 - First meeting of the UK committee (later code-named the MAUD Committee) organized 
by Tizard to consider Britain's actions regarding the "uranium problem". Research into isotope separation 
and fast fission is agreed upon. 

April 27, 1940 - Second meeting of the Briggs Uranium Committee. Briggs' decision is that neither 
research on fast fission, nor work on building a critical uranium-graphite assembly, should begin until the 
small scale lab experiments, just getting underway, are finished. 

May, 1940 - George Kistiakowsky suggests gaseous diffusion as a possible means for producing U-235 to
Vannevar Bush during a meeting at Carnegie Institution. 

May 10, 1940 - Germany launches its assault on Western Europe, attacking Holland, Belgium and France.

May 27, 1940 - Louis Turner mails Szilard a manuscript arguing that element 94-239 (not yet discovered)
should be highly fissionable like U-235, and could be manufactured by bombarding U-238 with neutrons, 
to form U-239, which would undergo two beta-decays to form elements 93-239 and 94-239 in succession.

May 27, 1940 - Edwin McMillan and Philip Abelson submit a report "Radioactive Element 93" to 
_Physical Review_ describing their discovery of neptunium (Np-239) produced by bombarding uranium 
with neutrons. Britain subsequently protests the publication as a violation of wartime secrecy. 

June, 1940 - The MAUD Committee acquires its name. Franz Simon begins research on isotope 
separation through gaseous diffusion. 

July 1, 1940 - The newly founded National Defense Research Council (NDRC), headed by Vannevar 



Bush, takes over responsibility for uranium research. In his final report Briggs requests $140,000 for 
further work: $40,000 for lab measurements, and $100,000 for large scale uranium-graphite studies. Bush
approves only $40,000. 

November, 1940 - Dunning and Nobel prize winner Harold Urey begin investigating isotope separation 
techniques without US government support. 

November 1, 1940 - The $40,000 contract from the NDRC finally comes through and work begins at 
Columbia University to assemble a large sub-critical pile made of graphite and uranium oxide. 

December, 1940 - The MAUD Committee issues report on isotope separation authored by Simon. Report 
concludes manufacturing U-235 by gaseous diffusion is feasible on a scale suitable for weapons 
production. 

February, 1941 - Philip Abelson begins working on uranium enrichment at the Naval Research 
Laboratory. He selects liquid thermal diffusion as the technique to pursue. 

February 26, 1941 - Glenn Seaborg and Arthur Wahl conclusively demonstrate the presence of element 
94, which they later name plutonium. 

March, 1941 - Department of Terrestrial Magnetism (DTM) at the Carnegie Institution measures the fast 
cross section of U-235. Using it Peierls, on the MAUD Committee, calculates a new critical mass for U-
235 at 18 LB as a bare sphere, or 9-10 lb. when surrounded by a reflector. A memorandum is prepared by 
the MAUD Committee describing the importance of fast fission for bomb design and transmits it the US -
Lyman Briggs locks up the document on arrival and shows it to no one. 

March 6, 1941 - Seaborg and Wahl isolate the first pure neptunium-239 (0.25 micrograms), in a matter of 
days it decays into a (barely) visible speck of pure plutonium. 

March 28, 1941 - Joseph Kennedy, Seaborg and Emilio Segre show that the plutonium sample undergoes 
slow fission, which implies it is a potential bomb material. 

May, 1941 - After months of growing pressure from scientists in Britain and the US (particularly 
Berkeley's Ernest Lawrence), Bush at the NDRC decides to review the prospects of nuclear energy further
and engages Arthur Compton and the National Academy of Sciences for the task. The report is issued 
May 17 and treats military prospects favorably for power production, but does not address the design or 
manufacture of a bomb in any detail. 

At this same time, Bush creates the larger and more powerful Office of Scientific Research and 
Development (OSRD), which is empowered to engage in large engineering projects in addition to 
research, and becomes its director. 

Also during this month Tokutaro Hagiwara at the University of Kyoto delivers a speech in which he 
discusses the possibility of a fusion explosion being ignited by an atomic bomb, apparently the first such 
mention. 

May 18, 1941 - Segre and Seaborg determine that the slow cross section of Pu-239 is 170% of that of U-
235, proving it to be an even better prospective nuclear explosive. 

July 1941 - Segre and Seaborg measure the fast fission cross section of Pu-239, finding a high value. 

July 15, 1941 - The MAUD Committee approves its final report and disbands. The report describes 
atomic bombs in some technical detail, provides specific proposals for developing them, and includes cost
estimates. 

Although the contents of the MAUD report reach Vannevar Bush at the OSRD immediately, he decides to



wait for the report to be transmitted officially before taking any further action on fission development. 

August-September, 1941 - Fermi and his team at Columbia begin assembling a sub-critical experimental 
pile containing 30 tons of graphite and 8 tons of uranium oxide. It gives a projected k value 0f 0.83, 
indicating purer materials are needed. 

September, 1941 - Fermi muses to Teller ("out of the blue") whether a fission explosion could ignite a 
fusion reaction in deuterium. After some study Teller concludes that it is impossible. 

10.4 Organizing to Develop Atomic Weapons

*** From September 1941 To September 1942 ***

Programs to conduct research and development of atomic bombs actually begin in Britain and the US. 
The funding during this period is modest, much of the basic science remains sketchy. Split between the 
OSRD and the Army, the US program remains disorganized, bureaucratic and, under Compton, weakly 
lead. Theoretical work becomes more detailed, and large scale experiments leading toward self-
supporting chain reactions begin. Efforts at developing the infrastructure to produce atomic weapons 
(buying materials, buying property, assembling a staff with the necessary skills, preparing preliminary 
engineering designs) make little headway. 

September 3, 1941 - With PM Winston Churchill's endorsement, the British Chiefs of Staff agree to begin
development of an atomic bomb. 

October 3, 1941 - The MAUD Committee Final Report reaches the US through official channels. 

October 9, 1941 - Bush brings the MAUD Report to Pres. Roosevelt. FDR approves a broader project to 
investigate the feasibility and to confirm the British estimates. 

October 21, 1941 - Compton holds a meeting in Schenectady, NY with Lawrence, Oppenheimer, George 
Kistiakowsky, and James Conant (new head of the NDRC), reviewing the MAUD Committee report, and 
the latest US work. The meeting ends with a consensus of the likely feasibility of a bomb. 

November 1, 1941 - Compton issues the final NAS report endorsing the importance of exploring the 
feasibility of a U-235 bomb. The report is delivered to the president by Bush on November 27. 

November, 1941 - John Dunning and Eugene Booth at Columbia demonstrate the first measurable U-235 
enrichment through gaseous diffusion. 

December 6, 1941 - A meeting is held in Washington by Bush to organize an accelerated research project.
Compton remains in charge. Urey is appointed to develop gaseous diffusion and heavy water production 
at Columbia; Lawrence will investigate electromagnetic separation at Berkeley; and Eger Murphree will 
develop centrifuge separation and oversee engineering issues. Conant advocates pursuing Pu-239, but no 
decision on this is made. 

December 7, 1941 - Pearl Harbor is attacked by a Japanese Naval task force. 

December 8, 1941 - The US declares war on Japan. 

December 11, 1941 - The US declares war on Germany and Italy following their declaration of war on the
US. 

December 18, 1941 - The first meeting of the S-1 project is held, sponsored by the OSRD. S-1 is 
dedicated to the full scale research development of fission weapons. 



January, 1942 - 

• Compton creates the Metallurgical Laboratory (Met Lab) at the University of Chicago to act as a 
consolidated research center. He transfers work on "uranium burners" - reactors - to it. 

• Oppenheimer organizes a program on fast neutron theoretical physics at Berkeley. 

February, 1942 - Compton asks Gregory Breit to coordinate physics research on fast neutron phenomena. 
At this time available experimental data on all aspects of fast neutron reactions and fission is extremely 
limited and imprecise. Theoretical techniques are also rudimentary. 

It is essential to realize that in early 1942 fission physics, and fast neutron physics in general, was a realm
that had been scarcely explored. The possibility that any number of undiscovered phenomena might 
disrupt the development of a weapon was quite real, and extensive research would be necessary to ensure 
that the program was not heading into a blind alley. The scarcity and poor quality of experimental data 
was a major problem even if no new problems were discovered. 

March 23, 1942 - S-1 program leaders discuss priorities. Conant urges proceeding with *all* options for 
producing fissionable material simultaneously: gaseous diffusion, centrifuges, electromagnetic separation,
and plutonium breeding using both graphite and heavy water reactors. He argues that redundant 
development will reduce the time to successful production to the shortest possible time, regardless of cost.

April, 1942 - 

• Fermi relocates to Chicago. He builds an experimental pile in the Stagg Field squash courts with a 
projected k value of 0.995, then begins planning the construction of the world's first man-made 
critical pile, to be called CP-1. Fermi's efforts now shifts from demonstrating feasibility to 
securing graphite and uranium of adequate purity and in sufficient quantity to build the reactor. 

• Seaborg arrives in Chicago and starts work on developing an industrial-scale plutonium separation
and purification process. 

• Percival Keith of the Kellog Co. begins designing a gaseous diffusion pilot plant. 

May 18, 1942 - Breit quits, leaving the neutron physics effort without leadership. Compton asks 
Oppenheimer to take over in his place. 

May 19, 1942 - Oppenheimer writes Lawrence that the atomic bomb problem was solved in principle and 
that six good physicists should have the details mostly worked out in six months. His optimism is based 
on the belief that gun assembly would suffice for both uranium and plutonium. 

June, 1942 - 

• Oppenheimer joins the Met Lab to lead an effort on fast neutron physics, and prepares an outline 
for the entire neutron physics program. 

• Production of plutonium through marathon irradiation by cyclotron begins. 
• Met Lab engineering council begins developing plans for large scale plutonium production 

reactors. 
• Pres. Roosevelt approves a plan for spending $85 million for a weapon development program. 

June 18, 1942 - Due to continuing, and increasing, organization problems Col. James Marshall is ordered 
by Brig. Gen. Steyr to organize an Army Corps of Engineers District to take over and consolidate atomic 
bomb development. 

July to September, 1942 - Oppenheimer assembles theoretical study group in Berkeley to examine the 
principles of bomb design. Included are Oppenheimer, Hans Bethe, Teller, John Van Vleck, Felix Bloch, 
Robert Serber, and Emil Konopinski. During the summer the group develops the principles of atomic 
bomb design, and examines the feasibility of fusion bombs. Oppenheimer emerges as a natural leader. 
The group estimates the mass of U-235 required for a high yield detonation at 30 kg (estimated at 100 kt),



megaton range fusion bombs are also considered highly likely. 

During this period Richard C. Tolman and Serber discuss the idea of using explosives to collapse a shell 
of fissile material in place of the gun assembly method. Serber reports that they co-authored a short paper 
on the subject, although this paper has not been found. 

At this time Fermi and his staff are busy arranging for the materials required for CP-1. 

July 27, 1942 - First shipment of irradiated uranium arrives at the Met Lab (300 lb.). 

Mid August, 1942 - Fermi's group demonstrates an experimental pile with a projected k value of close to 
1.04. Achieving a chain reaction is now certain. 

August 20, 1942 - Seaborg isolates pure plutonium through a separation process suitable for industrial 
scale use. 

10.5 The Manhattan Project - The Work Begins in Earnest

*** From September 1942 To January 1945 ***

This phase is the crash program that continues through the end of the war with Japan, and leads to 
successful development of atomic bombs. Under the aggressive and savvy leadership of Brig. Gen. 
Groves the program shifts into high gear, and overtakes all other programs in priority. Virtually unlimited
money is made available, the only real limitations are how quickly the program can absorb funds and find
qualified personnel. Very soon after taking over three methods of producing fissionable material are 
chosen for full scale development: plutonium production in uranium-graphite reactors, and uranium 
enrichment using gaseous diffusion and electromagnetic separation. I have separated the early phase of 
the Manhattan Project, where immense scientific and technical problems had to be overcome to develop 
feasible designs and production methods, from the later phase where firm designs were translated into 
practical hardware and actual combat use was planned and executed. 

August, 1942 - Col. Marshall of the Army Corps of Engineers creates a new District organization with the
intentionally misleading name "Manhattan Engineer District" (MED). 

August 29, 1942 - A status report by Conant is relayed to the Secretary of War by Bush indicating the 
very positive results of Oppenheimer's group. Bush adds his concerns about the organization and 
leadership of the project, requesting new leadership be appointed. 

September 13, 1942 - A meeting of the S-1 Executive Committee discusses the need for a central fast 
neutron laboratory, to be code-named Project Y. 

September 15, 1942 - Starting on this date, and continuing until November 15, Fermi's group receives 
shipments of uranium and graphite for CP-1 and prepares them for assembly. 

September 17, 1942 - Col. Leslie Richard Groves is notified at 10:30 a.m. by Gen. Brehon Somervell that 
his assignment overseas has been cancelled and that he will take another assignment - command of the 
Manhattan Engineer District. Groves' previous assignment had required overseeing ten billion dollars 
worth of construction projects, including the construction of the Pentagon. 

September 18, 1942 - Groves buys 1250 tons of high quality Belgian Congo uranium ore stored on Staten 
Island. 

September 19, 1942 - Groves buys Site X, 52000 acres of land on the Clinch River in Tennessee, the 
future site of Oak Ridge. Preliminary construction work begins soon after. 



September 23, 1942 - Groves is promoted to Brigadier General. 

September 26, 1942 - At Groves' insistence the Manhattan Project is granted approval by the War 
Production Board to use the highest emergency procurement priority in existence (AAA) when needed. 

September 29, 1942 - Oppenheimer proposes that a "fast-neutron lab" to study fast neutron physics and 
develop designs for an atomic bomb be created. The idea at this point is for the lab to be a small research 
institution, it would not be involved in the engineering and production of nuclear weapons. 

October, 1942

• Groves puts Du Pont in charge of the plutonium production project. 
• Conant recommends to Bush that information exchange with Britain, already largely one-way 

(from the UK to the US), be sharply restricted. Bush passes this recommendation to Roosevelt. As 
a result the US loses access to British work in gaseous diffusion, which seriously delays successful
plant completion. 

• Centrifuge separation is abandoned due to technical problems. 

October 5, 1942 - Groves visits the Met Lab and meets the key scientists, including Oppenheimer. He 
orders key engineering decisions for plutonium production, under debate for months, be made in 5 days. 

October 15, 1942 - Groves asks Oppenheimer to head Project Y, planned to be the new central laboratory 
for weapon physics research and design. 

October 19, 1942 - Vannevar Bush approves Oppenheimer's appointment in meeting with Oppenheimer 
and Groves. 

November 3, 1942 - Seaborg reports that due to plutonium's high alpha activity, slight amounts of light 
element impurities can cause a serious problem with neutron emission from alpha -> n reactions. This 
issue caused major concern with many project leaders, including Groves and Conant, not only due to its 
own significance, but because it raised apprehension about the impact of other unexplored phenomena. 
(This issue later became moot due to the problems with Pu-240 contamination.) Later in the month the 
Lewis Committee is formed to review progress and make recommendations. 

