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We have measured the asymmetry in the angular distribution of neutrons emitted fol-
lowing the capture of negative muons in silicon, sulfur, and calcium. The asymmetries,
normalized to 100% muon polarization, varied from near zero for low neutron energies
to +0.32+0.05, +0.30£0.08, and +0.20+0.08 for energies greater than 15.6 MeV for sili-
con, sulfur, and calcium, respectively, in disagreement with the results of most other

recent experiments.

The angular distribution of neutrons emitted
following the capture of polarized negative mu-
ons in a nucleus is of the form P(E, ) =N(E)[1
+A(E) cos@], where P is the probability of neu-
tron emission into unit solid angle at the angle 6
and into unit energy interval at the energy E, E
is the energy of the emitted neutron, 6 is the an-
gle between the direction of the muon polariza-
tion at the time of capture and the direction of
emission of the neutron, N is a coefficient de-
pending on energy, and A is the asymmetry,
which is also a function of the energy.

The measured asymmetry A may be expressed
as the product of the muon polarization at the
time of capture P“ and the intrinsic asymmetry
a for completely polarized muons. « is a func-
tion of the weak-interaction coupling constants
and is particularly sensitive to the induced pseu-
doscalar coupling constant. However, determi-
nation of the weak-interaction coupling constants
from the value of o is complicated by the depen-
dence of the value of o on the nuclear wave func-
tion and on the interaction of the emitted neutron
with the residual nucleus. The value of o has
been computed for spin-0 nuclei using the clo-
sure approximation and with the omission of
terms proportional to the initial momentum of
the capturing proton.! Averaged over neutron en-
ergy, it is found to be -0.39. A similar calcula-
tion has been performed using the Fermi-gas
model in which terms proportional to the initial
proton momentum are included.? In this case,
the asymmetry of the highest energy neutrons is
found to be —0.11 and decreases in magnitude as
the neutron energy decreases. These calcula-
tions do not include final-state interactions,
which may affect the magnitude of the observed
asymmetry. The reliability of the theoretical
predictions of the asymmetry is subject to ques-
tion, since knowledge of the nuclear physics is
inadequate for an exact calculation. As shown in
the preceding paper, all of the models used rep-
resent the spectrum poorly, which may suggest

that these models are not adequate for calculat-
ing the asymmetry, especially at the high energy
of the spectrum.

Experiment.—The apparatus used in this exper-
iment was that shown in Fig. 1 of the preceding
paper. As discussed in that paper, muons were
stopped in the target and the resulting neutrons
and electrons were detected in counter 5. Pulse
height and digital timing spectra of the neutrons
were recorded. A particular pulse height repre-
sents the minimum energy of the neutron that
produced the pulse. The asymmetry associated
with each pulse height was determined by analy-
sis of the corresponding timing spectrum.

The vertical magnetic field present at the tar-
get varied less than 1% over the target volume,
and was adjusted to provide a muon precession
rate of 2.9 MHz for silicon and of 5.7 MHz for
sulfur and calcium.

The 1600-channel analyzer was divided into
eight bins of 200 channels each. Each group of
200 channels was used to record a digital timing
spectrum. One of the eight bins was used for de-
cay electrons, and the other seven were assigned
according to the pulse height produced in counter
5 by a neutron. The time interval covered by
200 channels was 4 usec for silicon and 2 usec
for sulfur and calcium, so that at least three
lifetimes were observed for each target.

Stringent dead-time conditions were imposed
on both the start and stop inputs of the digital
timing circuitry. This prevented distortion of
the timing spectra due to random background, or
to ambiguous events such as the stopping of two
muons too close in time to each other or the ob-
servation of two events in the liquid scintillation
counter too close in time to each other. The dig-
ital timing analyzer and the associated dead-
time logic were checked with randoms tests at
various rates, and no structure in the time spec-
trum of accidental coincidence events could be
detected at any input rate.

The contribution of decay-electron brems-
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strahlung gammas to the number of neutron-iden-
tified events was determined in a positive-beam
run. In the lowest energy silicon bin, approxi-
mately 1.7% of the neutron-identified events
were due to these gammas; in the higher energy
bins, the number was statistically insignificant.
Time spectra of gamma rays resulting from
negative-muon capture in calcium were also re-
corded, in a separate run. These gammas were
due to decay-electron bremsstrahlung and to nu-
clear de-excitation gamma rays. The lowest
pulse-height group exhibited an asymmetry A
=-0.0051+0.0055. The higher gamma pulse-
height bins were also consistent with zero asym-
metry. In the lowest energy calcium bin, ap-
proximately 0.6 % of the neutron-identified events
were due to gamma rays. In the higher energy
bins, the gamma-ray contaminations were con-
sistently lower than this value. It is expected

that the contaminations for the other targets are
similar.

