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The (pn)(uv) interaction responsible for the ba-
sic capture process,

L +p+n+y, (1)

is to date the least well investigated leg of the
Puppi triangle which unites the three weak inter-
actions that are supposedly governed by the uni-
versal Fermi interaction of the type V-A. We re-
port here the observation of this process in a hy-
drogen bubble chamber, and a rough evaluation

of the absolute capture rate. The results present-
ed here are preliminary in character.!

In fact, reaction (1) has never before been ob-
served directly. Our understanding of it is in-
ferred from experiments on p~ capture by com-
plex nuclei, and from 7+ u(e) decay. Extensive
measurements of u-capture rates for nuclei from
Be to U, such as those of the Chicago group,?®
can, in view of the complications of nuclear phys-
ics, at best be used to verify that “restricted uni-
versality” (i.e., the equality of the strengths) holds
to ~20% in the comparison of 8 decay and u cap-
ture. From the analogy of the vertices in 7 » u(e)
decay and in u(e) capture, and the excellent agree-
ment between theory and experiment for the (7 + p)/
(m +»e) branching ratio,* we may reasonably con-
clude that the GT part of the (pn)(Lv) interaction
is A, and of essentially the same strength as the
A coupling in (zp)(ev). On the other hand, little
is known about the F part of this interaction or
about the relative phase of the GT and F couplings.

One can avoid the nuclear complications by
studying reaction (1) directly, e.g., in a hydrogen
bubble chamber. It is well known that new atomic
and molecular problems appear when muons come
to rest in liquid hydrogen,®® but it can by now be
shown that these problems are soluble. The ques-
tions we must answer before we can interpret the
results have been clearly stated by Telegdi®:

“(1) What fraction of their lifetime do the p~’s
spend as (pu~) atoms, and what fraction as (pup)
‘molecules ?’

(2) What are the populations, of specified rela-
tive u-p spin orientations S (S=S ptS ) =0,1) in
the relevant u atoms and molecules, at the instant
of capture?

(3) What are the exact probabilities, |y(0)|?, for
finding the muon at the proton(s) in the systems of
interest?”
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The first of these questions can be answered by
experiment.!®!! Preliminary measurements by a
Columbia group*! indicate that the p’s spend about
1 of their lifetime in (up) atoms and 2 of their time
in (pup) molecules. Weinberg estimates!? that
nearly all the (pup) molecules will be in the ortho,
L =1 state (proton spins parallel) at the time of
capture. He shows that the answers to the second
and third questions are perfectly calculable. The
calculation has not yet been made but Weinberg
has shown that for V -A interactions the ratio of
the relevant molecular to atomic capture rates
must lie between 0.44 and 0.88. For a V +A theory
it can be shown that this ratio is 1.16. We see that
if the experimental problems can be solved the re-
sults will be meaningful.

The technique used in this experiment is an ex-
tension of that discussed by Wheeler in 1953.1% A
993 % pure muon beam from the Chicago cyclotron
is brought to rest in an 8-liter hydrogen bubble
chamber; the quoted purity is a limit inferred
from the fraction of nondecaying stopping parti-
cles. The incoming particles are identified as mu-
ons by their residual range vs curvature in the 20-
kilogauss field of the chamber. Reaction (1) is
identified by the absence of a decay electron and
by the appearance of a recoil proton created by
the neutron.

Since the expected capture rate is very low (of
order one capture to 1000 decays), our method of
identification must exclude pion captures, or pu
captures in elements of Z>1, both of which pro-
duce nondecaying meson tracks and emit neutrons.
Furthermore, we must in no case associate non-
decaying meson tracks with recoil protons due to
the general background of low-energy neutrons
near the meson beam. The success of the experi-
ment thus depends on one’s ability to determine
with adequate precision the energy of a neutron
emitted from the end of a meson track by measur-
ing the range and direction of a recoil proton it is
supposed to have caused. This technique has been
critically investigated with the same bubble cham-
ber by Pyka'* by studying the neutrons from radi-
ative 7~ capture [see Fig. 1(a)]. He obtains a Pa-
nofsky ratio 1.53 + 0.10 and a neutron energy E,,
=(8.86+ 0.05) Mev, both of which are in excellent
agreement with accepted values. We may thus be
confident that the bubble chamber can be used as
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FIG. 1. Neutron spectra obtained from 7~ captures (a)
(Pyka, reference 14) and p~ captures (b). The arrows
indicate the predicted energies of the neutrons for the
two reactions (8.88 Mev and 5.22 Mev), The dashed
curve shows the expected resolution for the p-capture
experiment. The background (Fig. 2) has been subtract-
ed.

