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The rate has been measured for capture of negative muons on He? to form bound H?. The monoenergetic
recoil triton was observed in a He? gas scintillation target counter, and the rate was normalized to u-decay
electrons observed in surrounding counters. Triton pulses were analyzed in the two dimensions of energy
and time with respect to the stopping muon, and with an ultimate energy resolution of 15%, full width at
half-maximum, a clean separation could be made between recoil tritons and other muon-associated events.
The measured capture rate is 14654-67 sec™, in good agreement with other experiments and with predictions
based on the “standard” theory of muon capture. Simultaneous limits were calculated for the vector and
induced pseudoscalar coupling constants, gy# and gp¥, using the results of this experiment and of the experi-
ments on muon capture in liquid hydrogen. These are 0.7 <gy*/gyf<1.2 and 1<gp#/ga* <17 with central

values of 0.99 and 11.6, respectively.

I. INTRODUCTION

HE muon capture process continues to be the least
well understood of the three non-strangeness-
changing weak interactions. Aside from the difficulties
associated with a given experiment, and certainly they
are not inconsiderable, the interpretation of experiments
has in general been obscured by complicated nuclear-
physics problems. In the case of muon capture in He?,
the experiment discussed in this paper, the nuclear-
physics problems are minimal. Therefore, its result
yields precise information about the capture process.
There are, however, four real interaction constants in
the so-called standard theory! of muon capture. Since
the present experiment measures only one specific com-
bination of these constants, other information is re-
quired either in the form of assumptions about the
universality of the Fermi interaction or the results of
other experiments, or both.
The standard theory starts with the V-4 theory of
Feynman and Gell-Mann.? It is assumed that time-
reversal invariance holds, but the two ‘“second class”
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terms which Weinberg? has discussed are not included,
although possibly they should be. The values of three
of the constants, the vector gy, the axial vector g4, and
the weak magnetism gu, are predicted on the assump-
tion of a universal Fermi interaction with conserved
vector current CVC, and, hence, derive from measure-
ments of 8 decay and electron scattering.!** The fourth,
the induced pseudoscalar constant gp, has been calcu-
lated by Goldberger and Treiman® and by Wolfenstein. ¢

The many capture experiments which have been per-
formed to date have generally been in good agreement
with the standard theory. Yet, as has been mentioned,
generally the theoretical predictions are not exact. There
are, however, three experiments involving the capture
process for which the uncertainty in the prediction is
no more than a few percent:

1. The ratio of the rates for the processes 7+ — et-+v
and 7+ — pt45.7 This experiment demonstrates that
24*(¢») = g4P(¢® (1.0£0.01), where ¢*=—m.,>2.

2. Muon capture in liquid hydrogen. The reaction
rate has been measured by three groups whose results
are in good agreement.? The earlier discrepancy between
the standard theory and the experimental values ap-
pears now to have been resolved by several authors®
who have recalculated the muon-molecular wave func-

3 S. Weinberg, Phys. Rev. 112, 1375 (1958).
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tion for the initial system from which the muon is
captured.

3. The reaction of the present experiment, u~-He?
— H3+», wherein the transition rate to the ground state
of H? is measured by observing the monoenergetic recoil
tritons. The reaction was first observed by Falomkin
et al.'® in a diffusion cloud chamber. Another experi-
ment, using a gas scintillator technique similar to ours,
has been performed by Auerbach et al.! The reaction
rate for this process was first calculated by Fujii and
Primakoff,* and Werntz.!? The precision of the calcula-
tion is enhanced by several favorable circumstances.
The transition from one “trion” to the other is super-
allowed (they form an isotopic spin doublet) and use
can be made of the ft value for triton 8 decay, the in-
verse process. Since the trions are small, the deviation
from the prediction for point nuclei is only ~309%,.
Furthermore, much is now known about the trion form
factors from extensive electron-scattering data'® as ana-
lyzed by Schiff** and others. Several authors!®!¢ have
recently recalculated the rate making use of the scatter-
ing data, and the finite-size correction is well enough
understood so that the over-all error in the theory is
small.

The hyperfine effect, which is very great in the V—A4
theory for hydrogen capture,'” disappears for He® cap-
ture in the limit of a pure V—A4 theory at ¢>=0 as can
be seen from the following argument.!® The trion doublet
behaves similarly to the 7, p doublet, but under charge
conjugation the V—A theory becomes a V44 theory
for which the hyperfine effect is small. In the physical
situation one expects a 309, difference in capture from
the two hyperfine states of the He? mesonic atom, which
in turn implies an 8%, difference in the rates for capture
from a statistical mixture and from the triplet ground
state. Following the arguments of Telegdi and Win-
ston,!® there is no reasonable way by which the hyperfine
population can change in times comparable to the muon
lifetime. But even in the unlikely event that the capture
is not from a statistical hyperfine mixture, the theoreti-
ca] prediction is not grossly wrong.

Finally, muon capture in He? and in liquid hydrogen
are complementary in that they measure different com-
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binations of the coupling constants. Whereas the He®
capture is from a statistical hyperfine ensemble, the
initial state for the hydrogen capture is essentially }
singlet and % triplet.2

The experimental plan and the apparatus are dis-
cussed in Sec. II. The several runs which were made and
the data analysis are covered in Secs. III and IV, and
Sec. V contains results and discussion.

II. EXPERIMENTAL TECHNIQUE
A. General
The bound triton in the reaction
uw+Hed — H34-p 1)

is characterized by the discrete kinetic energy 1.897
MeV, whereas the reactions

uw+He! — d+n+tv, (2)

and

w+Hed— pt+n+tntv 3)

lead to a smoothly varying energy spectrum for the
charged product extending to several MeV. The rate
for reaction (2) +reaction (3) is expected to be about
1 the rate for reaction (1),!® and the muon decay rate
from the ground state of the He® mesonic atom is ~300
times as great.

A high-pressure He®-filled gas scintillation counter was
used as the target for stopping muons. Reactions (1)-(3)
yielded a composite energy-loss spectrum in the counter,
delayed in time with respect to muon arrival. The triton
count was readily extracted from this spectrum con-
sidering the following: (1) The thickness of the counter
gas was the equivalent of 70 mg/cm? of He?. Since the
range of the recoil tritons is 2.3 mg/cm? of He? their full
energy was observed with close to 1009 efficiency. On
the other hand, the decay electrons are minimum-
ionizing and left no more than 0.3 MeV in the counter.
They were cleanly separated from the tritons because
of the good energy resolution of the counter. Further-
more, they were rejected with 909, efficiency by sur-
rounding electron detectors. (2) Again, because of the
good resolution, the triton peak stands out cleanly above
the background from reactions (2) and (3). Therefore,
the error due to background subtraction was kept small.
(3) Muon capture to bound excited states of He® would
appear as an enhancement of the triton peak but no
such states have been observed.?

The triton formation rate A\, was measured by com-
parison to the muon decay rate

)\¢= (t/e))ui. (4)

¢ is the triton count, and e is the decay-electron count
for muons stopped in He?, each corrected for detection
efficiency; Aa is the muon decay rate in He?.

2 S. Weinberg, Phys. Rev. Letters 4, 575 (1960).
2 D. Strominger, J. M. Hollander, 'and G. T. Seaborg, Rev.
Mod. Phys. 30, 585 (1958): See Ref. 18G46.
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The triton events were sorted in the two dimensions
of pulse height and delay time with respect to the stop-
ping muon. Simultaneously, decay electrons were time-
sorted in the same apparatus so that in the analysis
many systematic errors were avoided. These time analy-
ses allowed random backgrounds to be subtracted out
since events associated with the disappearance of the
muon show the characteristic mean life of 2.19 usec.

