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The energy spectrum of neutrons emitted following the capture of negative muons in

silicon, sulfur, and calcium has been measured between 7.7 and 52.5 MeV. The spec-
tra were found to decrease exponentially with energy in the three cases, and no evi-
dence was found for excitation of giant dipole resonances.

The neutron-energy spectrum can be repre-
sented as the sum of the evaporation spectrum, '
the giant-resonance spectrum, ' and the direct
spectrum. '~4 A measurement of the total spec-
trum provides information concerning the contri-
bution of each component, since the shapes of
the three contributing spectra differ. In addition,
the shape of each of these components depends
on the nuclear model used, so that the validity
of various models can be tested. The expected
asymmetry of the neutrons is a function of the
mechanism by which they are produced and of
their energy; so a measurement of the energy
spectrum of the neutrons is important for the
interpretation of the measured asymmetry.

Experiment. —This experiment' was performed
using the negative beam from the muon channel
of the Carnegie-Mellon University synchrocyclo-
tron. The following paper discusses the data on
neutron asymmetries, which were studied at the
same time. Negative muons were stopped in the
target, as shown in Fig. 1. Neutrons emitted fol-

lowing muon capture by a target nucleus were de-
tected in counter 5.

The time between the stopping of a muon and
the detection of an event in counter 5 was mea-
sured by a 100-MHz digital timing system. This
time and the pulse height in counter 5 were si-
multaneously measured, and this two-dimension-
al information was stored in a 1600-channel
pulse-height analyzer. The time measurement
permits the accurate subtraction of background
events. The neutron-energy spectrum was de-
termined by unfolding the observed pulse-height
spectrum.

Target stops were defined by 123469. Stops in
counter 4 were rejected by a technique employ-
ing the pulse heights in counters 3 and 4.'

Counter 5 comprised a volume of NE-213 li-
quid scintillator viewed by a 58AVP photomulti-
plier. Pulse-shape discrimination was used to
distinguish gammas from neutrons. A neutron
event was defined by 569 in coincidence with a
pulse-shape discriminator (PSD) pulse. A decay-
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FIG. 1. Experimental apparatus.

electron event was defined by 569, The decay-
electron-time spectrum was recorded at the
same time as the neutron-time spectra, and pro-
vided normalization of the neutron spectrum.

The silicon, sulfur, and calcium targets each
presented a thickness of 4 g/cm' to the beam.
This thickness provided an adequate muon stop-
ping rate, but did not appreciably scatter the
neutrons and electrons emerging from the target.
That the electron scattering was negligible was
verified by also using targets of sulfur and calci-
um that were 2 and 1 g/cm', respectively. All
targets were chemically pure, and of natural iso-
topic composition.

The pulse-height response of counter 5 was
measured by stopping negative pions in the tar-
get. Neutrons resulting from the pion capture
were detected in counter 5, which was placed
1.5 m from the target for this measurement.
The time of flight of the neutrons was measured
using a time-to-pulse-height converter. Since
the pions are captured in a time short compared
with the neutron time of flight, the pion stopping
signal served as a start signal for the time-of-
flight measurement. The pulse-height response
of the liquid scintillant is a nonlinear function of
the recoil-proton energy, and the maximum
pulse height observed for each neutron energy
represented the pulse height due to a proton of
nearly the same energy. The neutron time-of-

flight measurement also provided verification of
the proper operation of the pulse-shape discrim-
inator, since the time of flight unambiguously
separated gammas and neutrons. The pulse-
height spectra associated with each neutron ener-
gy provided verification of the Monte Carlo cal-
culations which are discussed below.

Spectrum analysis and results. —The pulse-
height spectra, obtained from the pion-capture
neutron time-of-flight measurements could not
be used directly for obtaining the muon-capture
neutron spectra from the observed pulse-height
spectra for several reasons. Primarily, the
number of neutrons produced in each energy in-
terval following pion capture is not known pre-
cisely. In addition, the geometry differed in the
two cases, causing a change in the effective sol-
id angle and in the shapes of the spectra pro-
duced. In the time-of-flight measurement, the
finite resolution of the timing system and the fi-
nite width of the timing window caused a widen-
ing of the resultant pulse-height spectra.

A Monte Carlo calculation was performed to
simulate the pion-capture neutron time-of-flight
measurement. The measurement was used to
verify the calculation below 17.5 MeV. Above
17.5 MeV, the C(n, P)B cross section, which has
not been measured over the entire region of in-
terest, is significant, and this cross section was
determined by comparing the Monte Carlo re-
sults with the measured spectra,

Another Monte Carlo calculation was performed
to determine the stopping distribution of the mu-
ons in the target and to simulate the muon-cap-
ture neutron measurement for a number of dif-
ferent neutron energies.

The results of the Monte Carlo calculations
for the muon-capture neutrons were used to un-
fold the neutron spectra from the measured
pulse-height spectra. Energy histograms are
plotted in Fig. 2, and integral and differential
spectra are presented in Table I.

The neutron-energy spectra for the three ele-
ments studied are quite similar. It is noted that,
within the errors, all of the neutron spectra can
be fitted with decaying exponentials. The charac-
teristic decay constants of the observed exponen-
tials are 7.6, 7.3, and 7.2 MeV for silicon, sul-
fur, and calcium, respectively.

The shape of the spectrum for calcium agrees
in the region of overlap, from 7.7 to 16 MeV,
with the unnormalized spectrum measured by
Hagge. ' The calcium spectrum also agrees, in
the region of overlap from 7.7 to 50 MeV, with
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Table I. Differential and integral spectra. Emin
and Em~ are the energy interval limits in MeV.
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the normalized spectrum measured by Turner.
The spectra do not exhibit the peaks predicted

by the giant-resonance calculations, ' although it
is possible that all giant-resonance peaks with
significant amplitudes lie below the lowest thresh-
old in this experiment. " The measured spectra
exceed the direct spectra predicted using a mod-
ified Fermi-gas model in both magnitude and
maximum energy, "and, above 7.7 MeV, exceed
the direct-spectrum magnitudes predicted using
the shell model by factors of the order of 30."
The origin of these high-energy neutrons is not
presently understood.
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