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%e are reporting an observation of the muon-

proton capture reaction,

+p ~ pg+ p.

Negative muons were stopped in a liquid hydrogen
target and the 5.2-Mev neutrons from (1) were
detected in liquid scintillation proton recoil count-
ers. The initial state in (1) may be either a pP

+
atom in the ls state or a (ppp) molecular ion.
A meaningful interpretation of the observed cap-
ture rate requires a knowledge of the relative
muon-proton spin orientation and the muon-proton
wave function overlap.

Our information concerning the initial state is
derived from several sources. The pp atom
reaches the singlet state in &1 nsec. ' The mean
transition time from pp to (ppp)+ in pure liquid
hydrogen was determined to be 0.7+ 0.3 p, sec in

a related experiment. The dominance of the
lscrg ortho (ppp) state at formation has been
given by theory, '~ as has its stability against
transition to the ground (para) state. The sta-
bility is confirmed by this experiment.

Neutron counting began 1 p.sec after the incident
muon pulse. This has the effect of weighting the
(ppp)+ state very strongly. The principal result
then is a determination of the muon capture rate
from the molecular state:

A = 515+85 sec '.
PIP

Our result is in agreement with the bubble
chamber capture rate of 420+120 sec ' reported
by Hildebrand. 4 His muon initial state, predom-
inantly PpP, includes known admixtures of pP,
pd, and Ppd, and should be scaled up (or our re-
sult down) by 10@for a direct comparison.

In this preliminary report we outline the main
features of this experiment. A sketch of the geom-
etry may be found in reference 2.

1. Data taking rate. The observed rate is -10 3

of the muon decay rate: A.,= 0.45 &10' sec '. The
real neutron rate was -8 counts per hour. Pulses
from all counters were photographed on two oscil-
loscopes. Accidental neutron events were 10% of
the real rate.

2. Hydrogen target. A 15-liter cryogenic target
was constructed and filled with liquid protium (,H ).

High purity was achieved by the following steps:
The target was outgassed by ionic pumping for 60
hours at 150'C, reaching an ultimate pressure of
3 &10 ' mm. It was then cooled by filling a separate
cold reservoir with commercial liquid hydrogen.
Subsequent desorption rates from all sources
were entirely negligible. Protium liquid was then
formed by passing in hydrogen gas from which
deuterium and other impurities, except He, had
been removed via fractional distillation. The in-
coming gas passed through a palladium filter'
and a cold trap at -30'K Reasonable estimates
of the effect of these precautions lead to impurity
concentrations of «10 except for, H which was
measured to be ~1 ppm. ' Since transfer rates to
low-Z impurities have been measured' to be
-5x10" sec ', our conditions preclude any sig-
nificant transfer. 4 The possibility of counting
neutrons from muons stopping in the walls is re-
duced by constructing the 8-in. diameter target
exclusively of high-Z materials. The wall back-
ground is then short-lived and amounted to an 8%
correction to the data taken after 1 p. see.

3. Muon beam. A purified 125-Mev/c muon
beam, duty cycle =30% and containing less than
1% pions and electrons before moderation, was
collimated to three inches in diameter at the thin
entrance window of the target. The distribution
of muon endings in the hydrogen was measured by
scanning with a small counter in a Styrofoam dum-
my target.

4. Neutron detectors. Pulse shape discrimina-
tion along the lines developed by Brooks was em-
ployed to distinguish neutrons and y rays. A
Monte Carlo calculation of the over-all detection
efficiency was made using an IBM 7090. The code
included the effects of neutron scattering in the
hydrogen, target and counter walls, local shield-
ing, carbon collisions, ete. The results of the
calculation were confirmed by experiments car-
ried out with the Nevis neutron velocity selector.

A background of 18% arises from photoneutrons
produced by decay electron bremsstrahlung. These
were direct1y observed by stopping positive muons
in the hydrogen target.