November 16, 1942 - 

• Fermi's group begins constructing CP-1 at Staggs Field using round-the-clock shifts. 
• Groves and Oppenheimer visit the Los Alamos mesa in New Mexico and select it for "Site Y". 

December, 1942 - 

• During this month the work on gaseous diffusion is reorganized. On the strength of the Lewis 
Committee's recommendation, gaseous diffusion is chosen as the principal enrichment approach. 
Kellex, a subsidiary of Kellog is created to build a plant, Keith is put in charge. Contracts are put 
in place, and hiring begins for plant construction. Kellex immediately begins work on a process 
for producing usable barrier material on an industrial scale. 

• Bush provides Roosevelt with an estimate placing the total cost for the Manhattan Project at $400 
million (almost 5 times the previous estimate). Roosevelt approves the expenditure. 

• Plans and contracts are made for the construction of an experimental reactor, plutonium separation
plant, and electromagnetic separation facility at Oak Ridge. 

December 1, 1942 - After 17 days of work, Fermi's group completes CP-1. It contains 36.6 metric tons of 
uranium oxide, 5.6 metric tons of uranium metal, and 350 metric tons of graphite. Construction is halted 
sooner than planned when Fermi projects that a critical configuration has been reached. 

December 2, 1942 - 3:49 p.m. CP-1 goes critical. It demonstrates a k value of 1.0006, and is allowed to 



reach a thermal output of 0.5 watts (ultimately it operates at 200 watts maximum) 

December 6, 1943 - M. M. Sundt Company is appointed contractor to build Los Alamos Laboratory in a 
handshake deal. Sundt begins construction immediately, without plans or blueprints in order to finish as 
quickly as possible. 

January, 1943 - Groves acquires the Hanford Engineer Works, 780 square miles of land on the Columbia 
River in Washington for plutonium production reactors and separation plants. 

February 18, 1943 - Construction begins at Oak Ridge on buildings for Y-12, the electromagnetic U-235 
separation plant. 

March, 1943 - The original construction program nears completion, and staff begins arriving at Los 
Alamos to begin operations. From this point on the site grows non-stop through the end of the war. 

March 27, 1943 - Tolman writes Oppenheimer about using explosives to collapse a shell into a critical 
mass. This is the earliest surviving reference to the idea of implosion (although this term was not used). 

April, 1943 - At the beginning of the month the original building plan for Los Alamos is 96% complete. It
is already apparent that the original construction program is inadequate to meet needs. 

A series of staff conferences among the ~100 scientific staff members are held at Los Alamos. These 
include indoctrination lectures by Robert Serber (later published as _The Los Alamos Primer_) on April 
5,7,9,12, and 14; and meetings to plan the laboratory's work from April 15 through May 6. The 
laboratory's initial organization and leadership is worked out. 

• Seth Neddermeyer begins research on implosion, seeking to compress hollow metal assemblies. 
• Bethe is selected over Teller to head the theoretical division. Teller is soon placed in charge of 

lower priority research on fusion weapons. 
• Oppenheimer projects that 100 g of 25% enriched U-235 will be produced by electromagnetic 

separation by 1 Jan. 1944. 

From the outset the basic plan for developing nuclear weapons at Los Alamos was to use gun assembly 
for both uranium and plutonium bombs. This method was well understood from an engineering 
perspective, and was believed to have a high probability of success. Due to the deadline set by Groves, to 
have weapons ready to use by summer 1945 (some 26 months away), two important and unusual features 
for necessary for the program at Los Alamos. 

First, the traditional division of scientific/industrial work into research, design engineering, and 
production engineering were impossible. They had to be conducted concurrently, with overlapping 
responsibilities and duties. Research had to be conducted specifically to produce reliable, manufacturable 
designs as quickly as possible. Scientific research that did not directly contribute to this could not be 
pursued. 

Second, the program had to be redundant. All (or several of the most) promising avenues had to pursued 
simultaneously for nearly every aspect of research and development. Unexpected roadblocks could not be
permitted to delay the delivery of a usable weapon. The decision to pursue the rather speculative and 
initially unpromising implosion idea in addition to the gun technique is an example of this of later major 
significance. 

By the end of the March planning sessions, the necessity of including ordnance development activity at 
Los Alamos was apparent. This greatly expanded the scope of work undertaken at the laboratory to 
engineering development, and eventually acting as prime contractor for weapon production, and 
manufacturer of key weapon components (including all nuclear components, and the implosion system). 

April 1, 1943 - 



• Fencing of the reservation completed, Oak Ridge is closed off to public access. 
• Construction begins on plant for manufacturing gaseous diffusion barriers in Decatur, Ill. although

no barrier materials of usable quality have yet been produced. 

April 20, 1943 - A contract is concluded with the University of California to manage Los Alamos, acting 
as paymaster, accountant, and procurement agency. This contract (back dated to Jan. 1 for work already 
performed) is still in existence and serves as the basis for University of California management of both 
the Los Alamos and Lawrence Livermore laboratories. 

May 10, 1943 - The Los Alamos review committee approves the laboratory's research program. 

May 31, 1943 - Surveying begins for K-25, the gaseous diffusion uranium enrichment plant at Oak Ridge.

June, 1943 - Navy Capt. William Parsons arrives at Los Alamos as Ordnance Division leader to begin 
directing gun assembly research. 

June 24, 1943 - Working with cyclotron produced plutonium, Emilio Segre determines that the 
spontaneous fission rate is 5 fissions/kg-sec. This is well within the assembly speed capability of a high 
speed gun. 

July 4, 1943 - Neddermeyer conducts first explosion in the implosion research program (currently 
consisting of Neddermeyer, and 3 informal assistants). 

July 10-15, 1943 - The first nuclear physics experiment is conducted at Los Alamos (the measurement of 
Pu-239 fission neutron yield), inaugurating it as a functioning laboratory. 

August, 1943 - 

• Despite the efforts of more than 1000 researchers at Kellex and Columbia University, no suitable 
diffusion barrier material has yet been developed. 

• Due to lagging progress on gaseous diffusion, and continuing uncertainties about the required 
amount of U-235 for a bomb, Groves decides to double the size of the Y-12 plant. 

• The first Alpha electromagnetic uranium separation unit begins operation. Construction staff at 
Oak Ridge now exceeds 20,000. 

• Construction begins on the cooling systems for the production reactors at Hanford. Construction 
staff is about 5,000. 

September 17, 1943 - First shot fired in gun assembly research program at Los Alamos. The focus at this 
point is on developing a high velocity gun for plutonium since a uranium gun would be much easier to 
make. 

September 20, 1943 - Johann Von Neumann arrives on a visit to Los Alamos and points out the potential 
for high compression from implosion. This is a clear advantage for the technique which would make a 
bomb more efficient, and require a smaller critical mass. Teller and Bethe begin investigating the subject 
theoretically, Oppenheimer and Groves become very interested in its potential, and efforts to accelerate 
the program begin. John Von Neumann agrees to work on the physics of implosion in his spare time. 

September 23, 1943 - Oppenheimer suggests recruiting George Kistiakowsky, the leading explosives 
research director at OSRD, to aid an expanded implosion effort. 

October, 1943 - 

• The first Alpha racetrack (containing 96 units) is completed. A work force of 4800 to run Y-12 
has been assembled. Start up is unsuccessful due to unexplained shorts in the magnets. 

• Project Alberta, the full scale atomic bomb delivery program, begins. Norman Ramsey appointed 
to select and modify aircraft for delivering atomic bombs. 



October 4, 1943 - Du Pont engineers release reactor design drawings for the first Hanford plutonium 
production pile, B-100, allowing construction to begin. 

October 10, 1943 - Site preparation starts for the B-100 plutonium production reactor at Hanford. 

October 21, 1943 - First concrete is poured for the K-25 building at Oak Ridge. 

November, 1943 - 

• The top experts in England on fission weapons, many former members of the MAUD committee, 
depart England for the US to assist the atomic bomb project. Included are Bohr, Frisch, Peierls, 
Chadwick, William Penney, George Placzek, P.B. Moon, James Tuck, Egon Bretscher, and Klaus 
Fuchs. 

• The Navy approves Abelson's plan to build a liquid thermal diffusion pilot plant for enriching 
uranium. 

• The world's first sample of plutonium in metal form is produced by reducing PuF4 with Ba at the 
Met Lab. 

November 4, 1943 - 

• The X-10 pile goes critical at Oak Ridge. This air-cooled experimental pile begins producing the 
first substantial (gram) amounts of plutonium to assist research into its properties. The world 
supply of plutonium at this time is 2.5 mg, produced by cyclotrons. 

• A Manhattan Project Governing Board meeting approves an ambitious implosion research 
program, intended to develop it to the point of usability in six months. 

November 29, 1943 - The first B-29 modifications begin at Wright Field, Ohio to adapt it for carrying 
atomic bombs. 

December, 1943 - After attempts to bring the first Alpha racetrack into operation fail, Y-12 is shut down 
for equipment rebuilding. 

• Segre measures the spontaneous fission rate of U-235 at Los Alamos, and finds it lower than 
expected. This allows a substantial reduction in performance of the planned gun assembly method 
for uranium. 

• Chemical separation of reactor-produced plutonium begins, using fuel from the X-10 pile. 

January, 1944 - 

• Kistiakowsky arrives at Los Alamos to assist Neddermeyer in implosion research. It becomes 
increasingly clear that Neddermeyer's academic research style is unsuited to directing a rapidly 
expanding research and engineering program. 

• Problems with developing suitable diffusion barriers leads Groves to switch planned production to
a new type of barrier, creating months of delays in equipping K-25 for operation. 

• Abelson, at the Naval Research Laboratory, begins constructing a thermal diffusion uranium 
enrichment plant. Upon learning about the problems with the Manhattan Project's gaseous 
diffusion plant, he leaks information about his technology to Oppenheimer. 

• Groves and Oppenheimer decide to plan for a fission bomb test (none was envisioned before this). 
Groves stipulates that the active material must be recoverable if a fizzle occurs, so the construction
of Jumbo, a 214 ton steel container (25 ft x 12 ft), is authorized. 

January 11, 1944 - An implosion theory group is set up with Teller as head. 

February, 1944 - 

• With the concrete building to house it complete, construction begins on the first reactor at 



Hanford, the B pile. 
• The Los Alamos Governing Board reevaluates deuterium fusion research and determines that 

tritium would be necessary to make an explosive reaction. Priority of fusion bomb work is further 
downgraded. 

February 16, 1944 - Kistiakowsky becomes full-time Los Alamos staff member, replacing Neddermeyer 
as leader of implosion research. 

March, 1944 - Segre has improved his spontaneous fission estimates in cyclotron plutonium (essentially 
pure Pu-239) to 11 fissions/kg-sec, this is still acceptable for gun assembly, but greatly narrows the 
margin of security. 

March 3, 1944 - Drop tests of dummy atomic bombs begin from specially modified B-29s. 

April, 1944 - IBM calculating equipment arrives at Los Alamos and is put to work on implosion research.

• James Tuck suggests idea of using explosive lenses to create spherical converging implosion 
waves. 

• Monsanto begins delivering polonium for initiator research. The rate is initially 2.5 curies/month. 
• On April 5 the first sample of reactor produced plutonium arrives from Oak Ridge. Segre 

immediately begins monitoring its spontaneous fission rate. By April 15 he makes a preliminary 
estimate of a spontaneous fission rate of over 50 fissions/kg-sec (due to Pu-240 contamination), 
far too high for gun assembly. The report is kept quiet due to limited statistics, and observations 
continue. 

May, 1944 - 

• Los Alamos staff exceeds 1200 employees. 
• Six months after the start of accelerated implosion research, little progress towards successful 

implosion has been made. Inadequate diagnostic equipment prevent accurate measurement of 
implosion process, no scheme to avoid asymmetry has yet shown promise. The current approach is
to use many simultaneous detonation points over the surface of a sphere, and try different methods
of inert spacers or gaps to suppress the shaped charge-like jets that form when detonation waves 
from adjacent initiation points merge. Spalling (the ejection of fragments) from the interior surface
of the hollow core is a serious problem, as is simply getting precise simultaneous detonation. 

• Teller is removed as head of the implosion theory group, and also from fission weapon research 
entirely, due to conflicts with Bethe and his increasing obsession with the idea of the Super 
(hydrogen bomb). 

• Two British scientists join Los Alamos who have important impacts on the implosion program. 
Geoffrey Taylor (arrived May 24) points out implosion instability problems (especially the 
Rayleigh-Taylor instability), which ultimately leads to a very conservative design to minimize 
possible instability. James Tuck brings the idea of explosives lenses for detonation wave shaping 
(two-D lenses for plane wave generation originally proposed by M. J. Poole in England, 1942), but
suggests developing 3-D lenses to create a spherical implosion. 

May 9, 1944 - The 50 milliWatt Water Boiler reactor goes critical at Los Alamos. Holding 565 g of U-
235 (in the form of 14.7% enriched uranyl sulfate), dissolved in a 12" sphere of water, this is the world's 
first reactor to use enriched uranium, and the first critical assembly constructed at Los Alamos. 

May 28, 1944 - First test of the exploding wire detonator, used to achieve precise, reliable simultaneous 
detonation for implosion. 

June, 1944 - 

• Oppenheimer replaces Neddermeyer with Kistiakowsky as director of implosion research. 
• Bethe and Peierls work on developing explosive lens concept. 



• Von Neumann provides design breakthrough for the slow component for focusing. 

June 3, 1944 - After visiting the uranium enrichment pilot plan at the Naval research Laboratory, a team 
of Manhattan Project experts recommends that a thermal diffusion plant be built to feed enriched material
to the electromagnetic enrichment plant at Oak Ridge. 

June 18, 1944 - Groves contracts to have S-50, a liquid thermal diffusion uranium enrichment plant, built 
at Oak Ridge in no more than three months. 

July, 1944 - 

• Experiments with explosive lens designs begin by mid-month when 2-D models are fired. 
• The design for the gun gadget neutron initiator is completed. 

July 4, 1944 - Oppenheimer reveals Segre's spontaneous fission measurements to the Los Alamos staff. 
The neutron emission for reactor-produced plutonium is too high for gun assembly to work. The 
measured rate is 50 fissions/kg-sec, the fission rate in Hanford plutonium is expected to be over 100 times
higher still. 

The discovery of the high spontaneous fission rate of reactor-produced plutonium was a turning point for 
Los Alamos, the Manhattan Project, and eventually for the practice of large scale science after the war. 
The planned plutonium gun had to be abandoned, and Oppenheimer was forced to make implosion 
research a top priority, using all available resources to attack it. A complete reorganization of Los Alamos
Laboratory is required. With just 12 months to go before expected weapon delivery a new fundamental 
technology, explosive wave shaping, has to be invented, made reliable, and a enormous array of 
engineering problems had to be solved. During this crisis the many foundations for post-war science were
laid. Scientist-administrators (as opposed to academic or research scientists) came to the forefront for 
running large scale research efforts. Automated numerical techniques (as opposed to manual analytical 
ones) were applied to solve important scientific problems, not just engineering applications. The dispersal
of key individuals after the end of the war later carried these insights, as well as the earlier organizational 
principles developed at Los Alamos throughout American academia and industry. 