Several types of runs were made during the course of
the experiment with different gas mixtures in the target
counter. (1) Extensive preliminary studies were made
of the experimental equipment with a mixture of 90%,
He* and 109, Xe (320 psi He and 40 psi Xe). (2) The
efficiency of the electron detectors was measured in a
run for which the mixture was nominally 509, He* and
509, Xe (200 psi Xe and 160 psi He). (3) A correction
was made to the decay electron count for electrons from
muons stopping in other low-Z material. This contami-
nation was measured using 1009, Xe in the counter. (4)
The triton events were observed in the so-called
“standard run’ with the “standard mixture” of 909,
He? and 109, Xe.

B. Gas Counter

1. Destgn. Noble-gas scintillants and the technology
of their use have been discussed by several authors.?:%
Our design relied to a great extent on this earlier work.

The gas counter consisted of three separate light-
tight compartments in a cylindrical steel pressure vessel,
as shown in Fig. 1. Counters 3 and 4 shared a common
gas system of 1009, Xe and were used both in the stop-
ping muon telescope and in detecting decay electrons.
The He counter, No. 5, was separated from counters 3
and 4 by a thin-walled (0.018 in.) cubical Ag box of one
liter capacity. It was used in the stopping-muon tele-
scope and to detect triton recoils. Counter 3 was viewed
by one and counter 4 by three 6655A photomultiplier
tubes through glass pressure windows. Counter 5 was
viewed by a 5-in. phototube (EMI9579) through the
glass window and light pipe on top of which was a %-in.
thick CsI(T1) crystal. The Ag box was coated inside
and out with a diffusely reflecting layer of 10 mg/cm?
of smoked CsI (pure)* and the remaining reflecting
surfaces of the electron counter had a similar coating
of MgO. Since scintillations for the gases used are pri-
marily in the ultraviolet, all surfaces were coated with
the wavelength shifter p,p’-diphenylstilbene, reflecting
surfaces with 100 ug/cm? and transmitting surfaces
with 25 ug/cm? The gases were maintained at 360 psi

2 J. Northrup and R. Nobles, IRE Trans. Nucl. Sci. 3 (1956),
and Nucleonics 14, 36 (1956); R. Nobles, Rev. Sci. Instr. 27,
280 (1956); J. Northrup, #bid. 29, 437 (1958); J. Northrup and
J. Gursky, Nucl. Instr. Methods 3, 207 (1958); C. Huddleston,
Fast Neutron Physics (Interscience Publishers, Inc., New York,
1961), Part I, Chap. IIID; A. Sayres and C. S. Wu, Rev. Sci.
Instr. 28, 758 (1957).

% R. Shamu, Nucl. Instr. Methods 14, 297 (1961).

# We are indebted to Dr. E. J. Sternglass for his advice on
smoking CsI.
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FiG. 1. Gas scintillation counters. Counters 3 and 4 were filled
with pure Xe to a pressure of 360 psi. Counter 5 was filled to the
same pressure with a mixture normally of 909, He-109, Xe.
Counter walls were coated with 100 pg/cm? of diphenylstilbene
(DPS) wavelength shifter upon a white diffuse surface. The top
surface of the CsI(TI) slab was coated with 25 ug/cm? of DPS.
The space upstream from counter 3, while filled with xenon, was
separated by a light-tight partition and contributed no scintilla-
tion light to counter 3. One of the three photomultiplier tubes
which viewed counter 4 is shown.

and 21°C during the experiment. In order not to rupture
the Ag box the pressures of the two gas systems were
maintained equal to within 0.1 psi at all times. The
scintillation efficiency was stabilized by recirculating
the gases through cold traps during the runs. For the
first He® run this efficiency was reduced in counter 5
because of a trace of impurity not removed by the trap,
so for the second run the He® was first purified in an
activated charcoal trap before entering the counter.

It was of primary importance that the electron count
not contain large contributions from muons stopping
in elements other than He?. To this end, as much as
possible, the other materials in the immediate vicinity
were of Z>47 (Cs,I,Ag,Xe) for which the muon mean
life 7<<0.1 psec.2’ The muon-induced activity in these
elements was negligible by the time the count of delayed
events was started 0.7 usec after muon arrival. The
low-Z wavelength shifter gave rise to a small measurable
contamination. However, muons stopping in the glass
could have been a source of a large number of electron
counts. Such a muon was rejected by the following

% T. A. Filippas, P. Palit, R. T. Siegel, and R. E. Welsh, Phys.
Letters 6, 118 (1963); J. C. Sens, Phys. Rev. 113, 679 (1959).
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scheme. From the geometry of the counter, if this muon
gave a gas pulse it must also have passed through the
CsI(T1) crystal which has a characteristically long
scintillation decay time of 0.55 usec. A pulse-shape dis-
crimination circuit (PSD) sorted out this long time
component, and the muon was then prevented from
triggering the counting system. PSD was also used to
count decay electrons passing down out of counter S.

The scintillation efficiency of He gas was increased
by a factor of four with the admixture of 109, Xe.?
Table I lists scintillation efficiencies for different fillings
of the counter compared to the CsI(Tl). The source
was the 5.3 MeV a of Po?", always in place at the center
of the counter. These tests indicate in addition to the
changed scintillation efficiency an increasing scintilla-
tion decay time with increased Xe concentration.

Two questions may be raised about the admixing of
Xe but neither turns out to be a problem. (1) Will all
the muons capture atomically onto the Xe since it is
much heavier than He? An estimate based on runs with
two different Xe concentrations indicates somewhat
fewer Xe atomic captures than predicted by the Fermi-
Teller Z law. (2) Will the Xe steal muons from the He
with a characteristic time comparable to or faster than
the muon lifetime? In the case of muons stopping in
liquid hydrogen, a trace impurity steals an inordinate
number of muons from the neutral u-p mesonic atom.26
It was expected that the electron cloud was sufficient
to prevent close proximity of the charged He3-u system
and a Xe nucleus. In fact the u~ lifetime in the gas mix-
ture shows no indication of foreshortening due to steal-
ing. Even if a small amount of such stealing did occur,
the ratio #/e would not change. The Xe has the added
important advantage of reducing the triton range by a
factor of 2.5 so that the correction for escaping tritons
was reduced.

2. Performance—target counter. The output of counter
5 was linear with respect to energy loss for particles of
similar specific ionization as demonstrated in Fig. 2.
The point at 0.76 MeV is for the thermal neutron reac-
tion #n+He® — H?+p of cross section 5000 b. The points
at 1.9 MeV and 5.3 MeV are for the recoil triton and

TasBLE 1. Response of target counter to o particles.

Pulse heights Decay

. Current  Charge timeb
Scintillator pulse pulse (nsec)
CsI(TD) 1.0 1.0 1200
He 0.88 0.20 <30
Xe 2.20 0.83 90
HeXe (standard) 2.46 0.89 160

@ Integration times at anode of phototube were 40 nsec for current pulse
and 10 usec for charge pulse.

b Decay time is defined as time for pulse height to change from 90 to 10,
of maximum.