The corrected neutron energy spectrum, to-
gether with the result of the Monte Carlo calcu-
lation, is shown in Fig. I. The time distribution
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FIG. 1. Energy spectrum of neutrons from p +p-n
+ v. The response of liquid scintillator to proton re-
coils is nonlinear and the energy scale is set by a
series of p-ray sources. The solid line is the expected
neutron spectrum on the basis of a Monte Carlo calcu-
lation.

of the 279 real neutron counts is shown in Fig. 2.
Gershtein and Zeldovitch' and Weinberg~ have

discussed the properties of the (PpP)+ system in
relation to the capture process (1). Weinberg
has expressed the (ppp)+ capture rate as a linear
combination of pP atomic capture rates appropri-
ate to the singlet (A,) and triplet (A, ) states:

=(2q )[qA +(I-q)A ].
PAP

The factor 2yo= 1.17 is a measure of the enhanced
muon density in the more tightly bound molecule
and is calculated from the molecular wave func-
tion of Cohen et al. ' The factor g is bounded by
the values g and ~. It departs from the upper limit
only in so far as the hyperfine interaction mixes
states of total spin y with those of spin ~. How-
ever, an examination of the influence of the vari-
ous spin-spin and spin-rotation interactions in-
volved in the calculation of q indicates that the
mixing is in fact small. This is confirmed by
more detailed calculations performed in this lab-
oratory'o leading to the result g = g with an un-
certainty of a few percent.

The values Ao = 636 sec ' and A, = 13 sec ' were
calculated by Primakoff" using the V-A theory of
weak interactions and the current conjectures con-
cerning renormalized and induced couplings.

Thus, from (2},

the or -1
A =560 sec

PvP

We conclude, as have others, ~ "~'3 that the V+A
variant of the theory is ruled out since this theory
predicts Ap&p &200 sec '. Beyond this, suppose
one asks the question: What is actually known
about the coupling constants in muon capture?
The magnitude and universality of the axial vector
contribution is established by 7t ~ p, + v and m ~e+ v,
by the recently reported Hes experiment, '~ and also
by the analysis of various capture rate experi-
ments in complex nuclei. " The recently observed
spin dependence' ~' also establishes the presence
of GA, but, as recently emphasized by Wolfen-
stein, "all these data give very little information
concerning the vector interaction. Thus we can
use the result of this experiment to evaluate the ra-
tio of Fermi to Gamow-Teller couplings, (g&/g&)V A p,
(regarding all other parameters as correctly giv-
en by the theory and/or experiment). "

We obtain, including only our experimental un-
certainty of 17 k.

(g /g ) = -0.70+0.21,
V Ap.

in accord with the hypothesis of bare-nucleon-
lepton V-A coupling and muon-electron universal-
ity.

Two additional points can be inferred from our
measurements. (a) The adequacy of the time fit
of Fig. 2 shows that the ortho-para conversion rate
in the PyP system is less than 10%%uq of the muon
decay rate. (b) Since the environmental perturba-
tions on the decay of muons in hydrogen are so
very small, one can make a sensitive test of the
validity of TCP invariance in weak interactions.
This is the requirement of equality of particle and
antiparticle lifetimes. Frequent monitoring of the
time decay spectrum of the electrons and direct
comparison with the positrons from positive muon
decay show the equality of the lifetimes to -2%.

Experiments are in progress to repeat and im-
prove the present measurements. It may also be
possible to observe process (1) initiated from the
(Ppd)+ molecular ion. This ion has several in-
teresting features; the population and nature of the
four hyperfine states can be directly studied
through the mechanism of muon-induced nuclear
fusion. ' If we write, in analogy to Eq. (2),

=y [qA +(I-q)A], (3}

it can be shown that g' is small and slowly time
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FIG. 2. The time distribution
of neutrons following the muon

stopping. The number of events
in each time interval has been
multiplied by e Ot to remove the
time dependence characteristic
of electron decay.

TIME RELATIYE TO P. STOPPING ( fL SEC)

dependent. This time variation is a result of the
different fusion rates for the four hyperfine states.
We have considered in detail the magnitude and
variation of q'. We note here only that such a
measurement may compete with the technically
difficult observation of pP triplet capture in dilute
hydrogen gas.
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