
ExperimentstoIres
Flash chambers discharging like neon lights, giant spectromet~!rs, stacks of
crystals, tons ofplastic scintillators, thousands ofprecisely ~t~i~~g

wires—all employed to test the ideas ofunifiedfield theories.

I
t has long been a dream of physicists to produce a unified field theory of the

forces in nature. Much of the current experimental work designed to test such

theories occurs at the highest energies capable of being produced by the latest

accelerators. However, elegant experiments can be designed at lower energies

that probe the details of the electroweak theory (in which the electromagnetic and

weak interactions have been partially unified) and address key questions about the

further unification of the electroweak and the strong interactions. (See “An Ex-

perimentalist’s View of the Standard Model” for a brief look at the current status of

the quest for a unified field theory.)

In this article we will describe four such experiments being conducted at Los

Alamos, often with outside collaborators. The first, a careful study of the beta decay

of tritium, is an attempt to determine whether or not the neutrino has a mass and

thus whether or not there can be mixing between the three known lepton families

(the electron, muon, and tau and their associated neutrinos).

Two other experiments examine the decay of the muon. The first is a search for

rare decays that do not involve neutrinos, that is, the direct conversion across

Iepton families of the muon to an electron. The muon is a duplicate, except for a

greater mass, of the electron, making such a decay seem almost mandatory.

Detection ofa rare decay, or even the lowering of the limits for its occumence, would

tell us once again more about the mixing between lepton families and about possible

violation of lepton conservation laws. At the same time, precision studies of

ordinary muon decay, in which neutrinos are generated (the muon is accompanied

by its own neutnno and thereby preserves muon number), will help test the stucture

of the present theory describing the weak interaction, for example, by setting limits

on whether or not panty conservation is restored as a symmetry at high energies.

The electron spectrometer for the tritium beta decay experiment under
construction. The thin copper strips evident in the entrance cone region to
the right and at the first narrow region toward the center are responsible
for the greatly improved transmission of this spectrometer.
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The lrr[cn[ ot’ the lourlh cxpcnment IS to

measure Inlcrfercnce C’lTCCIS be[wecn !hc

neutral and charged weak currcn~s via sca\-

mnng cxpcnmcrrts w!lh nculnnos and clcc-

(rorrs. It’ dcstructl\ c lnlcrfcrcncc is dclcc[ed.
~hen lhc present clcclrowcak [hcor) should

bc applicable cwn at h]ghcr rncrgles: If con-

s~ructlI c interference IS cietcctcd. then the

thcor> v.111need to be expanded. say by

Includlng Icc[or bosons bc~ond Ihose (the

# and the lt’~) already In the standard

model.

Tritium Beta Decay

In 1930 Pault argued thal Ihc continuous

hlncllc cnL,rg\ spcclrum ofclcclrons cmlttcd

In bcla deca} would he explained hy a Ilght.

ncu[ral parltclc. Th[s partlclc. the ncutrino.

was used b} Fermi in [934 to accoun[ quan -

Iltatlicl} tclrlhc klncmallcsofbe[a decay. In

1953. th~, c}usI\c, neu[rlno was observed

dlrcc[l! b! a LOS Alamm team. Fred Rclncs

and (’l>dc [.. (’owan. using a reactor at Han-

ford.

Though tbc ncutrino has generally been

[akcn 10 br masslcss. no ~heory requires ncu-

(nrros [o have zero mass. Tbc current ex-

pcnmcnial upper limit on the clcc[ron ncu-

Irlnc) mass IS 55 c.lcc-iron volis (cV). and Ihc

Ruwlan [c>am responsible for this Ilmit

clalmsa lov. crllnlll 01’20c V.The mass of[hc

ncutrlno IS \IIll gcnL.r~ll> uskcn to bc zero, Ior

hlsloncal rcaw)n~, hccausc Ihc cxpcrimcnls

dorw b> [hc RussIan Icam are c\trcmcl}

complc~, and bc’cause masslmsncss Icads Ioa

plcaslng slmplltica(ion olthc Iheor>,

A more carclul look. houc~er. shows thal

no rcspcctablc [heur> rcqulrcs a mass [hat IS

Idcntlcull! Icro Slncc wc l~arc man} ncu -

Inno llaiors (clcclrorr. muon and (au ncu -

Innos. a[ Icas[). a nonzcrn mass would lm -

medlawl! open possibilil]es for mlxlng be-

Iuccn [hcsc three known lep[on tamilics,
U’llhoul rc~gard 10 [he mlnlmal standard

model or an! unliica{lon schcmcs. the

posstblc c\lstcncc of massltc ncu[nnos

pnlrrls OUIour basic ignorance of’lbcongin 01
Ihc known parlwlc masses and Ihc Iamll)

structure ofparlicles.
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An Experiments
View of the

ist’s

Standard Model

T
he dream of physicists to produce a

unified field theory has. at different

times in the hisiory of physics, ap-

peared in a different light. For example, one

of the most astounding intellectual achieve-

ments in nineteenth century physics was the

realization that electric forces and magnetic

forces (and their corresponding fields) are

different manifestations of a single elec-

tromagnetic field. Maxwell’s construction of

the differential equations relating these two
fields paved the way for their later relation to

special relativity.

QED. The most successful field theory to

date, quantum electrodynamics (QED), ap-

pears to have provided us with a complete

description of the electromagnetic force.
This theory has withstood an extraordinary

array of precision tests in atomic, nuclear,

and particle physics, and at low and high
energies. A generation of physicists has
yearned for comparable field theories de-

scribing the remaining forces: the weak inter-

action, the strong interaction, and gravity,
An even more romantic goal has been the

notion that a single field theory might de-

scribe all the known physical interactions.

Electroweak Theory. In the last two dec-

ades we have come a long way towards realiz-

ing this goal. The electromagnetic and weak
interactions appear to be well described by

the Weinberg-Salam-Glashow model that

unifies the two fields in a gauge theory. (See
“Particle Physics and the Standard Model”

for a discussion of gauge theories and other

details just briefly mentioned here.) This

electroweak theory appears to account for

the apparent difference, at low energies, be-

tween the weak interaction and the elec-

tromagnetic interaction. As the energy of an
interaction increases. a unification is
achieved.

So far, at energies accessible to modem

high-energy accelerators, the theory is sup-

ported by experiment, In fact, the discovery

at CERN in 1983 of the heavy vector bosons

W+. W’–. and ZO, whose large mass (com-

pared to the photon) accounts for ~he rel-
atively ‘“weak” nature of the weak force.
beautifully confirms and reinforces the new

theory.

The electroweak theory has many ex-

perimental triumphs, but experimental
physicists have been encouraged to press

ever harder to test the theory. to explore its
range of validity. and to search for new fun-
damental interactions and particles, The ex-

perience with QED, which has survived

decades of precision [ests. is the standard by
which to judge tests of ~he newest field ~he-

ories.

QCD. A recent, successful field theory that

describes the strong force is quantum

chromodynamics (QCD). In this Iheory the

strong force is mediated by the exchange of

color gluons and a coupling constant is de-

termined analogous to the tine structure con-

stant of the electroweak theory.

Standard Model. QCD and the elec-

troweak theory are now embedded and

united in the minimal standard model. This

model organizes all three fields in a gauge
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Experiments To Test Unification Schemes

Table

The first three generations of elementary particles.

Family:

Double\s

Slnglcls:

I

(),Quarks: ~~

i ),
v,.

Lcp[ons:
(’

fiK.(fK.(’u.

theory of electroweak and strong interac-
tions. There are two classes of particles: spin-
I/2 particles called fermions (quarks and lep-

tons) that make up the parlicles of ordinary

matter, and spin- 1 particles called bosons

that account for the interactions between the

fermions.
In this theory the fermions are grouped

asymmetrically according to the “handed-
ness” of their spin to account for the ex-
perimentally observed violation of C’P sym-

metry. Particles with right-handed spin are
grouped in pairs or doublets; particles with

left-handed spin are placed in singlets. The

exchange ofa charged vector boson can con-
vert one particle in a given doublet to the

other, whereas the singlet particles have no
weak charge and so do not undergo such

transitions.

The Table shows how the model, using

this scheme, builds the first three generations

ofleptons and quarks. Since each quark (u, d.
c. s, [, and b) comes in three colors and all

fermions have antiparticles, [he model in-

cludes 90 fundamental fermions.

The spin-1 boson mediating the elec-

tromagnetic force is a massless gauge boson,

11 Ill

(),
~,
.\

()Vp

PI

(),[t)

that is. the photon y. For the weak force.

there are both neutral and charged currents

that involve, respectively, the exchange of

the neutral vector boson ZO and the charged
vector bosons W+ and W-, The color force

of QCD involves eight bosons called gluons

that carry the color charge.
The coupling constants for the weak and

electromagnetic interactions, ~Wk and gc~,
are related by [he Weinberg angle t3w. a mix-
ing angle used in the theory to parametrize

the combination of the weak and elec-

tromagnetic gauge fields. Specifically,

sin t3w = &n,/gWk

Only objects required by experimental re-

sults are in the standard model. hence the

term minimal. For example, no right-handed

neutrinos are included. Other minimal as-

sumptions are massless neutrinos and no
requirement for conservation of lotal Icpton

number or of individual Iepton flavor (thal

is. electron. muon, or [au number),

The theory, in fact, includes no mass for

an!’ of the elementary particles. Since the

vector bosons for the weak force and all the

fermions (except perhaps the neutrinos) are

known to be massive. the symmetry of the

theory has to be broken. Such symmetV-
breaking is accomplished by the Higgs mech-

anism in which another gauge field with its

yet unseen Higgs particle is built into the

theory. However, no other Higgs-lype parti-

cles are included.

Many important features are built into Ihe

minimal standard model. For example. iow-

energy. charged-current weak interactions

are dominated by r’ – A (vector minus axial
vector) currents: thus. only left-handed ~t”t

bosons have been included. Also. since neu-

trinos arc ~akcn to be rnassless, there are

supposed to be no oscillations between neu-

trino flavors.

