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This paper reports a measurement of the differential photoneutron cross section of '*C at 65°,
between E, =30 and 100 MeV. Tagged photons, monochromatic to within 2.6 MeV, were used,
thus allowing the cross sections to a wide range of final states to be observed. The results are
compared to the photoproton cross section of '>C, which was measured previously, under similar
conditions. Comparisons are also made with calculations based on the quasi-deuteron model, and
with calculations by Gari and Hebach, and Cavinato et al. These latter calculations incorporate
two-body effects by the inclusion of meson exchange currents. The agreement between these cal-
culations and the measured cross section is in contrast to predictions of a direct, single-nucleon
knockout model of the reaction mechanism, indicating the importance of two-body effects in the
photoreaction process for energies greater than 50 MeV.

I. INTRODUCTION

In the photon energy region above the giant dipole
resonance (GDR) but below the photopion threshold,
the mechanism responsible for photon absorption is not
well understood. Collective excitations of the nucleus to
particle-hole states are expected to progressively dimin-
ish in importance with increasing photon energy. In
their place, photon interactions with one or two nu-
cleons can be expected to become more significant.
Clues to the relative importance of one-body and two-
body effects are provided by two important characteris-
tics of measured cross sections above the GDR. These
are: (i) the comparable sizes of (y,ny) and (y,p,) cross
sections, and (ii) the dominance of (y,pn) reactions be-
tween E, =40 and 140 MeV. Both of these experimen-
tal observations indicate that two-body effects play an
important role in the photoreaction process.

A model based on one-body effects is the direct,
single-nucleon knockout model. This has been success-
ful in predicing the absolute cross sections and angular
distributions of (y,p,) reactions between E,=60 and
100 MeV."? For these reactions there is a large
mismatch between the momentum of the photon and the
ejected nucleon, providing sensitivity to high-
momentum, short-range effects in nuclei. This charac-
teristic has been exploited at Glasgow and MIT? in
deducing momentum distributions of high-momentum,
outer-shell protons inside a nucleus, from (y,p,) data.

At energies above E, =100 MeV, the absolute cross
sections of (y,p,) reactions are not well predicted by the
direct, single-nucleon knockout model. This has gen-
erally been explained by the deficiency of high-
momentum components in the wave functions calculated
from shell-model potentials, such as that by Elton and
Swift.* Such a potential averages over all short-range
effects of two-nucleon interactions.
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Although the direct, single-nucleon knockout model
has successfully described (y,p,) cross sections between
E,=60 and 100 MeV, it has failed to account for the
cross sections of (y,ny) reactions. The model predicts
(y,ng) cross sections that are much smaller than corre-
sponding (¥,p,) cross sections. This is because the pho-
ton interacts relatively weakly with the neutron via its
magnetic moment, or with the charge in the remaining
(A —1) residual nucleus.? This model also fails to ac-
count for the large (y,pn) cross section above E, =40
MeV.

On the other hand, models incorporating two-body
effects have been successful in accounting for both of the
above-mentioned characteristics of measured cross sec-
tions. One of these is the quasi-deuteron model (QDM),
which has been applied in two different forms. In the
original form, the photon is absorbed by a neutron-
proton pair, with both outgoing nucleons leaving the nu-
cleus.>® This model simulates the knockout mechanism
of the true final-state interactions, since it predicts simi-
lar energies for the outgoing proton and neutron, based
on the deuteron photodisintegration. A detailed treat-
ment of the kinematics has been given by Matthews
et al.” This form of the QDM was applied, with some
success, by Schier and Schoch® to >C(y,n) and °O(y,n)
cross section data they measured for E,, =60-160 MeV.
Likewise, McGeorge et al.,’ at Mainz, applied this
QDM and accounted for their tagged-photon data on
the '>C(y,p) cross section, for E, =60 and 80 MeV, over
proton angles from 30° to 135°. These results were in
agreement with similar '2C(y,p) cross section data for
Ey=45 to 100 MeV, collected at Tohoku University, 10
using the same tagged-photon system as will be de-
scribed in this paper. A number of experiments by other
authors'' =23 as well have indicated the validity of the
QDM.

A modified form of the QDM was proposed by
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Schoch,?* in which one of the outgoing nucleons from
the neutron-proton pair is reabsorbed into the recoiling
nucleus. This version of the QDM is therefore applic-
able to (y,py) and (y,ny) reactions. Calculations based
on this model have been able to approximately repro-
duce the relative magnitudes and angular dependence of
available (y,p,) and (y,n,) data.?*=%" However, for a
more fundamental understanding of the mechanism of
photon absorption in this energy region, more micro-
scopic models are required.

