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The study of photonuclear reactions at inter-
mediate energiles is a field of rapidly growing interest.
Recent calculations of theoretical cross sections have
indicated that much can be learned about meson exchange

D and virtual excitation of nucleonsz) in such

effects
studies. ControversyB) has developed concerning the
possibility of using experimental data from these

4)

reactions to determine the momentum distribution of

protons in target nuclei. Continued work, both experi-
mental and theoretical, is required to sort out these
questions. Measurements of radiative capture reac-
tions, inverse to the photonuclear reactions investi-
gated thus far, can contribute to the resolution of
some of these questions; further, systematic studies
of capture reactions have additional interest of their
own. By investigating the radiative tramsitions to
excited states, a far broader set of data becomes
available for comparison with theoretical models, and
some of the relationships between structure and reac-
tion mechanism in these reactions may more easily be
clarified.

With the completion of our initial (p,y) measure-
ments at IUCF last summer, we now have the first sys-
tematic information on radiative capture at intermediate
energies. Measurements were made on 118 and 12¢ tar-
gets at energles from 40 to 100 MeV, at a fixed y-ray
detector angle of 60°. Less extensive measurements
were made with 27A1, 89Y, and 3H targets. 1In these
experiments, we observed strong primary capture y-rays
not only to the ground- and low-lying excited states
of the final nuclei, but to several isolated high-lying
excitations as well. The latter, unexpected phenomenon
is the subject of a paper we have recently submitted

for publication in Physical Review Letters.s) The

cross sections for primary transitions to the low-lying

89

states, including ground-state capture (for direct
comparison with existing calculations), are also avail-
able, in preliminary form, but additional detector
efficiency tests must be completed before final values
are extracted from the data. Additional experimental
runs are desirable for further investigating both the
newly-discovered high-lying-state captures and the
low-lying transitions, which are of continuing funda-

mental interest.

1. Intermediate-Energy Gamma-Ray Detection System

As the result of design, construction, and testing
over the past three years, we have developed a detector
capable of meeting the requirements of the intermediate-
energy capture program: adequate resolution (v 3.8%)
to separate ground- and first-excited-state y-rays for
a variety of nuclei up to at least 100 MeV; high effi-
ciency; and ability to discriminate against neutrons
and cosmic rays. The high total counting rates found
in the capture measurements, arising from competing
reactions, necessitated a system which also drastically
reduces pulse pileup and rate-dependent gain shifts.
The detector is an improved version of the now standard
plastic scintillator shielded NaI(T&) spectrometer; the
original design of Blatt and Kohler6) dates back to the
early 60's, and many versions utilizing large crystals
have since been described in the literature.7)

In the present system (see Fig. 1), the 25 x 30 cm
Nal crystal is viewed by 5 fast phototubes, which pro-
duce a good compromise for both energy and time resolu-
tion. Neutron shielding is used both around the
crystal, in the form of a thin 6Li shield in a plastic
envelope, and outside the entire detector, where we
have boron-loaded polyester sheets. The plastic scin-

tillator rejects cosmic ray background, and is used in

a summed-coincidence technique to improve the detector
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resolution without the efficiency degradation of the
usual anti-coincidence technique.

The electronics provide for pileup reduction by
processing the fast anode pulse directly in a charge-
sensitive ADC; auxiliary pileup rejection is provided

to eliminate residual pileup within the 200 ns ADC gate

period. Count rates up to 300,000/sec were routinely
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handled with this scheme . At such count rates, a
special gain stabilizer was also required; our circuit,
utilizing a second fast gate on the anode pulse,
maintained the gain constant to better than 1% for

8)

count rates from 103 to 3 x 105/sec. In addition

to the Nal pulse-height spectrum, we recorded the
pulse-height in the plastic scintillator for all coin-
cident events, and the time-of-flight for each event.
This 3-parameter mode was used to store data, and
sorting was performed, for monitoring purposes, during

each run; re-sorts were made after the runs as desired.

2. Initial Results of the Program

Figure 2 shows the y-ray spectra obtained for
11B(p,y) at 40, 60 and 80 MeV. The ground and first
excited state captures (y, and ¥y, respectively) are
seen clearly. A prominent bump is also visible for
capture to a state (or narrow group of states) at
19.2 + 0.6 MeV excitation in !2C. The bump moves with
the kinematics appropriate for a capture y-ray; no
competing reactions produce y-rays with such an energy

dependence.