There arc many possibilities for ex-

tensions to the standard model. New bosons.

families of particles. or fundamental interac-

tions may be discovered, or new substruc-

tures or symmetries may be required. The

standard model. al this moment. has no
demonstrated flaws. but there are many po-

tential sources of trouble (or enligh~enment),

GUT. One of the mos[ dramatic notions

that goes beyond the standard model is the

grand unified theory (GUT). In such a the-

ory. the coupling constants in the elec-
troweak and strong sectors run together at
extremely high cncrgics ( 101j to 101” giga-
electron volts (Ge V)), ,+1[the fields are uni-

fied undera single group structure. and a ncw

object. the X, appears to generate this grand

symmetry group. This very high-energy mass

scale is not directly accessible at any con-

ceivable accelerator. To explore the wilder-

ness between present mass scales and the

GUT scale, alas, all high-energy physicists

will have to be content to work as low-energy

physicists. Some seers believe the wilderness
will be a desert, devoid of striking new phys-

ics. In the Iikely event thal the desert is found

blooming with unexplored phenomena. the

journey through this terra incognita will be a
long and fruitful one. even if we are restricted

to feasible tools. ■
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The reaction studied by all of the experi-

ments mentioned is

3H+3He++e–+~~.

This simple decay produces a spectrum of

electrons with a definite end point energy
(that is, conservation of energy in the reac-

tion does not allow electrons to be emitted
with energies higher than the end point

energy). [n the absence of neutrino mass, the

spectrum, including this end point energy,

can be calculated with considerable

precision. Any experiment searching for a

nonzero mass must measure the spectrum

with sufficient resolution and control of sys-

tematic effects to determine if there is a

deviation from the expected behavior.

Specifically, an end point energy lower

than expected would be indicative of energy

carried away as mass by the neutrino.

In 1972 Karl-Erik Bergkvist of the Univer-

sity of Stockholm reported that the mass of

the electron antineutrino ;, was less than 55

eV. This experiment used tritium embedded

in an aluminum oxide base and had a resolu-

tion of 50 eV. The Russian team set out to

improve upon this result using a better spec-

trometer and tritium bound in valine

molecules.
Valine is an organic compound, an amino

acid. A molecular biologist in the Russian

collaboration provided the expertise

necessary to tag several of the hydrogen sites

on the molecule with tritium. This knowl-

edge is important since one of the effects

limiting the accuracy of the result is the

knowledge of the final molecular states after

the decay.
Also important was the accurate de-

termination of the spectrometer resolution
jiunction, which involved a measurement of

the energy loss of the beta electrons in the
valine. This was accomplished by placing an

ytterbium- 169 beta source in an identical

source assembly and measuring the energy
loss of these electrons as they passed through

the valine.
The beta particles emitted from the source

were analyzed magnetically in a toroidal beta

spectrometer. This kind of spectrometer

provides the largest acceptance for a given

resolution of any known design, and the

Russians made very significant advances.

The Los Alamos research group, as we shall

see, has improved the spectrometer design

even further.

In 1980 the Russian group published a

positive result for the electron antineutrino

mass. After including corrections for the un-

certainties in resolution and the final state

spectrum, they quoted a 99 per cent con-

fidence level value of

The result was received with great excite-

ment, but two specific criticisms emerged.

John J. Simpson of the University of Guelph

pointed out that the spectrometer resolution
was estimated neglecting the intrinsic

linewidth of the spectrum of the yt-

terbium- 169 calibration source. The ex-

perimenters then measured the source

linewidth to be 6.3 eV; their revised analysis

lowered the best value of the neutrino mass

from 34.3 to 28 eV. The basic result of a

finite mass survives this reanalysis, accord-

ing to the authors, but it should be noted that

the result is very sensitive to the calibration

linewidth. Felix Boehm of the California In-

stitute of Technology has observed that with

an intrinsic linewidth of only 9 eV, the 99 per

cent confidence level result would become

consistent with zero.

The second criticism related to the as-

sumption made about the energy of the final

atomic states of helium-3. The valine

molecule provides a complex environment,

and the branching ratios into the 2s and

1s states of helium-3 are difficult to estimate.
Thus the published result may prove to be

false.
This discussion illustrates the difficulty of

experiments of this kind. Each effort

produces, in addition to the published meas-

urement, a roadmap to the next generation

experiment. The Russian team built upon its
1980 result and produced a substantially im-

proved apparatus that yielded a new meas-

urement in 1983.

The spectrometer was improved by adding

an electrostatic field between the source and

the magnetic spectrometer that could be used

to accelerate the incoming electrons. The

beta spectrum could then be measured,

under conditions of constant magnetic field,

by sweeping the electrostatic field to select

different portions of the spectrum. This tech-

nique (originally suggested by the Los Ala-

mos group) provides a number of advan-

tages. The magnetic spectrometer always

sees electrons in the same energy range,

providing constant detection efficiency

throughout the measured spectrum. The

magnetic field can also be set above the beta

spectrum end point with the electrostatic

field accelerating electrons from decays in

the source into the spectrometer acceptance.

This reduces the background by a large factor

by making the spectrometer insensitive to

electrons from decays of tritium contamina-

tion in the spectrometer volume.

Also, finite source size, which produces a

larger image at the spectrometer focal plane,

was optically reduced by improved focusing

at the source, yielding a higher count rate

with better resolution.

The improved spectrometer had a resolu-

tion of 25 eV, compared to 45 eV in the 1980

experiment. Background was reduced by a

factor of 20, and the region of the spectrum

scanned was increased from 700 eV to 1750

eV.

The controversial spectrometer resolution

function was determined using a different

line of the ytterbium-169 source, and the

Russians measured its intrinsic linewidth to

be 14.7 eV. They also studied ionization

losses by measuring the ytterbium-169 spec-

trum through varying thicknesses of valine,

yielding a considerably more accurate resolu-

tion function.
The data were taken in 35 separate runs

and the beta spectrum (Fig. 1) was fit by an

expression that included the ideal spectral

shape and the experimental corrections. The

best fit gave

m;c=33.02zl.leV,
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Fig. 1. Electron energy spectrum for
tritium decay. This figure shows the
1983 Russian data as the spectrum
drops toward an end point energy of
about 18.58 ke V. The difference in the
best fit to the data (solid line) and the
fit for a zero neutrino mass (dashed
line) is a shift to lower energies that
corresponds to a mass of about 33.0 e V.
(Figure adapted from Michael H.
Shaevitz, “Experimental Results on
Neutrino Masses and Neutrino Os-
collations, ” page 140, in Proceedings
of the 1983 International Symposium
on Lepton and Photon Interactions at
High Energies, edited by David G.
Cassel and David L. Kreinick (Ithaca,
New York:F.R. Newman Laboratory of
Nuclear Studies, Cornell University,
1983).)

with a 99 per cen~ confidence limit range of

20< m;,,< 55 eV .

These results were derived by making

particular choices for the final state spectra.

Different assumptions for the valine molecu-

LOS ALAMOS SCIENCE Summer/Fall 1984

lar final states and the helium-3 molecular.

atomic. and nuclear final states can produce

widely varying results.

The physics community has been tan-

talized by the prospect that neutrinos have

significant masses. Lepton flavor transitions.

neu[rino oscillations, and many other

phenomena would be expected if the result is

confirmed. The range of systematic effects.

however. urges caution and enhanced efforts

by experimenters to attack this problem in an

independent manner. There are currently

more than a dozen groups around the world

engaged in improved experiments on tritium

beta decay. A wide range of tritlum sources.

beta spectrometers. and analysis techniques

are being employed.

The Tritium Source. In an ambitious at-

templ to usc the simplest possible tritium

source. a team from a broad array of tech-

nical fields a[ Los Alamos is attempting to

develop a source that consists ofa gas of free

(unbound) tritium atoms. Combining di-

verse capabilities in experimental particle

physics. nuclear physics. spectrometer de-

sign. cryogenics. tritium handling, ultraviolet

laser technology, and materials science. this

team has developed a nearly ideal source and

has made numerous improvements in elec-

trostatic-magnetic beta spectrometers.

The IWO most significant problems come

from the scattering and energy loss of the

electrons in the source and from the atomic

and molecular final states of {he helium-3

daughter. These effects are associated with

any solid source. Thus the ideal source would

appear to be free tritium nuclei. but ibis is

ruled impractical by the repulsive effects of

their charge.

The next best source is a gas of free tritium

atoms. Detailed and accurate calculations of

the atomic final states and electron energy

losses can be performed. Molecular effects,

including final state interactions, breakup.

and energy loss in the substrate. are

eliminated. Since the gas contains no Inert

atoms, the effect of energy loss and scattering

in the source are reduced accordingly. Even

the measurement of the beta spectrometer

resolution function is simplified.

The forbidding technical problem of such

a design is building a source rich enough and

compact enough to yield a useful count rate,

Only one decay in 107 produces an eleclron

with energy in the tn[eresting region near the

end point where [he spectrum is sensitive to

neutrino mass,

The Los ,Alamos group was mottvated by a

1979 talk given by Gerard Stephenson, of the

Physics and Theoretical Divisions. on neu-

trino masses. They recognized quite early, In

fact before the 1980 RussIan result. that

atomic tritium would be a nearly Ideal

source, In their iirsl design. molecular

lrilium was to bc passed through an ex-

tensive gas handllng and punt ication sys[em

and atomic tritium prepared using a dis-

charge in a radio-frequency dmocia~or. Tht

pure jet of alomic Intium was ihcn 10 bc

monitored for beta decays, It was clear. how-

ever. that the tritium atoms needed to be

used more et%c]ently,

Kcy suggestions were made at this point

by John Browne ofthc Physics Divtsion and

Daniel Kleppner of the Massachusetts In-

stitute of Technolog), Advances had been

made In the production of dense gases of

spin-polarized hydrogen, The new tech-

niques—” In which the atomic beam was

cooled and then contatned in a bottle made

of carefully chosen materials observed to

have a low probability for promoting recom-

bination of the atoms-promised a possible

intense source of free atomic trltium. The

collaboration set out to develop and demon-

strate this Idea. Crucial 10 the efforl was the

participation of Laborator~ cryogenics

specialists.

The resulting trltium source (Fig. 2)

circulates molecular tritium through a radio-

frequency dissociator into a special tube of

aluminum and aluminum oxide. Because the

recombination ralc for this material near 120

kelvins is very low. the system achieves 8010

90 pcr cent purity of atomic tri[lum. The

electrons from the beta decay of ~he atomic

tritium are captured by a magnetic field. and

then electrostatic acceleration. similar to that

employed by the Russians. is used to trans-
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Fig. 2. The tritium source. A401ectdar tritistm passes through
the rssdio-freguency dissociator and then into a 4-meter-
Iong tube as a gas offree atoms. The tube—aluminum with a
surface layer of aluminum oxide—has a narrow range
around a temperature of 120 kelvins at which the molecular
recombination rate is very low, permitting an atom to
experience approximately 50,000 collisions before a
molecule isformed. The resulting difluse atomic gas fills the
tube, and mercury -diffusion pumps at the ends recirculate it
through the dissociator. Typical!y, the system achieves 80 to
90 per cent purity of atomic tritium. By measuring the
spectrum when the dissociator is off the contribution from
the 10 to 20per cent contamination of molecular tritium can

be determined atid snbtrad’ed, resulting in a pure atomic
tritium e!ectrots spectrum.