July 1, 1944 - The Manhattan Project is granted the highest project-wide procurement priority (AA-1). 

July 20, 1944 - The Los Alamos Administrative Board decides on a reorganization plan to direct the 
laboratory's full resources on implosion. Instead of being organized around scientific and engineering 
areas of expertise, all work is organized around whether it applies to implosion, or the uranium gun 
weapon, with the former receiving most of the resources. The reorganization is completed in less than two
weeks. 

August, 1944 - 

• The Air Force begins modifying 17 B-29s for combat delivery of atomic weapons at the Glenn L. 
Martin plant in Omaha. 

• Parsons assesses February 1945 as the earliest an implosion lens system can be ready for full scale
test "with extremely good breaks", and most likely late 1945. 

• A. Francis Birch takes over the uranium gun project. 

September, 1944 - 

• Air Force Lt. Col. Paul Tibbets begins organizing the 509th Composite Group, which will deliver 
atomic bombs in combat, at Wendover Field, Utah. 

• At this point K-25 is half built, but no usable diffusion barriers have been produced. The Y-12 
plant is operating at only 0.05% efficiency. The total production of highly enriched uranium to 
date is a few grams. 



Now, less than one year before the eventual use of atomic weapons, the prospects for developing atomic 
weapons in time to assist the war effort look grim despite enormous expenditures. The only workable 
bomb design at hand, the gun-type weapon, requires U-235 which has no practical production methods 
available. Plutonium production has not yet begun, but the production techniques appear to have a high 
probability of success. However plausible approaches to building a plutonium bomb do not exist. 

A workable theory of explosive lenses does not exist (and is not solved before the end of the war), so trial
and error techniques must be used for development. Unfortunately, observing implosions is extremely 
difficult and simply obtaining diagnostic data is a major barrier to success. Manufacturing test lenses is a 
serious problem. The explosives are difficult materials to work with and made delicate castings, mold 
making was a slowly developing art, and the lenses required very good quality control. During the last 
year of the project over 20,000 test lenses were actually used, many times this number were made and 
rejected. Developing a simultaneous initiation system is also a problem, as is supplying good detonators 
in sufficient numbers to support the test program. In light of these problems, research also continued on 
the non-lensed implosion approach. 

During the fall Robert Christy suggests the "Christy gadget", the use of a solid core that is raised to 
supercriticality solely by compressing the metal to twice normal density. This conservative implosion 
design avoids instability and spalling problems, but the period of maximum compression is brief and 
requires a "modulated initiator" (a neutron generator that emits a burst at a precise moment). Earlier shell 
designs could have relied on spontaneous fission and still achieved reasonable efficiency. 

September 16, 1944 - S-50 enrichment plant begins partial operation at Oak Ridge, but leaks prevent 
substantial output. 

September 22, 1944 - The first RaLa implosion test shot is made. This diagnostic technique used 100 
curies of radiolanthanum produced by the X-Reactor at Oak Ridge to provide an intense gamma source 
for making observations of implosion (essentially an internal x-ray generator). This is the largest 
radioisotope source ever assembled in the world up to this time. 

September 26, 1944 - Loading uranium into the first full scale plutonium reactor, the B pile, at Hanford is
completed. This reactor contains 200 tons of uranium metal, 1200 tons of graphite, and is cooled by 5 
m^3 of water/sec. It designed to operate at 250 megawatts, producing some 6 kg of plutonium a month. 
Fermi supervises reactor start-up. 

September 27-30, 1944 - After several hours of operation at 100 megawatts, the B pile inexplicably shuts 
down, then starts up again by itself the next day. Within a few days this is determined to be due to 
poisoning by the highly efficient neutron absorber Xenon-135, a radioactive fission product. The reactor 
must be modified to add extra reactivity to overcome this effect before production can begin. 

October 12, 1944 - The first B-29s arrive in the Mariana Islands to begin bombing Japan. Japan has so far
remained free from air attacks (except for the symbolic Doolittle raid in 1942). 

October 27, 1944 - Oppenheimer approves plans for a bomb test in the Jornada del Muerto valley at the 
Alamagordo Bombing Range. Groves approves 5 days later, provided that the test be conducted in 
Jumbo. 

November, 1944 - Y-12 output has reached 40 grams of highly enriched uranium a day. 

November 24, 1944 - The first B-29 raid on Japan begins. 100 planes are launched, only 16 bombs hit the 
target factory. 

December, 1944 - 

• Y-12 output climbs to 90 grams of highly enriched uranium a day. 
• Work begins on an implosion initiator for the solid core bomb, it is not clear at this point if one 



can be made. 

Mid-December, 1944 - First successful explosive lens tests conducted at Los Alamos, establishing the 
feasibility of making an implosion bomb. 

December 17, 1944 - The D pile goes critical with sufficient reactivity to overcome fission product 
poisoning effects. Large scale plutonium production begins. 

December 22, 1944 - First Fat Man bomb assembly is completed as production gets underway. Explosive 
lenses and nuclear material are not yet available, the bomb assemblies are used for airdrop and ground 
handling practice. 

December 26, 1944 - Processing of irradiated uranium slugs to separate plutonium begins at Hanford. 

December 28, 1944 - The modified B pile is restarted. 

10.6 Racing Against Victory - The Final Year

*** From January 1, 1945 to VJ Day ***

At the start of 1945 the Manhattan Project has 'turned the corner'. The uranium bombs seem assured of 
success in a matter of months. The prospects for the plutonium bomb are looking up although meeting an 
August 1 deadline imposed by Groves is far from certain. However, allied military successes against 
Germany and Japan make it a horse race to see whether it will matter to the war effort. 

January, 1945 - 

• Y-12 output reaches an average of 204 grams of 80% U-235 a day; projected production of 
sufficient material for a bomb (~40 kg) is July 1. 

• Usable barrier tubes begin arriving at the K-25 plant. 
• 160 g of plutonium from the X-Pile is on hand at Los Alamos. The first shipment from Hanford 

has not yet arrived. 
• Substantial production of ~0.85% enriched uranium begins at S-50, with ten of 21 racks going in 

to operation. 

January 18, 1945 - The Dragon experiment, conducted by Frisch in which a U-235 hydride slug is 
dropped through a barely subcritical U-235 hydride assembly creates the world's first assembly critical 
through prompt neutrons alone (prompt critical). The largest energy production for a drop is 20 
megawatts for 3 milliseconds (the temperature rises 6 degrees C in that time). 

January 20, 1945 - 

• Curtis LeMay takes command of the Twentieth Air Force in Marianas. Fleet contains 345 aircraft, 
but in three months of bombing none of the nine top priority targets have been destroyed. 

• The first stage of the K-25 plant is charged with uranium hexafluoride and begins operation. 

January 31, 1945 - Robert Bacher reports to Oppenheimer that a Po-210/Be-9 implosion initiator (still to 
be designed) is possible. 

February, 1945 - 

• The F reactor goes on-line at Hanford, raising theoretical production capacity to 21 kg/month. 
• Uranium gun design is completed and frozen. Only planning for deployment and combat use once 

the U-235 is delivered is now required (although studies of an improved gun design, begun on 



Dec. 7 and later abandoned, are underway). 
• Planning for an implosion bomb test begins in earnest. 
• Initiator tests begin. Demand for polonium rises to 100 curies/month. 
• Plutonium begins arriving from Hanford. 
• Admiral Nimitz, Commander in Chief, Pacific Ocean Areas, is notified of the nature of the atomic 

bomb project. 
• Tinian Island is selected as the base of operations for atomic attack. 

February 13, 1945 - Dresden, Germany is burned down in an incendiary raid killing 50,000. 

February 19, 1945 - Marines land on Iwo Jima, a Japanese observation post for the B-29 raids. Over the 
next two months 6,281 marines are killed, and 21,865 are wounded in capturing the island from 20,000 
defenders. 

February 20, 1945 - First stage of K-25 begins operating. 

February 23, 1945 - A fire bomb test raid on Tokyo with 172 planes burns one square mile, the most 
destructive raid on Japan to date. 

February 28, 1945 - A meeting between Oppenheimer, Groves, Kistiakowsky, Conant, Tolman, Bethe, 
and Charles Lauritsen is held to fix the design approach for the plutonium bomb. It is agreed that work 
will focus on the solid core Christy gadget, use explosive lenses, use a modulated initiator, and electric 
detonators. The use of Composition B and Baratol for the lenses was also decided, as was the multiple 
lens configuration and detonator arrangement. However none of these approaches or components have 
been proved yet. Solid core compression has not been demonstrated at this time. A schedule for 
completing research, development, engineering, and testing is also established. The (partial) goals are: 

15 April Solve detonator timing problem
15 April Have detonators in full production
15 April Begin large-scale lens production
25 April Begin hemisphere shots to measure shock wave convergence 
15 May Demonstrate implosion compression in full scale test
4 June Begin lens fabrication for Trinity test
4 July Begin assembly of Trinity test gadget 

March 1, 1945 - The powerful Cowpuncher Committee is organized to "ride herd" on implosion bomb 
development. 

March 5, 1945 - Oppenheimer officially freezes explosive lens design. 

March 9-10, 1945 - LeMay launches an all-out low altitude fire bomb raid on Tokyo with 334 B-29s, 
stripped of guns for greater bomb load, carrying 2000 tons of incendiaries. 15.8 square miles of Tokyo 
burn, killing at least 100,000 people, injuring 1,000,000 (41,000 seriously). 

March 11-18, 1945 - During these eight days fire raids with similar tactics are launched on Nagoya, 
Osaka, and Kobe; the second, third, and fourth largest cities in Japan. An additional 16 square miles of 
city are burned, killing more than 50,000 people. 

March 15, 1945 - All 21 racks at the S-50 thermal diffusion plant finally in operation. 

Mid-March, 1945 - The first evidence of solid compression from implosion is observed (5%). 

April 3, 1945 - Preparations begin at Tinian Island to support the 509th Composite Group, and to 
assembly the atomic bombs. 

April 11, 1945 - Oppenheimer reports that Kistiakowsky has achieved optimal performance with 



implosion compression in sub-scale tests. 

April 12, 1945 - 

• Otto Frisch completes criticality and "zero-yield" experiments with U-235 at Los Alamos. 
• Pres. Roosevelt dies of a brain hemorrhage. 

April 13, 1945 - Pres. Truman learns of the existence of atomic bomb development from Secretary of War
Henry Stimson. 

April 25, 1945 - Truman receives first in-depth briefing on the Manhattan Project from Stimson and 
Groves. 

Although no atomic bombs yet exist, there is no longer any doubt about their imminent availability. Firm 
production schedules are in hand, and technical effort has already shifted to improving designs and 
production techniques. Producing reliable detonators in the required quantities (thousands each week) 
remains a problem. The dominant events in this final epoch of the war is the suspense of the first atomic 
test, and the political and military preparations for actual use. At this point, about 25 kg of U-235, and 6.5
kg of Pu-239 are on hand. 

April 27, 1945 - The first meeting of the Target Committee to select targets for atomic bombing. 
Seventeen targets are selected for study: Tokyo Bay (for a non-lethal demonstration), Yokohama, 
Nagoya, Osaka, Kobe, Hiroshima, Kokura, Fukuoka, Nagasaki, and Sasebo (some of these are soon 
dropped because they had already been burned down). 

April 30, 1945 - 
• Initiator Committee (Bethe, Fermi and Christy) selects the most promising design for fission 

initiator (neutron generator) to be used in the implosion bomb. The "Urchin" design is favored, 
and work on initiator fabrication begins. 

• First batch of supplies for the atomic bomb deployment leaves for Tinian from Wendover Field, 
UT. 

May 2, 1945 - The first Raytheon Mark II X-Unit arrives for detonation testing. 

May 7, 1945 - The 100-ton test is conducted. 108 tons of Composition B, laced with 1000 curies of 
reactor fission products, are exploded 800 yards from Trinity ground zero to test instrumentation for 
Trinity. This is the largest instrumented explosion conducted up to this date. 

May 8, 1945 - V-E Day. Germany formally capitulates to the allies. 

May 9, 1945 - General procedures for atomic bombing are completed by D.M. Dennison, under Parsons. 

May 10-11, 1945 - Target Committee reconvenes. On the committee now are Oppenheimer, Von 
Neumann, Parsons, and Bethe. Meeting discusses issues combat employment of atomic bombs (e.g. 
proper burst height, etc.). Target list is shortened to Kyoto, Hiroshima, Yokohama, and Kokura Arsenal 
(Niigata is considered). 

Mid-May, 1945 - Little Boy is ready for combat use, except for the U-235 core. It is estimated sufficient 
material will be available by 1 August. 

May 25, 1945 - 

• 464 B-29s raid Tokyo again, burning out nearly 16 square miles of the remaining city. Only a few 
thousand are killed, urban inhabitants have learned to flee fire bomb attacks quickly and escape 
the flames. 

• Operation OLYMPIC, the invasion of Kyushu (the southern Japanese island), is set for November 



1. 

May 28, 1945 - Target Committee meets with Lt. Col. Tibbets in attendance. The meeting reviews 
preparation for delivering atomic bombs, and status of conventional bombing of Japan. Tibbets estimates 
that by Jan. 1, 1946 all major cities of Japan will have been destroyed by fire bombing. The target list is 
now Kyoto, Hiroshima, and Niigata. 

May 30, 1945 - Sec. of War Stimson rules out Kyoto, the ancient capital of Japan, as a target for atomic 
attack. 

May 31, 1945 - Critical mass tests with plutonium begin at Los Alamos. 

June 1, 1945 - The Interim Committee, organized to guide the final conduct of the war and the post-war 
reconstruction and lead by Secretary of State Designate James Byrnes, issues the recommendations that 
the atomic bomb be dropped as soon as possible, that a urban area be the target, and that no prior warning 
be given. 

June 10, 1945 - 509th Composite Group crews begin arriving on Tinian with their modified B-29s. 

June 21, 1945 - The first implosion initiator is ready. 

June 24, 1945 - Frisch confirms that the implosion core design is satisfactory after criticality tests. 

June 27, 1945 - Groves meets with Oppenheimer and Parsons to plan delivery of atomic bombs to the 
Pacific theater. 

Late June, 1945 - 

• LeMay estimates that the Twentieth Air Force will finish destroying the 60 most important cities 
in Japan by Oct. 1. 

• The T-5 group in the Los Alamos T (Theory) Division estimates the Trinity explosion yield at 4-
13 kt. 

July, 1945 - Final preparations begin at the New Mexico test site, the Jornada del Muerto at the 
Alamagordo Bombing Range, for the first atomic bomb test, code named Trinity. The date is set for July 
16. Jumbo is not used in the test, since plutonium delivery schedules make recovery of active material (in 
the event of a fizzle) less important. 

