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%e have measured the photon asymmetry parameter for radiative p capture in Ca
for photon energies from 57 to 75 MeV. The result obtained seems inconsistent with

predictions based on the V-A theory.

The internal bremsstrahlung accompanying p,

capture corresponds to the basic process

+P ~S+ Vp +y.

Because of parity nonconservation, the y rays
should be emitted with angular distribution

f( 8}= 1 + u„P cos 8,

where 8 is the angle between the y-ray momentum
and the p spin polarization (magnitude P). o.

&
is

the asymmetry parameter. It has been shown'
that if the y ray is radiated only by the ILI, current,
its asymmetry 0.

&
with respect to the p, spin is

equal to the y-ray circular polarization. In par-
ticular, for the standard V-A interaction, the y
rays are all right-handed and n& =+ 1.~

When strong-interaction effects and contribu-
tions from the nucleon currents are taken into
account, some deviations from this picture are
expected. For the elementary process (1), the
induced pseudoscalar contribution decreases the
values of the y-ray circular polarization and of
the asymmetry parameter n& to +0.7 near the
high end of the energy spectrum. ' Rood and
Tolhoek4 have extended these considerations to
radiative p. capture in Ca ' nuclei. Using the
standard set of coupling constants which agrees
with the observed rate for ordinary p, capture in
gaseous hydrogen, ' they predict n„=+0.75, aver-
aged over the y-ray energy interval from 57 to
75 MeV. Moreover, they point out that this value
has very little dependence on nuclear structure.

The experimental apparatus is shown in Fig.
1(a). Negative p, 's contained in a 153-MeV/c
beam from the Nevis synchrocyclotron were
brought to rest in the target, a Ca plate 7 in.
x5 in. &1-,' in. , which was surrounded by the C-
shaped anticoincidence counter 5. The flux of par-
ticles through counters 1 and 2 was typically
-120000 sec '. The rate of p. stops, electron-
ically defined as 1~ 2 3 ~ 4. 5, was - 5000 sec '.
The target was placed in a vertical magnetic field
of 446 6 that caused the p, spin to precess with a
period of 165 nsec, corresponding to approxi-

(o) IO INCHES

TARGET
BEAM

MAGNET
POLE

MODERATOR

PI - STOP

(b) B EVENTS F EVENTS
I I I l

-700 -50 50 700
TIME FROM i STOP TO 7 IN NoI (NS)

FIG. 1. (a) Overhead view of experimental arrange-
ment. (b) Timing diagram.

mately half of the p, mean lifetime in Ca". This
allowed us to measure 0.

&
by observing the modu-

lation produced in the y-ray time distribution by
the precession of the p. spin.

The y- ray detector was a 10-in. -thick cylindri-
cal NaI(Tl} crystal with a diameter of 98 in. ,
viewed by a single 8-in. 60AVP photomultiplier.
This assembly was surrounded by four veto
counters V (on the sides, on top, and in front) to
reject charged particles. A 6-in. -diam, 2-in. —

thick Pb collimator prevented y rays originating
in the target from entering the crystal near the
edge.

A y-ray signal was electronically defined as
y = [Nal] s V1, where [Nalj, s represents a sig-
nal from the NaI(Tl) counter exceeding a given
threshold E, (typically set at -40 MeV during the
experiment}. Counter 1 was used in anticoinci-
dence to reject signals simultaneous with a beam
particle, e.g. , those generated by the absorption
of r 's in the moderator or target.
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A y signal was delayed by 50 nsec before trig-
gering a 650-nsec-wide gate. If a p, -stop signal,
delayed by 750 nsec, was in coincidence with the

gate, it defined a "foreground" event E; and if
an undelayed p.-stop signal was in coincidence
with the gate, it defined an accidental background
event B [see Fig. 1(b}]. (Much of the background
was due to high-energy neutrons from a neutral
beam stop, for an adjacent beam, located behind
our Nal crystal. ) Upon the occurrence of either
of these events, the time interval between the p
stop and the y signal and the integrated pulse
height from the NaI counter were recorded.

The NaI counter was calibrated with the y rays
produced in the reactions ~ p-mon (n'-yy) and

& p -yn, occurring when negative pions were
brought to rest in a LiH target' used in place of
the Ca' target. The stability of the crystal was
checked every few hours with radioactive sources
of known energies.