A superconducting coil surrounds the tube with a field of
1.5 kilogauss. At one end the winding has a reflecting jleld
provided by a magnetic pinch. Thesefields capture electrons
from beta decays with 95per cent eficiency,

The other end of the tube connectsto a vacuum region and
has coils that transport and, importantly, focus m image of
the electrons into the spectrometer (Fig 3), The tube is held
at a selected voltage between –4 and –20 kilovolts, and
electrons exit the source to ground potential. Thus, electrons
from decays in the source tube are accelerated by a known
amount to an energy above that of electrons from decays in

port the electrons toward Ihe spec~romcwr,
During ibis transport, fdcuslng coils and a

collimamr are used to form a small image of

the electron source in the spectrometer.

Development of this trltium source re-

quired solving an array of problems as-

soaated wi[h a syslem tha[ was 10 recirculate

atomic tntium. Evcrythlng had to be cx-

trt’mel} clean. and no organic materials were

allowed: all surfaces are glass or metal. Con-

ducting materla{s had 10 be used wherever

insulators could collecI charge and in[roduce

a bias. The aluminum oxide coa[ing in the

tube is so thin that cleclrons simply Iunnel

!hrough II. Ihus providing a conducing sur-

face that does not crrcouragc rccombtnation.

Specml mercury-dtt~uslon pumps and cus-

tom c~opumps. free of oil or other nrganic

ma[crutls. had 10 be fubricalcd. Evm-y par! O(

[he tntium source was an cxcrctse In

materials seitmce,
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The idea of using clcctrosta[ic acceleration

at the output oflhc stntrcc was first proposed
hy the group at Los Alamos in 1980 and

subsequently used in the mcasuremen[ de-

scribed In the 1983 Russian pubhcatmn. ,Ac-

ceierating lhe electrons to an energy above

that ofelcclrons from trifium that decays In

the spectrometer both strcmgl} reduces the

background and also improves the accep-

~ance of electrons into the spectrometer,

However. this Iechnique necessitates a larger

spectrometer,

There are tw’o o[her important systematic

efTects that need to be dealt with: the source

image seen by the spectrometer should be

small. and clec[rons procluccd hy decays In

the tube lha[ sufTcr scattering olT [hc walls

have an energy IOSS thal dislorls Ihc

mcasurvd spectrum. Thr [iwuslng coil znd

the linal colhmamr address holh eikcts,

providing a small Image. The only energy

loss mechanism remaining is in the tritlurw

gas Itself. where losses are less (ban 2 cV.

The Spectrometer. In addition to cno-

gcmlcs. trillum handling, and laser wch-

nology. lhc Lahwatory’s powcrt’ul compu[-

tng capabilllws were emplo}cd In bolh [he

de!allcd optical dtwgn of [he beta-electron

spectrometer and in extensive Monte-Carlo

modcllng.

The spectrometer (Fig. 3) is an ambitious

development of [he Russian des!gn. Elec-

trons from the source pass through the en-

\rancc corw and arc foeused onto the spec-

trometer axis. (lse very slgniticanl lmpro\e-

mcnt In [hc spectrometer is the design of the

conductors running parallel [o the spec-

Iromcvcr a~ts tha~ do this focusing. [n the

KussIan appamtus. !hc conductors were

lhlck water-cooled tubes. Most elcclrons

smke the tubes and. as a rcsull of this loss.
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%&‘“”the spectrometer. Additional pumps also sharply reduce the
amount of tritismi escapisg into the spectrometer.

Several sophisticated diagmxtic systems monitor source
output amd stability. Bent detectors mounted Jn the fins
region infront of the co!lkator meusnr~ the totul decay rate
from molecular and atomic tritintn, whweas thtifiwction of
tritium in molecular form is monitored by an ultraviolet
(1027 angstroms wavele~gth) laser system developed by
members of Chemistry Division that uses absorption linesof
molecular tritium. A high-resolutions electron gun is used to
monitor energy loss in b@h the gas atid the spectrometer.
This gun is also used to measure the important spectrometer
resolution function directly.

their spectrometer has low transmission.

The Los Alamos spcclromctcr uses thin

20-mil slrips for each of the conductors in the

region within ~he transport aperture, This

achtcvcs an order of magnitude higher ~rans-

mission. essential in yielding a useful count

ra~e in an cxpcrimcn[ with a dllutc gas

source.

.Another bertctlt of the {bin strips is that

they can be formed easily. In fact. oplical

calculations accuralc to third order diclalc

the curvamrc of the cmrancc and exit strips.

The improved focusing propxtics of this

arrangcmcn[ yield an acceptance three [imcs

higher than the Russian dcvicc with no Corn.

promlsc in resolution.

The cxpcrimcn[crs cxpecI 10 be taking

data [hroughout Ihc Iattcr part of 1984. They

cxpecI an order of magnitude Icss back-

ground and an order of magnitude larger

geometric acceptance than Ihe Russian ex-
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Fig. 3. The spectrometer. Electrons from thesource (Fig. 2)
that pass through the cullimistur (with an approximate
aperture of I centimeter) open into a cone shaped region in
the spectrometer with a maximarn half angle of 30 degrees.
Electrons bet ween 20 and 30 degrees pass between thin
conducting strips into the spectrometer and are fwussvi onto
the spectrometer axis. This focus servesas a virtual image of
the source. Transmission has been greatIy impro~’edover the
Russian design through the use of thin conductors in all
regions of electron f70 w (see opening photograph for a view
of these conductors). The final fwal p{arte detector is a
position-sensitive, multi- wire proportional gas counter, also
an improvement over previous detectors.

perimcnt. The design calls for a resolution

between X) and 30 cV. wilh a sensitivity to

ncu[rino masses less than 10 eV. Even with

[heir dilulc gas source. they cslimalc a dam

rate in the rcgmn within 104)CV d’ the spec-

trum cnd potnt of about 1 hertz. full! com -

pctIIIvc with rates obtalncd using solid

sources.

Many groups around the wortd arc

vigorously pursuing this mcasurcmcnt, No

oshcr cfforI. however. will produce a rcsull as

free of systematic problems as the Los .41a-

mos projccl. Othcr experiments arc employ-

ing solid sources or. at best. molecular

sources, Many have adopted an clcc~rostalic

grid s)slcm thal introduces IIS own prob-

Icms, To date. no design promises as clean a

mcasurcmcnt, This year may WCII hc the year

in which” Ihc problcm of nculrlno mass is

sc[tlcd. The quantitative answer will be an

importan[ tool in uncovering the very poorly

understood rclal ions between Icpton

famtlics. No deep understanding o![hc mod-

CIS that unify the forces In nature can be

cxpectcd without prccisc knowledge of Ihc

mosses of nculrlnos

Rare Decays of the Muon

The muon has been the source of onc

PUZ71C after another. It was dtscovcrcd In

1937 in cosmic radiation b) Anderson and

Ncddermcycr and hy Strccl and Slcvcnson

and was assumed to be the rncson ot’

Yukawa’s theory ofthc nuclear force.

Yukawa poslulalt’d Iha[ [he nuckwr fLlrW.

with ][s shrm range. should bc mcdialcd h)

the cxchangc ofa massive panlclc. a meson.

This differs from Ihc masslcss photon of the

infinilc-range electromagnetic force. The

muon mass, about 200 times the electron

mass. fit Yukawa”s thcor~ WCII.
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II was only af~er World War 1I ended lhat

measurements of the muon’s range in

materials were found to be inconsistent wilh

a particle Interacltng vla a s[rong nuclear

force. Discovery of the plon. or pi meson,

se~~led the controversy. To this day, how-

ever. casual usage sometimes Includes the

erroneous phrase “mu meson”.

W]th {he rcsolut]on of the meson problem.

however. the muon had no reason to be. [t

was s]mply nol necessary. The muon ap-

peared to be. in all known ways. a massive

eleclron with no other distlngulsh]ng at-

tributes. + famous quotation of [. 1. Rabl

summarized ~he myste~: “The muon, who

ordered Ihat’?”

This question ]s none other than the

family problem described earlier. Today. ~he

myslery remains, but IIS complexity has

grown. Three generations of ferm]ons exist.

and the mys~enous relallon of ~he muon to

the clec[ron IS repllca{ed in the existence of

the tau. discovered in 1976 by Marlin Perl

and collaborators. The three generation

scheme is buill into the mlnlmal standard

model. but [here is Il[tle lnslght togu]dc us lo

the ultlmate number ofgencratlons.

[s there a conservation number associated

w,i[h each famll} or generation’? Arc there

selec~lon rules or fundamental symmetries

thal account for [he apparent absence of

some transitions be(ween these multiples?

Vertical and horlzorl[al ~ransl~lons bclwccn

quark stales do occur. Processes Involv]ng

neu[nnos connect [hc Icpton gcnera[lons.

Can ~he pa[tern oflhese observed transitions

gl~e us a clue as 10 wh} wc are blessed with
[his peculiar zoology? Should we look harder

for ~he processes we have not observed?

Rabl’s question. In IIS most modern form. IS

a rich and bewlldcnng one. and many ex-

perimental groups have [aken up its

challenge by pursuing high scns]tlvlty sludies

of [he rare and unobserved reactions [hat

may connect ~hc generations.

Wl[h Ihc muon and clcclron ~lr~ual

dupllca[cs ofcach other, I( was expccled thal

the heav]er muon would decay by slmplc,

nel~lrlndms processes lo the electron. Tran -

sl[lons such as y- - e+ c- (,”. p+ –. ~,- y. or
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Table 1

The addftive fepton numbers, their conservation laws, and some of the
decays allowed or forbidden by those laws.

Family Particles Lepton Number

Electron , e–, Ve Le=+l
e+, iIe L,=–l

Muon v-, yy LP=+l

w+, V@ LP=–l

Tau T–, VT L,=+l
T+,<x L.=–l

Conservation Laws: XL, = Constant, UP= Constant, ZLT = Constanl

Allowed Decay V+- e+ v, vu Forbidden Decays p+ - e+ y

P+- e+e+e-
p- Z--+ e-Z
p-Z ~ e- (Z--2)

P+ - e~~ v@P

p- z-. c- Z (where Z signifies thal the

ln[eraction IS with a nucleus) were expected.

Estlmalcs of the raws for these processes

using second-order. current-current weak ln -

lcractlons gave results 100 small 10 observe.