Such calculations are those of Gari and Hebach,?® and
the random-phase-approximation (RPA) calculations of
Cavinato et al.?® These calculations, which will be de-
scribed in a later section, incorporate the effects of
meson-exchange currents (MEC) and correlations in nu-
clear states. The two-body effects are included by the
MEC, which dominate for energies above E, =60 MeV,
reproducing the similarity of (y,p) and (y,n) cross sec-
tions.

It is evident from some of the published work on cross
sections between the GDR and pion threshold' ~*® that
there is a shortage of high resolution data with which to
evaluate the theories. Most of the cross-section mea-
surements have been restricted to reactions leading to
the ground and low-lying excited states of the residual
nucleus. This is a result of the limitations associated
with bremsstrahlung beams.

The aim of the present paper is to provide high-
resolution '2C(y,n) data with which to compare existing
2C(y,p) data and various theoretical predictions. The
most remarkable feature of the present measurement is
that it was made using a tagged-photon beam. The
monochromaticity obtained using tagged-photon tech-
niques allows simultaneous determination of cross sec-
tions over a wide range of photon energies for reactions
leaving the residual nuclear system in many possible
states, including those of high excitations. This type of
data has previously been unavailable for (y,n) reactions.
The results obtained are compared to the theoretical pre-
dictions of Gari and Hebach,?® Cavinato et al.,? and a
QDM calculation.

II. EXPERIMENT

A. Tagged photon facility

The photoneutron cross section of '’C reported in this
paper was measured using the tagged-photon facility at
the Laboratory of Nuclear Science, Tohoku University.
Details of this facility have been described previously.
In order to obtain a photon beam of high duty factor, a
130-MeV electron beam is injected into the 150-MeV
pulsed beam stretcher. The extracted beam has a duty
factor of approximately 80%, with an energy spread of
only 0.2%. This beam is directed to the tagging spec-
trometer.

The experimental arrangement is shown in Fig. 1. At
the entrance of the tagging magnet, the incident beam
impinges onto a thin gold bremsstrahlung radiator. The
associated recoil electrons are deflected by the tagging
magnet and detected by an array of 32 electron detectors
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FIG. 1. The experimental arrangement for the “C(y,n)
measurement.

placed at the focal plane of the spectrometer. These
plastic-scintillator detectors have widths selected to pro-
vide an energy acceptance of 2.6 MeV for each electron
channel. For six channels associated with the lowest-
energy photons, the width of plastic scintillator was re-
duced in order to decrease the energy acceptance to
about 1 MeV. This improved the resolution for these
channels, and consequently that of the low-energy region
of the cross section. For the electron channels associat-
ed with higher energy photons, the energy acceptance of
2.6 MeV was adequate, since the resolution of the ob-
served neutron spectra at higher photon energies was
limited by the timing of the neutron flight time. Tagged
photons were available with energies from 25.2 MeV up
to 102 MeV, in steps of about 2.6 MeV.

At the target position, approximately 1.5 meters
downstream from the tagging spectrometer, the collimat-
ed beam diameter was 40 mm. Sweep magnets were
placed directly after the collimators in order to remove
secondary electrons from the beam. The natural-carbon
graphite sample was in the form of a cylinder, 70 mm in
diameter and 100 mm in length. The tagged-photon flux
was determined from the number of tagged electrons
detected at the focal plane of the spectrometer. The ra-
tio of the number of tagged photons in the beam in-
cident on the sample to the number of electron counts
(the tagging efficiency) was measured using a large lead-
glass Cherenkov detector in the path of the collimated
beam. This ratio was found to be 0.50%3 %, and agrees
with the result of a Monte Carlo calculation,® which
took into account effects due to collimation, multiple
scattering, background, Mgdller scattering, and the
bremsstrahlung angular distribution.

B. The neutron detector

The neutron time-of-flight spectrometer used a liquid-
scintillator detector placed at an angle of 65° to the
beam direction at a distance of 2.64 meters from the
sample position. The neutron detector consisted of 4
cells of NE213 liquid scintillator, each 18 cm in diam by
10.3 cm deep. The scintillator was contained in 24-cm
square aluminum containers, the inside surfaces of which
were painted with NE562 reflective paint for improved



light collection efficiency. The scintillator in each cell
was viewed by a fast 13-cm-diam photomultiplier tube
(Hamamatsu R1250), optically coupled to the glass win-
dow covering each cell. The cells were arranged to form
a square of sides 48 cm, and were enclosed in an alumi-
num casing. The solid angle subtended to the sample by
this neutron detector was 14.6 msr.