a low-energy neutron spectrometer of known ef-
ficiency and adequate resolution.

Our preliminary data for the u-capture experi-
ment yield the neutron spectrum shown in Fig. 1(b).
An experimentally determined background has been
subtracted. This background (Fig. 2) was obtained
by connecting decaying muons by hypothetical neu-
tron paths to all recoil protons appearing in the
same pictures. Our background subtraction is
hence an absolute one.

The capture rate may be obtained alternatively
from the fraction of nondecaying muon tracks.
This second method is valid only if captures in
impurities can be excluded a priori. In experi-
ments performed in this laboratory, Schiff'®
showed that in H, containing 100 ppm (parts per
million) of Ne one half of the muons are trans-
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FIG. 2. Background neutron spectrum determined by
connecting decaying u’s by hypothetical neutron paths to
recoil protons appearing in the same pictures.

ferred from hydrogen to Ne. We assume that other
impurities would act similarly. Since the p-cap-
ture rate in Ne or other impurities of Z >1 is or-
ders of magnitude faster than that expected for
hydrogen, such contamination could be a serious
problem even at 1 ppm—the upper limit set by our
analysis for N, and O,. A second possible source
of error is that of confusing pions with muons.
With our chamber (20-kgauss field) this is not
serious. We know from studies of the residual
range vs curvature of a large sample of identified
pions that the 7’s can be excluded (to <5x1072),
With a u beam containing <3% n’s, this corre-
sponds to better than 3:10* rejection. Failure to
observe low-energy decay electrons is also found
to be a negligible source of error. Our principal
concern, therefore, is the problem of impurities.
In any event, this second technique will yield an
upper limit to the capture rate, and it has the ad-
vantage of being ~10 times more efficient.

For both of the techniques discussed above, one
has to make an allowance for the presence of deu-
terium. If the recoil protons are measured, cap-
ture by D or He® will not be confused with capture
by protons, but the rate of capture by protons will
be lower than for isotopically pure hydrogen. The
hydrogen used in this experiment had a deuterium
concentration of 22+ 2 ppm.'® We estimate that
this should reduce the observed capture rate by
protons by somewhat less than 15%. If the recoil
protons are not measured then capture by D and
He® will roughly cancel the reduction in capture
by protons. The deuterium correction need not
be discussed in detail here since the statistical
error attached to our present result is about 28 %
and since we shall soon use hydrogen of 5 times
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greater isotopic purity. No correction for the ef-
fect of deuterium has been made to the figures pre-
sented here. The only chemical impurity detected
in the H, used in this experiment was He, with a
concentration of 50 ppm. Schiff!® has shown that
the transfer rate of u’s to helium is so low that we
should not expect this He contamination to intro-
duce a measurable error.

Our preliminary results may be summarized as
follows:

Nrec =(net number of 5.2-Mev neutrons identified
by recoils of length 20.8 mm) =26+ 7.2.

€ = (efficiency of bubble chamber as a detector
for 5.2-Mev neutrons counting recoils >0.8 mm)
=0.120.

E =(scanning efficiency for recoils =0.8 mm in
pictures with nondecaying u’s)>0.99.

Neap= (number of captures determined by recoil
proton method) =Npec/(€E) =217+ 58.

Nnd=[number of nondecaying u’s (we expect Npd
=Ncap if no capture by impurities)] =385+ 40.

Ng = (number of stopping u’s)=235x10°

From these figures and the mean life of the mu-
on (7, =2.203x 107%),'” we obtain the capture rate
shown in Table I.