In fact. the results were much smaller than

the 1957 limlt for [he branching ratio for y+

. c+ y. which was < 2 X 10–~ (a branching

ratio IS the ra[io of [hc probability a decay

WIII occur 10 the probablllly of [hc mns(

common decay).

A belrer early model appeared In 1957

when Schwlnger proposed [hc Intermediate

veclor boson (now called l+’ and observed

dlrcctly In 1983) as [he mediator of the

charged -curren[ weak interaction. With this

model and under most assumptions. rales

larger than the experimental Iimlts were

predlctcd for [he three reactions. The failure

[o observe these decays required a dynamical

suppression or a new conservation law. Dc-

spt[c the discussion to follow. the situation

[oday has changed very Il[lle. The measured

IIml[s arc more strlrrgent, though. by many

orders of magnitude.

The first proposal for Iep{on number con-

scrvatton came In 1953. In fact. there hair

been Ihrce dlffcrcnl schcmcs for conscrI Ing

Icp[on nurnhcr. The 1953 Konoplnskl -

Mahmnud scheme cannot accommoda[c

three Icp[on gcncra[lons and has n~~t

survived. A scheme in whlct- Icplon number

IS conserved by a mul[]pllca~lvc law was

proposed In 1961 by Fclnbcrg and Wclnbcrg,

but lh]s method IS no{ [hc fa~c~rcd conscrla -

[Ion law. An early cxpcnmen[ with a ncu -

tnno dctcclor at [hc (’llntc, n P. Anderson

Meson Phystcs Facility in Los 41amos

(L.4MPF) has removed [he mult]pllca[l~e

law from favor. and ~he currcn~ expcnmenl

to study neutrlno-electron scattering. de-

scribed later [n this article, has set even more

stnngenl limits on such a law.

The most favored scheme IS addl[lte [ep-

Ion number conscrva~lon. proposed In 19~7

by Schwingcr. Nlshijlma. and Bludman, [n

Ihls schcmc. an} process must scpara[cl,

conscrvc Ihc sum of muon number and [h~

sum of clcc~ron number. Table I shows the

assign mcn[ oflepton numbers used. The c\-

tenslon [o the [hlrd Iepton flavor. tau. IS

obvious and na~ural.
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Fig. 4. The progressive drop in the ex-
perimentally determined upper limit
for the branching ratio of several
muon-number violating processes
shows a gap in the late 1960s. Essen-
tially, this gap was the result of a belief
by particle physicists in lepton number
conservation.

These schemes require, as the table hints, a
distinc~ neutrino associated with each lep-

ton. In a 1962 experiment the existence of

separate muon and electron neutrinos was

confirmed.

With a conservation law firmly en-

trenched in the minds of physicists. searches

for decays that did nol conserve Iepton num-

ber seemed poin[less. In a 1963 paper

Sherman Frankel observed “Since it now

appears that this decay is not lurking just

beyond present experimental resolution, any

further search seems futile.”

In re(rospecl it can be said that the particle

physics communily erred. The conclusion

slated in the previous paragraph resulted in a

near]> complete halt to efforts lo detect

processes that did not conserve Iep[on num-

ber-and this on the basis ofa law postulated

without any rigorous or fundamental basis!

It is easy to justify these assertions. Figure

4 shows that the experimental limits on rare

decays were not aggressively addressed be-

tween 1964 and the late 1970s. This era of

inattention ended abruptly when an ex-

perimental rumor circulated in 1977—an er-

roneous report terminated a decade of theo-

retical prejudice almost overnight! This

could not have been the case iflep[on conser-

vation was required by fundamental ideas.

In 1977 a group searching for the process

V+ - e+ y at the Swiss Institute for Nuclear

Research (SIN) became the inadvertent

source of a report thal the decay had been

seen. The experiment{. sometimes referred (o

as the “original SIN” experiment. was an

order of magnitude more sensitive than any

prior search for this decay and eventually set

a limit on Ihe branching ratio of 1.0 X 10-Y

A similar effort at the Canadian meson fac-

tory. TRIUMF, produced a limit of 3.6 X

10-9 at about lhe same [ime.

The Crystal BOX. The extraordinary con-

troversy genera{ed by the “original SIN” re-

port moilvaled a Los Alamos group to at-

Iempt a search for V+ - c+ y with a sensitiv-

ity to branching ratios of about 10-1O. This

experimen[ was carried out in 1978 and
1979. using several new technologies and a

new type of muon beam at LAMPF, and
yielded an upper Iimlt of t.7 X 10-1” (90 per

cent confidence level). That result stands as

the most sensitive limit on Ihe decay to date

but should be surpassed this year by an ex-

periment al LAMPF called [he Cnslal Box

experiment.

This experimen( was conce]ved as [he

earlier experiment came to an end. By

searching for three rare muon decays simul-

taneously. ~he experimen~ would be a major

advance in sensitivity and breadth. Several

new technologies would be exploited as well

as Ihe capabilities of the LAMPF seconda~
beams.

In any search for a very rare decay. sensi-

tivity is limited by two factors: the total

number of candidate decays observed. and

any olher process that mimics the decay

being searched for. The design of an experi-

ment must allow [he reliable cstima[e ofthc

contribution of other processes [o a false

signal. This is generally done b) a Monte-

Carlo simulation of these decays ~hat in-

cludes [aking Inlo account [hc dctccl~lr

propcrlics.

[n [he ahscncc of background or a posl[ltc

signal for the process being s[udied. the num-

ber of seconds the experiment is run trans-

lates linearly inlo cxpcnmental sensltivlt).

However. when a background process is de-

tecled, sensitivity is gained only as the square

roo[ of the running time. This happens be-

cause one must subtraci the number of back-

gmund evcrrts from the number ofobser~ed

cverlts. and the statlsllcal unccrlalntws in

Ihcsc numbers dclcrmlnc the limit. Gcmer-

all}. when an experiment reaches a Ieicl

IImited by background. II IS time to ~hink of

an i reproved detector.

The Crystal Box deteclor is shown In Flg 5.

.4 beam of muons from the L.4MPF ac-

celerator enters on \hc axis and is stopped in

a thin polystyrene target. This beam consls[s

of .Ytlrftit’<’ muons—a relatively new tnnoya -

tion developed during the 1970s and em-

ployed almost immediately at L.AMPF and

other meson factories.

Normal beams of muons arc prepared in a

three-step process: a prolon beam from the

accelerator strikes a target. generating pions:
the pions decay in flight. producing muons:

finally. the op[ics in the beam Iinc arc ad-

justed totranspor? the daughter muons lo the

experiment while rejecting any rcmalning

pions. .A more efflcien[ way to collect low-

momentum positive muons involves ~he use

ofa beam channel that collec[s muons from

decays of positive pions generaled in the

Iarget. but the muons collecled are from

pions that have only just enough momentum

10 travel from their production point In the

targc[ to i[s surface. Stopped In the surface.

their decay produces pos[~ivc muons of low

momentum. near 29 MeV/[ (where { IS the

speed of light), This technique enables ex-

perimenters to produce beams of surface

muons that can be stopped in a thin ex-

perimental targe[ with rates up IO a hundred

times more [ban conventional decay beams.
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The muons slopped In [he targe~ decay

vlr~ually 100 per cent of the time by the

mode

wj[h a charactcr[sl]c muon Ilfcllmc of 2.2

microseconds. The Crystal Box detector ac--

cepts about 50 per cent of these decays and,

therefore. must reject Ihc posl[rons from sev-

eral hundred ~housand ord]nary decays oc-

curring each second. At [he same [Ime [he

deteclor must selecl ~hose deca]s tha~ appear

to be generated b} the processes of interest.

The Cr) stal Box was designed [o slmulta-

ncousl~ search t’nr the dcca> modes

P+ -- (’+(’”e
- ~>+-y

‘“P+YY.

(Since the Crystal Box does not measure the

charge of the par~lclcs. wc shall nol generally

dlstlnqulsh be~wren posl~rons and electrons

[n ourdlscusslon, )

The dc~c~f(~r propcrrim necessary for

selectlng final s[ates from [hcse reactions and

rejecting evenls from ordinary muon decay

are:

1, Energy resolution—The candida~e

deca}s produce (WO or ~hree panicles whose

energies sum to ~hc energ~ ofa muon at rest.

The ordinary muon decay and mosl back-

ground processes Include par~lclcs from SCV.

cral decays or ncu~rinos that rcmaln un -

detec~ed but carry away some of Ihe energj.

These processes are extremely unlikely to

yield the correct energy sum.

2. Momentum resolu[lon — Given energy

resolu[lon adequate lo accomplish [he firs~

requirement. }eclor momentum resolution

requires a measurement oflhe directions of

the particle trajectories. Since muons are

stopped In the targe[. the decays being sought

for will have vector momentum sums

clus~ered. within experlmen[al resolution.

about zero. Particles from the leading back-

ground processes (p+ -- c,’ c’ [,- \,( ~ll. p+ --

(J+ y v<, ;P or coincidences of different or-

dinary muon decays) will tend to have non-
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Plastic Scintillation
Counters (Measure
Electron Time of Passage)

/
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(Measure Electron
and Photon Energies
Photon Direction,
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Fig. 5. The Crystal Box detector. (a) A beam of muons enters the detector on axis,
Because these are low-momenta surface muons, a thin polystyrene target is able to
stop them at rates up to 100 times more than conventional muon beams. The beam
intensity is generally chosen to be between 300,000 and 600,000 muons per second
with pulses produced at a frequency of 120 hertz and a net duty fhctor between 6
and 10 per cent. Three kinds of detectors (drift chamber, p[astic-scintillation
counters, and NaI(Tl) crystals) surround the target. The detector elements are
divided into four quadrants, each containing nine rows of c~’stal,s with a plastic
scintillator in front of each row. This combination of detectors provides informa-
tion on the energies, times of passage, and directions of the photon!s and electrons
that result from muon decay in the target. The information is used to filter from
several hundred thousand ordinag’ deca~’s per second the perhaps several per
second that may be of interest.

A sophisticated calibration and stabilization system was developed to achieve
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and maintuin the desired energy and time resolution for 4 X I@ seconds of data
taking. Bejiwe a run starts, a plutonium-beryllium radioactive source is used for
electron energy calibration. Also, a liquid hydrogen target is substituted
periodically for the experimental target, and the photons emitted in the subsequent
pion chargieexchange are used for photon energy calibration. During data taking,
energy calibration is monitored by a fiber optic flasher system that exposes each
photomultiplier channel to a known light pulse. A small number of positrons are
accepted from ordinary p++ e+ v, ;P decays, and the muon decay spectrum cutoff
at 52.8 Me V is used as a reference.