The top, sides, and back of the detector were shielded
with 5 cm of lead, in order to reduce background radia-
tion. Plastic scintillator ‘“‘veto” counters were placed on
the top, sides, and front of the detector to identify and
reject pulses due to particles such as photons, electrons,
and cosmic rays, which might enter the neutron detec-
tor.

C. Pulse shape discrimination

Pulses induced in the neutron detector by gamma rays
were identified using ‘“‘pulse shape discrimination”
(PSD). A PSD module of the “zero-crossing” variety
(Canberra CI 2160)* was used to produce timing pulses,
the delays of which were proportional to the decay times
of the input signals. This enabled identification of
neutron- and electron-induced pulses, which have
different decay times. In NE213, pulses due to highly
ionizing particles, such as protons, a-particles, and '>C
resulting from neutron interactions in the scintillator,
have longer decay times than electron-induced pulses of
similar height. The decay times are, however, energy
dependent.*! Thus it was necessary to record the pulse-
height information for each event, in order to more
effectively distinguish between neutron- and electron-
induced pulses. Without this extra information, many
high-energy neutron pulses could not be distinguished
from low-energy electron pulses, due to the similarity of
the pulse decay times.

D. Detector efficiency

The detection efficiency of the neutron detector was
calculated using a code called TOTEFF.** Using experi-
mental cross sections, this analytical calculation takes
into account scattering of neutrons by protons, and the
reactions (n,a), (n,n'3a), (n,p), and (n,n’y) on >C. This
calculated detection efficiency was checked experimen-
tally using quasi-monochromatic neutrons from the reac-
tion "Li(p,n). Neutrons with energies of 22.95 and 38.4
MeV were produced by bombarding a 15.7 mgcm 2
sample of 'Li with protons of energies 24.6 and 40.05
MeV, respectively, using the Tohoku University cyclo-
tron. The efficiency determined in this way agreed
within the 7% experimental error, with those calculated.

A further check on the neutron-detection efficiency
was made using the H(y,n)p reaction, with the tagged-
photon system as the source of photons. A container of
heavy water was used as the sample, with the neutron
detector positioned at a laboratory angle of 65°. For
photon energies below about 32 MeV, the neutrons emit-
ted following the deuteron photodisintegration have
higher energies than those from the '®O(y,n) reaction.
For the lowest tagged-photon energies (25.2 and 27.2
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MeV) the neutron peaks at E, =12.2 and 13.2 MeV from
the deuteron photodisintegration were clearly resolved
from the '%0(y,n,) peaks, at 9.0 and 10.9 MeV, respec-
tively. The neutron-detection efficiencies at these ener-
gies were estimated using the differential H(y,n)p cross
section at 65°, as calculated by Partovi.** This theoreti-
cal cross section has been shown to agree with existing
experimental data within 7%.** Overall, in view of
the above experimental checks, the uncertainty in the
neutron efficiency was calculated to be 7%.

E. Detector threshold

Not all pulses due to neutrons interacting in the detec-
tor are large enough to be distinguished from noise
pulses. Thus the neutron-detection efficiency depends on
the threshold setting of the detector electronics. The
measured and calculated efficiencies were obtained for a
threshold energy of 3.0 MeV equivalent-electron-energy
(i.e., the pulse height corresponding to that produced by
3.0 MeV electrons). From the relative response of the
NE213 scintillator to protons and electrons, as measured
by Verbinski et al.,* this corresponds to a neutron en-
ergy threshold of about 7 MeV. This threshold energy
was chosen in order to obtain good PSD separation
characteristics up to the maximum neutron energy of 77
MeV, and to discriminate against many of the large
number of low-energy background neutrons and gamma
rays. This background is produced by electronuclear re-
actions involving electrons from the incident beam
which did not produce bremsstrahlung, and which sub-
sequently hit the Faraday cup. Although most of these
low-energy neutrons and gamma rays are stopped by the
shielding, enough reach the neutron detector to cause a
background problem if the detection threshold is set too
low.