Measurements were also taken on 27Al targets. The
27A1(p,Y) measurements do not resolve the captures to
low-lying states cleanly. However, again, a prominent
bump shows up at lower y energies. The bump moves,
again, exactly as expected for a capture y-ray, and

we identify it as due to a primary capture to a state

or group of states at 13.8 *+ 0.6 MeV excitation in

2851,

The differential cross section for the 11B(p,y)lzc*
(19.2 MeV) peak, estimated by subtracting a smooth
background from the peak, is 0.96 * 0.3 ub/sr at 40
MeV and 0.12 * 0.04 ub/sr at 60 MeV. The 27A1(p,y)28si*
(13.8 MeV) peak is produced with a cross section of
v 1.0 £ 0.3 ub/sr at 40 MeV. The large uncertainties
arise almost entirely from a lack of knowledge of the
shape of the y-ray continuum in the vicinity of the
peaks of interest.

States most strongly populated in a (p,y) reaction
on a target with a single proton hole in its outermost
shell, which is the case for both !!B and 27A1, would
likely be ones of a simple one-particle one-hole na-
pure, where the incoming proton simply radiates away
enough energy to allow it to drop into the appropriate
particle orbit. The most interesting candidates for
the high-lying 12C and 28Si states reported here are
the "stretched" configuration states described by

9 and experimentally observed in

10)

Donnelly and Walker

inelastic electron scattering, inelastic proton

11) and the (a,t) reaction.lz) These states

scattering,
are thought to have, in 12C, a (p;;z’ds/z) configura-
tion summing to J™=4", and in 28si, (dg}z,f7/2) summing
to 6=. The (e,e') experiments place the 4~ state in
12¢ at 19.6 MeV, compared with our observed final state
energy of 19.2 + 0.6 MeV. 1In 2851 the 6~ state has
been located at 14.3 MeV, while our peak appears to
arise from captures to a state at 13.8 + 0.6 MeV. 1In

both cases, the inelastic scattering studies indicate
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states narrower than our detector resolution; in our
experiment, the observed 283i transition shows a nearly
unbroadened line shape, while the 12¢ 1ine appears to
be broadened somewhat beyond the v 200 keV width re-
ported from (e,e'), although background uncertainties
do not allow definite widths to be assigned in the
present experiment.

If we do identify the states observed here as
stretched configurations, we can expect some further
interesting effects to show up in radiative proton
capture experiments. Such configurations would have
very little radiative strength for electric dipole
decays to lower-lying states; very strong El transi-
tions (essentially the entire sum-rule value) could
then take place between higher~lying states and the
states of interest. For example, a giant dipole
resonance for fy/, protons could be built on the 12¢
4~ state; likewise, gg/y protons could undergo resonant
capture to the 6~ state in 28Si. Such "second harmonic"
resonant capture could be souéht in (p,Yy) experiments
in the 20-40 MeV range of bombarding energies, and, if
observed, would provide strong support for the simple
pictures presented here, namely, that we are seeing
the first evidence for 2hw to lhw radiative transi-
tions.

The spectrum of y-rays from 12¢4p is qualitatively
different from the other two reactions. The dominant
peak at the high-energy end of the spectra measured for
40-100 MeV protons is observed to be from 12C(p,Y2’3)13N,
where the final state is the unresolved second and/or
third excited state of !3N. The lower-energy portion
of the 40 MeV spectrum is characterized by three broad
peaks. If these peaks arise from 12C(p,y), the final
state groups in 13N would be centered at 16.1, 12.0,
and 8.1 MeV. Unfortunately, in this case, the peaks

cannot be unambiguously assigned to the capture reac-

tion, because the structure in the spectrum becomes



washed—-out at the other measured energies. Measure-
ments at smaller energy increments in the vicinity of
40 MeV should clarify this identification. As in the
other two cases reported, final states seen most
strongly here should be of a simple single-particle
nature. The 5/2% third excited state, for example,
has a substantial d5/2 spectroscopic factor, while
the nearby second excited state appears to be a much

less pure single-particle state.l3)

Thus, the strong
peak indicated as Y2,3 is likei& to consist mostly of
y-rays to the 5/2% state. The bumps in the spectrum
appearing at lower y-ray energies do not seem to have
a one-to-one correspondence to reported levels in !3N
and further work is necessary to clarify matters.
Precise values for the cross sections for
llB(p,YO’l ) and lzc(p,yo;z,3 ) can also be obtained
from the data. However, extensive evaluation of the
detector response, as observed in the present set of
experiments, along with other line-shape information,la)
is still in progress. When this work is completed,
we hope to understand the systematic behavior of the
detector as a function of y-ray energy, and the cross
sections can be presented with small uncertainties.
We have extracted "preliminary" cross sections, using
a consistent set of line shapes; those for l1B(p,¥y)
are presented in Figure 3 to give some idea of the
general features of the captures to low-lying states.
The agreement of the y; data with Gari and Hebach's
calculationls) appears striking, but two cautions
are in order: a) the experimental values, as noted,
are preliminary; and b) all theories give about the
same predictions at 60° for these energies. Theo-
retical differences show up most prominently at higher
energies and at more extreme forward and backward

angles.
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