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Hesults of a high-resolution study of the charged-particle energy spectrum resulting
after p capture in Si are presented. The spectrum, attributed mainly to proton emis-
sion, exhibits a low-energy cutoff at 1.4 MeV and a maximum at about 2.5 MeV from
which it decreases approximately exponentially with a decay constant of 4.6 MeV. A
branching ratio of 0.15 +0.02 charged particle per capture was determined.

We have measured the energy spectrum and
branching ratio for charged particle emission
following muon capture in Si" with a Si(Li) tar-
get-detector system. We achieved an energy
resolution of about 150 keV by measuring the
pulse-height spectrum from the silicon detec-
tor. The pulse height was a measure of the
total energy shared by the emitted particle and
recoiling residual nucleus. The energy reso-
lution was limited mainly by the pulse-height
defect for heavy charged ions in silicon detec-
tors. '

Previous observations have been limited to
nuclear emulsion experiments' ' with substan-
tially poorer energy resolution and statistical
uncertainties. Morinaga and Fry~ have found
that, of muon captures in light emulsion nuclei,
9.5% result in proton emission and 3.4% in
alpha emission. Proton emission from Ag nu-

clei has been interpreted to be a result of mu-
on capture on p-p pseudodeuterons at the nu-
clear surface by Singer who estimated a branch-
ing ratio for this process. Capture on virtu-
al pions exchanged by proton yairs was assumed
by Bertero, Passatore, and piano, ' who cal-
culated an energy distribution which had a peak
at roughly the Coulomb barrier height. To the
knowledge of the authors no detailed calcula-
tions of branching ratios or proton spectra have
been made assuming an intermediate giant-res-
onance state excited by the muon-capture pro-
cess.' However, Uberalls has suggested that
proton emission may indicate the presence of
two-hole, two-particle states in the giant-di-
pole configuration. The data of the present
experiment may help to distinguish between
the above three mechanisms.

When negative muons stop in silicon, 35%
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decay into an electron and two neutrinos. The
remaining 65% are captured. If an intermedi-
ate state is assumed, the reaction is

p + Sj28 A] 8 y p+ ]00 5 ]gey.

The excited Al" nucleus can decay by the fol-
lowing modes:

AI2s Aln+n (12.4 MeV),

—Mg~+P (14.2 MeV),

—Na'4+ n (15.5 MeV),

-Mg"+d (18.4 Nrev).

The energy listed with each final state is the
ground-state energy with respect to the Si'
ground state. Neutron emission is expected
to dominate because of the basic process of
muon capture. For Si ' it is also energetical-
ly favored. Of the charged-particle emissions,
proton emission is expected to dominate because
it is energetically favored and is less inhibit-
ed by the Coulomb barrier. Because the Mg~
residual nucleus is long lived, the proton en-
ergy spectrum will not be smeared out by the
kinematics of a disintegrating nucleus.

Our detector system (Fig. 1) consisted of
two plastic scintillator detectors (1 and 3) and
a lithium-drifted silicon detector (2). The Si(Li)
detector, 3 mm thick and 3 cm' in area, was
operated at liquid-nitrogen temperature for
minimum charge-collection time. Muons pro-
duced by the synchrocyclotron at the Space Ra-
diation Effects Laboratory (National Aeronau-
tics and Space Administration) were stopped
in the Si(Li) detector (signature 123). For each
stopped muon a second pulse is observed if
the muon decays or a charged particle is emit-
ted after capture. Muon-decay electrons are
mainly high energy and escape from the Si(Li)
detector. By putting 1 and 3 into anticoincidence
with 2, most of these could be eliminated. Hence

the complete signature of a capture event was
123' followed by I2S. Pulse heights of such events
were analyzed if they occurred during a 4-p, sec
gate period which began 1 p, sec after a 12S.
The delay prevented the analyzed pulse from
being distorted by the stopping-muon pulse.
Real pulses which were preceded or followed
too closely by accidental 12 or 23 coincidenc-
es were also rejected by the logic system.
Due to the 770-nsec lifetime of negative muons
in silicon, "only 24% of the stopped muons de-
cayed or were captured during the gate period.

The raw data, covering an energy range from
350 keV to 26 MeV, are shown in Fig. 2. This
energy scale, calibrated with a pulser and Na
source, actually extended above 26 MeV but
the data are not shown there since the system
was nonlinear above this point. There was no
change in the general trend of the spectrum
at higher energies. The measured spectrum
(55715 events) represents almost 6% of the
muon stops in the Si(Li) detector but contains
a background contamination due to our decay-
electron anticoincidence efficiency being only 83%.

The decay-electron contribution was deter-
mined by operating with a positive muon beam
for which only decay is possible. This spec-
trum was then normalized to the negative spec-
trum by multiplying by the ratio of the numbers
of negative to positive muon stops times the
ratio of negative to positive muon-decay prob-
abilities during the gate period. This contri-
bution (14 300) events was 37% of the spectrum
below 3 MeV and negligible above this energy.
No other significant background was present.
Since proton emission is expected to be the
dominant charged-particle mode of de-excita-
tion and the Si(Li) detector thickness of 3 mm
corresponds to the range of 24-MeV protons,
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an appreciable percentage of the high-energy
protons can escape, losing only a fraction of
their energy. A second correction was made
for this process in which the spectrum was
assumed to be totally due to proton emission.
Protons of energies above 26 MeV were not
included in the correction because the estimat-
ed events above this energy represented only
2'%%uo of the total spectrum. The corrected spec-
trum, shown in Fig. 3, indicates that the ap-
plied escape correction was small and less
than the statistical uncertainties for energies
less than 21 MeV.

The corrected spectrum (Fig. 3) has a total
spectral integral of 0.26+ 0.05 event per cap-
ture. Note the valley occurring at about 1.4
MeV which separates the spectrum into two
distinct parts, a low-energy spectrum and a
high-energy spectrum. The statistical uncer-
tainty in the valley depth is approximately +50
counts per channel. We identify the low-ener-
gy spectrum as the upper end of the Al~ recoil
spectrum due to neutron emission. This iden-
tification is not inconsistent with the neutron
spectrum measured by Sundelin. " The high-
energy spectrum is due to the charged-parti-
cle reactions, primarily Mg~+P. This spec-
trum (25000 events) has a spectral integral
of 0.15+0.02 charged particle per capture in-
cluding the portion above 26 MeV (approximate-
ly 2% of the events are between 26 and 32 MeV
and 1% above 32 MeV) and has a decay constant
of 4.6 MeV.

The spectrum reveals no structure which
might be immediately identifiable a,s due to
two-hole, two-particle states in the giant res-
onance' of Al". The peak of the spectrum oc-
curs at 2.5 MeV, somewhat below the height
of the Coulomb barrier (4.4 MeV) for Mg~+p
but somewhat above the peak of the calculat-
ed neutron energy spectrum (1.3 MeV) for mu-
on capture on deuterons. ' More detailed cal-
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FIG. 3. Data after subtraction of muon-decay elec-
tron background and correction for escape of protons.

culations on the possible mechanisms for pro-
ton emission following muon capture are need-
ed in order to identify the correct process.
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