% E. Bleser, E. W. Anderson, L. M. Lederman, S. L. Meyer,

J. L. Rosen, J. E. Rothberg, and I-T. Wang, Phys. Rev. 132,
2679 (1963).
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Fic. 2. Linearity of gas scintillation counter. The plotted
point at 0.76 MeV corresponds to the charge-exchange reaction
He3(n,p)H?; at 1.9 MeV to the recoil triton from muon capture;
and at 5.3 MeV to Po® « particles. The « particles did not give
the full pulse height because of the shadow effect of the source
needle.

the a source. The source was deposited on a needle
whose diameter was comparable to the a range. Ultra-
violet light hitting the needle was absorbed by it and
thus the a point appears 109, lower than the line
through the other points.

The spatial uniformity of the counter was measured
using a movable a source. This test gave a counter
resolution due only to nonuniformity of 9.09, full width
at half-maximum. For the first He® run the pulse-height
spread was 26.69, for the triton peak and 35.6%, for the
neutron reaction (full width at half-maximum). For the
second run with better scintillation efficiency, the widths
were 15.0 and 18.39,. For either run the ratio of the
two resolutions agrees with what one expects on the
basis of photo-electron statistics and spatial uniformity.

There was no apparent change in scintillation effi-
ciency during the course of either He? run. The ratio
of pulse heights in gas and CsI(TI) for the « source was
the same at the beginning and the end of either run.
An automatic gain stabilizing circuit operated on the
a pulses to counteract any instability in the counter
S system. The over-all response to the o source of counter
and electronics was checked every eight hours. Varia-
tions from the mean were <0.8%,.

3. Performance—Xe counters. The primary energy
calibration of counters 3 and 4 was based on beam elec-
trons traversing either counter and the calculated en-
ergy loss in Xe.?” Po*? @ sources in these counters were
used as secondary standards only. The shadow effect of
the a-source holder was so great in this dense gas as to
make for a 159, uncertainty in the energy associated
with the peak in the pulse height spectrum. In addition

¥ R. Sternheimer, in Methods of Experimental Physics, edited
by L. C. L. Yuan and C. S. Wu (Academic Press Inc., New York,
ggé%,) Vol. 5, Part A, Chap. 1.1, p. 1; and Phys. Rev. 103, 511
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Fi1G. 3. Floor plan of experimental area showing beam magnets
and the paraffin-lined blockhouse. The bending angle of magnet
B was 70° for beam particles of the selected momentum.

there is a striking dependence of scintillation efficiency
on specific ionization. Shamu® has observed that in Xe
minimum-ionizing particles give rise to a lower scintilla-
tion response than « particles by a factor of 1.6. Our
observations agree with this.

There was a sizeable spread in pulse height in these
counters for decay electrons. First, the energy loss was
not unique due to the variable path length traversed,
and second, the light collection efficiency was not uni-
form for these odd shapes. There are additional contri-
butions to this spread from the Landau effect and from
photoelectron statistics. Based on the spectra of beam
electrons the overall resolutions were 909, for counter

QP4
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Poraffin
Fic. 4. Disposi-
Pb i tion of counters
« o and beam-restricting
— z": s lead irises, The Lit
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3 and 609, for counter 4 (full width at half-maximum).
These widths are large but but are sufficient to the pur-
pose, since the integrated count is what is required.

The Xe counters were stable. There was no significant
change in scintillation response over the course of the
experiment.

C. Floor Layout and Beam

The experimental layout is shown in Fig. 3. The
meson beam was bent 70° upon leaving the shielding
wall hole and was intensified by a factor of 2 by quad-
rupole magnets and He bags. The beam then entered
a shielding house of steel, concrete, and lead with a
1-foot thick lining of paraffin to thermalize neutrons.
The counters and all the gas-handling equipment were
inside this house. Figure 4 shows more detail of the
counter setup. Immediately around the gas counter was
4 in. of Pb for shielding against low-energy v rays, and
around the whole gas counter assembly there was a
#-in.-thick cylinder of Li® for shielding against slow
neutrons.?®

Random y-ray background was of particular concern
in the decay electron count. There was approximately
one kg of Xe in counters 3 and 4 so they made efficient
low-energy <y detectors. In Sec. ITIA it will be shown that
this background was held to better than a manageable
level. Thermal neutrons were a problem because of the
He?(n,p)H? reaction mentioned earlier. Had there been
more of these events than there were, they could have
masked a portion of the recoil-triton peak.

Counters 1 and 2 were standard plastic scintillators
5X5X4% in. The beam was collimated to 4X4 in. by
the final Pb iris and slowed down by the Cu and Al
absorbers.

The meson beam was stretched to a duty factor of 2
by the internal rotating target and the bending magnet
selected a particle momentum of 166 MeV/c. Figure 5
shows the differential range curve for this beam taken
with the gas counter. A compromise was made between
muon intensity and freedom from pion and electron con-
tamination. Since the triton count is normalized to decay
electrons and not to the beam count the only reason for
having a purer muon beam would be the lower random
background it would afford. The range increments cor-
responding to the three gas mixtures used in the target
counter are shown in Fig. 5. Since the comparison of
these runs is based to some extent on the similarity of
the stopped muon distributions in the counter, it is
important to note that the muon intensity is essentially
constant over any of the increments. During the triton
count the average rate for muons stopping in He?® was
3.5 sec™L.

D. Electronics

In general the electronics for this experiment were
transistorized. A block diagram is shown in Fig. 6.

28 The Li¢ was rented from Oak Ridge National Laboratory.
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Pulses from the five counters were distributed, amplified
as required, and sent to one of essentially three places:
(1) fast-coincidence circuits for beam telescopes, (2)
pulse-shape and pulse-height discriminators, the out-
puts of which were used both to refine the definition of
beam counts and for delayed event coincidences, and
(3) the linear system for pulse-height analysis.

Before distribution the pulse from counter 5 was
stabilized in a circuit based on the one of Marlow.?
That is, the gain of the circuit was automatically ad-
justed to maintain a-source pulses at a fixed voltage
level. The stability factor for this circuit was 100 so
there was no significant drift in the No. 5 pulse sent to
the rest of the electronics.

1. Beam monitors. The following fast coincidences
(10-nsec resolving time) were made in transistorized cir-
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equivalent thicknesses of copper. Fe and other material in the
beam are not included in absorber thickness.
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cuits of the Garwin type: Q=1235 (any particle which
passed through counters 1, 2, and 3, and entered No. 5);
and QAC=12354 (a particle which entered No. 5 but
did not enter No. 4). The thresholds for the gas-counter
pulses in these coincidences were set very low.

The stopped-muon coincidence, u, was derived from
QAC with additional coincidence conditions which
tended to select against muons stopping in material
other than He. A muon which stopped in counter 5
usually gave up a large amount of energy in it; a muon
which penetrated the counter walls or the glass was less
heavily ionizing in the gas and therefore left less energy
the farther it penetrated. Many of these penetrating
muons were rejected by requiring a high threshold for
the No. S pulse in the “Suth” discriminator. The dis-
criminator “3uth” on the muon pulse in counter 3 served
a similar purpose. These thresholds had the added fea-
ture of rejecting most beam electrons. A pulse shape
discriminator pulse, PSD, indicated a long-time com-
ponent in the No. 5 pulse from the CsI(Tl) crystal
regardless of any short-time component from the gas.
The circuit was based on one by Forté.?® It was highly
efficient in rejecting muons which penetrated the
CsI(T1) crystal because these particles were densely
ionizing. It was also demonstrated to be highly efficient
in counting the lightly ionizing decay electrons and this
added confidence in its ability to reject muons stopping
in the glass. Finally, it was required that the stopped
muon occur in the stretched part of the beam to mini-
mize random background. All told then, a stopping
muon was defined as

u=StQAC—>5uth—3uth— PSD.