A coincidence between the two 5-in. -diam
counters E, and E, with counter 1 in anticoinci-
dence [Fig. 1(a)] defined a p-decay electron. The
time interval between the occurrence of a p, stop
and a decay electron was measured by the same
time-to-amplitude converter and pulse-height
analyzer used for the y signals.

During approximately 750 h of effective data-
taking time, we recorded -2.7x10' decay elec-
trons, and 123 587 E and 17674 B events, corre-
sponding to 1.2345x 10" p, stops.

Energy distributions. —Figure 2 shows the ex-
perimental energy distribution of the neutral
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FIG. 2. Distribution of energy losses in the NaI(T1)
counter from p stops in calcium, after subtraction of
the accidental spectra, without Pb plug {solid points)
and with Pb plug (circles) in the collimator. Data points
below 50 MeV have not been plotted since they are af-
fected by the electronic threshold.

radiation following a p, stop in calcium, obtained
as the difference between the energy spectra of
the E and B events. The ratio B/E increased
from -0.2 at 50 MeV to -0.65 at 75 MeV.

The distribution of Fig. 2 is contaminated by
two sources of neutral events other than photons
from radiative p capture: (a) y rays from decay
electrons, which radiate most of their energy in
the target and which fail to reach the anticoinci-
dence counter V; (b) high-energy neutrons from
ordinary p capture in Ca", which undergo an
inelastic collision in the NaI crystal and deposit
there a large fraction of their energy. We have
studied the decay-electron contamination (a) in
a special run, during which positive w's (which
quickly decay into p, 's} were brought to rest in
the calcium target. Under these conditions, the
difference between the E and 8 energy spectra
yielded a null result above 57 MeV.

Also, during this run, the rates of both &'

stops and y signals (due to positron bremsstrah-
lung only since positive p, 's are not captured by
the nucleus) were approximately one order of
magnitude higher than the corresponding rates
measured during the p, runs. This rules out the
possibility that the events above 57 MeV in the

runs (Fig. 2) may result from rate-dependent
effects such as pileup of two or more low-energy
signals in the NaI counter.

In another special run, we experimentally de-
termined the neutron contamination by inserting
a 2-in. -thick Pb plug into the aperture of the col-
limator located in front of the NaI counter. This
plug absorbed -99% of the y rays originating in
the target, while removing only about 28% of the
high-energy neutrons. Figure 2 shows also the
distribution of energy losses in the NaI counter
under these conditions, after subtraction of the
corresponding background spectrum. These data
have been normalized to the same number of p,

stops as the data from the main runs, and cor-
rected for the neutron absorption in the Pb plug.
There is evidence for neutron contamination up
to -80 MeV, which amounts to -45% of the signal
measured in the main runs.

Time spectra. —The time distribution of the de-
cay electrons was used to determine the residual
polarization of the p.'s in the ground state of the
Ca' muonic atoms, since the decay-electron
asymmetry parameter is known. Time spectra
were fitted to the function

f(t) = [Nc. exp(- t/rca) +Ncexp(- t/Yc)]

x[1+A sin(cut+ y)1+B,
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withNq» v'~» Nc, A, rv, and q as free parame-
ters, and where a carbon component has been
added to account for muons stopping in the scin-
tillation counters. H~, and N~ are the amplitudes
for decay electrons from calcium and carbon,
respectively; v'c, and vq are the corresponding
lifetimes; A is the precession amplitude; ~ is
the angular precession frequency of the muon

spin; y is the precession phase; and B is the
amplitude of the random background. B was de-
termined directly from the time distribution of
the accidental events, which was found to be con-
sistent with a constant. We used the value v ~
= 2020 nsec for the p, lifetime in carbon. ' As a
result of the fit, we have obtained the following
values for some of the parameters: v&, =335.9
+0.9 nsec; A=-0.0800+0.008; 8/Nc, =0.084;
and Nc/Nc, =0.07. The value of vc, is consis-
tent with previous experiments. "

The decay-electron asymmetry parameter was
predicted to be e, = —0.261+ 0.005 by a Monte
Carlo calculation using the decay-electron energy
spectrum for negative p's in Ca~ derived from
Huff. ' Dividing A by O,„we find the muon polar-
ization P„=0.1149+0.0025. This value is affected
by an -15/0 relative systematic uncertainty, re-
sulting from the assumption, contained in Eq. (2},
that the precession term is the same for both
calcium and carbon contributions. Values of P„
-15% higher would be obtained assuming no pre-
cession term for the carbon contribution.