(b) The inner dectector, the drift chamber, consists of 728 cells in 8 annular
rings with about 5000 wires strung to provide the drift cell electrostatic geometry.
A 5-axis, computer-controlled milling machine was used to accurately drill the
array of 5000 holes in each end plate. These holes, many drilled at angles up to
about 10 degrees, had to be located within 0.5 mil so that the chamber wires could
be placed accurately enough to achieve a final resolution of about 1 millimeter in
measuring the position of a muon decay in the target. The area of the stopping
muon spot is about 100 cm2. (Photo courtesy Richard Bolton.)

(c) The outer layer of the detector (here shown under construction) contains 396
thallium-doped sodium iodide ctystals and achieves an electron andphoton energy
resolution of 5 to 6 per cent, This layer is highly segmented so that the elec-
tromagnetic shower produced by an event is spread among a cluster ofcrystals. A
weighted average of the energy deposition can then be used to localize the
interaction point of the photons with a position resolution of about 2 cm.

zero vector sums.

3. Time resolution—Particles from the

decay ofa single muon are produced simulta-

neously. A leading source of background for,
+ + ‘, is three electrons from thesayp++e e e

decay of three different muons. Such three-

body final states are unlikely to occur simul-

taneously. Precision resolution in the time

measurement, significantly better than 1

nanosecond, provides a powerful rejection of

those random backgrounds.

4. Position resolution—Decays from a

single muon will originate from a single point

in the stopping target. Sometimes other

processes will add extra particles to an event.

The ability to accurately measure the trajec-

tory of each particle in an event is crucial if

experimental triggers that have extra tracks

or that originate in separate vertices are to be

rejected.

These parameters are used to filter

measured events. In a sample of 10]2

muons—the number required to reach

sensitivities below the 10–] i level—most of

this filtering must be done immediately, as

the data is recorded. The Crystal Box experi-

ment is exposed to approximately 500,000

muons stopping per second. The experimen-

tal “trigger” rate, the rate of decays that

satisfy crude requirements, is about 1000

hertz. The detector has been designed with

enough intelligence in its hardwired logic

circuits to pass events to the data acquisition

computer at a rate of less than 10 hertz. In

turn, the program in the computer applies

more refined filtering conditions so that

events are written on magnetic tape at a rate

ofa few hertz.
Each condition used to narrow down the

event sample to those that are real candidates

provides a suppression factor. The combined

suppression factors must permit the desired

sensitivity. The design of the apparatus

begins with the required suppressions and

applies the necessary technology to achieve

them.

A muon that stops in the target and decays

by one of the subject decay modes produces

only electrons, positrons or photons. The

charged particles (hereafter referred to as
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electrons) are detected by an 8-layer wire

drlfl chamber (Fig. 5 (b)) immediately sur-

rounding (he target. The drift chamber

provides track information. pointing back ai

the origin of the event in {he {arget and

forward lo the scinlilla~ors and crystals lo

follow, Its resolulton and abillty to opera~e in

the high !lux of electrons from ordinary

muon decays in [he target have pushed the

performance Iiml[s of drift chambers: the

chamber wires were placed accurately

enough lo achieve a final resolution ofabou~

I millimeter in measuring the position

ofa muon decay in [he Iarge\.

Electrons arc detecled again in the next

shell OUI from the Iarge[—a SCI of 36 plasllc

sc]ntilla[ion counters surrounding the drift

chamber. These counters provide a measure-

ment of the [tree of passage of the elec~rons

with an accuracy of approximately 350

picosecond. This accuracy is extraordinary

for counters of the dimensions required (70

cm long by 6 cm wide by I cm thick) but is

crucial 10 suppressing the random trigger

background for [he p+ - c+ c’ i reaction,

This performance IS achw~ed by using Iwo

photomulttplier tubes. one al each end oflhe

sclntilla[or. and IWO special electronic timing

circuits developed by the collaborators.

The elec!rons and photons that pass

through the plastic scintillators deposit their
energy in the nexl and outermost layer of the

detec~or. a 396-crystal array of thallium-

doped sodium Iodide cryslals. These crystals.

acting as sctntilla[ors. provtde fast prectsion

measurement of both electron and photon

energy (providing the energy and momen-

tum !iItcrtng described earlier) and localize

the interaction point of the photons with a

position resolution of about 2 cm. The use of

such Iargc. highly segmented arrays of in-

organic scirrlillator crystals was p]oneered in

h]gh-energy physics In the late 1970s by the

Crystal Ball deteclor al [he Stanford Linear

4ccclerator Cen[er. This technology is now

widespread In par~icle ph}sics research. with

detectors planned that Involve as many as

12.000 cnstals.

The sodium lodlde array also provides

accurate [[me measurements on the photons.

photomultiplier tube and electronics

with special pulse shaping. amplification,

and a custom-tailored, constant-fraction tim-

ing discriminator were melded into a system

[hat gives subnanosecond accuracy.

The major detector elements—the drift

chamber. plastlc scinlilla[ors and sodium

Iodide crys[als—are used In logical combina-

tions to select events that may be of interest.

.4 p+ -- 1’+ (’+ (’- event is selected when three

or more non-adjaccni plastlc scln[illators are

triggered and energy deposit occurs in the

sodium iodide rows behind Ihem. The

special circuits developed forthescintillators

are used for this selection: one high-speed

circuit insures that the three or more [nggcrs

are coincident within a very light time inter-

val (approxima~cly 5 nanoseconds), the sec-

ond circui[ requlrcs the Ihree or more hils to

be in non-adjacent counters. The last re-

quirement suppresses events in which low

momentum radiative daughters trigger adja-

cenl counters or when an electron crosses the

crack between IWO counters.

An even more sophis~icatcd tri~er proces-

sor was constructed 10 Insure that the three

partlclcs [nggering the apparatus conform to

a topology consistent with a three-brrdy

decay ofa particle al rest. Thus. a pattern of

tracks thal, sa}. necessarily has net momen-

!um in one direction (Fig. 6 (a)) IS rejected,
but a pattern with the rcqulsite symmetry

(Fig. 6 (b)) is acccplcd. This ‘“geometry box”

is an array ofprogrammablc read-only-mem-

ory clrcul{s loaded with all legal htt patterns

as dctermlncd by a Monte-Carlo slmula[lon

of[hc ~+ . c+ c+ t’- cxpcnmcnl.

Finally. (he iotal energy deposited in the

sodium iodide must be. within the real-time

energy resolution. consistent with [he rest

energy ofa muon.

Tbe p+ -- r+y and p+ - c+ y y reaclions

are selec[ed by combining an identified elec-

tron (a plastic scintillator counter triggered

coincident with sodium Iodide signals) and

one or more photons (a sodium Iodtde signal

triggered wtlh no count in the plastic sclrr-

iillator in front ofit). Also, ~hcse events must

bc in the appropriate geometric pal~ern (t’or

example. dlrec[ly opposite each other for p+

Jilr’Target

Rejected Event

(a)

Target

Accepted Event

(b)

Fig. 6. (a) A pattern of tracks with net
momentum is not consistent with the
neutrinoless decay of a muon at rest,
and such an event will be rejected,
whereas an event with a pattern such as
the one in (b) will be accepted,

. c+ y) and havr the corm’ct rncrgy balance

The(’rystal Bo\ should report Ilnllls In the

10 11range on Ihc lhrec’ reactions of lnttws~

Ihls calendar >car. It WIII also he used during

the nc~t >ctir {n u swrrch for the n“ - y y y

dcca}, which ilola[cs charge con]ugatlon ln-

variance. ,4 search for onl} the p“ - c+ c- t,-
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Weak (Neutral Current)

Weak (Charged Current)

U* e-
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Fig. 7. Examples of the electromagnetic and weak interactions in quantum field
theo~.

process is being carmed out at Ihc SWISS

lnstt~utc for Nuclear Research with an ul-

{imatc sensltlvlly of 10- l? aia]lablc in the

ncxl jear.

A third LA MPFp’ A- c y Ciperlmcn[ is

planned after [hc Cr)stal Bc).t c~penmcn[.

Wl[h prcscn[ meson fac[or~ beams and forc-

sccablc dclector lechnolog}. ths nck~ genera -

IIon cipcrlmen~ rnaj well be Ihc final round

Neutrino-Electron Scattering

The unifrcat]on oflheelectrclmagnetlc and

weak Interact Ions IS a [reatmcnt of ph}slcal

processes descr]bed by Ihe exchange of’ three

fundamental bosons. The e~.change ot’ a

photon ylclds an electrornagnctlc current.

and lhc It”+ and /’) bosons are cIchangcd In

tnlcrac[lons class llicd as chargc,d and nculral

weak currcn[s, rcspcctlt cl!. Flgurc - 11-

lustra~cs how quantum field theoo repre-

sents these processes.

.4 lradlt]onal mc[hod of probing clec-

trowcak unification In the standard model

has been to dctcrmlnc lhc prc~lsc ens. ctof

weak cffic[s ]n an In[eractlon Iha[ IS olher-

wlsc clcctromagnrtlc. Espcc Ian\ Irnpormnl

arc c~pcrlnlcnts—w]{h polar[zcd CICCIIOII

scal~crlng aI Iixcd [arge~ acc:lcrators and

more reccn[ studies at electron.posl[ron ~ol-

I]dcrs—thal probe Ihc /)/[t,r/crc,tt~[, bc[wct.n

the anlpllludcs 01’ lhc clcctromagnctlc anti

neu{ral-current weak Interact Ions. lnlcr-

fercnce effects nla~ be easlcr to obscrI c than

direct mcasuremcnl of the small anlpllludm

of[hc weak lnlcrac~lon.

An lrilnc-Los \lamos-Mar!.land Icam )$

conducting a unlquc and noiel search for

arro[hcr In[crfcrcncc, The> haic SCI out 10

probe the p[/rc/\ weak lnterfcrcnce belwtcn

the amplitudes ot’ [he chargec and neutral

currents. In the same way that clrctron seal -

terlng cxpcnmcn[s search tor Irrtertcrcnc-c

bctwccn photon and Z’) tmson Intcrac[lons.

[hc Los Alamos based c~pcrlrocn[ is search -

irrg Ibr the Inlcrtc>rcncc hclwccn L’hargc>d-c’ur-

rcnt 11” Inlcracllorrs and nculr;ll-c. urrcn[ /“

Intcractlons.