From this work we conclude:

A. (1) Reaction (1) does occur in liquid hydrogen
as expected. (2) There are no fundamental obsta-
cles to prevent considerable improvement of this
experiment. We comment below on this.

B. Accepting Weinberg’s arguments?? about the
molecular aspects of the problem, then (1) the
capture rate is consistent with the “universal”

V -A capture theory'®; (2) the V +A variant of that
theory can be excluded.

Although the statistical accuracy of the bubble
chamber approach to the y-capture problem is
thus far limited, this approach has the advantage
that the detection efficiency and the background can
be readily and accurately determined. Furthermore,
we are improving this experiment in the following
respects: 1. The statistical accuracy is being in-
creased by reducing the neutron background and by
accumulating more events. 2. Hydrogen of 5 times
greater isotopic purity will be used in future runs.
This should essentially eliminate all allowance for
deuterium. 3. By using hydrogen of greater chemi-
cal purity (such as can be obtained with commercial
palladium leak purifiers), method 2 will be made
more reliable.

I acknowledge with gratitude the encouragement,
stimulation, and enlightenment I have received
from V. L. Telegdi during the long preparation
of this experiment. I also wish to thank Professor
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Table I. p-capture rate in liquid hydrogen (density
0.056 g/cm®). The theoretical figures were obtained
assuming A(%,-3; H!) =636 sec™, A(4,+3;H!) =13 sec™!
(Primakoff ).

b
Experiment

Method 1: Events identified

by nondecay of muons and

by recoil protons. A=N__/
(TN) €8P A -420+120 sec™

ks
Method 2: Events identified
only by nondecay of muons.
ASN_/(TN) A<7T10=75 sec™?
nd K s

Theoryc

V-A: (Weinbergd limits

correspond to £ =% and £=1) 300<A <565 sec”!

V+A: (Wolfensteine) A <200 sec™!

a

See reference 5.

The experimental figures are not corrected for the
deuterium contamination (22 +2 ppm). We assume that
method 2 gives a higher value because of the presence
ofcimpurities .

The theoretical figures were computed assuming that
the p’s spend all their lifetime in pup molecules.
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drogen. I wish to emphasize the dependence of
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using the same bubble chamber. The muon expo-
sure and event measurement were done at the En-
rico Fermi Institute for Nuclear Studies, and the
scanning and analysis at Argonne National Labora-
tory.
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Recently the discrepancies which still exist in
the study of low-energy m-meson photoproduction
have been discussed.! It was emphasized that a
new and rather precise experiment by Adamovich
et al.? on the reaction y +p+7% +n at a gamma-
ray energy of 185 Mev was in sharp disagreement
with the old results of Beneventano et al.® Both
these experiments were performed using nuclear
emulsions to detect the positive pions and it
seemed strange that such a wide disagreement
should have been found. In particular, the disa-
greement was not in the form of absolute normal -
ization (which has usually been the source of
greatest error in photon-induced experiments),
but rather it seemed to exist as an energy or an-
gular dependence.

In an attempt to resolve this discrepancy, we
have measured the angular distribution of 7+ mes-
ons from hydrogen at 185-Mev gamma-ray energy
using a bremsstrahlung beam of maximum energy

of 220 Mev produced by the electron linear accel-
erator of the Ecole Normale Supérieure.

In this reaction, pions produced at backward
angles have energies of the order of 12 Mev,
whereas at forward angles energies of 40 Mev
are reached. Due to the long path length (2.6 me-
ters) from source to image of the double-focus-
ing magnetic spectrometer which was used, the
percentage of mesons which decay varies from
60% to 40% between the above two energies. If a
detection system at the focal plane of the spec-
trometer can distinguish pions from muons of the
same momentum, then this large energy-depend-
ent correction can be made to the data. However,
as the experiment depended critically on the fact
that there should be no systematic energy-depend-
ent error peesent, we adopted an alternative ap-
proach which required no energy-dependent cor-
rection at all, but relied on the analysis of several
experimental sets of data at fixed momentum
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