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Measurements of the spectrum of p rays from the reaction Pb(n, p) +Pb have been
made at incident neutron energies of 9.2, 11.2, and 18.2 MeV. The observed spectral
shapes disagree strongly with the predictions of compound-nuclear theory and agree
quite weQ with those predicted by semidirect (collective) capture theory.

The earliest theory of radiative nucleon cap-
ture involved the compound-nuclear reaction
mechanism. This theory explained the capture
of low-energy nucleons quite well. However, the
situation for the capture of nucleons with ener-
gies greater than 4 or 5 MeV is not as satisfacto-
ry. Upon comparing the results of the theoreti-
cal calculations with experiment, particularly
measurements of 14-MeV neutron capture cross
sections, serious discrepancies were found. ' The
calculated magnitude of the total radiative cross
sections was usually 1 or 2 orders of magnitude
low for low-mass nuclei and falls below the ob-
served values by 4 to 5 orders of magnitude for
heavy nuclei. In order to explain these differenc-
es, several authors' ' proposed a reaction mech-
anism based on a direct capture process, in
which an incident nucleon moving in the optical
potential of the target nucleus plus nucleon makes
a radiative transition to a lower state. Unfortu-
nately, this mechanism leads to a cross section

about an order of magnitude lower than the low-
est neutron capture cross section. ' To over-
come this, a collective semidirect capture mech-
anism was proposed. ' ' This theory assumes
that the incident nucleon is captured into a lower
orbit with the excitation of the target nucleus in-
to its giant-dipole resonance as an intermediate
state from which it decays radiatively with a col-
lective enhancement. Evidence is now beginning
to accumulate favoring this process. "

It has recently been claimed that compound-nu-
clear theory can predict the right order of magni-
tude of the neutron capture cross section for in-
termediate energies around 10 MeV. " A sensi-
tive test of the relative importance of the com-
pound-nuclear process to this reaction is to mea-
sure the shape of the spectrum of y rays emitted
in the capture process.

The purpose of the present experiment was to
investigate the spectrum from the reaction '"Pb-
(n, })'"Pbat several energies and to compare the
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observed shapes with the predictions of compound-
nuclear and semidirect capture theories. If di-
rect capture theories hold, we expect transitions
to lower states which are well described as sin-
gle-particle states. Hence, we chose ' 'Pb since
the wave functions of the lower excited states of
' 'Pb are very well established. This Letter is a
report on portions of a more extensive experi-
ment covering measurements over the entire
giant dipole resonance of '"Pb."

Neutrons were obtained from the reaction T(p,
n)'He using the Los Alamos Scientific Laboratory
tandem Van de Graaff to accelerate pulsed and
bunched protons. The 1.5-nsec bunched beam
permitted unwanted background to be rejected
utilizing standard time-of-flight technique. The
target consisted of 490 g of pure ' Pb formed in
the shape of a cylinder 3.3 cm in diameter and
5.0 cm long. Its long axis was located at 0 to
the incident beam with a distance from the center
of the tritium gas target to the front face of the

'Pb cylinder of 7.7 cm. The capture y rays
were detected with a 6-cm-diam, 12.5-cm-long
NaI(T1) crystal surrounded by a NaI(T1) annulus
operated in anticoincidence whenever a pulse
greater than 0.7 MeV was detected. The efficien-
cy of this detector, along with the remainder of
the pertinent experimental details are described
elsewhere. "

In Fig. 1 are shown the spectra obtained at E„
=9.2, 11.2, and 13.2 MeV. The experimental
points shown in the figure were obtained by sub-
tracting the results of a run with the ' 'Pb sample
in and the sample out, after first correcting both
spectra by subtracting out counts due to high-en-
ergy neutrons. The results for each energy were
normalized to the total charge collected.

The solid curves through the spectra represent
the predictions of semidirect capture theory. '
The relation used for capture into a particular
single-particle orbit is

I yI In(2l + 1)
( )2 p~)2 ~

The symbols used here are defined in Clement,
Lane, and Rook' except for the modification
needed to include a spin-orbit term in the poten-
tial. The numerical evaluation for the g»» i»„,

and d„, single-particle states were taken
from previous work. " " The position of the
giant-dipole resonance was taken as 13.5 MeV
and the width as 3.5 MeV. For the s„„g7g2 and
d, i, states we have utilized the calculations of
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Longo and Saporetti" to obtain ratios of these
cross sections to those of the other states. The
positions of these states are shown at the top of
Fig. 1. A spectroscopic factor of 1 was assumed
for all states except for the j»„state for which
a value of S= 0.60 was used. "'" The numerical
results for the y-ray transitions were then folded
in with the response function of the detector to
give the theoretical pulse-height spectrum as
shown by the solid curves on the figure. These
curves were then normalized to the experimental
data over the upper portion of the spectra.

The dashed curves show the spectra obtained

I I I
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FIG. 1. Neutron radiative capture spectra for Pb
at incident energies of 9.2, 11.2, and 18.2 MeV. The
experimental points are only relative, but the separate
spectra at each energy are normalized to the total ac-
cumulated charge. The solid curves show the predic-
tions of semidirect theory and the dashed lines repre-
sent the compound-nuclear prediction. Normalization
of both curves is described in the text.

270



VOLUME 27, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AUGUST 1971

using the statistical predictions. The number of
y's per unit energy interval, A&, was obtained
from

ly describes the shape of the y-ray spectra pro-
duced by neutron capture in the giant-dipole-res-
onance region of 2osPb.

where E„ is the excitation energy of the com-
pound nucleus and p(E, —Ez) is the number of
levels per unit energy interval" to which transi-
tions can occur. I

&
is the partial radiative width

and was calculated using a giant-dipole-reso-
nance form factor. After folding in the response
function of the detector, the statistical spectra
were normalized to the low-energy portion of the
pulse-height distribution shown in Fig. 1.

It is clear that the statistical-theory calcula-
tions of the spectrum shape fails in two ways ir-
respective of questions about magnitude. First,
it predicts a sharp fall-off with energy, which is
not observed. Also, it predicts a relatively
smooth behavior with energy, whereas the ob-
served spectra show definite structure at high
y-ray energies. On the other hand, the semidi-
rect capture theory predicts closely the observed
spectral shape. In particular the transitions to
low, excited single-particle states as a function
of energy are predicted very well by this collec-
tive excitation process. It can be seen from Fig.
1 that the predicted shape in the region of excita-
tion of the residual nucleus of 2.5-4.0 MeV does
not agree with the observed spectra. The latter
can expect contributions due to single-particle
strength (particularly j»~,) being spread over
this energy interval. In conclusion it would ap-
pear that the semidirect capture theory adequate-
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An experiment to determine the bremsstrahlung cross section in proton~-particle
scattering was performed for incident proton energies between 7.0 and 12.0 MeV. It was
found that in order to obtain agreement with the measured coplanar values, the theoreti-
cal calculation must include the contribution of the so-called "rescattering term. "

An experiment to determine the bremsstrah-
lung cross section in the scattering of protons on
'He nuclei was performed at the Eidgenossische
Technische Hochschule tandem accelerator for
incident proton energies from 7.0 to 12.0 MeV.
The energies of the scattered protons and the

recoil n particles, as well as the time difference
between the two detector signals, were mea-
sured simultaneously by means of a triple-pa-
rameter system. ' This information, with a res-
olution of 256 &&256 &512 channels, was record-
ed on magnetic tape and analyzed off line with a
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