Asymmetry analysis and results.—The time
spectra of the decay electrons were used to de-
termine the polarization of the muons in the mu-
on atomic ground state, since the relationship
between the polarization of the muons and the
asymmetry of the decay electrons is well known.?
The muon polarizations were 12.5, 9.0, and
10.2% for silicon, sulfur, and calcium, respec-
tively. Larger polarizations were obtained by
selecting higher momentum muons, but the po-
larizations we used represented an optimal com-
promise with counting rate. The muon spin di-
rection formed angles of approximately 20° with
the incident-muon momentum direction for all
three targets. These angles are consistent with
the expected forward polarization of the beam.

In addition to the decay electrons from the tar-

Table I. Asymmetry results. The number of real events observed, the
asymmetry, the normalized asymmetry, and the number of standard de-
viations by which the asymmetry differs from zero are presented as a
function of the pulse height observed in the neutron counter. E mijn and
E pax are the bin—pulse-height limits in terms of proton-equivalent MeV.

Number Std.
E E of Normalized Dev.
min max Real Asymmetry Asymmetry from
Target MeV MeV Events A a Zero
Si Electrons 13326000 -0.0417 +0.0004 -0.333 -97.0
7.73  11.49 364107 +0.0038  $0.0029 +0.030 $0.023 +1.31
11.49 15.62 138242  +0.0237  *0.0049 +0.186 *0.038 +4.88
15.62 19.54 51302 +0.0456  +0.0085 +0.357 $0.067 +5.36
19.54 24,55 25108 +0.0292  £0.0133 +0.228 20.104 +2.19
24.55 29.41 8759 +0.0498  *0.0258 +0.390 *0.202 +1.93
29.41  35.34 4363 -0.0161  $0.0427 -0.126 *0.334 -0.38
35.34 52.53 2612 +0.1043 $0.0763 +0.817 $0.597 +1.37
S Electrons 7809000 -0.0300 +0.0006 -0.333 -53.6
7.73  11.49 309574 +0.0088  +0.0031 +0.096 *0.034 +2.80
11.49 15.62 115063 +0.0158  *0.0053 +0.172  +0.058 +2.98
15.62 19.54 38893 +40.0250 #0.0096 +0.272 $0.105 +2.60
19.54  24.55 20757 40.0402  $0.0142 +40.437 $0.155 +2.83
24.55  29.41 6872 +0.0092 *0.0285 +0.100 *0.310 +0.32
29.41 35.34 3236 +0.0374  $0.0496 +0.407 +0.540 +0.75
35.34 52.53 1676 -0.0578  $0.0987 -0.629 *1.074 -0.59
Ca Electrons 4072000 -0.0340 $0.0008 -0.333 -43.0
7.73  11.49 257994 +0.0055 $0.0034 +0.053 $0.033 +1.60
11.49 15.62 92803 +0.0158  $0.0059 +0.152 $0.057 +2.69
15.62  19.54 32177 +40.0275  $0.0104 +0.264 *0.100 +2.64
19.54  24.55 16094 +0.0009  $0.0158 +0.009 *0.151 +0.06
24,55 29.41 5540 +0.0695 *0.0303 +0.667 *0.291 +2.29
29.41  35.34 2725 -0.0741  $0.0481 -0.711 $0.462 -1.54
35.34 52.53 1602 +0.1019 *0.0850 +0.979 $0.816 +1.20
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get, there were decay electrons from the lead
shielding in the vicinity of the target, from the
plastic scintillant of counter 9 (due to the dead
time of its discriminator), and from other sourc-
es not correlated in time to the stopping of the
muon. The equation fitted to the decay electron
data was of the form I(¢) =N exp(~R¢#)[1+A cos(w¢
+@)]+Nppexp(-Rppt) + Ncexp(-Rct) + B, where
I is the number of events per unit time, N is the
amplitude of real events, A is the asymmetry,
Npp is the amplitude of decay electrons from
lead, N is the amplitude of decay electrons
from carbon, B is the amplitude of random
events, R, Rpp, and RC are the disappearance
rates of muons in the target, in lead, and in car-
bon, w is the angular precession frequency of
the muons, and ¢ is the precession phase. The
amplitudes Npy and N¢ were sufficiently small
compared with N that their associated asymme-
tries were not statistically significant and have
therefore been omitted from the equation. The
values of A and N/R found for each of the tar-
gets are given in Table I. Npyp/N, N¢/N, and
B/N were typically 3, 1, and 0.5%, respectively.