This cxpenment IS attcnlptlng a unlqur

1.0S AI. A%1OS SC Ii:NCF Sunlnlcr/Fall 1984 137



e- we e-

+

Ve

e— v
e e-

A Total = A Neutral
+ A Charged

A:otal = (A
Neutral

+A
Charged ‘2 = ‘fie.tral + ‘~h=rged + 2APJauWal ‘Charpd

Fig. 8. The interaction between an electron and its neutrino square of the total amplitude AT.,./. An experiment Ut
can take place via either the neutral current (with a Z 0, or LAMPF willprobe this purely weak interfereme by studying
the charged current (with a W-), which results in an inter- v,-electron scattering.
ference term (2. AV.U,,.,AC,=W,Jin the expression for the

measurcrnen[ because Los Alamos is cur-

rcnll~ the onl~ Iaboraton In [he world wl{h

[he rcqulslte source of electron ncu[rlnos.

Moreover. Ihc expcnment ga]ns Imporlancc

trom the fact that compara[lvely ILIIIC IS

known aboul ~hc phystcs of[hc Z’) relative 10

that of the ~~’.

The measurement IS a simple varlal]on on

the electron-cleclron scattering experiments.

To subs[ltute the II’ curreni for the elcc-

[ronlagnctlc current. [he experimenters

substl[u[c ~he electron ncu[rino v, as the

pro]ec~]lc and set out to measure [he fre-

quency ofclcctron-ncu[ rlno elastlc scaltenng

from clcc[rons. While this IS conceptually

simple. II Is. In fact. Technically quite dif-

ficult. The expervmen~ mus~ y]eld a suffl-

clcn[lj prcctse measure of the frequency of

~hese stallers 10 separate out theoretical

prcdlctlons made wllh different assump-

~lons To ]Ilustraw bow Ihe cxpcrlmcn[ tests

the standard model. we nlusl cxamlne [he

nature of the model’s prcdlciions for V(-(,

scallenng.
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Elcctroweak lheory obeys [hc group struc-

ture S[J(2) X ~J( l). The SU(2) group has

three generators. ~t’+. H“”. and If”, which

arc Ihe charged and neutral vector bosons

Identlficd with the gauge Iiclds. The [J( 1)

group has a single neutral boson generator B.

The famillar phenomcnological neutral

photon ftcld is constructed from Ihc Iincar

comblnal]on

.4 P=14’]sin 8W+Bcos8W.

(where (3W IS (he Weinberg angle. a measure

of [he ra[lo of the contributions of the weak

and the electromagnetic forces [o the Iotal

interaction). The phenomenological neutral

current carried by the ZO is similarity con-

s~ructed from

Z“= ~J’]cos(3w-/3sln OW

[n the s[andard model Ihe process

v, + (’– –- b’, + (’-

can take place b> [he exchange of cl~her ~ht

neu[ral-currcn[ hoson /“ or Ihe <hargc’d-

currcnl hmson 11” (Fig 81 rcsul[lng In Ihc

usual lnlcrfcrcncc term for [hc pro b.ihlll! of

a process tha~ can take place In el[hcr of Iuo

ways. The ques[lon then is wha~ form WII1

th]s lntcrfcrcncc Iakc.

AI I models of [hc weak In[cracllon that :irc

currcn[ly consldcrrd Iiatrlc prcdlc[ a

ncqotl)c (W u’cjlruc([u’. ]n[crfercnce term A

model tha[ can produce (f)~?t~rl([l)ic lnler-

f’crencc is or-m that lncludc: oddltlonal n~-u-

tral gauge bosons hcyond I’lc Z“, Thus, ~hc

observation of a k’,-c sca~~crlng cross sccilon

consis[cnt wi[h conslructlic ln[crftrcncc

would lndlcate a phenomer(al change In our

p]cturc of elec~roweak ph>slcs. Slnrc Ihc

common /1) wl~h about [he prcdlc[cd mass

was dlrcc(l! obscr~ed onl, last >car. anti

slncc h)gbcr mass reg]ons UII1 bc access Ihlc

during (hlsdccadc. such a rcsull would $CI otl’

a ~lgornus search b! th~- parll<-lc ph}slu$

conlmunll>

How WIII the traditional Iow-cnerg! [hcon
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Fig. 9. The energy spectra for the three types of neutrinos that result from the decay
of a positive pion (n” - p+ + VP,~’ -- e+ + v, + ~U).

ofwcak ]nlcraclio ns(apparcntl> go~crncd b)

[ – I ~urrcn(s) mesh with future ohscrva-

t)ons at hlgherencrglcs’) The slandard model

predlc[lon. which contains nega[ivc ln[er-

fcrcncc. IS [ha[ Ihc cross sccllon for ~,,-~,

clas~lc scallcrlng should bc about 60 pcr cent

of[hc cross scc[lon In Ihc ~radl[]onal 1“ – I

[hcor} The L+ NIPF c~pcrlmcnl mu~t

mcasurr lhc cross scctlon UIIh an accurac> of

aboul 15 pcr ccn[ IO hc able 10 dclcct the

Iov. cr rate tha~ would occur In Ihc prcscncc of

intcrfcrencc and Ihus bc able to dc~crmlnc

whclhcr lnlcrl”crcncc LmffCCl\ arc prcscn[ or

no!

In addtlton. [hc magnllude of {hc ln[cr-

f’crcncc IS a funcllon ofstn~f)u. and a prcclw

mcasurcmcn[ of [hc Inlcrtcrcncc conslltu[cs

a mcasurcmcnt of Ihts fac[or. In facl. il IS

1.0S .$I.,\\lOS S{ ’I E.NCE $unlmcr/Fall 1984

sla[]stlcall> more cfllclcnl to do [his with a

neutral currcni process bccausc the charged

currcn[ contains sln%~ (= 0.25) summed

with un][y, whereas for the neu[ral current

~he Icadlrrg [crm IS sln%~

The Experiments. The LAM PF proton

beam ends In a [hick beam stop where plons

(n+) arc

process

produced. These plons deca) by [he

rc’ - p’ + VI

-(’++ v, +{’,, .

ylcldlng three types of ncutrlnos cxlltrrg [hc

beam stop. The i,. and ~,Parc each produced

wl[h a con(lnuous spectrum (F]g, 9) typical

of muon decay. whereas [he VPspeclrum. the

result ofa two-hod} decay, IS monoenergetlc

with an cncrg~ a{ about 30 MeV. The ~P

spectrum has a cutoff energ! al abou~ 53

MeV. and the v,, spectrum peaks around 35

or 40 MeV then falls off. also at abou~ 53

MeV, These ~hree particles arc the source of

many poss}blc measurements.

The pnma~ goal IS the study of the i-c

elastlc scattcnng alrcad~ discussed. The de-

tector. which wc shall describe In more detail

shor~ly. must detect electrons characteristic

of Ihe elastic scatlenng. tbal [s. they should

have energies be{ween O and 53 MeV and lie

wilhln aboul 15 degrees of the forward dlrec-

tlon (the Iracks must point back to The neu-

trino source).

Also. by selecting events with electrons

below 35 McV. the group WIII search for Ihe

first observa[lon of an exclu:;lve neulrlno-

Induced nuclear translt]on, The process

v,,+ ‘2(’ -- (’ + ‘N

would produce elcclrons w]th Icss ~han 35

MeV energy [hal Iic predomlnan[ly outside

lhc angular rcglon for the elastic sca~tcnng

cvcnls.

Ano; hcr lmporlant physics goal, neulr{no

oscilla[lons. can bc addressed slnlultanc-

OUSI). A process. called an “appcarancc, ” in

which the ~IV spec]cs disappears from the

beam and ;( appears. can be probed b!

searching for the presence of ~(. ]n the beam.

This type of neulruno does not exlsl In [he

original neulnno source, so Ifs presence

downsweam could be evidence for [he

~P-~’C Oscillation. The experimental

s]gna[urc for such a process IS the presence 01

lsotroplc slnglc posl[rons producrd b> {he

rcac[lon

i’,+p-H+ c+.

combined with a sclcctlon In cncrg> ofrnorc

than 35 McV. which can bc used 10 Isola Ic

Ihcsc candldalccicnts from [hc nuclear !ran -

sl[lon process dIscusscd abo~ t.

In all {hrcc of the proccsscs sIud Icd. [hc

Icchnlcal probicm [o be solved IS the scpara-

I]on of the desired events from compe~lng
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background processes. The properties of [he

delector (Fig. 10) needed to do this include:

1, Passive shielding—Lead. iron. and con-

crete are used 10 absorb charged and neutral

cosmic ray particles eniering the delec[or

volume. However. the shield IS not thtck

enough 10 insure thal events seen in the inner

detector come only from neutrinos entering

the detector and no! from residual cosmic

ray backgrounds, The outer shield merely

reduces the flux. conststtng mainly of muons

and hadrons from cosmic rays and of neu-

trons from [he L.AMPF beam stop.

The L.AMPFbcam is on beIween 6 and 10

per cent of each second so Ihat {he periods

hetwecn PUISCS will pro~tdc an important

norrnallzlng measurement indicating how

well the passive shmldlng works.

1 Active anli-coincidence shield—This-.

mul[llayer dcvlcc is an active detector Ihat

surrounds Ihc inner detector and serves

man! purposes. For example. muons from

cosmic rays that penetrate the passive shield

are deteclcd here by betng cotncidenl In time

wtth an inner detector trigger. This allows the

rejection of these “prompt”” muons. with less

than onc muon in 104 surviving {he rejec-

tion. Data acquisition clec[ronics that store

the history of[he anti-colncldcnce shield for

~~ microseconds prior to an Inner dcteclor

lrl~er serve arl even more complex purpose,

Thts Information IS used to reject any inner

detector electrons coming from a muon that

stopped In the ouler shield and that took up

to 32 microseconds to decay. The mean

muon Ii fctime IS only 2.2 microseconds, so

this is a very sa[isfac[ory way to reject such

events.

3. Inner converter—Pho~ons penetrating

[hc anti-coincidence layer. produced perhaps

by cosmic rays or particles associated with

~he beam. strike an additional layer of steel

and are either absorbed or conver~ed into

electronic showers that are seen as tracks

connected to [he edge of the inner detector.

Such events arc discarded in [he da[a analy -

Sls.

4, Inner detector—Th]s module’s primary

role is to measure the traJector} and energy

deposi~ton of cleclrons and o[her charged
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Fig. 10. The detector for the neutrino-electron scattering experiments. The outer
hzyer of passive shielding (mainly steel) cuts down the jlux of neutral solar
particles.

The anti-coincidence shield rejects muons from cosmic rays and electrons
coming from the decay of muons stopped in the outer shield. It consists of four
layers of drift tubes, totaling 603 counters, each 6 meters long. A total of 4824
wires provides a fine-grained, highly effective screen, with an inefficiency (and
therefore a suppression) of 2 X If3s.