July 3, 1945 - Casting of the U-235 projectile for Little Boy is completed. 

July 6, 1945 - Machining of the uranium reflector for the Trinity test completed. 

July 7, 1945 - Explosives lens casting for Trinity completed. 

July 10, 1945 - The best available lens castings are selected for Trinity. 

July 11, 1945 - 

• Assembly of Gadget, the first atomic bomb begins. 
• Japanese Foreign Minister Shigenori Togo cables Ambassador Naotake Sato in Moscow advising 

him to explore using the USSR as an intermediary in surrender negotiations. 

July 12-13, 1945 - The plutonium core and the Gadget components leave Los Alamos for the test site 
separately. Assembly of Gadget begins at 1300 hours on July 13. Assembly of Gadget's explosive lens, 
uranium reflector, and plutonium core is completed at Ground Zero at 1745 hours. 



July 14, 1945 - 

• Gadget is hoisted to the top of the 100 foot test tower, and the detonators are installed and 
connected. Final test preparations begin. 

• Little Boy bomb units, accompanied by the U-235 projectile, are shipped out of San Francisco on 
the USS. Indianapolis for Tinian. 

• The only full scale test of the implosion lens system (before Gadget) is conducted. Initial analysis 
indicates failure. Bethe later corrects mistaken calculations and finds that the measurements are 
consistent with optimum performance. 

July 16, 1945 - At 5:29:45 a.m. Gadget is detonated in the first atomic explosion in history. The explosive
yield is 20-22 kt (initially estimated at 18.9 kt), vaporizing the steel tower. 

July 19, 1945 - Oppenheimer suggest to Groves that the U-235 from Little Boy be reworked into 
uranium/plutonium composite cores for making more implosion bombs (4 implosion bombs could be 
made from Little Boy's pit). Groves rejects the idea since it would delay combat use. 

July 20, 1945 - The 509th begins flying practice missions over Japan. 

July 23, 1945 - 

• Stimson, in Potsdam for meeting between Truman and Stalin, receives current target list. In order 
of choice it is: Hiroshima, Kokura, and Niigata. He also receives an estimate of atomic bomb 
availability: Fat Man should be ready for use on Aug. 6, second Fat Man-type by Aug. 24, 3 
should be available in September, and more each month - reaching 7 or more in December. 

• First A-bomb test unit dropped by 509th at Tinian. 
• Combat hemispheres for Fatman are fabricated. 

July 24, 1945 - 

• Truman discloses the existence of the atomic bomb to Stalin (who had already been informed 
about it by his spies). 

• Groves drafts the directive authorizing the use of the atomic bombs as soon as bomb availability 
and weather permit. It lists the following targets in order of priority: Hiroshima, Kokura, Niigata, 
and Nagasaki. This directive constitutes final authorization for atomic attack, no further orders are 
issued. 

• The U-235 target for Little Boy is cast at Los Alamos. 

July 25, 1945 - Peer de Silva, the official courier for the Fatman core, signs for 6.1 kg of plutonium at Los
Alamos. 

July 26, 1945 - 

• Truman issues the Potsdam Declaration, requiring unconditional surrender of the Japanese armed 
forces. 

• The Indianapolis delivers Little Boy bomb units, and the U-235 projectile to Tinian. 
• Five C-54 transport planes leave Kirtland Air Force Base, Albuquerque with: the Little Boy U-235

target (its final component); the Fat Man plutonium core, and its initiator. 

July 28, 1945 - 

• The Japanese government rejects the Potsdam surrender demand. 
• The five C-54 transports arrive at Tinian. All components for Little Boy are now on site, but no 

Fat Man bomb assemblies have yet arrived. 

July 30, 1945 - The nuclear components (target, projectile, and 4 initiators) are inserted into bomb unit 



number L11. 

July 31, 1945 - The assembly of Little Boy is completed. It is ready for use the next day. 

August 1, 1945 - A typhoon approaching Japan prevents launching an attack with Little Boy. Several 
days are required for weather to clear. 

August 2, 1945 - Fat Man bomb cases F-31 and F-32 arrive on Tinian. Fat Man assembly begins. 
Bombing date is set for August 11. 

August 4, 1945 - Tibbets briefs the 509th Composite Group about the impending attack. He reveals that 
they will drop immensely powerful bombs, but the nature of the weapons are not revealed. 

August 5, 1945 - 

• At 1500 Gen. LeMay officially confirms the mission for the next day. Tibbets will take over as 
pilot, Parsons will fly as weaponeer. 

• Tibbets names B-29 No. 82 the "Enola Gay" after his mother, over the objections of its pilot 
Robert Lewis. 

• Little Boy is loaded on the plane. 
• Dummy Fat Man unit F33 (complete except for plutonium core) is prepared for practice bombing 

run. 

August 6, 1945 - 

• 0000, final briefing, the target of choice is Hiroshima. Tibbets is pilot, Lewis is co-pilot. 
• 0245 - Enola Gay begins takeoff roll. 
• 0730 - The bomb is armed. 
• 0850 - Flying at 31,000 ft Enola Gay crosses Shikoku due east of Hiroshima. 
• Bombing conditions are good, the aimpoint is easily visible, no opposition is encountered. 
• 0915:17 - Little Boy is released at 31060 feet. 
• 0916:02 (8:16:02 Hiroshima time) - Little Boy explodes at an altitude of 1850 feet, 550 feet from 

the aim point, the Aioi Bridge, with a yield of 12.5-18 kt (best estimate is 15 kt). 

August 7, 1945 - 

• In the absence of an immediate surrender, a crash effort begins to print and distribute millions of 
leaflets to major Japanese cities warning of future atomic attacks. 

• The date for dropping Fat Man is moved up to August 10, then to August 9, to avoid a projected 5 
days of bad weather. This requires skipping many check-out procedures during assembly. 

August 8, 1945 - 

• At Foreign Minister Togo's request Ambassador Sato tries to persuade the Soviets to mediate 
surrender negotiations. Molotov cancel's the meeting, then announces that the Soviet Union is at 
war with Japan effective the next day. 

• Leaflet dropping, and warnings to Japan by Radio Saipan begin (Nagasaki does not receive 
warning leaflets until August 10). 

• Fat Man unit F33 is dropped in practice bomb run. 
• Assembly of Fat Man unit F31 with the plutonium core completed in the early morning. 
• 2200, Fat Man is loaded on B-29 "Bock's Car". 

August 9, 1945 - 

• 0347, Bock's Car takes off from Tinian, the target of choice is Kokura Arsenal. Charles Sweeney 
is pilot. Soon after takeoff he discovers that the fuel system will not pump from the 600 gallon 



reserve tank. 
• 1044, Bock's Car arrives at Kokura but finds it covered by haze, the aimpoint cannot be seen. Flak

and fighters appear, forcing the plane to stop searching for it. Sweeney turns toward Nagasaki, the 
only secondary target in range. 

• Upon arriving at Nagasaki, Bock's Car has enough fuel for only one pass over the city even with 
an emergency landing at Okinawa. Nagasaki is covered with clouds, but one gap allows a drop 
several miles from the intended aimpoint. 

• 11:02 (Nagasaki time) Fat Man explodes at 1950 feet near the perimeter of the city, scoring a 
direct hit on the Mitsubishi Steel and Arms Works. Yield is 19-23 kt (best estimate is 21 kt). 

• Oppenheimer cable Groves with the following shipping schedule: 11 Aug. first quality HE unit; 12
Aug. next plutonium core; 14 Aug. another first quality HE unit. 

August 10, 1945 - Japanese civilian and military leaders are still unable to agree on accepting the 
Potsdam Decree's surrender terms. Emperor Hirohito instead breaks the tradition of imperial non-
intervention in government and orders that surrender be accepted, provided that the Emperor be allowed 
to retain his position. 

August 11, 1945 - 

• Truman and Sec. of State Byrnes reply with an amended form of the Potsdam Decree that 
acknowledges the Emperor, but still refuses to guarantee his position. 

• Groves reports that the second plutonium core would be ready for shipment on August 12 or 13, 
with a bombing possible on August 17 or 18. 

• Truman orders a halt to further atomic bombing until further orders are issued. 
• Groves decides to delay shipping the second Pu core and contacts Bacher just after he had signed 

receipt for shipping the core to Tinian. The core is retrieved from car before it leaves Los Alamos. 
• Strategic Air Forces Carl Spaatz halts area fire bombing. 

August 13, 1945 - 

• Stimson recommends shipping the second plutonium core to Tinian. 
• Truman orders area fire bombing resumed. Gen. Henry Arnold, US Army Air Force, launches the 

largest raid on Japan of the war with over 1000 B-29s and other aircraft, carrying 6000 tons of 
bombs. 

August 14, 1945 - 

• Following leaflet bombing of Tokyo with surrender terms, Hirohito orders that an Imperial Edict 
accepting surrender be issued. 

• 2:49 p.m. (1:49 a.m. Washington time), Japanese news agency announces surrender. 

August 17, 1945 - Oppenheimer warns Stimson that: 

1. atomic weapons would improve qualitatively and quantitatively over coming years; 
2. adequate defenses against nuclear weapons would not be developed; 
3. the US would not retain hegemony over nuclear weapons; 
4. wars could not be prevented even if better nuclear weapons were developed. 

September 9, 1945 - S-50 plant completely shut down. 

October 16, 1945 - Oppenheimer resigns as director of Los Alamos, accepting a post at Caltech. 

October 17, 1945 - Norris Bradbury takes over as director of Los Alamos (a position he would hold for 25
years). 



10.7 Chronology of Atomic Weapons in the Soviet Union
1910 - 

• Mineralogist Vladimir I. Vernadski advocates exploring and developing radioactive mineral 
deposits in Russia because of their potential as sources of energy. 

• A pitchblende/vanadium deposit is discovered at Tiuia-Muiun in the Fergana Valley of 
Uzbekistan, and a mine is opened. 

1921 - Vitali Grigorievich Khlopin pioneers radiochemistry in the Soviet Union and extracts radium for 
medical use. 

1922 - Vernadski founds the State Radium Institute in Petrograd. 

**** Unfinished **** 
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12.0 Useful Tables
CONVERSION FACTORS
Unit              Equivalent To
1 kt              10^12 calories
                  4.19x10^12 joules
                  4.19x10^19 ergs
                  2.62x10^31 eV
                  2.62x10^25 MeV
                  fission of 0.241 moles of material (1.45x10^23 nuclei)
                  fission of approx. 57 g of material
                  1.16x10^6 kilowatt-hrs
                  3.97x10^9 BTU
1 eV              1.602177 x 10^-12 erg
                  11606 degree K
1 Bar             10^5 pascals (nt/m^2)
                  10^6 dyne/cm^2
                  0.98687 atmospheres
                  14.5038 PSI
1 calorie         4.1868 J

Convenient Energy Content Approximations
Fission of U-233:  17.8 kt/kg
Fission of U-235:  17.6 kt/kg
Fission of Pu-239: 17.3 kt/kg
Fusion of pure deuterium: 82.2 kt/kg
Fusion of tritium and deuterium (50/50): 80.4 kt/kg
Fusion of lithium-6 deuteride: 64.0 kt/kg
Fusion of lithium-7 deuteride
Total conversion of matter to energy: 21.47 Mt/kg
Fission of 1.11 g U-235: 1 megawatt-day (thermal)

IMPORTANT UNITS OF MEASUREMENT
Quantity Measured           Unit      Symbol  Formula
Microscopic Cross Section   Barn       b      10^-24 cm^2
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Radioactivity               Becquerel  Bq     1 decay/sec
                            Curie      Ci     3.7x10^10 decay/sec
Absorbed Radiation Dose     Gray       Gy     1 J/Kg
                            Rad        None   100 erg/g (.01 J/Kg)
Biological Equivalent Dose  Sievert    Sv     Grays*Q
                            Rem        None   Rads*RBE
Absorbed Gamma/X-Ray Dose   Roentgen   R      94 erg/g
Immediate Explosive Energy  Kiloton    kt     10^12 calories
Radiation Biological Effect None       RBE
Radiation Quality Factor    None       Q
Pressure                    Bar        None   10^5 pascals (nt/m^2)

PHYSICAL CONSTANTS
[All constants are exact to the precision given]
Quantity                    Symbol    Value            Unit
Speed of Light in Vacuum      c     2.99792458 x 10^10 cm/sec
Planck Constant               h     6.62608 x 10^-27   erg-sec
Avogadro Constant            N_A    6.02214 x 10^23    atom/mole
Molar Gas Constant            R     8.3145 x 10^7      erg/(mole K)
Boltzmann Constant            k     1.3806 x 10^-16    erg/K
Stefan-Boltzmann Constant   sigma   5.670 x 10^-5      erg/cm^2 K^4 sec
Perfect Gas Standard Volume  V_0    2.2414 x 10^5      cm^3
Atomic Mass Constant         m_0    1.66054 x 10^-24   g
                             m_0    9.31494 x 10^8     eV

Fissionable/Fissile Isotope Properties

Isotope
Half-Life
(years)

Primary
Decay
Mode

Spontaneous
Fission Rate

- SF
(F/sec/kg)

Fission
Cross

Section -
sigma

(barns,
fission

spectrum
avg)

SF Neutron
Multiplicity

- nuSF

(n/fission)

Fission
Spectrum
Neutron

Multiplicity
- nuFS

(n/fission)

Critical
Mass -

Mc

(kg)

Decay
Heat -

Q
(W/kg)

Specific
Activity
(curies/

kg)

Th-232
1.405 x 
1010

Alpha 
4.083 
MeV

<5 x 10-5 0.0785 - 2.16 None 
2.654 x 
10-6

1.097 x 
10-4

Pa-231 32,760
Alpha 
5.149 
MeV

<5 0.834 - 2.457 >188 1.442 47.23

U-232 68.9
Alpha 
5.414 
MeV

2 x 10 -3 2.013 2 3.296 >5 717.6 22,360

U-233 159,200
Alpha 
4.909 
MeV

- 1.946 - 2.649 16 0.2804 9.636

U-234 245,500
Alpha 
4.859 
MeV

3.9 1.223 1.8 2.578 >41 0.1792 6.222

U-235 7.038 x 
108

Alpha 
4.679 

5.6 x 10-3 1.235 2.0 2.6055 48 5.994 x 
10-5

2.161 x 
10-3



MeV

U-236
2.342 x 
107

Alpha 
4.572 
MeV

2.30 0.594 1.8 2.526 >167
1.753 x 
10-3 0.06467

U-238
4.468 x 
109

Alpha 
4.270 
MeV

5.51 0.308 1.97 +- 0.07 2.6010 None
8.508 x 
10-6

3.361 x 
10-4

Np-237
2.144 x 
106

Alpha 
4.959 
MeV

< 0.05 1.335 2 2.889 75-105 0.02068 0.7034

Pu-238 87.7
Alpha 
5.593 
MeV

1.204 x 106 1.994 2.28 +- 0.10 3.148 9
5.678 x 
105 17,120

Pu-239 24,110
Alpha 
5.245 
MeV

10.1 1.800 2.9 3.1231 10.5 1.929 62.03

Pu-240 65,640
Alpha 
5.256 
MeV

478,000 1.357
2.189 +- 
0.026

3.061 40 7.07 227

Pu-241 14.35
Beta 
0.021 
MeV

<0.8 1.648 - 3.142 12 129.4
1.033 x 
105

Pu-242 373,300
Alpha 
4.984 
MeV

805,000 1.127 2.28 +- 0.13 3.070
95, 
range 
75-100

0.1169 3.956

Am-241 432.2
Alpha 
5.638 
MeV

500 1.378 2 3.457 83.5 114.7 3,431

Cf-251 898
Alpha 
6.176 
MeV

- 2.430 - 4.560 1.94 58.05 1,586

Isotope Properties and Neutron Cross Sections

This is subsection lists most isotopes of interest for direct, indirect, or theoretical nuclear weapon 
applications. Basic isotopes characteristics, and summary tables of significant neutron reaction cross 
sections are included. 