The equation fitted to the time spectra of the
muon-capture neutrons was of a form similar to
that used for the decay electrons, except that
the amplitude of the captures in carbon was neg-
ligible and that a rf modulation of the random
background, due to bunching of the protons in
the cyclotron, was detectable. The equation fit-
ted to the capture-neutron data was of the form
1(t) =N exp(-Rt)[1 +A cos(wt + ¢)]+ Npy, exp(~Rp )
+B[1+Aj cos(wit+¢1)]. A, is the fractional rf-
modulation amplitude, w, is the angular radio
frequency, and ¢, is the phase of the radio fre-
quency. The other symbols have the same mean-
ing as for the decay electron spectra. The val-
ues of A, a, and N/R found for each of the pulse-
height intervals for each of the three targets are
given in Table I. The values of chi squared for
all of the neutron bins were consistent with good
fits to the data. The value of N Pb/N was typical-
ly 0.8. Since the muon lifetime in lead is short
compared with the lifetimes in the targets used,
the lead background decayed promptly and was
not a significant problem. B/N ranged from
0.046 at low energies to 0.34 for energies above
15.62 MeV. A, was typically 0.14. w,/2r was
20.45 MHz, which was sufficiently high com-
pared with the muon precession frequency that
there is no possibility of confusion between the
two.

Two sets of data in which the fitted background

has been subtracted from the data, and the re-
mainder divided by N exp(-R¢), are shown in Fig.
1. Each point represents the appropriately
weighted sum of five channels. The solid curves
are the least-squares fits to the data. The upper
graph is the extracted sinusoidal component for
the silicon decay-electron data, and the lower
graph is the extracted sinusoidal component for
the silicon neutrons yielding pulse heights be-
tween 15.62 and 19.54 proton-equivalent MeV.

The values of a are plotted as a function of me-
dian bin pulse height, measured in terms of pro-
ton-equivalent MeV, in Fig. 2. Note that all
three targets exhibit positive asymmetries which
approach zero for small pulse heights. The
most significant bin is the 15.62- to 19.54-MeV
silicon bin, which exhibits a positive asymmetry
that is more than 5 standard deviations from ze-
ro.

Since the sign of the observed asymmetry is
the opposite of the theoretically predicted one,
the possibility of an experimental mechanism
yielding a false positive asymmetry has been ex-
plored. No particles other than neutrinos are ex-
pected to exhibit positive asymmetries. The pos-
sibility that the random background contains a
sinusoidal component with a frequency near the
precession frequency is eliminated by the fact
that two different precession frequencies were
used. The possibility that the asymmetry was in-
duced by the digital timing system is eliminated
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FIG. 1. Extracted asymmetry projection. The fitted
background has been subtracted from the data, and the
remainder divided by N exp(—R¢t).
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FIG. 2. Normalized asymmetry as a function of me-
dian bin-pulse height. Pulse height is measured in
terms of proton-equivalent MeV.

by the good values of chi squared obtained in the
randoms tests and by the fact that the asymme-
try approached zero for low neutron energies.
The possibility of a programming error has
been ruled out by analyzing artificial data. No
effect capable of inducing a significant positive
asymmetry was found in the electronic logic. It
was found that the ratio of capture neutrons to de-
cay electrons was so small at large pulse heights
(the ratio in silicon of the number of neutron
events in the highest energy bin to the number of
decay electrons was 0.0002) that a small ineffi-
ciency in the anticoincidence counter coupled
with a misidentification by the pulse-shape dis-
criminator would cause the acceptance of a sig-
nificant number of electrons as neutrons, thus
inducing a false negative asymmetry. However,
the presence of two independent anticoincidence
counters in this experiment made the fraction of
events in the highest energy neutron bin due to
electrons less than 3x 1077,

The neutron asymmetry has been measured in
a number of previous experiments*® using simi-
lar techniques. The statistically most signifi-
cant of these® have yielded negative asymmetries
approaching —1.0 for high-energy neutrons.
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However, a new experiment” also obtains posi-
tive asymmetries in calcium. No reason is
known for the wide divergence of neutron asym-
metry results. It is difficult to explain either a
positive asymmetry or a large negative asymme-
try within the framework of the present theory.
Although a large asymmetry of either sign could
occur at a particular neutron energy due to en-
hancement of vector or axial-vector transitions
at that energy,® no mechanism has been pro-
posed which would yield a large asymmetry of
constant sign over an appreciable portion of the
energy spectrum.

The authors wish to thank Professor L. Wolfen-
stein for valuable discussions of the work de-
scribed in this and the preceding paper.
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