Another steel layer, the inner converter, is used to reject photons from cosmic
rays or other particles associated with the beam.

The inner detector consists of 10 tons ofplastic scintillators interleaved with 4.5
tons of tracking chambers. The plastic scintillators sample the electron energy
every 10 layers of track chamber. There are 160 counters, each 75 cm by 300 cm by
2.5 cm thick, and they measure the energy to about IOper cent accuracy. The track
chambers are a classic technology: they are flash chambers that behave like neon
lights when struck by an ionizing particle, discharging in a luminous and climactic
way. There are a phenomenal 208,000 jlash tubes in the detector, and they measure
the electron tracks and sort them into angular bins about 7 degrees wide.
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Experiments To Test Unification Schemes

particles. Electron tracks are the signature of

the desired neutrino reactions, but recoil

protons generated by neutrons from the

beam stop and from cosmic rays must also be

detected and filtered out in the data analysis.

The inner detector contains layers of plastic

scintillators that sample the particle energy

deposited along its path for particle identifi-

cation and also provide a calorimetric meas-

urement of the total energy. Trajectory meas-

urement is provided by a compact system of

flash chambers interleaved with the plastic

scintillators.

When this detector is turned on, it counts

about 108 raw events per day, mostly from

cosmic rays. To illustrate the selectivity re-

quired of this experiment, a recent data run

ofa few months is expected to produce some-
what less than 50 ve-e elastic scattering

events.

This highly segmented detector is

necessarily extremely compact. The neutrino

flux produced in the beam stop is emitted in

all directions and therefore has an intensity

that falls off inversely with the square of the

distance. Thus there was a strong design

premium for developing a compact, dense

detector anti placing it as close to the source

as feasible.

The detector is now running around the

clock, even when the LAMPF beam is off

(to pin down background processes). The

data already taken include many ve-e events

that are being reported, as are preliminary

results on lepton number conservation and

neutnno oscillations. Data taken with addi-

tional neutron shielding during the next year

or two are expected to provide the precision
test of the standard model that the ex-

perimenters seek.

Beyond this effort, the beginnings of a

much larger and ambitious neutrino pro-

gram at Los Alamos are evident. A group

(Los Alamo> University of New Mexico;
Temple University; University of California,

Los Angeles and Riverside; Valparaiso Uni-

versity; University of Texas) working in a

new LAMPF beam line are mounting the

prototype for a much larger fine-grained neu-

tnno detectc,r. Currently, a focused beam

LOSALAM05 SCIENCESummer/Fall 1984

source of neutrinos is being developed that
will eventually employ a rapidly pulsed

“horn” to focus pions that decay to neu-

trinos. This development will be used to

provide neutrinos for a major new detector.

The group is not content to work merely on

developing the facility but is using a prelimi-

nary detector to measure some key cross

sections and set new limits on neutrino os-

cillations as well.

Another group (Ohio State, Louisiana

State, Argonne, California Institute of Tech-

nology, Los Alamos) is assembling the first

components of an aggressive effort to search

for the;, appearance mode. Other physicists

at the laboratory are preparing a solar neu-

trino initiative.

The exciting field of neutrino research,

begun by Los Alamos scientists, is clearly

entering a golden period.

Precision Studies of Normal
i%’luonDecay

The measurement of the electron energy

spectrum and angular distribution from or-

dinary muon decay,

muon decay. The spectrum is characterized
(to first order in m.JrrrYand integrated over

the electron polarization) by

div
_I?dx d (COS tf ‘3 ‘2X)

+

($-1)(4x-3)1’pPcOs0
where me is the electron mass, 6 is the angle

of emission of the electron with respect to the
muon polarization vector Pv, m! is the muon

mass, and x is the reduced electron energy (x

= 2E/mP where E is the electron energy). The

Michel parameters p, q, ~, 8 characterize the

spectrum.

The standard model predicts that

p=a=%, ~=1, and q=O.

y--+e+ve+v#,

is one of the most fundamental in particle

physics in that it is the best way to determine

the constants of the weak interaction. These

studies have led to limits on the V – A
character of the theory.

The spectrum of ordinary muon decay

may be precisely calculated from the stan-

dard model. Built into the minimal standard

model—consistent with the idea that every-

thing in the model must be required by

measurements—are the assumptions that

neutrinos are massless and the only interac-
tions that enter are of vector and axial vector

form (that is, V– A, or equal magnitude and

opposite sign). Lepton flavor conservation is

also taken to be exact.

This V – A structure of the weak interac-

tion can be tested by precise measurements

of the electron spectrum from ordinary

One can also measure several parameters

characterizing the longitudinal polarization

of the electron and its two transverse compo-

nents. Table 2 gives the current world aver-

age values for the Michel parameters. These

data have been used to place limits on the

weak interaction coupling constants, as

shown in Table 3. As can be seen, the current

limits alIow up to a 30 per cent admixture of

something other than a pure V —A structure.

Other analyses, with other moc~el-dependent

assumptions, set the limit below 10 per cent.

One of the extensions of the minimal stan-

dard model is a theory with left-right sym-

metry. The gauge symmetry group that em-

bodies the left-handed symmetry would be

joined by one for right-handed symmetry,

and the charged-current bosons W+ and W–
would be expanded in terms of a symmetric

combination of fields WL and WR. Such an
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exlens]on is imponarrt from a theoretical

standpoint for several reasons. First. it

restores parity conservation as a high-energy

symmel~ of the weak irr[eraclion. The well-

known obscrva[ion of panty violatlon ]n

weak processes would then be relegaied to

the sta~us of a low-energy phenomenon due

to the fac~ tha~ the mass of the right-handed

~$”Is much Iarger than tha~ of the Ief[-handed

i!”. Each leplon genera~]on would probably

requlrc lwoneutrlrros. allght Ieft-handed one

anda ve~ heavy right-handed member.

The dominance of the Iefl-handed charged

currerrl al prcsen[ly accessible energies

would be duc 10 a very Iargc mass for U’R.

but the ~f’~– M“R mass splitting would s~lll

be small on the scale of the grand unification

mass ill, Thus ~hcprecislon study ofa weak

decay such as ordinary muon decay or

nucleon beta decay can be used ~o seta limit

on the left -righl symmelryoflhe weak [nter-

acl]on.

Wilh such plums as [he 1“–.4 nature of

the weak lnterac~]on and the existence of

ngh[-handed l{’ bosons accessible to such

precision studies. II is not surprising lhat

several experimental learns al meson fac-

tonesarec ar~ingouta var]e~yof studies of

ordinary muon decay. Orre learn working at

the Canadian facili~y TRIUMF has already

collected data and seI a lower IIml[ of 380

GeV on the mass of the right-handed H“,

This was done with a muon beam of only a

few McV!

The Time Projection Chamber. A Los

.Alamos - University of Chicago-NRC Can-

ada collaboration IS carrying out a

particularly comprehensive and sensitive

study of the muon decay spectrum using a

novel and claborale device known as a (Irne

projection chamber (TPC).

The TPC (Fig, I I ) is a very large volume

drif~ chamber. In a conventional drift

chamber. an array of wires at carefully de-

Iermtrred po[entlals collecls the Ionization

left In a gas by a pass]ng charged particle. The

~lme of arrival of the packe[ of ionization in

the cell near each wire IS used to calculale the

pa~h ofthc particle ~hrough [he cell. The gas
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TtWe 2

Theoretical and experiments{ vahes for the weak-interaction Michel
parameters.

Michei v–A current Expected
Parameter Prediction Value Los Alamos Accuracy

P % 0.752 k 0.003 ~ 0.00023

n o –0.12+0.21 t 0.0061

6 1 0.972 + 0.014 t 0.001
6 Y4 0.755 A0.008 z 0.00064

Table 3

Experimwstd Mm&on the weak-hateraction coupling constants, including
the expected Iimlt for the h Alamos Experiment.

fhwtsnt Present Limit

Axial Vector 0.76 <g* <1.20
Tensor * <0.28
Scalar &<o.33
Pseudo Scalar gp <0.33
Veem-axial Vector Phase qvA= 18~& ]5”

and the field in ihe cell are chosen so that the

Ionization drifls at a constant terminal veloc-

I[y. Thus the calculation of the position from

the drift lime can be done accurately. Many

drift chambers provide coordinate measure-

ments accurate to less than 100 micrometers.

On [he other hand. a TPC’ uses the same
drifl veloclly phenomenon but employs II In

a large volume wi~h no wires in the sensitive

region, The path oflonlza[lon driflsen masse

under the Influence of an electric field along

the axis of the chamber. The Ionization IS

collected on a series of electrodes. called

ExpectedLimit

0.988 <g* <1.052
fi <0.027
g~ <0.048
~ <0.048

~vA = 18tY k 2.~

pads. on the chamber endcaps. proi Idlng

precision mcasurerncnt of traJecton charge

and cnerg), The pad signal also gl~es a [Imc

measurement. rela[iic to Ihc cicnt trtggcr,

thal can be used [o reconstruct! the spatial

coordinate of each point on the trajcclo~

The TP(’ In the Los Alamos c~perlment IS

placed in a magnetic field sufliclen~l> s[rong

that the decay electrons. whose cnerglts

range up to about 53 Mc}’. follow hcllcal

paths. The magncllc Ilcld is, accura[e cn(mgh

to make atmolutc momen~urn mcasurcmcnl<

ofthc dcca) clcctr{)ns.
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Fig. 11. The time projection chamber (TPC), a device to study the muon decay
spectrum. A beam of muons from LAMPF enters the TPC via a 2-inch beam pipe
that extends through the magnet pole parallel to the magnetic field direction.
Before entering the chamber, the muons pass through a 10-mii thick scintillator
that serves as a muon detector, The scintillator is viewed, via jiber optic light
guides, by two photomultiplier tubes located outside the magnet. The thresholds for
the discriminators on these photomultiplier channels are adjusted to produce a
coincidence for the more heavily ionizing muons while the minimum-ionizing
beam electrons are ignored. A deflector located in the beam line 2 meters upstream
of the magnet produces a region of crossed electric and magnetic fields through
which the beam passes. This device acts first as a beam separator, purifying the
muon flux-in particular, reducing the number of electrons in the beam from
about 200 to about 1.5 for every muon. The device also acts as a dejlector, keeping
additional particles out of the chamber by switching off the electric f7eld once a
muon has been observed entering the detector. The magnetic field in this detector is
provided by an iron-enclosed solenoid, with the maximum field in the current
arrangement being 6.6 kilogauss. Thejleld has been carefully measured and found
to be uniform to better then 0.6 per cent within the entire TPC-sensitive volume of
52 cm in length by 122 cm in diameter. The TPC readout, on the chamber endcaps,
consists of21 identical modules, each of which has 15 sense wires and 255 pads
arranged under the sense wires in rows of 17 pads each. The sense wires provide the
high field gradient necessaty for gas amplification of the track ionization. The 21
modules are arranged to cover most of the 122-centimeter diameter of the chamber.