The neutronic data is derived from the authoritative ENDF-VI evaluated nuclear data base compiled and 
maintained by the National Nuclear Data Center (NNDC) at the Brookhaven National Laboratory (BNL). 
The data listings below were prepared with the assistance of the Japan Atomic Energy Research Institute 
(JAERI). 

http://wwwndc.tokai.jaeri.go.jp/index.html%20
http://wwwndc.tokai.jaeri.go.jp/index.html%20
http://www.bnl.gov/
http://www.nndc.bnl.gov/


Notes:

• The Maxwellian average cross sections are for a peak neutron energy distribution at 0.0253 eV (a 
room temperature thermal distribution). 

• Molar volume is the minimum volume per mole for the densest phase at standard pressure and 
temperature (STP) 

• SF = spontaneous fission 
• Critical mass estimates for the fissile isotopes are given for bare spheres at the densest STP phase. 

Where available these estimates are from other sources and are based either on actual 
experimental measurement, or reasonably sophisticated numerical computations. All fissile 
isotopes also include for comparison critical mass estimates made by me, using an exact criticality
solution with a one-group representation of neutronic properties. The one-group parameters are 
fission spectrum averages calculated from the ENDF-VI evaluated nuclear data base. 

As can be seen where outside critical mass estimates are also available, this one-group calculation 
method consistently underestimates the true critical mass - primarily because it does not take into 
account the effects of inelastic scattering in softening the neutron spectrum. The one-group 
calculated critical mass estimates are thus lower bounds on the true value. Comparison between 
the one-group calculations and the actual values for the highly fissile isotopes for which good 
experimental data is available (U-233, U-235, Pu-239, and Pu-241) shows a consistent 
underestimate of 70-75% of the true value. For less fissile isotopes, where critical mass estimates 
have been offered by others (these are mostly calculated estimates also, but with more 
sophisticated models), the underestimates are more severe (at worst 22-29% of the 'true' value for 
Pu-242). This too is to be expected because the effects of inelastic scattering is relatively greater in
less fissile materials. On the other hand, the estimates for extremely fissile transuranics like the 
californium isotopes should be quite good. 

Sources: 

H. C. Paxton and N. L. Pruvost, Critical Dimensions of Systems Containing 235-U, 239-Pu, and 
233-U; 1986 Rev., LA-10860-MS, Los Alamos (July 1987), p. 96-104. 

Hugh C. Paxton, "Fast Critical Experiments," Progress in Nuclear Energy Vol. 7 (1981), p. 154. 

Samuel Glasstone and Leslie M. Redman, An Introduction to Nuclear Weapons, WASH-1037 
Revised. U.S. Atomic Energy Commission, Division of Military Applications, June 1972, pg. 12. 

Amory Lovins, "Nuclear Weapons and Power-Reactor Plutonium", Nature, Vol.283, 28 Feb 1980,
pp. 817-823 

Alexander De Volpi, Proliferation, Plutonium and Policy: Institutional and Technological 
Impediments to Nuclear Weapons Propagation, Pergamon (1979), pg. 86. 

C. C. Byers, D. E. Hansen, J. J. Koelling, E. A. Plassmann, D. R. Smith, Reactivity Coefficients of 
Heavy Isotopes In LASL's-Fast Critical Assemblies, LA-UR-78-427, Los Alamos (June 1978), pg. 
2. 

Evaluation of nuclear criticality safety data and limits for actinides in transport, 
C4/TMR2001/200-1, IRSN (L'Institut de radioprotection et de s?et?nucl?ire), 2001. 

Neptunium criticality achieved, http://www.lanl.gov/news/index.php?
fuseaction=home.story&story_id=1348 

Hydrogen

• Atomic number: 1 

http://www.lanl.gov/news/index.php?fuseaction=home.story&story_id=1348
http://www.lanl.gov/news/index.php?fuseaction=home.story&story_id=1348


• Molar volume: 13.1 cm^3/mole (solid, 13 K) 
• Density: 0.0763 (solid, 13 K, natural hydrogen) 
• Melting point: 13.96 K (natural hydrogen) 
• Boiling point: 20.39 K 

1-H-1 

• Atomic Mass: 1.007825032 +- 0.000000000 (amu) 
• Excess Mass: 7288.969 +- 0.001 keV 
• Binding Energy: 0.000 +- 0.000 keV 
• Stable Isotope 
• Atomic Percent Abundance: 99.985% 
• >Magnetic Moment: 2.7928 nuclear magnetons 
• Spin: 1/2+ 

Lightest possible atom, and consequently the most efficient neutron moderator. Widely used in nuclear 
weapon structural materials (i.e. plastics). Due to moderating ability and light weight, used to harden 
weapons against outside neutron fluxes (especially in combination with Li-6). 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             20.81       20.78                  692.0 -3     3.927
 elastic           20.47       20.47                  692.0 -3     3.926
 capture          332.0 -3    294.2 -3    149.1 -3    29.83 -6    39.27 -6
 ---------------------------------------------------------------------------

 

1-H-2 (Deuterium)

• Atomic Mass: 2.014101778 +- 0.000000000 (amu) 
• Excess Mass: 13135.720 +- 0.001 keV 
• Binding Energy: 2224.573 +- 0.002 keV 
• Stable Isotope 
• Atomic Percent Abundance: 0.015% 
• Spin: 1+ 
• Magnetic Moment: 0.8574 nuclear magnetons 
• Quadrupole Moment: 0.003 barns 

Best nuclear reactor moderator due to high moderating efficiency and extremely low absorption cross 
section. A principal fusion fuel in thermonuclear weapons, can also be used for fusion boosting, and in 
neutron generators. Melting point 20.4 K, boiling point 23.67 K. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             3.390       3.390                  801.5 -3     2.537
 elastic           3.389       3.390                  624.3 -3     2.532
 (n,2n)                       (E-thr =  3.339 MeV)    177.2 -3    5.276 -3
 capture          550.0 -6    487.4 -6    286.3 -6    9.521 -6    7.076 -6
 ---------------------------------------------------------------------------

1-H-3 (Tritium) 

• Atomic Mass: 3.016049268 +- 0.000000001 (amu) 
• Excess Mass: 14949.794 +- 0.001 keV 
• Binding Energy: 8481.821 +- 0.004 keV 



• Beta Decay Energy: B- 18.591 +- 0.001 keV 
• Half Life: 12.33 years 

Specific Activity: 9613 curie/g 
Radioisotopic Power: 1.059 W/g 
Primary Mode of Decay: Beta to He-3 

• Decay Energy: B- 18.591 +- 0.001 keV
• Magnetic Moment: 2.9789 nuclear magnetons 
• Spin: 1/2+ 

A principal thermonuclear fuel, best used in conjunction with deuterium (the D+T reaction is the easiest 
by far to ignite, as well as one of the most energetic). It is produced in place by tritium breeding reactions 
in thermonuclear weapons. It can also manufactured and loaded into weapons (with deuterium) for use in 
fusion boosting of fission weapons, as the neutron source in neutron bombs and neutron generators for 
commercial or weapons use. Tritium is a pure beta emitter. Due to weak radiation emissions, it is used in 
safe luminescent displays. This nuclide is useful for thickness gauge of thin plastics. 

Helium

• Atomic number: 2 
• Molar volume: 32.05 cm^3/mole (liquid, 4.125 K) 
• Density: 0.1249 (liquid, 4.125 K, natural helium) 
• Boiling point: 4.125 K 

2-He-3 

• Atomic Mass: 3.016029310 +- 0.000000001 (amu) 
• Excess Mass: 14931.204 +- 0.001 keV 
• Binding Energy: 7718.058 +- 0.002 keV 
• Stable Isotope 
• Atomic Percent Abundance: 0.000137% 
• Magnetic Moment: -2.1276 nuclear magnetons 
• Spin: 1/2+ 

This isotope is produced by the decay of tritium and so accumulates in fusion boosting reservoirs as an 
undesirable contaminant due to its high neutron absorption. It can be recycled to produce tritium by 
neutron bombardment. It is a valuable fusion fuel produced (and consumed) in the course of deuterium-
deuterium fusion. Very rare in nature. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            5.331 +3    4.743 +3                 1.168       2.941
 elastic           3.135       3.135                  954.4 -3     2.121
 nonelastic       5.328 +3    4.722 +3    2.381 +3    213.8 -3    819.6 -3
 capture          54.01 -6    47.88 -6    246.9 -6    35.18 -6    39.24 -6
 (n,p)            5.328 +3    4.722 +3    2.381 +3    139.7 -3    816.9 -3
 (n,d)                        (E-thr =  4.362 MeV)    74.07 -3    2.647 -3
 ---------------------------------------------------------------------------

2-He-4 

• Atomic Mass: 4.002603250 +- 0.000000001 (amu) 
• Excess Mass: 2424.911 +- 0.001 keV 
• Binding Energy: 28295.673 +- 0.005 keV 
• Beta Decay Energy: B- -22895.261 +- 212.132 keV 
• Stable Isotope 
• Atomic Percent Abundance: 99.999863% 



• Magnetic Moment: 0.8220 nuclear magnetons 
• Quadrupole Moment: -0.001 barns 
• Spin: 0+ 

Most common natural isotope of helium. Widely used in industry as an inert gas. Produced as an end 
product of fusion reactions. This isotope has a zero cross section for all neutron reactions except 
scattering for neutron energies below 20 MeV. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            759.3 -3    759.3 -3                 1.052       3.685
 elastic          759.3 -3    759.3 -3                 1.052       3.685
 ---------------------------------------------------------------------------

Lithium

• Atomic number: 3 
• Molar volume: 13.0 cm^3/mole 
• Density: 0.534 
• Melting point: 180.54 C 
• Boiling point: 1342 C 

3-Li-6 

• Atomic Mass: 6.015122281 +- 0.000000510 (amu) 
• Excess Mass: 14086.312 +- 0.475 keV 
• Binding Energy: 31994.564 +- 0.475 keV 
• Beta Decay Energy: B- -4288.153 +- 5.448 keV 
• Stable Isotope 
• Atomic Percent Abundance: 7.42% 
• Spin: 1+ 
• Magnetic Moment: 0.8220 nuclear magnetons 
• Quadrupole Moment: -0.001 barns 

Natural lithium isotope used as a thermonuclear weapon fusion fuel, in the form of lithium deuteride, due 
to its production of tritium through the (n,t) reaction. The very high cross section of this reaction for 
thermalized neutrons, combined with the light weight of the Li-6 atom, make it useful in the form of 
lithium hydride for hardening of nuclear weapons against external neutron fluxes. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             941.1       837.2                   1.431       1.900
 elastic          734.5 -3    735.2 -3                906.4 -3     1.422
 nonelastic        940.4       836.5       427.5      525.0 -3    478.0 -3
 inelastic                    (E-thr =  1.751 MeV)    412.0 -3    142.8 -3
 (n,2n)                       (E-thr =  6.614 MeV)    78.05 -3    190.5 -6
 capture          38.50 -3    34.11 -3    17.47 -3    82.11 -6    28.06 -6
 (n,p)                        (E-thr =  3.185 MeV)    6.766 -3    4.264 -3
 (n,t)             940.3       833.4       424.9      28.04 -3    330.7 -3
 ---------------------------------------------------------------------------

3-Li-7 

• Atomic Mass: 7.016004049 +- 0.000000507 (amu) 
• Excess Mass: 14907.673 +- 0.473 keV 
• Binding Energy: 39244.526 +- 0.473 keV 



• Beta Decay Energy: B- -861.815 +- 0.018 keV 
• Stable Isotope 
• Atomic Percent Abundance: 92.58% 
• Spin: 3/2- 
• Magnetic Moment: 3.2564 nuclear magnetons 
• Quadrupole Moment: -0.040 barns 

Predominant isotope of natural lithium. Due to the large cross section for the (n,t) reaction at high neutron
energies this isotope can breed substantial quantities of tritium in a fusion-driven chain reaction and thus 
serve as a fusion fuel. Although less efficient that Li-6 for this purpose, and not used in modern 
thermonuclear weapons it served this function in some early high yield weapons. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             1.015       1.012                   1.470       1.845
 elastic          970.0 -3    971.7 -3                 1.025       1.660
 nonelastic       45.40 -3    40.38 -3     1.078      444.9 -3    184.8 -3
 inelastic                    (E-thr =  0.546 MeV)    365.0 -3    184.7 -3
 (n,2n)                       (E-thr =  8.300 MeV)    70.09 -3    38.53 -6
 capture          45.40 -3    40.24 -3    20.43 -3    1.930 -6    6.903 -6
 (n,d)                        (E-thr =  8.868 MeV)    9.763 -3    10.98 -6
 total (n,t)                  (E-thr =  2.822 MeV)    302.9 -3    20.04 -3
 ---------------------------------------------------------------------------

Beryllium

• Atomic number: 4 
• Molar volume: 4.8775 cm^3/mole 
• Density: 1.8477 
• Melting point: 1287 C 
• Boiling point: 2470 C 

4-Be-9 

• Atomic Mass: 9.012182135 +- 0.000000425 (amu) 
• Excess Mass: 11347.584 +- 0.396 keV 
• Binding Energy: 58164.907 +- 0.396 keV 
• Beta Decay Energy: B- -1068.116 +- 0.899 keV 
• Stable Isotope 
• Atomic Percent Abundance: 100% 
• Spin: 3/2- 