Since pions stopped mostly upstream of counter 5 and
electrons were mostly rejected by the threshold condi-
tions, the “u” counts were almost entirely from muons.
There was a large contribution to u from stops in the
Ag walls and in the Xe of counter 5 so that of the u rate
of 25 sec™, 1/7 were stops in the He3.

The coincidence M was defined as

M=StQ—3uth.

It was a count of all muons entering counter 5, and was
required for a comparison of the “pure Xe” run to the
primary-decay-electron count.

Additional monitor counts were taken, as indicated
in the drawing, for consistency checks.

2. Delayed events. A delayed event was one of three
possible types: A recoil triton, a decay electron counted
in either Xe counter, or a decay electron counted by
PSD. All the inputs to these circuits were shaped pulses
from the pulse-height discriminators and the PSD cir-
cuit. These types are defined as

triton candidate: 5 (3 or 4) PSD 2
electron in Xe: (3 or 4) 2
electron in CsI(T1): PSD (3 or 4) 2

% M. Forté, Nuovo Cimento Suppl. 9, 390 (1958).
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where the bars indicate anticoincidence. For example,
a triton candidate was a count in 5 only—it was not
a decay electron or cosmic ray which registered in any
of the surrounding counters; nor was it coincident with
a beam particle. The thresholds for the pulse-height
discriminators were checked every eight hours and
found to vary by not more than 2.59). The PSD was
checked less frequently, and found to be very stable.
The stability for the delayed event thresholds was cru-
cial to a constant electron detection efficiency.

The u pulse triggered an 18.3-usec gate through which
delayed events passed if they came between 0.7 and
19.0 usec after muon arrival. It was essential to the
system that no more than one event per gate be ac-
cepted. To this end a dead time prevented any delayed
event coincidence if there had been one during the
previous 25 usec. This arrangement also prevented time
skewing of random background. That is, any amount
of random background did not alter the time constant
in the muon lifetime curve. The gated counts are labeled
T, E34, and EPSD-M

3. Timing system. The timing circuit sorted the de-
layed event pulse into one of eight time bins. Nominally
the first four bins were each 1.0 usec long, the next three
were 2.0 usec long and the eighth was 7.7 usec long in
order to accumulate good statistics on the random back-
ground. The spacing and widths of the time bins were
determined by delay cable for stability. The system
was started by the u pulse and stopped by the mixed
gated delayed events. From the timing system the eight
“routing pulses” went both to the pulse-height analyzer
for two-dimensional analysis and to the two banks of
Sodeco registers. At this point the routing pulse repre-
sented any of the three types of delayed events. It was
decoded in the pulse-height analyzer by the prompt
coincidence condition and in the register system by
suitable “enable” pulses. Since the registers were slow
there was dead-time protection in the register system,
and the dead-time factor was measured with more than
adequate precision. During the standard runm, triton
events were stored in the pulse-height analyzer and the
two types of electron events in the two sets of registers.

It must be emphasized that since the ratio #/e was
measured, the final result is insensitive to small errors
in calibration of the timing system. In addition, since
the ¢ and e counts were taken simultaneously, effects
like varying dead time in the system due to beam rate
fluctuations did not affect the ratio. In fact, the system
was shown capable of measuring correct mean lives,
a more sensitive test than the measurement of a time-
integrated count.

The circuit was calibrated four times during the ex-
periment with a Tektronix oscilloscope delay pulse gen-
erator, which was itself calibrated with a precision crys-
tal oscillator. In addition, the system was tested in

3 At times when counter 3 or 4 was studied separately the (3 or
4) condition was changed appropriately to give E; or Ej.
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several other ways: (1) Analysis of random pulses
measured the relative widths of channels to 19. (2)
Measurement of the ut lifetime yielded r=2.208
X (120.005) usec. (3) Measurement of the u~ lifetime in
He* (with 109 Xe present) yielded »=2.203 (124-0.005)
usec when corrected for nuclear capture.®!! The errors
in the measurements are primarily due to the uncer-
tainty in calibration. The u* lifetime is in good agree-
ment with the accepted value of 2.2004-0.001 usec.®
But more important, the agreement for u* and u~ de-
monstrates that (1) there was no significant stealing
of muons by Xe, (2) any contribution to the count from
muons in heavy elements was negligible, and (3) with
high confidence there was <79, contamination due to
muons stopping in glass. The “pure Xe” run measured
the last more precisely.

4. Linear system. During a standard data run the
delayed pulse from No. 5 was analyzed in the RIDL
400-channel pulse-height analyzer. The linear pulse was
first put through the fast linear gate (width 0.3 usec)
and then stretched to match the analyzer. The T pulse
triggered the gate. A fast gate was required to prevent
the pulses from the stopped muon and the delayed
event from mixing in the slow amplifier of the analyzer.
The analyzer was divided into eight subgroups of 50
pulse-height channels each, each subgroup associated
with one of the eight time bins. The routing pulse from
the timing system directed the linear pulse to the proper
subgroup. The complete system was checked with a
pulser and found to be quite linear in the region of
interest.

III. DECAY-ELECTRON COUNT
A. Electron Analysis

A two-dimensional analysis was made of the response
of each of the Xe counters to decay electrons from the
standard target gas mixture. Figure 7 shows typical
pulse-height spectra for these counters with random
background subtracted out. For counter 3 there were
a large number of counts at small pulse heights due to
afterpulses® from the stopping-muon pulse. Therefore,
in taking the integrated electron count during a standard
run the counter-3 threshold for delayed events was set
high enough so that afterpulses were a small contamina-
tion (later accounted for). This high threshold neces-
sarily meant that the counter 3 efficiency was reduced to

#R. Bizzarri, E. Di Capua, U. Dore, G. C. Gialanella, P.
Guidoni, and 1. Laakso, Phys. Letters 3, 151 (1962); ibid. 3, 312
(E) (1962). M. M. Block et al., Brookhaven National Labora-
tory Report BNL 837 (C-39) 1963 (unpublished), p. 309.

% R. Lundy, Phys. Rev. 125, 1686 (1962); M. Eckhause, T.
Filippas, R. Sutton and R. Welsh, 4bid. 132, 422 (1963); S. Meyer
et al., ibid. 132, 2693 (1963); F. J. M. Farley, T. Massam, T.
Muller, and A. Zichichi, in Proceedings of the 1962 Annual Inter-
national Conference on High-Energy Physics at CERN (CERN
zcl:isentiﬁc Information Service, Geneva, Switzerland, 1962), p.

# The term “afterpulse” is used to include possible contribu-
tions from afterglow in the scintillant as well as pulses generated
in the phototubes by positive ions formed in the residual gas.
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F1G. 7. Pulse-height distribution for decay electrons detected in
counters 3 and 4 with random background subtracted. The dashed
portion of the curve represents an estimate of the true shape of
the spectrum. The target gas was the standard mixture.