The precession amplitudes A for the I" events
have been determined for various photon energy
intervals by fitting the corresponding time spec-
tra by a function similar to that of Eq. (2}. How-
ever, in this case we expect the ratio Nc/N c,
to be approximately 60 times lower than in the
time distribution of the decay electrons since the
p,-capture rate is, in fact, -60 times higher in
Ga~ than in C' while the decay rates are approx-
imately the same in both elements. Consequent-
ly, we have set the carbon amplitude Nc=0. The
free parameters in the fit were Hc, and A, while
B was determined from the time-independent dis-
tribution of B events recorded for the same en-
ergy interval. The other parameters were kept
fixed at the values determined by the analysis of
the decay-electron time spectra.

Values of the asymmetry parameter u, ob-
tained by dividing the precession amplitude A by
the residual p. polarization P&, are shown in
Table I for various energy intervals. We have
generally set the upper limit of the energy inter-
val, E, at 75 MeV, since the events above

TABLE I. Asymmetry parameter a of the events
taken without and with the lead plug inside the collima-
tor in front of the NaI counter. The time distribution
for each energy interval consists of 43 data points, with
time bins 15 nsec wide. The errors are statistical.

Lead E . Emin max
(MeV) (NeV)

N BCa a=A/P
4 X

2

out 40
out 57

out 58

out 59

out 60
out 61
out 62

out 57

52 2265+50 124+2 -0.322+0.066
75 238+5 59+1 -0.18 +0.26
75 209+5 54+1 -0.28 +0.28

75 185+4 50+1 -0.31 +0.30
7 5 163+4 46+1 -0.51 +0. 32

75 139+4 42+1 -0 ' 41 +0-35
75 121+4 39+1 -0.35 +0. 38
62 116+3 20+1 -0.02 +0.35

36
42

44

46
41
47

27

in 40
in 50,

in 57

50
70
75

96+3 8.1+0.4 -0.04 +0-34
43+2 11.4+0. 5 +0. 37 +0.59
17+2 8.5+0. 5 +0.15 +1.10
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FIG. 3. Precession term projected out from the time
distribution of the total number of E events between 57
and 75 MeV. The line represents the best fit to the
data.

this value are affected by a large statistical er-
ror resulting from the relatively large random
background. The precession term projected out
from the time distribution of the F events with
energies between 57 and 75 MeV is shown in
Fig. 3.

The events between 40 and 52 MeV are largely
contaminated by decay electrons, and, in fact,
they show a negative asymmetry. However, the
events above 57 MeV, for which we expect a neg-
ligible contamination from decay electrons, also
show values of a which are negative and, typical. -
ly, 1 standard deviation from 0. We believe that
this result cannot be explained by the decay-elec-
tron contamination being larger than expected,
since negative values of u persist even when the
lower energy limit E q„ is raised to values as
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high as 62 MeV.
In the presence of the neutron contamination

discussed previously, the measured asymmetry
parameter a is given by the relationship

(3)o. =(1-x)o.y+xu„,

where o,'z (a„) is the photon (neutron) asymmetry
parameter, and where x represents the fraction
of events resulting from capture neutrons inter-
acting in the NaI counter. For energies between
57 and 75 MeV, we find x = 0.45+ 0.05, where we
have included the small effect of diffractive neu-
tron scattering in the lead plug, giving

a.
y

= (- 0.32+ 0.48) —(0.82+ 0.12)e„.
No measurement of u„ for neutron energies

above 57 MeV has been performed yet. Recent
results by Sundelin and Edelstein, "extending to
neutron energies of 50 MeV, show asymmetries
which are positive at high energies, in agree-
ment with a less precise experiment of Sculli"
and a theoretical prediction by Hogan. ~ Table I
displays the values of e„ for three energy inter-
vals of the data recorded in the special run using
the Pb plug in front of the NaI counter. Within
the large statistical uncertainty, our results are
consistent with the previous experiments.

If indeed e„-0, then

n~ ~-0.32+0.48, (4)

where the equality holds if o.„=0. This result is
at least 2.2 standard deviations from the theoreti-
cal prediction. 4

Finally, it should be pointed out that the im-
portant neutron contamination discovered in this
experiment was probably present also in the pre-
vious experiment of Conversi et al."because of
the similar detection technique used. Thus it is
likely that the branching ratio of radiative to or-

dinary capture given by Conversi et al. is too
high by approximately 45%.
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