Beryllium is both an excellent neutron reflector and moderator, and is in addition very light. It has one of 
the highest neutron scattering cross sections per unit volume, and has very low neutron absorption. 
Beryllium is commonly used as a neutron reflector to make compact light-weight fission weapons. 
Beryllium also undergoes (n,2n) neutron multiplication reactions, which are not important for fission-
spectrum neutons, but may have a significant role in fusion boosted systems. Beryllium can slo generate 
neutrons through Be-9(gamma,n)Be-8 and Be-9(a,n)C-12 reactions. When combined with an isotope that 
is a strong alpha-emitter but a weak gamma-emitter (usually Po-210), Be has been used in modulated 
neutron initiators for fission weapons. Pu-239/Be sources have been used as convenient laboratory 
neutron sources; Ra-226/Be and Am-241/Be neutron sources are useful for moisture gauges. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             6.159       6.158                   1.494       2.834
 elastic           6.151       6.151                  959.3 -3     2.673



 nonelastic       7.600 -3    6.754 -3     1.164      534.5 -3    161.1 -3
 inelastic                    (E-thr =  8.784 MeV)    22.90 -3    38.95 -6
 (n,2n)                       (E-thr =  1.868 MeV)    269.1 -3    53.83 -3
 (n,2na)                      (E-thr =  1.749 MeV)    17.49 -3    4.938 -3
 (n,2n)to 1st                 (E-thr =  2.701 MeV)    168.6 -3    66.50 -3
 (n,2n)to 2nd                 (E-thr =  7.561 MeV)    28.68 -3    133.4 -6
 capture          7.600 -3    6.735 -3    3.419 -3    323.1 -9    1.156 -6
 (n,p)                        (E-thr = 14.260 MeV)                20.25 -9
 (n,d)                        (E-thr = 16.300 MeV)                32.68 -9
 (n,t)                        (E-thr = 11.610 MeV)    18.36 -3    2.751 -6
 (n,a)                        (E-thr =  0.670 MeV)    9.419 -3    35.65 -3
 ---------------------------------------------------------------------------

Boron

• Atomic number: 5 
• Molar volume: 4.39 cm^3/mole (alpha form, 25 C) 
• Density: 2.46 (alpha form) 
• Melting point: 2076 C 
• Boiling point: 3900 C (estimated) 

5-B-10 
• Atomic Mass: 10.012937027 +- 0.000000397 (amu) 
• Excess Mass: 12050.761 +- 0.370 keV 
• Binding Energy: 64750.700 +- 0.370 keV 
• Beta Decay Energy: B- -3647.807 +- 0.091 keV 
• Stable Isotope 
• Atomic Percent Abundance: 19.9% 
• Spin: 3+ 

This natural isotope is the best absorber of fast neutrons, and an excellent absorber of slow neutrons. As a 
component of natural boron, it is commonly used as a neutron absorber (control rod or burnable poison) 
in nuclear reactors. The separated isotpe has been used to harden nuclear weapons against external 
neutron fluxes, and to reduce the neutron preheating of fusion stages by fission triggers in thermonuclear 
weapons. Use of B-10 has been proposed to create "clean" (low fallout and low neutron emission) 
thermonuclear weapons. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            3.840 +3    3.415 +3                 1.467       2.638
 elastic           2.144       2.144                  942.5 -3     2.062
 nonelastic       3.838 +3    3.413 +3    1.726 +3    524.2 -3    575.3 -3
 inelastic                    (E-thr =  0.791 MeV)    268.5 -3    70.84 -3
 (n,2n)                       (E-thr =  8.980 MeV)    26.83 -3    33.22 -6
 capture          500.0 -3    443.1 -3    224.9 -3    21.26 -6    76.03 -6
 (n,p)            3.000 -3    2.659 -3    94.96 -3    37.51 -3    15.25 -3
 (n,d)                        (E-thr =  4.801 MeV)    47.63 -3    1.249 -3
 (n,a)            3.837 +3    3.400 +3    1.719 +3    48.95 -3    435.5 -3
 (n,t2a)          12.00 -3    10.63 -3    305.2 -3    94.66 -3    52.28 -3
 ---------------------------------------------------------------------------

5-B-11 
• Atomic Mass: 11.009305466 +- 0.000000451 (amu) 
• Excess Mass: 8667.984 +- 0.420 keV 
• Binding Energy: 76204.800 +- 0.421 keV 
• Beta Decay Energy: B- -1982.547 +- 0.854 keV 
• Stable Isotope 
• Atomic Percent Abundance: 80.1% 



• Spin: 3/2- 

B-11 is the majority component of natural boron, and thus appears in boron mixtures used for nuclear 
applications where B-10 has not been separated. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             5.050       5.050                   1.415       2.425
 elastic           5.045       5.045                  934.9 -3     2.396
 inelastic                    (E-thr =  2.320 MeV)    298.3 -3    28.81 -3
 (n,2n)                       (E-thr = 12.510 MeV)    1.414 -3    496.7 -9
 (n,na)                       (E-thr =  9.460 MeV)    101.0 -3    27.54 -6
 (n,np)                       (E-thr = 12.260 MeV)    1.104 -3    211.0 -9
 (n,n2a)                      (E-thr = 12.150 MeV)    17.96 -3    3.696 -6
 (n,nd)                       (E-thr = 17.270 MeV)                1.335 -9
 (n,nt)                       (E-thr = 12.250 MeV)    747.4 -6    169.8 -9
 capture          5.075 -3    4.513 -3    2.542 -3     0.000      5.473 -6
 (n,p)                        (E-thr = 11.710 MeV)    4.021 -3    579.7 -9
 (n,d)                        (E-thr =  9.830 MeV)    9.200 -3    4.074 -6
 (n,t)                        (E-thr = 10.430 MeV)    14.96 -3    3.443 -6
 (n,a)                        (E-thr =  7.240 MeV)    31.38 -3    63.13 -6
 ---------------------------------------------------------------------------

Cobalt

• Atomic number: 27 
• Molar volume: 6.61 cm^3/mole (25 C) 
• Density: 8.92 (25 C) 
• Melting point: 1493 C 
• Boiling point: 2930 C 

27-Co-59 
• Atomic Mass: 58.9332002 +- 0.0000015 amu 
• Excess Mass: -62223.609 +- 1.420 keV 
• Binding Energy: 517308.113 +- 1.422 keV 
• Beta Decay Energy: B- -1072.484 +- 0.561 keV 
• Stable Isotope 
• Atomic Percent Abundance: 100% 
• Spin: 7/2- 

Although the concept of the enhanced fallout "cobalt bomb", in which radioactive Co-60 is produced by 
fusion neutrons, is well known this isotope is not known to have been seriously considered for weapons 
applications. The 5.26 year half-life of Co-60 is too long to be of real military interest, which favors more
intense shorter term effects. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             43.19       38.98                   2.653       3.678
 elastic           6.018       6.018                   1.265       3.015
 inelastic                    (E-thr =  1.118 MeV)    542.3 -3    655.5 -3
 (n,2n)                       (E-thr = 10.630 MeV)    690.0 -3    180.0 -6
 (n,na)                       (E-thr =  7.069 MeV)    1.765 -3    558.8 -9
 (n,np)                       (E-thr =  7.496 MeV)    61.93 -3    56.52 -6
 capture           37.18       32.96       75.51      1.121 -3    5.704 -3
 (n,p)                        (E-thr =  0.796 MeV)    53.00 -3    1.484 -3
 (n,d)                        (E-thr =  5.233 MeV)    5.673 -3    2.480 -6



 (n,a)             0.000       0.000      20.24 -3    32.20 -3    165.1 -6
 ---------------------------------------------------------------------------

Tantalum

• Atomic number: 73 
• Molar volume: 10.84 cm^3/mole 
• Density: 16.69 
• Melting point: 2996 C 
• Boiling point: 5429 C 

73-Ta-181 
• Atomic Mass: 180.9479963 +- 0.0000031 amu 
• Excess Mass: -48441.085 +- 2.892 keV 
• Binding Energy: 1452238.715 +- 2.903 keV 
• Beta Decay Energy: B- -187.890 +- 4.549 keV 
• Stable Isotope 
• Atomic Percent Abundance: 99.988% 
• Spin: 7/2+ 

Comprising nearly all of natural tantalum, this isotope was studied for possible use in enhanced fallout 
radiation weapons by the U.S. in the 1950s. Compared with Co-60 the shorter half-life of Ta-182 (115 
days vs 2.56 years) and the higher cross section for epithermal neutrons made Ta-181 a more desirable 
candidate for this use. 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             26.32       24.02                   5.370       7.005
 elastic           5.650       5.640                   2.991       4.614
 inelastic                    (E-thr =  0.006 MeV)    241.9 -3     2.295
 (n,2n)                       (E-thr =  7.686 MeV)     2.133      5.149 -3
 (n,3n)                       (E-thr = 14.300 MeV)                6.300 -6
 (n,np)                       (E-thr =  5.968 MeV)    163.1 -6    55.01 -9
 capture           20.67       18.38       660.0      205.5 -9    85.66 -3
 (n,p)                        (E-thr =  0.242 MeV)    3.723 -3    2.305 -6
 (n,a)            45.94 -6    47.65 -6     1.579      116.4 -6    3.588 -3
 ---------------------------------------------------------------------------

Thorium

• Atomic number: 90 
• Molar volume: 19.80 cm^3/mole (25 C) 
• Density: 11.72 (25 C) 
• Melting point: 1842 C (+- 30 C) 
• Boiling point: 4820 C 

90-Th-232 
• Atomic Mass: 232.0380504 +- 0.0000022 amu 
• Excess Mass: 35443.677 +- 2.036 keV 
• Binding Energy: 1766691.409 +- 2.061 keV 
• Beta Decay Energy: B- -494.958 +- 7.826 keV 
• Atomic Percent Abundance: 100% 
• Half Life: 1.405E10 Y 

Specific Activity: 1.097E-7 curie/g 
Radioisotopic Power: 2.654E-9 W/g 
Primary Mode of Decay: Alpha to Ra-228 



• Decay Energy: 4.083 MeV

Secondary Mode of Decay: SF Spontaneous fission

• Branch ratio: <1.0E-9 % 
• SF rate (fissions/sec/g) = <4E-6 
• Neutron emission rate (N/sec/g) = <6E-6

• Spin: 0+ 
• Critical mass: None 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             21.11       20.23                   5.740       7.634
 elastic           13.71       13.70                   2.683       4.579
 inelastic                    (E-thr =  0.049 MeV)    726.0 -3     2.875
 (n,2n)                       (E-thr =  6.465 MeV)     1.181      14.46 -3
 (n,3n)                       (E-thr = 11.610 MeV)    800.0 -3    113.6 -6
 fission           0.000       0.000      636.3 -3    350.0 -3    78.48 -3
 capture           7.400       6.532       84.35       0.000      85.70 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 1.896 
• Incident neutron 1E+05 eV Nu_p = 1.910 
• Incident neutron 1E+06 eV Nu_p = 2.040 
• Incident neutron 4E+06 eV Nu_p = 2.472 
• Incident neutron 2E+07 eV Nu_p = 4.774 
• Incident neutron fission spectrum average Nu_p = 2.159 

Protactinium

• Atomic number: 91 
• Molar volume: 15.18 cm^3/mole (25 C) 
• Density: 15.22 (Pa-231, 25 C) 
• Melting point: 1568 - 1575 C 
• Boiling point: unknown 

91-Pa-231

• Atomic Mass: 231.0358789 +- 0.0000028 amu 
• Excess Mass: 33420.973 +- 2.586 keV 
• Binding Energy: 1759860.436 +- 2.605 keV 
• Beta Decay Energy: B- -382.155 +- 3.220 keV 
• Half Life: 32760 Y 

Specific Activity: 0.04723 curie/g 
Radioisotopic Power: 0.001442 W/g 
Primary Mode of Decay: Alpha to Ac-227 

• Decay Energy: 5.149 MeV 

Secondary Mode of Decay: 24NEC
• Branch ratio: 13E-10 % 



Tertiary Mode of Decay: Spontaneous fission
• Branch ratio: <=3E-10 % 
• SF rate (fissions/sec/g) = <5E-3 
• Neutron emission rate (N/sec/g) = <1E-2

• Spin: 3/2- 
• Critical mass: Probably not fissile (C4/TMR2001/200-1), 188 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             210.7       189.2                   5.746       7.515
 elastic           9.961       9.815                   2.556       4.165
 inelastic                    (E-thr =  0.009 MeV)    252.0 -3     2.231
 (n,2n)                       (E-thr =  6.844 MeV)    724.0 -3    5.849 -3
 (n,3n)                       (E-thr = 12.660 MeV)    134.0 -3    21.01 -6
 fission          19.66 -3    16.99 -3     4.605       2.080      833.8 -3
 capture           200.7       179.3       595.5       0.000      273.7 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.274 
• Incident neutron 1E+05 eV Nu_p = 2.285 
• Incident neutron 1E+06 eV Nu_p = 2.381 
• Incident neutron 4E+06 eV Nu_p = 2.702 
• Incident neutron 2E+07 eV Nu_p = 4.420 
• Incident neutron fission spectrum average Nu_p = 2.457 

Uranium

• Atomic number: 92 
• Molar volume: 12.56 cm^3/mole 
• Density: 18.95 (alpha form, stable to 667.8 C) 
• Melting point: 1132.2 C (+/- 0.8 C) 
• Boiling point: 3818 degrees C 
• specific heat 6.65 cal/mole/C (25 C) 
• tensile strength 450 MPa 

92-U-232 

• Atomic Mass: 232.037146280 +- 0.000002857 (amu) 
• Excess Mass: 34601.531 +- 2.662 keV 
• Binding Energy: 1765968.847 +- 2.680 keV 
• Beta Decay Energy: B- -2750.000 +- 100.000 keV 
• Half Life: 68.9 Y 

Specific Activity: 22.36 curie/g 
Radioisotopic Power: 0.7176 W/g 
Primary Mode of Decay: Alpha to Th-228 

• Decay Energy: 5.414 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: = 2E-16 % 
• SF rate (fissions/sec/g) = 2E-6 
• Neutron emission rate (N/sec/g) = 4E-6

• Spin: 0+ 
• Critical mass: 3.57-3.70 kg (C4/TMR2001/200-1), 5.04 kg (one-group calculation) 

 ---------------------------------------------------------------------------



  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             162.3       141.5                   5.774       7.639
 elastic           10.80       10.74                   3.230       5.083
 inelastic                    (E-thr =  0.048 MeV)    19.42 -3    509.2 -3
 (n,2n)                       (E-thr =  7.286 MeV)    150.0 -3    484.1 -6
 (n,3n)                       (E-thr = 13.210 MeV)    5.000 -3    562.0 -9
 fission           76.66       66.42       363.8       2.370       2.013
 capture           74.88       64.38       172.9       0.000      28.47 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E+00 eV Nu_p = 3.126 
• Incident neutron 1E+05 eV Nu_p = 3.136 
• Incident neutron 1E+06 eV Nu_p = 3.233 
• Incident neutron 4E+06 eV Nu_p = 3.554 
• Incident neutron 1.5E+07 eV Nu_p = 4.732 
• Incident neutron fission spectrum average Nu_p = 3.296 

92-U-233

• Atomic Mass: 233.039628196 +- 0.000003010 (amu) 
• Excess Mass: 36913.421 +- 2.804 keV 
• Binding Energy: 1771728.280 +- 2.821 keV 
• Beta Decay Energy: B- -1028.513 +- 51.640 keV 
• Half Life: 159200 Y 

Specific Activity: 0.009636 curie/g 
Radioisotopic Power: 0.0002804 W/g 
Primary Mode of Decay: Alpha to Th-229 