60% of geometrical. The counter-4 spectrum is of the
expected shape except for the excess of low-energy
counts, the origin of which was not certain. The dashed
line shows an estimate of the correct shape of the curve
in the low-energy region. With the threshold set as
shown, the efficiency was 969, of geometrical.
Time analyses were performed by fitting the data to
the curve
dN/dt=ANe ™+ B, )

where 4 is the time-integrated count of muon-associated
events. The Appendix discusses a refined form which
in the case of the decay electron count leads to a 0.29
change in A. Two methods of fitting the curve were
used: (1) A least-squares fit was made varying 4, X,
and B. This approach was used when checking the
timing system and to detect the presence of contamina-
tion either from afterpulses or muons stopping in ma-
terial other than He. The curves in Fig. 8 show the time
spectra respectively for Eg, E,, and Epsp during the
first He? filling. The experimental points are the properly
normalized counts with random background removed.
The solid lines are visual fits to the data of a simple
exponential with mean life 2.19 usec. In curve 8a the
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Fic. 8. Time spectra for the decay-electron data of the first
“standard” run. The data points are suitably normalized and
random background has been subtracted. The solid lines are visual
fits for a mean life of 2.19 usec. In each case the background rate
is <29, of the decay rate in the first time bin. Es: Afterpulses
cause a barely-visible deviation from the line in the first four time
groups. These deviations (in units of standard deviations) are
41.2, 12.4, 10.4, and 4.6 for the time groups I, II, III, and IV,
respectively. A least-squares fit to all data including afterpulses
gave a mean life of 2.1302:0.034 usec (statistical error only). The
x? was 181, where 5 was expected from a simple time dependence.
E4: A least-squares fit to all points determined a mean life of
2.178-£0.011 pusec (statistical error only) with a x? of 4.2, where 5
was expected. Epsp: A least-squares fit determined a mean life
of 2.20540.007 usec (statistical error only) and a x2 of 6.2 where
5 was expected.

afterpulse contamination of counter 3 is apparent. The
fitted mean life is 2.13024-0.0034 usec with a x? of 181
instead of the expected 5. The mean life and x* for
E4 and Epgp are, respectively,

74=2.178£0.011 psec, X*=4.2,
rpsp=2.20540.007 psec, X*=6.2,

which demonstrate the cleanliness of these data. The
quoted errors are statistical only. (2) In the “time
window method,”” A was assumed to be 0.4566X 108 sec™2.
Two time channels were constructed of time groups 1-6
and 7-8, respectively. The amplitudes 4 and B and
their errors were derived from these two numbers. This
approach was used for the triton count because of the
small number of counts in a given pulse-height channel.

CLAY, KEUFFEL, WAGNER, AND EDELSTEIN

To be consistent, it was always used to extract ampli-
tudes of curves. Note that a 197 change in the assumed
value of A leads to a change in 4 of 0.08%,.

B. Electron Counting Efficiency—Measurement

It was the intention in the design of this experiment
that the electron detection efficiency be close to 1009,
(see Fig. 1.). The Epgp by itself was demonstrated to
be well plateaued in efficiency during the first He® run
by varying its threshold, but because of the nonzero
thresholds for counters 3 and 4 the overall efficiency was
87%.

1. Efficiency tests. The efficiency for detection in
counters 3 and 4, 73 and 74, were measured in an aux-
iliary run for which the gas mixture in counter 5 was
509, He* and 509, Xe. With the added stopping power,
more than 909, of decay electrons could be counted in
No. 5 above tube noise, afterpulses, and low-energy
background.?® The efficiency of counter 4, for example,
was the ratio of electrons detected simultaneously in
counters 5 and 4 to the total number detected in counter
5. It therefore includes both geometrical and pulse-
threshold effects. Since the detection efficiency of No.
S cancels in this ratio it need not be known precisely.
In the notation of this experiment

E/ Ey
E{/+T+Epsp E/+T+Epsp

where E,=542, Ef/=532 and a random background
subtraction has been made from all counts. Efficiencies
were measured for two delayed event thresholds in
counter 5 corresponding to electron path lengths in that
counter of 2 and 4 cm, respectively. For the lower
threshold 74=0.627, and for the higher threshold 74
=0.618. One may expect that 54 was sensitive to the
stopped muon distribution but this tends not to be so
because of the low-electronic threshold in No. 4 and
because No. 4 covers % of the He counter.

The electron detection efficiency of counter S for the
50-50 gas mixture was measured with sufficient precision
by comparing the E,' count rate to a measurement of
that rate with the No. 5 requirement removed; i.e.,
E//E,. This efficiency was 88 and 579, for the 2- and
4-cm thresholds, respectively. Because of the good agree-
ment for markedly different counting rates, the final
value of #4 was taken as the weighted mean of the two
measurements. Twelve percent of the muons were not
sampled by the count at the 2-cm threshold. The error
includes a 19 uncertainty for the contribution to 74
from these muons. Thus 7,=0.625 (1-£0.024).

Similar measurements of 53 gave 0.102 and 0.116 for
the 2- and 4-cm thresholds in counter 5. These numbers

N4 n3 (6)

8 Afterpulses in counter 5 were bunched at early times with no
noticeable effect after 3.0 usec after muon arrival. Therefore, all
efficiency runs were taken with the start of the muon gate ad-
vanced to 3.5 usec. It should be noted that the size of an after-
pulse was the equivalent of <0.3 MeV so these pulses were never
confused with tritons in the standard run.
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contain no afterpulse contamination from counter 3 be-
cause of the added No. 5 requirements in the definition
of E;-73 is more sensitive to the stopped muon distri-
bution because of the high counter 3 threshold and be-
cause it covers only one face of counter 5. Thus:
73=0.116 (120.055).

It is important to assure that the electron efficiency
of counter 4 with the standard mixture in counter S is
the same as the value of 54 measured in the efficiency
run. A shift in the stopped-muon distribution could have
caused such a change. The Monte Carlo calculation
(see Sec. ITIC) showed that the change in 74 in going
from the “50-50” to the standard gas mixture was
(—0.6£0.4)9, while for n; the change was 4.39,. A
correction in agreement with these is also obtained by
comparing the ratio 53/74 taken from the efficiency test
to the ratio (Ej/normalizer)/(Es/normalizer) meas-
ured with the standard mixture. The two ratios are
0.182(1+0.05) and 0.188(140.07), respectively. Con-
sidering the geometry of the counters this difference in
the ratios is reflected in a change in 94 of (—0.741.7)9%.
Although the calculated effect is more precise than the
measured one, the error in the latter is the assumed one.
The corrected efficiencies are

74=0.621(120.029) and #93=0.121(120.06). (7)

The loss of electrons due to range absorption and
bremsstrahlung in the target counter was <0.19 for
the standard and “50-50"’ gas mixtures.

2. 34 and npsp. 134 is the efficiency of counters 3 and
4 treated as a unit, and gpsp is the efficiency of the
CsI(T1) system, where again both geometrical and
threshold effects are included. Neither 534 nor 4psp could
be measured in the same manner as 73 and 74 Because
of the counter overlap 73s<73+ 74 Further, during the
standard run some afterpulses in counter 3 were in-
cluded in E3, wheras there are none in ;. The technique
could not be used for npsp because of the altered sig-
nificance of the counter 5 threshold when both gas and
CsI light contribute to a pulse. Therefore these effi-
ciences were measured by comparison to 74 and with
the standard gas mixture in counter 5.

E3s/normalizer
=N\ ————— )
E, /normalizer

where E34 and E4 were measured in successive runs.
Similarily, npsp=14(Epsp/Es), where the counts are
taken in the same run. Thus,

134=0.748(140.033) ,

8
7psp=0.153(140.034). ®

Since afterpulses constituted 2197, of the E; count
they were 3.5%, of the E34 count. This contamination
was constant throughout the run since for the eight-hour
runs the rms deviation of E3/Epgp was 1.4%,. There-
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fore, since all electron counts were compared to n4, the
final count is independent of the presence of afterpulses.