A beam of muons from L.AMPF passes

tirsl through a dcvlce that acts as a beam

scparalor. purl f)ing the muon tlu\

(cspcclally ofclccirons, whluh arc rcduccd b>

thlsdc~ icc t’rom an electron-[o-muon rallcr of

200:1” to aboul 3:2). Tbc dcvlcc also acts as a

deflector. keeping additional particles from

entering the chamber once a muon is Inside.

With a proper cholcc of beam tn[cnslt>. onl}

one muon is allowed in Iht TP(’ al a tlmc.

NCXI [hc beam passes through a 10-nlll [hick

sclntilla[or (scr~lng tm[h as a muon de[ec[or

and a dctwc used [o rejcc{ e~cnts caused b>

[he remaining bearm electrons) and continues

in[o the TPC along a Ilnc parallel [o the

magne[ic t’icld dlrcctlon.

The requirement for an cven[ to bc trig-

gered is that one muon enters the TPCdurlng

the L.AMPF beam PUISC and stops in ~he

ccn[ral Iocm ofthc drill rcglorr. The cntcrlng

muon IS dctcctcct h} a signal cnlncldcncc

from photomultlpllcrs a[[achcd to [hc 10-nlll

sclnltllator (this signal opcralcs the deflec[or

that keeps other muons OUI),The sclntlllalor

signal must also be colncldcn[—l ncludlng a

delay [hat corresponds to [he drlfl time from

the central 10 cm of the TPC—~ith a htgh

level signal from an} of [hc central \\lrcs of’

[he TP(’. If no dcla>cd cotncdcncc occurs.

Indwatlng tha[ [hc muon d]d not pcnc[ralc

far enough Into {he TP(’. or a h)gh Ic\el

output IS dclccied twforc the sclcc[ed llnw

window. lndlcatlng that Ihc muon

pcnc[ra{cd [m) far. [he cum[ IS rcjcctcd and

all electronics arc reset. Then 250 nllcro-

seconds Ia[er (to allow for complete clearvng

of all tracks in the TPC) [he beam is allowed

to rc-enter for another at(cmpt. The cwnl is

also rcjcctcd if a second muon enlers [he

TP(’ during the M3-nanosecond period rc-

qulrcd 10 turn off the dcflectorclcctnc t’lcld.

If [he ctcnt IS acccptcd. the computer

reads 20 microseconds of stored data. This

corresponds to five muon decay Ii fetlmcs

plus the 9 mwmscconds It Iakcs for a track to

drift [hc full Icngth olthe TPC.

The cIpcrtnlc.n[ IS cxpcctcd [o collcc[

abou( lox muon dcca! eicnts. at a [nggcr

rate of’ lNc\cn(s pcr second.dur!ng the nck[

)car. Prclimlnar> data hale alrcad) been
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Path of
Muon

taken. showing [hal [hc kc> resolution for

electron momenlum falls in ~he [arge[ range.

namely Ap/p is 0,7 percent averaged overlhe

entire spectrum. Flgurc 12 shows one of the

elegant helmal tracks ob[alncd [n these early

runs.

Ult]rnalely. this cxpenment WIII be able to

Improve upon the four parameters shown in

Table 2. al[hough the lni~lal emphasis WIII be

on p. In [he conlexl of lef~-righ~ symmetric

models. an Improved measurement ofp will

place a new llml~ on [hc allowed m]xlng

angie be[wecn Ii’R and bt’1 that M almost

Independent of[he mass oftbe ll”R.

Summary

The parlicle physics communtty is ag-

gressively pursuing research that will lead to

verification or c]aboratlon of ~he mlnlmal

standard model. MOSI of the world-wide ac-

[ivlly is cen~ered at the high-energy colliding

beam facllltics. and the last fcw years have

yielded a bountiful harwst of ncv. resulls.

includlng ~he direct observation of the W“Z

and Z’) bosons and the top quark. Many of

Ihe key measurements of the 1980s are likely

10 be made al the medium-energy facilities.

such as LXMPF. or In experiments far from

accelerators, deep underground and at rcac-

~ors. where studies of pro[on dccaj, solar

Chamber .

Path of
Decay

E Iectron

f%fafb~ Wane

Fig. 12. An example of the typical helical track observed for a muon-decay event in
an early run with the TPC. (The detector here is shown on end compared to Fig.
11.)

neu[rino physics, neutrino osclllatlons,

lritium beta decay, and other bellwether re-

search is betng carried OUI.

The program of fundamental particle

physics research at Los Alamos IS making

a~rcsslve use of our unique facl]!tl~s to

search higher mass scales. to push current

theo~ 10 its limits. and 10 provldc some of

the kc} measurements available only at

Iowcr energies. Extensions to our physical

Iheories may WCII be driven by such work.

The observa~lon of Icpton flavor non-

conserwatlon. a ncwtrlno mass, [he abscncc

ofinlcrfcrencc between the charged and neu-

tral weak currents, of righl-handed chfirgcd

Gary H. Sanders learned his physics on (he east coast. stamng at
Stuyvesant Htgh School in New York City, then Columbia and an A,B. In
physics In 1967, and finally a Ph.D. from the Massachusetts lnstltute of
Technology In 1971. The work for his doctoral thesis. which dealt with the
photoproduction of neutral rho mesons on complex nuclei, was
performed al DESY’S elec~ron synchrotrons In Hamburg, WCS! Germany
under Ihe guidance of Sam Ting. .4fter seven years at Princeton (Jniver.
slty. during which I]me he used the beams at Brookhaven Na[ional
Laboratory and Fermi National Accelerator Laboratory. he came west to
Join the Laboratory’s Medium Energy Physics Division and use the
beams at LAMPF. .4 great deal of his research has dealt wllh the study of
muons and with the design of the beams. detec[ors. and signal processing
cqulpmenl needed for these e.xpenments.

current effects In muon tiecay. or neutnno

oscillations would sel off reIolutionan

changes in [he acccptcd dogma.

The program at Los ,Alamos is riot n statjc

one. and man} am bltlous lnl[l;lllIcs arc bc -

]ng pursued. Furlher worh on rare muon

deca>s and ncutrvno scattcnng arc proposc>d

Studies deep underground of solar neutrlno

physics and o~ber fields are Included In a

proposed national facilit! for underground

physics. Studies of rare kaon dcca!s and a

proposed major add!~lon [o [he L.A\l PF f’a-

CIIIIY, 1.+MPF II. herald a grand L>r:l(~t’hn{~n.

ncutrlno, and antlprotnr ph)slcs {~n t}ur

Illcw lop< ■
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Experiments To Test Unification Schemes

The various scientijk teams associated with each experiment are listed below.

Tritium beta decay

Los AlamosNational Laboratory
Thomas J. Bowles, R. G. Hamish Robertson, Martin P. Maley,
John F. Wilkerson, John C. Browne, Torn H. Burntt, James S.
Cohen, Richard L. Martin, Robert K. Sander, Evan O. Ballard

Princeton University
David A. Knapp (graduate student)

University of California, San Diego:
Jerry Helfrich (graduate student)

Rare decays of the muon (the Crystal Box)

Los Alamos National Laboratory
Richard D. Bolton, James D. Bowman, Roger D. Carlini, Martin
D. Cooper, M. Duong-van, James S. Frank, Askel L. Hallin,
Peter A. Heusi, Cyrus M. Hoffman, Fesseha G. Mariam, H. S.
Matiis, Richard E. Mischke, Darragh E. Nagle, Vernon D. Sand-
berg, Gary H. Sanders, Urs Sennhauser, R. L. Talaga, Richard D.
Werbeck, Robert A. Williams

Stanford Lhiversity
Steven L. Wilson, E. Barry Hughes, Robert Hofstadter

University of Chicago:
David Grosnick, S. Courtenay Wright

Temple University
Gary E. Hogan, Virgil L. Highland

Neutrino-electron scattering

Universityof California,Irvine:
Richard C. Allen, Vinod Bharadwaj, George Brooks, Herbert H.
Chen, Peter J. Doe, Rene6 Hausammann, Wen-Piao Lee, Hans-
Jorg Mahler, Minick Rushton, Ken-Chung Wang

Los Alamos National Laboratory:
Thomas J. Bowles, Robert L. Burman, Roger D. Cadini, Donald
R. S. Cochran, James S. Frank, Eliezar Piasetzky, Vernon D.
Sandberg

University of Maryland:
Danial A. Krakauer, Richard C. Talaga

Prototype for a larger fine-grained neutrino detector

Los Alamos National Laboratory:
Thomas Bowles, Ronald Brown, Robert Burman, Roger Carlini,
David. Clark, Scott Clearwater, Donald Cochran, Thomas
Domheck, Herald Kruse, David Lee, Vernon Sandberg

LOS ALAMOSSCIENCESummer/Fali 1984

—

University of New Mexico:
Berndt Bassalleck, Byron Dieterle, Roger Hill, Ju Kang, Chris
Leavitt

Temple University:
Leonard Auerbach, Suno Datta, Virgil Highland, David Huang,
Kenneth McFarlane

University of California, Los Angeles:
Bjami Aas, George Igo, Charles Newsom

University of California, Riverside
David Beavis, Sunayana Y. Fung, Bill Gorn, Robert Poe,
Gordon Van Dalen

Valparaiso University
Donald Koetke, Randolf Fisk

Universityof Texas:
David Oakley

Electron-antineutrino appearance mode experiment

Argonne National Laboratory
Stuart Freedman, Gerry Garvey, Mike Green, Kevin Lesko,
James Napolitano

California Institute of Technology
Brian Fujikawa, Bob McKeown

Los Alamos National Laboratory:
Roger Carlini, Joey Donahue, Vern Sandberg

Louisiana State University
Catherine Choi, Ali Fazely, Richard Imlay, Serge Lusin, Bill
Metcalf

Ohio State University:
Ron Harper, T. Y. Ling, Joe Mitchell, Thomas Romanowski,
Elton Smith, Mark Timko

Normal muon decay (time projection chamber)

Los AIamos National Laboratory:
Herbert L. Anderson, W. Wayne K.innison, John W. Lillberg,
Robert J. McKee.

University of Chicago
Ming-Jen Yang

Swiss Institute for Nuclear Research Switzerland
Alex Zehnder

National Research Council, Canada
Clifford K. Hargrove
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