• Decay Energy: 4.909 MeV
• Spin: 5/2+ 
• Critical mass: 16 kg (LA-10860-MS; De Volpi; Hugh C. Paxton 1981), 11.63 kg (one-group 

calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             588.4       522.2                   5.920       7.665
 elastic           11.97       11.94                   2.889       4.447
 inelastic                    (E-thr =  0.041 MeV)    174.6 -3     1.198
 (n,2n)                       (E-thr =  5.779 MeV)    406.9 -3    4.078 -3
 (n,3n)                       (E-thr = 13.060 MeV)    2.049 -3    1.380 -6
 fission           531.2       468.9       774.2       2.450       1.946
 capture           45.25       41.34       138.4      13.71 -9    70.30 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 2.53E-05 eV Nu_p = 2.487 
• Incident neutron 1E+05 eV Nu_p = 2.487 
• Incident neutron 1E+06 eV Nu_p = 2.565 
• Incident neutron 2E+06 eV Nu_p = 2.680 
• Incident neutron 1.4E+07 eV Nu_p = 4.223 
• Incident neutron fission spectrum average Nu_p = 2.649 

92-U-234 



• Atomic Mass: 234.040945606 +- 0.000002122 (amu) 
• Excess Mass: 38140.580 +- 1.976 keV 
• Binding Energy: 1778572.444 +- 2.002 keV 
• Beta Decay Energy: B- -1809.846 +- 8.321 keV 
• Atomic Percent Abundance: 0.0055% 
• Half Life: 245500 Y 

Specific Activity: 0.006222 curie/g 
Radioisotopic Power: 0.0001792 W/g 
Primary Mode of Decay: Alpha to Th-230 

• Decay Energy: 4.859 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 1.7E-9 % 
• SF rate (fissions/sec/g) = 3.9E-3 
• Neutron emission rate (N/sec/g) = 7.2E-3

• Spin: 0+ 
• Critical mass: 145-149 kg (C4/TMR2001/200-1), 40.6 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             119.2       106.8                   5.721       7.696
 elastic           19.42       19.25                   2.733       4.692
 inelastic                    (E-thr =  0.044 MeV)    320.2 -3     1.557
 (n,2n)                       (E-thr =  6.873 MeV)    473.0 -3    4.811 -3
 (n,3n)                       (E-thr = 12.650 MeV)    127.0 -3    14.54 -6
 fission          6.218 -3    5.536 -3     6.718       2.067       1.223
 capture           99.75       87.53       631.3      25.77 -6    217.7 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E+00 eV Nu_p = 2.339 
• Incident neutron 1E+05 eV Nu_p = 2.353 
• Incident neutron 1E+06 eV Nu_p = 2.474 
• Incident neutron 4E+06 eV Nu_p = 2.879 
• Incident neutron 1.5E+07 eV Nu_p = 4.369 
• Incident neutron fission spectrum average Nu_p = 2.578 

92-U-235 

• Atomic Mass: 235.043923062 +- 0.000002115 (amu) 
• Excess Mass: 40914.062 +- 1.970 keV 
• Binding Energy: 1783870.285 +- 1.996 keV 
• Beta Decay Energy: B- -123.716 +- 0.869 keV 
• Atomic Percent Abundance: 0.720% 
• Spin: 7/2- 7 
• Half Life: 7.038E8 Y 

Specific Activity: 2.161E-6 curie/g 
Radioisotopic Power: 5.994E-8 W/g 
Primary Mode of Decay: Alpha to Th-231 

• Decay Energy: 4.679 MeV 

Primary Mode of Decay: Spontaneous fission
• Branch ratio: 7.0E-9% 
• SF rate (fissions/sec/g) = 5.6E-6 
• Neutron emission rate (N/sec/g) = 1.1E-5



• Meta state at 0.000 Mev 
Half Life: ~25 M 
Primary Mode of Decay: IT to U-235 

• Spin: 1/2+ 
• Critical mass: 48 kg (LA-10860-MS; De Volpi), 33.4 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             698.2       608.4                   5.865       7.705
 elastic           15.04       14.95                   2.871       4.566
 inelastic                    (E-thr =  0.000 MeV)    350.3 -3     1.804
 (n,2n)                       (E-thr =  5.321 MeV)    542.9 -3    11.56 -3
 (n,3n)                       (E-thr = 12.190 MeV)    41.79 -3    7.074 -6
 fission           584.4       506.8       278.1       2.056       1.235
 (n,4n)                       (E-thr = 17.970 MeV)                8.408 -9
 capture           98.81       86.67       133.0      160.7 -9    89.07 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 2.53E-05 eV Nu_p = 2.4200 
• Incident neutron 1E+05 eV Nu_p = 2.4158 
• Incident neutron 1E+06 eV Nu_p = 2.5150 
• Incident neutron 2E+06 eV Nu_p = 2.6303 
• Incident neutron 4E+06 eV Nu_p = 2.8749 
• Incident neutron 1.4E+07 eV Nu_p = 4.3857 
• Incident neutron fission spectrum average Nu_p = 2.6055 

92-U-236 

• Atomic Mass: 236.045561897 +- 0.000002091 (amu) 
• Excess Mass: 42440.627 +- 1.948 keV 
• Binding Energy: 1790415.042 +- 1.974 keV 
• Beta Decay Energy: B- -929.469 +- 50.427 keV 
• Spin: 0+ 
• Half Life: 2.342E7 Y 

Specific Activity: 6.467E-5 curie/g 
Radioisotopic Power: 1.753E-6 W/g 
Primary Mode of Decay: Alpha to Th-232 

• Decay Energy: 4.572 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 9.6E-8 % 
• SF rate (fissions/sec/g) = 0.00230 
• Neutron emission rate (N/sec/g) = 0.0041

• Critical mass: Not fissile (C4/TMR2001/200-1), 167 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             13.69       13.09                   5.748       7.735
 elastic           8.336       8.330                   2.757       4.769
 inelastic                    (E-thr =  0.045 MeV)    326.0 -3     2.256
 (n,2n)                       (E-thr =  6.578 MeV)    487.3 -3    7.645 -3
 (n,3n)                       (E-thr = 11.900 MeV)    522.9 -3    66.34 -6
 fission          61.29 -3    54.44 -3     7.764       1.659      594.0 -3
 capture           5.295       4.703       345.6      366.6 -9    107.6 -3
 ---------------------------------------------------------------------------



Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-03 eV Nu_p = 2.294 
• Incident neutron 1E+05 eV Nu_p = 2.307 
• Incident neutron 1E+06 eV Nu_p = 2.425 
• Incident neutron 4E+06 eV Nu_p = 2.818 
• Incident neutron 1.5E+07 eV Nu_p = 4.267 
• Incident neutron fission spectrum average Nu_p = 2.526 

92-Uranium-238

• Atomic Mass: 238.050782583 +- 0.000002126 (amu) 
• Excess Mass: 47303.664 +- 1.980 keV 
• Binding Energy: 1801694.651 +- 2.006 keV 
• Beta Decay Energy: B- -147.065 +- 1.145 keV 
• Atomic Percent Abundance: 99.2745% 
• Half Life: 4.468E+9 Y 

Specific Activity: 3.361E-7 curie/g 
Radioisotopic Power: 8.508E^-9 W/g 
Primary Mode of Decay: Alpha to Th-234 

• Decay Energy: 4.270 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 0.000044 % 
• Average neutron yield (Nu) 

Nu_prompt = 1.97 +- 0.07 
• SF rate (fissions/sec/g) = 0.00551 
• Neutron emission rate (N/sec/g) = 0.0108

• Spin: 0+ 
• Critical mass: none (not fissile) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             12.09       11.77                   5.805       7.786
 elastic           9.360       9.356                   2.704       4.804
 inelastic                    (E-thr =  0.045 MeV)    698.3 -3     2.595
 (n,2n)                       (E-thr =  6.179 MeV)    910.0 -3    12.07 -3
 (n,3n)                       (E-thr = 11.330 MeV)    350.0 -3    61.90 -6
 fission          11.77 -6    10.45 -6     2.020       1.136      308.4 -3
 capture           2.717       2.414       278.1      1.943 -3    66.40 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 2.53000E-02 eV Nu_p = 2.4481 
• Incident neutron 1E+05 eV Nu_p = 2.4552 
• Incident neutron 1E+06 eV Nu_p = 2.5194 
• Incident neutron 2.9E+06 eV Nu_p = 2.6548 
• Incident neutron 5.15E+06 eV Nu_p = 3.0840 
• Incident neutron 2E+07 eV Nu_p = 5.1819 
• Incident neutron fission spectrum average Nu_p = 2.6010 

Neptunium

• Atomic number: 93 
• Molar volume: 11.59 cm^3/mole (25 C) 



• Density: 20.45 (Np-237, 25 C) 
• Melting point: 637 C 
• Boiling point: 4000 C 

93-Np-237 

• Atomic Mass: 237.0481673 +- 0.0000021 amu 
• Excess Mass: 44867.501 +- 1.961 keV 
• Binding Energy: 1795277.138 +- 1.986 keV 
• Beta Decay Energy: B- -220.318 +- 1.298 keV 
• Half Life: 2.144E6 Y 

Specific Activity: 7.034E-4 curie/g 
Radioisotopic Power: 2.068E^-5 W/g 
Primary Mode of Decay: Alpha to Pa-233 

• Decay Energy: 4.959 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: <=2E-10 % 
• SF rate (fissions/sec/g) = < 5.E-5 
• Neutron emission rate (N/sec/g) = < 1.E-4

• Spin: 5/2+ 
• Critical mass: 60 kg (Neptunium criticality achieved), 63.6-81.9 kg (C4/TMR2001/200-1), 18.5 kg

(one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             192.1       171.2                   5.539       7.799
 elastic           27.46       27.14                   2.606       4.965
 inelastic                    (E-thr =  0.033 MeV)    105.6E-3     1.321
 (n,2n)                       (E-thr =  6.657 MeV)    492.5E-3    3.120E-3
 (n,3n)                       (E-thr = 12.370 MeV)    87.93E-3    14.05E-6
 fission          22.49E-3    19.58E-3     7.058       2.247       1.335
 capture           164.6       144.0       661.2      228.6E-9    173.4E-3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.625 
• Incident neutron 1E+05 eV Nu_p = 2.640 
• Incident neutron 1E+06 eV Nu_p = 2.775 
• Incident neutron 4E+06 eV Nu_p = 3.224 
• Incident neutron 2E+07 eV Nu_p = 5.521 
• Incident neutron fission spectrum average Nu_p = 2.889 

Plutonium

• Atomic number: 94 
• Molar volume: 12.061 cm^3/mole 
• Density: 19.816 (20 C) 
• Melting point: 639.5 
• Boiling point: 3230 C 

94-Pu-238 

• Atomic Mass: 238.0495534 +- 0.0000021 amu 
• Excess Mass: 46158.688 +- 1.982 keV 



• Binding Energy: 1801274.921 +- 2.008 keV 
• Beta Decay Energy: B- -2258.350 +- 50.688 keV 
• Half Life: 87.7 Y 

Specific Activity: 17.12 curie/g 
Radioisotopic Power: 0.5678 W/g 
Primary Mode of Decay: Alpha to U-234 

• Decay Energy: 5.593 MeV 

Secondary Mode of Decay: Spontaneous fission

• Branch ratio: 1.9E-7 % 
• Average neutron yield (Nu) 

Nu_prompt = 2.28 +- 0.10 
• SF rate (fissions/sec/g) = 1204. 
• Neutron emission rate (N/sec/g) = 2745.

• Spin: 0+ 
• Critical mass: 12 kg (LA-UR-78-427), 8.95-9.49 kg (C4/TMR2001/200-1), 9 kg (Lovins), 5.26 kg

(one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             586.7       501.1                   6.876       8.829
 elastic           28.54       27.85                   3.584       6.014
 inelastic                    (E-thr =  0.044 MeV)    1.155 -3    716.6 -3
 (n,2n)                       (E-thr =  7.028 MeV)    514.7 -3    3.669 -3
 (n,3n)                       (E-thr = 12.930 MeV)    54.45 -3    13.71 -6
 fission           17.89       15.18       32.69       2.721       1.994
 capture           540.3       458.0       153.6      5.861 -9    99.30 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.891 
• Incident neutron 1E+05 eV Nu_p = 2.906 
• Incident neutron 1E+06 eV Nu_p = 3.039 
• Incident neutron 4E+06 eV Nu_p = 3.483 
• Incident neutron 1.4E+07 eV Nu_p = 4.964 
• Incident neutron fission spectrum average Nu_p = 3.148 

94-Pu-239 

• Atomic Mass: 239.0521565 +- 0.0000021 amu 
• Excess Mass: 48583.478 +- 1.971 keV 
• Binding Energy: 1806921.454 +- 1.998 keV 
• Beta Decay Energy: B- -802.912 +- 2.011 keV 
• Half Life: 24110 Y 

Specific Activity: 0.06203 curie/g 
Radioisotopic Power: 0.001929 W/g 
Primary Mode of Decay: Alpha to U-235 

• Decay Energy: 5.245 MeV 

Secondary Mode of Decay: Spontaneous fission



• Branch ratio: 3E-10 % 
• Average neutron yield (Nu) 

Nu_prompt = 
• SF rate (fissions/sec/g) = 7.E-3 
• Neutron emission rate (N/sec/g) = 2.E-2

• Spin: 1/2+ 
• Critical mass: 10.5 kg (LA-10860-MS, WASH-1037 Rev., p. 12), 10.0-10.3 kg 

(C4/TMR2001/200-1), 7.42 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            1.026 +3     980.2                   5.990       7.712
 elastic           7.968       7.787                   2.984       4.394
 inelastic                    (E-thr =  0.008 MeV)    366.3 -3     1.460
 (n,2n)                       (E-thr =  5.680 MeV)    290.1 -3    4.045 -3
 (n,3n)                       (E-thr = 12.710 MeV)    11.50 -3    2.762 -6
 fission           747.4       698.3       302.5       2.338       1.800
 (n,4n)                       (E-thr = 18.590 MeV)               176.2 -12
 capture           270.3       274.2       181.5      7.930 -9    52.94 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 2.53E-02 eV Nu_p = 2.8725 
• Incident neutron 1E+05 eV Nu_p = 2.8976 
• Incident neutron 1E+06 eV Nu_p = 3.0107 
• Incident neutron 4E+06 eV Nu_p = 3.4456 
• Incident neutron 1.4E+07 eV Nu_p = 4.9397 
• Incident neutron fission spectrum average Nu_p = 3.1231 

94-Pu-240 

• Atomic Mass: 240.0538075 +- 0.0000021 amu 
• Excess Mass: 50121.319 +- 1.947 keV 
• Binding Energy: 1813454.935 +- 1.974 keV 
• Beta Decay Energy: B- -1378.952 +- 13.790 keV 
• Half Life: 6564 Y 

Specific Activity: 0.227 curie/g 
Radioisotopic Power: 0.00707 W/g 
Primary Mode of Decay: Alpha to U-236 

• Decay Energy: 5.256 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 5.7E-6 % 
• Average neutron yield (Nu) 

Nu_prompt = 2.189 +- 0.026 
• SF rate (fissions/sec/g) = 478. 
• Neutron emission rate (N/sec/g) = 1047.