The sensitivity of 73 and 74 to the delayed event
thresholds for counters 3 and 4 was evaluated from
the pulse-height spectra taken during the efficiency
tests. A 29, change in threshold yields a change in 74
of 0.5%,. A negligible error is introduced into n by taking
an over-all efficiency based on the average thresholds
for counters 3 and 4. Also note that though the after-
pulses in No. 3 were an annoying problem we are con-
fident that the total electron count based on Es, is cor-
rect. The electron count based on Epsp has no after-
pulse problem yet the two calculations agree to within

19,.
C. Electron Counting Efficiency—Calculation

A Monte Carlo calculation was made of the stopped-
muon distribution from which the following were then
derived: (1) the geometrical detection efficiencies of the
three electron detectors, (2) the small difference between
the detection efficiencies for the ‘“50-50” gas mixture
and the standard mixture, and (3) the correction to the
triton count for those escaping the He counter.

The calculation was done in the following way. The
differential probability that the muons enter the counter
at angles 6, ¢ with respect to the normal to the front
wall is

dP=N exp[—%(6/6)*1dQR, )

where R is residual range in the counter, © is solid angle,
6 is the root-mean-square scattering angle, and NV is
a normalizing constant. It was assumed that all residual
ranges R which met the threshold condition and all
azimuthal angles ¢ were equally probable, but that 8
was a function of R as well as of the material upstream
of counter 5. For example, those muons which barely
met the threshold condition entered the counter essen-
tially isotropically, i.e., &>1 rad, while for those that
stopped at the downstream wall §=0.8 rad upon enter-
ing the counter. The calculation was also made for 4
independent of R with these two extreme values as an
aid in fixing errors. The scintillation efficiency for a
stopping muon is intermediate between the efficiencies
for a particles and electrons. Therefore, at threshold,
4.0 mm<R<9.0 mm. The calculation was made for
the two extreme cases. Two extreme cases were used of
illumination density over the front face of the counter:
(1) uniform illumination, and (2) all muons entering at
the center of the front face. In fact, the illumination
density at the front face is a smoothly varying function
peaked at the center. Calculations were made corre-
sponding both to the standard and ‘““50-50” gas mix-
tures. An auxiliary result of the calculation is a pulse-
height spectrum for the stopping muons which was
measured in a run with the standard gas mixture. The
measured spectrum agrees well with the calculated one.

The geometrical efficiencies for the three electron de-
tectors were 0.204, 0.626, and 0.155 for Ej3, E4 and
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Epgp, respectively, for the standard mixture. Correction
factors for the threshold requirements are 0.60, 0.96,
and 0.99, respectively (see Fig. 7). Finally, the calcu-
lated efficiencies are 73=0.122, 7,=0.601, and 7esp
=0.154. These are in very good agreement with the
measured values [see Egs. (7) and (8)], although the
uncertainties are greater. They are presented as corro-
borative evidence though they do not enter into the
final evaluation of the electron count.

D. “Pure Xe” Test

A count of decay electrons from low-Z material other
than He was taken with 1009, Xe in counter 5. The
count was normalized to the monitor M which meas-
ured muons entering No. 5 but was independent of
the mass of the counter gas. From a comparison to
the He?® runs the contamination in the electron counts
was (2.140.7)9%.

An estimate can be made of the fraction of muons
stopping in the wavelength shifter as compared to stops
in He. Taking account of the nonuniform muon stop
distribution this ratio is 1.89,. Thus, virtually none of
the electron contamination was from muons stopping
in glass.

E. Final Electron Count

The final electron counts for the two standard runs
are shown in Table II. Listed are the total number of
electrons counted and the corrected values. For the
first run either the Epgp count or the E34 count could
be used. The average of the two is the quoted result. In
the second run, because of the increased scintillation
efficiency, it was necessary to run with a reduced %psp.
Therefore, only the one calculation of E based on Esq
could be made. However, by comparison to the ‘“pure
Xe” test for which 9psp was also reduced it is assured
that the PSD circuit was still fully sensitive to muons
penetrating the CsI crystal. The errors quoted include

all the known contributions. These are listed in Table
111,

IV. TRITON COUNT

The triton count for the two runs was derived from
the two-dimensional sort of the 7" pulses. Each pulse-
height channel was time-analyzed using the time-
window method to remove random background. The
remaining time-dependent background under the triton

TasLE II. Electron counts.

Raw count

Corrected
Run N34 7PSD Eg4 Epgp count
T, 0.748 8.576X 108 1.592 X 108
1.728X105 1.578 X108
T:i(av) 1.585X 108
X (1£0.033)
T, 0.748 4.822% 105 8.49X 108
X (1£0.035)
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peak was removed by a curve-fitting process, and the
correction for escaping tritons was made on the basis
of the Monte Carlo calculation of the stopped muon
distribution.

A. Triton Spectra

The triton pulse-height spectra for the two runs, T}
and T, are presented in Fig. 9 with random background
subtracted. For both runs, but especially for the second
one, with the fully purified gas, the triton peak stands
out cleanly above the rather flat time-dependent back-
ground and is well separated from the large number of
counts at lower energies. For either run, the triton peak
is consistent with a Gaussian shape. The resolutions for
the two peaks were 26.6 and 15.09, full width at half-
maximum, respectively. It is expected that the time-
dependent background for energies above 1.0 MeV is
due to muon capture to the unbound states of H? (reac-

TABLE III. Errors in electron counts.

Source of error Error (%)

T, n34 and npgp combineds
“Pure Xe” testb
Timing-circuit calibrationb-¢
Electron threshold
Statistics in electron countd
Over-alle

T N3P
“Pure Xe” testP
Timing-circuit calibrationb
Electron threshold
Statistics in electron countd
Over-alle

W OOOOW W OoOo0OW
N ALWANATW W LN

 Error in ns¢ common to both runs.

b Error common to both runs.

¢ Error common to ¢ and ¢ counts and drops out of the ratio t/e. It also
cancels in ratios taken in efficiency measurements.

d Includes uncertainty in random-background subtraction.

¢ Note that by and large, errors are common to the two runs.

tions 2 and 3). The contamination in this background
from muon capture in other light elements should not
be more than 159,. The counts below 1.0 MeV have
two components: (1) Decay electrons which escape de-
tection in the Xe counter were still 30 times more
numerous than tritons. The peak for their energy spec-
trum was well below the electronic threshold for T
pulses, but there is a tail which extends to ~0.8 MeV.
(2) Also, there is a residual peak in the time-dependent
curve near channel 10 from the He?(n,p)H? reaction.
The residual effect is 6%, of the raw count in the neutron
peak. There were two instrumental effects which could
give rise to it. (a) Pulse heights in 5 were shifted at
early times due to base line shift in the linear system
following a large stopped-muon pulse. The time-
dependent spectrum was corrected for this effect by
shifting the spectrum for each time bin appropriately,
but because of varying base lines within a given time
bin, the correction could not be exact. (b) The random
background contributed to the time-dependent counts
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because a background pulse would not be processed if
it was preceded by a muon-associated delayed event
(see Appendix). This effect accounted for 409, of the
neutron residue which remained after the ‘“‘base line
shift correction.”” Both these corrections have been made
in computing the data points. Most probably the re-
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F16. 9. Recoil-triton data. (a) 7:: count with random back-
ground subtracted. (b) T»: count with random background sub-
tracted. The curves represent fitted time-dependent background
and the sum of this background and Gaussian fits to the triton
and residual neutron peaks. The solid circles are for the reaction
He3(n,p)H3, 0=0.76. They represent counts at early times after
muon arrival before the random background subtraction. These
are included for the purpose of energy calibration but are not on
the same ordinate scale.

maining “neutron” counts are due to the incomplete
“base line shift correction.” The triton count was not
affected by either of these considerations.

A time plot of the counts in the region of the triton
peak shows a mean life consistent with the one measured
for decay electrons. Figure 10 is the fit to the T data
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F16. 10. Time spectrum of tritons in T data. Flat background
has been removed. The line shown is an exponential with a mean
life of 2.19 usec. A least-squares fit to all points determined a mean
life of 2.254-0.05 usec, and a x* of 5.1, where 5 was expected. A
sifrriilz.r analysis for T, gave a mean life of 7=2.18+40.07 with a x?
of 2.4.

for pulse-height channels 25 to 34. A similar fit was made
to the T, data for channels 19 to 32. For T the fitted
mean life is 2.2520.05 usec with a x? of 5.1 where 5 was
expected. For T, the mean life was 2.184£0.07 usec with
x>=2.4. Therefore, the peak at 1.9 MeV has the right
energy to fit reaction (1), and, in addition, it must be
associated with a stopping muon.

B. Analysis of Time-Dependent Background

The size of the smoothly varying time-dependent
background under the triton peak was evaluated on
the basis of a least-squares fit to the points above 1.0
MeV. For the T, data two approaches were used: (1)
A simple mathematical form was assumed for the back-
ground and a fit made to the points below and above
the triton peak (pulse-height channels 13-18 and 33-49).
The fitted background form was evaluated in the triton
region and subtracted from the total count to give the
triton count. The five different forms used and the
resulting triton counts are listed in Table IV. (2) With
a Gaussian form for the peak and one of the five forms
for the background, all the points above 1.0 MeV were
fit (channels 13-49). Approach 2 gave a mean triton
count which was 19, lower than the mean count from
approach 1. However, for T, counter uniformity was
an important contribution to the spectral resolution, so
the assumption of the Gaussian form may not have
been entirely justified. Therefore the final triton count
for T, is based on approach 1. The background sub-
traction was nearly independent of the form used. An
assigned uncertainty of ==1.49 in the triton count due
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TaBLE IV. Triton count with time-dependent
background subtraction.
background count®
Background R=—rrro————
Run curve form x** Tritons triton event
Ty Awx+A4, 26 2520 0.179
A +Ax+As 20 2528 0.173
1/x+A, 21 2532 0.170
Ai/2+As/x+A4s 19 2577 0.149
Arexp(—Aax)+A4s 19 2552 0.162
Average 2546 0.166
T,  Average of curve 4966 0.169
fitting to T
datad
Using R from T 4975 0.166
data

» The expected x? for fitting these forms to the T’z data was 20£7 so it
is seen that all forms fit the data well though the linear form is least favored.

b Background and R computed for the wider-pulse-height region corre-
sponding to the triton peak of T1. . .

o For T the fits were to regions excluding the recoil-triton peak.

d For T the fits were to the entire spectrum above 1.0 MeV. The expected
fx’ waesd 31:£8. All curves fit the data though again the linear form is least
avored.

only to variation among the five forms spanned the
values obtained.

The same approaches can be used for T';. However,
for this spectrum the count in the valley at ~1 MeV
includes a small contribution from the tail of the residual
neutron peak. This “spill over” was corrected for on the
basis of a fit to the neutron region. The fit need not be
precise since the correction to the count in the valley is
small. Then the triton peak was fit by approach 2. In
this case, since the spectral resolution is dominated by
photoelectron statistics the assumption of a Gaussian
function for the peak is valid. Alternatively the back-
ground subtraction for 7; was made using the ratio
R= (background count/triton count) obtained from T,.
This background was integrated over a region corre-
sponding to the entire triton region of 7;. The results
for the two approaches to the T data are also listed in
Table IV. They agree very well, though the error is
smaller when R is calculated from the T’y data because
the separation of tritons and background is cleaner
there. The values of R in this table refer to the correction
to the spectrum for T'y. The x? test was satisfied for all
curves and for both sets of data. The triton counts cor-
rected for all effects but wall escapes are

T1=4966, T,=2542.

These numbers are based on a total of 6800 observed
tritons.

C. Wall Correction

The range of the triton in the standard gas mixture
was 6.75 mg/cm? or 3.8 mm.2”%¢ Thus those tritons
which originated close to the walls could escape the gas
without leaving their full energy in it. The spectrum of
pulse heights for these tritons is weighted toward zero

(1;“5§) K. Allison and S. D. Warshaw, Rev. Mod. Phys. 25, 779
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because they tend to lose most of their energy in the
wall at the end of their range. In any case, this spec-
trum is a small, smoothly varying constituent of the
time-dependent background. The triton count must
therefore be increased by the factor (1— W)™, where
W is the fraction of tritons which escape the gas.

On the basis of the Monte Carlo calculation of the
stopped muon distribution

W= (4.5£2.0)%.

The assigned error spans the values calculated from
the range of possible assumptions about the parameters
in the calculation.

D. Final Triton Count

The final triton counts for the two runs are
T1=5200£177, T,=2660+91.

The error in T arises from the following: Statistical
uncertainty 2.39, including the statistical error in the
random background subtraction and in the calculation
of R from the T, data, 1.49, for uncertainty in the form
of the time-dependent background in T, and 2.09, for
the wall effect. Combining these in quadrature gives
an error of 3.49). If the quantity R is derived from the
T, data, the error is 3.8%,. For T, the errors are 2.2%
for statistics, 1.4%, for uncertainty in the form of the
time-dependent background, and 2.09) for the wall
correction. Combining as before the over-all error in
T 2 iS 34%

V. RESULTS AND DISCUSSION

The resultant rates for runs I and II are 1499470
sec™! and 1435475 sec™, respectively. Combining these
two, we have as the result of this experiment

Ae=1465467 sec™!.

Other experimental groups have obtained 14104150
sec™! (Falomkin et @19, and 1505446 sec™ (Auerbach
et alh),

Recent predictions of the standard theory are shown
in Table V. It would appear that the central value is
probably close to 1500 sec™ which is in excellent agree-
ment with all the experiments. The differing calculated
values are due to different assumptions about the trion

TaBLE V. Predicted He? capture rates.

Authors Rate in sec™?
Wolfenstein® 1500
Primakoff® 1480
Fujii and Yamaguchic 1550
Drechsler and Stechd 1550
Yanod 1460
Oakesd 1450
Biettid 1530
» Ref. 18. b Ref.:r o —;vkef. 15. d Ref. 16.
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F1e. 11. Variation of capture
rate with g,. The band for the
prediction a spread of 7%
the approximate standard devia-
tion for the theory. The horizontal
band is the result of this experi-
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ment with its error. The curve is 1600}

based on the work of Fujii and

Yamaguchi (Ref. 15). The overlap

is for 4.5<gp/ga<24. 1500}
1400
1300+

form factors. At the present time the standard devia-
tion in the predicted rate is about 7%,. This includes
contributions from the following: (1) experimental error
in the electron scattering data, and the extrapolation to
¢=m,*; (2) uncertainties in the f¢ value in tritium B
decay since the calculated values derive from compari-
son to it; and (3) the uncertainty in the axial-vector
and pseudoscalar form factors due to lack of knowledge
of the exchange-pion effects. It does not include any
uncertainty in gp. With the considerable effort that is
now being made to learn about the trion structure, it is
likely that the error in the extrapolated form factors
will be reduced and one can hope that the uncertainty
in the prediction will be reduced to 4-5%,.