• Spin: 0+ 
• Critical mass: 35.7 kg (C4/TMR2001/200-1), 40 kg (Lovins; De Volpi), 15.2 kg (one-group 

calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             291.1       265.2                   5.890       7.723
 elastic           1.642       1.527                   2.716       4.319



 inelastic                    (E-thr =  0.043 MeV)    432.6 -3     1.950
 (n,2n)                       (E-thr =  6.561 MeV)    373.1 -3    3.547 -3
 (n,3n)                       (E-thr = 12.230 MeV)    113.5 -3    14.86 -6
 fission          58.77 -3    53.41 -3     8.938       2.254       1.357
 (n,4n)                       (E-thr = 19.260 MeV)                6.280 -9
 capture           289.4       263.6      8.103 +3    800.0 -6    93.28 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.794 
• Incident neutron 4E+06 eV Nu_p = 3.402 
• Incident neutron 1.4E+07 eV Nu_p = 4.922 
• Incident neutron fission spectrum average Nu_p = 3.061 

94-Pu-241 

• Atomic Mass: 241.0568453 +- 0.0000021 amu 
• Excess Mass: 52951.039 +- 1.948 keV 
• Binding Energy: 1818696.538 +- 1.975 keV 
• Beta Decay Energy: B- 20.815 +- 0.199 keV 
• Spin: 5/2+ 
• Half Life: 14.35 Y 

Specific Activity: 103.3 curie/g 
Radioisotopic Power: 0.01287 W/g 
Primary Mode of Decay: Beta to Am-241 

• Decay Energy: 0.021 MeV 

Secondary Mode of Decay: Alpha to U-237
• Branch ratio: 0.0025 % 
• Decay Energy: 5.140 MeV 

Tertiary Mode of Decay: Spontaneous fission
• Branch ratio: <2.E-14 % 
• SF rate (fissions/sec/g) = <8.E-4

• Spin: 5/2+ 
• Critical mass: 12.3-13.0 kg (C4/TMR2001/200-1), 12 kg (Lovins; De Volpi), 9.03 kg (one-group 

calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            1.385 +3    1.275 +3                 5.799       7.840
 elastic           11.35       11.14                   3.290       5.168
 inelastic                    (E-thr =  0.042 MeV)    2.002 -3    884.0 -3
 (n,2n)                       (E-thr =  5.262 MeV)    114.3 -3    21.37 -3
 (n,3n)                       (E-thr = 11.820 MeV)    95.00 -3    18.00 -6
 fission          1.012 +3     938.0       572.6       2.298       1.648
 (n,4n)                       (E-thr = 17.500 MeV)                22.74 -9
 capture           361.5       326.1       179.9      105.0 -9    118.2 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.930 
• Incident neutron 1E+05 eV Nu_p = 2.930 
• Incident neutron 1E+06 eV Nu_p = 3.013 
• Incident neutron 4E+06 eV Nu_p = 3.490 
• Incident neutron 2E+07 eV Nu_p = 5.963 



• Incident neutron fission spectrum average Nu_p = 3.142 

94-Pu-242 

• Atomic Mass: 242.0587368 +- 0.0000021 amu 
• Excess Mass: 54713.012 +- 1.966 keV 
• Binding Energy: 1825005.887 +- 1.993 keV 
• Beta Decay Energy: B- -750.963 +- 0.718 keV 
• Half Life: 3.733E5 Y 

Specific Activity: 0.003956 curie/g 
Radioisotopic Power: 0.0001169 W/g 
Primary Mode of Decay: Alpha to U-238 

• Decay Energy: 4.984 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 0.00055 % 
• Average neutron yield (Nu) 

Nu_prompt = 2.28 +- 0.13 
• SF rate (fissions/sec/g) = 805. 
• Neutron emission rate (N/sec/g) = 1840

• Spin: 0+ 
• Critical mass: 85.6 kg (C4/TMR2001/200-1), 90 kg (LA-UR-78-427), 95 kg (Lovins), range 75-

100 kg (De Volpi); 22.1 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             27.11       25.12                   5.954       7.934
 elastic           8.318       8.294                   2.922       4.810
 inelastic                    (E-thr =  0.043 MeV)    279.0 -3     1.900
 (n,2n)                       (E-thr =  6.336 MeV)    433.3 -3    6.667 -3
 (n,3n)                       (E-thr = 11.600 MeV)    289.2 -3    43.45 -6
 fission          2.557 -3    2.279 -3     5.577       2.027       1.127
 (n,4n)                       (E-thr = 18.160 MeV)                133.1 -9
 capture           18.79       16.82      1.130 +3    800.0 -6    87.87 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 2.790 
• Incident neutron 1E+05 eV Nu_p = 2.806 
• Incident neutron 1E+06 eV Nu_p = 2.948 
• Incident neutron 4E+06 eV Nu_p = 3.421 
• Incident neutron 2E+07 eV Nu_p = 5.950 
• Incident neutron fission spectrum average Nu_p = 3.070 

Americium

• Atomic number: 95 
• Molar volume: 17.63 cm^3/mole 
• Density: 13.67 (Am-241, 25 C) 
• Melting point: 1175 C 
• Boiling point: 2607 C 

95-Am-241 

• Atomic Mass: 241.0568229 +- 0.0000021 amu 
• Excess Mass: 52930.224 +- 1.957 keV 



• Binding Energy: 1817935.000 +- 1.984 keV 
• Beta Decay Energy: B- -767.357 +- 1.173 keV 
• Half Life: 432.2 Y 

Specific Activity: 3.431 curie/g 
Radioisotopic Power: 0.1147 W/g 
Primary Mode of Decay: Alpha to Np-237 

• Decay Energy: 5.638 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 4E-10 % 
• SF rate (fissions/sec/g) = 0.5 
• Neutron emission rate (N/sec/g) = 1.

• Spin: 5/2- 
• Critical mass: 58 kg (LA-UR-78-427), 57.6-75.6 kg (C4/TMR2001/200-1), 83.5 kg (Lovins; 

density adjusted), 23 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             614.6       545.4                   5.741       7.784
 elastic           11.14       10.73                   2.722       4.833
 inelastic                    (E-thr =  0.041 MeV)    49.94 -3     1.340
 (n,2n)                       (E-thr =  6.610 MeV)    262.4 -3    620.4 -6
 (n,3n)                       (E-thr = 12.650 MeV)    46.74 -3    10.02 -6
 fission           3.018       2.711       13.86       2.660       1.378
 capture           600.4       532.0      1.305 +3    229.9 -9    229.6 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 3.235 
• Incident neutron 2E+05 eV Nu_p = 3.262 
• Incident neutron 1E+06 eV Nu_p = 3.369 
• Incident neutron 4E+06 eV Nu_p = 3.769 
• Incident neutron 1.4E+07 eV Nu_p = 5.057 
• Incident neutron fission spectrum average Nu_p = 3.457 

95-Am-243 

• Atomic Mass: 243.0613727 +- 0.0000023 amu 
• Excess Mass: 57168.280 +- 2.178 keV 
• Binding Energy: 1829839.589 +- 2.203 keV 
• Beta Decay Energy: B- -8.908 +- 1.434 keV 
• Half Life: 7370 Y 

Specific Activity: 0.1996 curie/g 
Radioisotopic Power: 0.006433 W/g 
Primary Mode of Decay: Alpha to Np-239 

• Decay Energy: 5.438 MeV 

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 3.7E-9 % 
• SF rate (fissions/sec/g) = 0.27 
• Neutron emission rate (N/sec/g) = 0.76

• Spin: 5/2- 
• Critical mass: 209 kg (C4/TMR2001/200-1), 38.1 kg (one-group calculation, assuming the same 

ratio between one-group and multi-group values as Am-241 a 'true' value of 140 kg can be 
estimated) 



 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             86.10       78.00                   5.759       7.854
 elastic           7.480       7.428                   2.728       4.824
 inelastic                    (E-thr =  0.042 MeV)    308.5 -3     1.754
 (n,2n)                       (E-thr =  6.391 MeV)    360.5 -3    3.728 -3
 (n,3n)                       (E-thr = 11.950 MeV)    221.1 -3    33.16 -6
 fission          116.1 -3    103.3 -3     7.585       2.140       1.080
 (n,4n)                       (E-thr = 18.570 MeV)                2.068 -9
 capture           78.50       70.46      1.823 +3    230.7 -9    189.4 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 3.265 
• Incident neutron 2E+05 eV Nu_p = 3.292 
• Incident neutron 1E+06 eV Nu_p = 3.403 
• Incident neutron 4E+06 eV Nu_p = 3.812 
• Incident neutron 1.4E+07 eV Nu_p = 5.129 
• Incident neutron fission spectrum average Nu_p = 3.496 

Californium

• Atomic number: 98 
• Molar volume: 16.5 cm^3/mole 
• Density: 15.1 (Cf-249, 25 C) 
• Melting point: 900 C (+- 30 C) 
• Boiling point: 

98-Cf-249 
• Atomic Mass: 249.0748468 +- 0.0000030 amu 
• Excess Mass: 69719.351 +- 2.806 keV 
• Binding Energy: 1863369.394 +- 2.826 keV 
• Beta Decay Energy: B- -1451.000 +- 30.000 keV 
• Half Life: 351 Y 

Specific Activity: 4.089 curie/g 
Radioisotopic Power: 0.1526 W/g 
Primary Mode of Decay: Alpha to Cm-245

• Decay Energy: 6.295 MeV 

Secondary Mode of Decay: Spontaneous fission

• Branch ratio: 5.2E-7 % 
• SF rate (fissions/sec/g) = 787 
• Neutron emission rate (N/sec/g) = 2800

• Spin: 9/2- 
• Critical mass: 5.91 kg (C4/TMR2001/200-1), 5.90 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            2.177 +3    1.869 +3                 5.817       8.082
 elastic           6.223       5.989                   2.747       4.952



 inelastic                    (E-thr =  0.063 MeV)    65.64 -6     1.249
 (n,2n)                       (E-thr =  5.616 MeV)    662.0 -3    14.19 -3
 (n,3n)                       (E-thr = 12.620 MeV)    118.0 -3    24.69 -6
 fission          1.666 +3    1.430 +3    2.219 +3     2.290       1.741
 (n,4n)                       (E-thr = 18.660 MeV)                3.046 -9
 capture           504.5       433.6       694.9     328.2 -12    120.8 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 3.884 
• Incident neutron 1E+05 eV Nu_p = 3.902 
• Incident neutron 1E+06 eV Nu_p = 4.061 
• Incident neutron 4E+06 eV Nu_p = 4.701 
• Incident neutron 1.1E+07 eV Nu_p = 5.880 
• Incident neutron fission spectrum average Nu_p = 4.221 

98-Cf-251 

• Atomic Mass: 251.0795801 +- 0.0000049 amu 
• Excess Mass: 74128.333 +- 4.545 keV 
• Binding Energy: 1875103.058 +- 4.558 keV 
• Beta Decay Energy: B- -375.892 +- 7.107 keV 
• Half Life: 898 Y 

Specific Activity: 1.586 curie/g 
Radioisotopic Power: 0.05805 W/g 
Primary Mode of Decay: Alpha to Cm-247

• Decay Energy: 6.176 MeV 
• Spin: 1/2+ 
• Critical mass: 5.46 kg (C4/TMR2001/200-1), 1.94 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total            7.889 +3    6.712 +3                 5.838       8.148
 elastic           76.09       70.15                   2.754       4.814
 inelastic                    (E-thr =  0.025 MeV)    10.20 -3    862.9 -3
 (n,2n)                       (E-thr =  5.132 MeV)    268.1 -3    12.34 -3
 (n,3n)                       (E-thr = 11.780 MeV)    325.2 -3    44.33 -6
 fission          4.935 +3    4.196 +3    2.774 +3     2.478       2.430
 (n,4n)                       (E-thr = 17.400 MeV)                59.29 -9
 capture          2.878 +3    2.446 +3    1.604 +3    11.11 -9    27.45 -3
 ---------------------------------------------------------------------------

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 4.133 
• Incident neutron 1E+05 eV Nu_p = 4.157 
• Incident neutron 1E+06 eV Nu_p = 4.374 
• Incident neutron 4E+06 eV Nu_p = 5.097 
• Incident neutron 1.15E+07 eV Nu_p = 6.917 
• Incident neutron fission spectrum average Nu_p = 4.560 

98-Cf-252 

• Atomic Mass: 252.0816196 +- 0.0000055 amu 
• Excess Mass: 76028.139 +- 5.095 keV 
• Binding Energy: 1881274.575 +- 5.106 keV 
• Beta Decay Energy: B- -1260.000 +- 50.000 keV 



• Half Life: 2.645 Y 
Specific Activity: 536.2 curie/g 
Radioisotopic Power: 38.8 W/g (about half fission, half alpha decay) 
Primary Mode of Decay: Alpha to Cm-248

• Branch ratio: 96.91% 
• Decay Energy: 6.217 MeV

Secondary Mode of Decay: Spontaneous fission
• Branch ratio: 3.09% 
• Average neutron yield (Nu) 

Nu_prompt = 3.7590 +- 0.0048 
Nu_delayed = 0.0086 +- 0.0010 
Nu_total = 3.7676 +- 0.004 

• SF rate (fissions/sec/g) = 6.13E11 
• Neutron emission rate (N/sec/g) = 2.31E12

• Spin: 0+ 
• Critical mass: 5.87-7.93 kg (C4/TMR2001/200-1), 2.73 kg (one-group calculation) 

 ---------------------------------------------------------------------------
  REACTION        2200-m/s    Maxw.Avg.   Res.Integ     14-MeV    Fiss.Avg.
                  (barns)     (barns)     (barns)      (barns)    (barns)
 ---------------------------------------------------------------------------
 total             64.77       58.49                   5.848       8.186
 elastic           11.04       11.02                   2.758       5.144
 inelastic                    (E-thr =  0.046 MeV)    10.29 -3    731.5 -3
 (n,2n)                       (E-thr =  6.195 MeV)    86.60 -3    4.930 -3
 (n,3n)                       (E-thr = 11.330 MeV)    223.0 -3    35.17 -6
 fission           33.03       29.20       110.7       2.770       2.251
 (n,4n)                       (E-thr = 17.980 MeV)                11.66 -9
 capture           20.71       18.27       47.34      185.6 -9    51.29 -3
 ---------------------------------------------------------------------------
 

Average neutron induced Nu_p (prompt neutrons/fission)

• Incident neutron 1E-05 eV Nu_p = 4.060 
• Incident neutron 1E+05 eV Nu_p = 4.087 
• Incident neutron 1E+06 eV Nu_p = 4.325 
• Incident neutron 4E+06 eV Nu_p = 5.119 
• Incident neutron 1.5E+07 eV Nu_p = 7.961 
• Incident neutron fission spectrum average Nu_p = 4.374 
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