If one regards the calculation of gp/g4 as the chief
uncertainty in the standard theory, then a given experi-
ment may be used to evaluate gp. Figure 11 shows the
prediction as a function of gp and the result of this
experiment. Since it happens that the experimental
value is close to the minimum possible prediction, the
capture rate becomes insensitive to gp and one can only
obtain the broad limits 4.5<gp/ga<24 using the cal-
culation of Fujii and Yamaguchi'® for example. A some-
what broader range of values is obtained if one starts
with the smaller form factors that other authors have
obtained. On the other hand, this chance occurrence is
advantageous in that very large positive values as well
as all negative values of gp/g4 are ruled out.

Alternatively, we have attempted to set limits on
gv and gp by combining the result of this experiment
with the measurements of capture in hydrogen and of
7t — et+». Again, the assumption is made of no second
class currents and the value of gu*/gv* given by the
conserved vector current (CVC) is used. The CVC
hypothesis has been well verified in 8 decay®” and for

8 T, Mayer-Kuckuk and F. C. Michel, Phys. Rev. 127, 545
(1962); N. W. Glass and R. W. Peterson, sbid. 130, 299 (1963);

9579,

the reaction?®
7t — r%~4et+0

(though it has not yet been singled out for measure-
ment in a muon-capture process). From the strictly
experimental approach this is the loosest set of assump-
tions one can make and still obtain good limits on the
coupling constants. If, for example, one allows the pos-
sibility of second-class terms, in a strict sense there are
more constants than can be determined from the ex-
periments to date. Figure 12 shows the curves of con-
stant capture rate which one gets for gp*/gs* plotted

bl

Fic. 12. Curves
of constant capture
rate. Curves 1, 2,
and 3 are for molecu-
lar hydrogen capture
rates of 410, 450,
and 490 sec7!, re-
spectively. Curves 4,
5, and 6 are for He?
capture rates of
1398, 1465, and 1532
sec™!, respectively.
These bands cover
the quoted experi- = 5
mental uncertainties
only.

gt

S({i.ggs.)Lee, L. W. Mo, and C. S. Wu, Phys. Rev. Letters 10, 253

# P. De Pommier, J. Heintze, C. Rubbia, and V. Soergel, Phys.
Letters 5, 61 (1963); R. Bacastow, T. Elioff, R. Larsen, C.
Wiegand, and T. Ypsilantis, Phys. Rev. Letters 9, 400 (1962);
A. F. Dunaitsev, e al., as reported by 1. V. Chuvilo, Brookhaven
National Laboratory Report BNL 837 (C-39), 1963 (unpublished),
p. 344; D. Bartlett, S. Devons, S. Meyer, and J. Rosen, Phys.
Rev. 156, B1452 (1964) ; W. Bertram, D. I. Meyer, R. A. Carrigan,
Jr., and I. Nadelhaft, sbid. 139, B617 (1965).
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as a function of gy*/gvP for u-molecular hydrogen cap-
ture (curves 1, 2, and 3) and for this experiment (curves
4, 5, and 6).* The assumed capture rates for curves 1-3
are 410, 450, and 490 sec™?, and for curves 4-6, they
are 1398, 1465, and 1532 sec™?, respectively. In each
case the band of three curves indicates the spread due
to the quoted experimental error only. For the hydrogen
experiment other sources of error are small by com-
parison. For the He? experiment we have also considered
separately all other sources of error such as form factor
uncertainties. There are two regions of intersection of
these curves, but if we take only the region which in-
cludes the ‘‘standard” values, we find

O.70<gv"/gv"< 1.20
and
1<gpt/ga*<17.

Admittedly, these limits are somewhat uncertain be-
cause it is not entirely clear how to combine all the
contributing errors. But if a larger experimental number
for He?® is used (somewhere between our number and
the one of Ref. 11) or if smaller form factors are used,
such as some other authors obtained, the He? ellipses
become larger and this leads to narrower limits on
gp/ga. Note that the intersection of the central curves
gives
gv“/gv‘s=0.99

and

gr*/ga*=11.6.

Of the many other experiments in muon capture, two
in particular,®4 the partial capture rates in O'¢ and
C"2, are compatible with the prediction for gp=7g4. On
the other hand, the radiative muon capture in Cu and
Ca and the recent neutron asymmetry experiments® in
Ca suggest higher values of gp. In all these cases, how-
ever, there is an amount of uncertainty, at present,
about the nuclear physics calculations involved.

In conclusion one can say that the present experiment
adds to the considerable body of evidence in support of
the standard theory of muon capture. There is no evi-
dence of strong weight in contradiction to it, but there
are still outstanding problems of great interest, namely,

¥ For the He? curves the form factors and other constants of
Ref. 15 were used. We assume from Ref. 7 that g4*=g4f. For the
hydrogen capture curves we took g4?/gv#=1.194-0.03.

“R. Cohen, S. Devons, and A. Kanaris, Nucl. Phys, 57, 255
(1964) ; A. Astbury et al., Nuovo Cimento 33, 1020 (1964).

4 E. J. Maier, R. M. Edelstein, and R. T. Siegel, Phys. Rev.
133, B663 (1964).

2 W, T. Chu, I. Nadelhaft, and J. Ashkin, Phys. Rev. 137,
B352 (1965); M. Conversi, R. Diebold, and L. di Lella, bid. 136,
B1077 (1964).

%V. S. Evseev, V. S. Roganov, V. A. Chernogorova, Chang
Run-Hwa and M. Szymczak, Phys. Letters 6, 332 (1963); E. W.
ﬁ%%%sson and J. E. Rothberg, Bull. Am. Phys. Soc., 10, 80
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the questions of the second class terms and of the precise
value of the pseudoscalar constant.
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APPENDIX
The timing system is such that the data fit the curve

ud—;¥-= (1—F) (e*D'D)l:A)\e—“(l—{—i—i)—}—B(l—C):I .

The symbols are defined as follows:

A—Integrated time-dependent count for one of the
delayed event detectors;

B—Random-background rate for this detector;

C—Fraction of p pulses which give rise to time-
dependent delayed events of all three types;

D—Random-background rate summed over the three
types of data.

A—Muon-disappearance rate;

tp—Dead time in the delayed-event circuitry, in this
case 25 usec;

u—Number of muon gates in the run;

F—Probability for accidental anticoincidence due to
2 in any delayed event. F=0.05.

Where ratios of integrated counts are taken within one
run or for runs with similar counting rates the factors
in front of the bracket cancel. Notice that the amplitude
of the time-dependent term includes a contribution
from the random background. This and the factor
(1—C) stem from the fact that only the first count to
get through the p gate is processed. This from also ap-
plies to a single pulse-height region if it is understood
that 4 and B refer to this region only.

For the standard run this effect gave rise to a correc-
tion to the electron count of —0.29,. For the efficiency
and “pure Xe” runs the correction was entirely negli-
gible. This correction played no role in calculating the
triton count through it made for a 29 correction to the
time-dependent background under the triton peak. The
only place this effect played a significant role is in the
residual slow neutron associated peak in the pulse-
height spectrum for 7. Here the expected neutron event
count in the time-dependent curve is 9% of the triton
count for either the T'; or T data. The remaining neu-
tron count after this correction is 149 of the triton
count in each case.