F. Neutron energies and resolution

For the present measurement of the '2C(y,n) cross
section, the energies of detected neutrons ranged from 7
to 77 MeV, corresponding to times of flight (TOF) be-
tween 73 and 23 ns. The coincidence timing resolution
between neutron-detector pulses and electron-detector
pulses was 1.4 ns FWHM, which limited the neutron en-
ergy resolution, especially for high-energy neutrons. The
neutron energy resolution for spectra generated by pho-
tons, monochromatic to 2.6 MeV, i.e., for tagging chan-
nels 1-26, is shown in Table I. Table II gives similar
data for tagging channels 27-32, those electron detec-
tors which were modified as described earlier, in order to
resolve finer detail in the cross section.

The data were collected event by event using 32 time-
to-digital converters (TDC) to record the times between
neutron and correlated electron pulses. To ensure that a
neutron pulse starts the TDC interval, the electron
pulses were delayed by a fixed interval so as to occur
after any associated neutron pulse. This significantly re-
duced the deadtime by confining the operation of the
TDC’s to events where a neutron-detector pulse was
detected.

The TDC spectra each contained a sharp peak corre-
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TABLE 1. Neutron energy resolution for spectra generated
by photons, monochromatic to 2.6 MeV (i.e., photons with tag-
ging electrons in channels 1-26).

Resolution
Neutron energy (FWHM)

(MeV) (MeV) % resolution
10 1.9 19.0
20 2.3 11.5
30 3.1 10.3
40 4.2 10.5
50 5.5 11.0
60 6.9 11.5
70 8.5 12.1
80 10.2 12.8

sponding to tagged photons scattered from the '>C sam-
ple. This peak had a width corresponding to the 1.4 ns
timing resolution of the tagging coincidence. The posi-
tion of this gamma-ray TOF peak provided a timing
calibration which enabled the TDC spectra to be con-
verted to TOF spectra.

The combined TOF spectrum for all 32 electron chan-
nels is shown in Fig. 2. Gamma-ray and electron events
have been discriminated out by PSD, allowing the
electron-correlated neutron events to be clearly observed
in a 50 ns region of interest (23-73 ns). The counts ob-
served on each side of these neutron events were due to
random electron-detector pulses occurring inside the
108-ns-long coincidence timing gate. These counts con-
stituted a background that was fitted by a horizontal
line. The magnitude of this background is dependent on
the duty factor and the detected-electron rate, which
was limited to 5.2 10° electrons™! during the experi-
ment, in order to maintain an acceptably low rate of ac-
cidental coincidences.

Of the random coincidences seen in Fig. 2, it is es-
timated that 12% were initiated by cosmic rays, and
18% by true neutron events that were “double tagged.”
The remaining 70% were due to uncorrelated low-
energy neutrons, mostly produced by electronuclear re-
actions at the Faraday cup. These random coincidences
constitute a background that is 19.6% of the total
counts in the 50-ns region of interest. Thus the average
signal-to-noise ratio was 5.1:1.

TABLE II. Neutron energy resolution for spectra generated
by photons, monochromatic to 1 MeV (i.e., photons with tag-
ging electrons in channels 27-32). These channels were
modified as described in the text, in order to improve the pho-
ton energy resolution.

Resolution
Neutron energy (FWHM)
(MeV) (MeV) % resolution
7 0.88 12.6
10 0.98 9.8
13 1.13 8.7
16 1.32 8.3
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FIG. 2. The combined TOF spectrum for all 32 electron
channels. The features of the spectrum are described in the
text.

After subtraction of the background due to random
coincidences, neutron-energy spectra were constructed
from the TOF spectra, using the known flight-path
length. A sample spectrum is shown in Fig. 3 for a pho-
ton energy of 33.71+0.5 MeV. For photons of this ener-
gy, ground-state neutrons emitted at 65° have an energy
of 13.9 MeV, while those leaving ¢ in its first excited
state have an energy of 12.0 MeV. These energies are
marked in the figure by arrows, where peaks can be seen
with widths corresponding to the calculated energy-
resolution values of Table II.

Similarly, for the other tagged-photon channels, neu-
tron peaks occur at energies corresponding to reactions
leaving ''C in its ground and low-lying excited states. In
order to facilitate the correlation of peaks in the experi-
mental spectra with levels in the residual !'C nucleus, it
is convenient to plot the neutron spectra using a scale of
“residual excitation energy,” E,. This is defined as

Ex:Ey_En_Erecoil—Q > (1)

where E,, is the incident tagged-photon energy, E,, is the
neutron energy, E . . is the kinetic energy of the recoil-
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FIG. 3. The neutron energy spectrum for photons tagged by
electron channel 28, corresponding to E,=33.7+0.5 MeV.
The arrows mark the energies of neutrons that leave !'C in its
ground and first excited states.



ing nucleus, and Q is the Q-value of the reaction, which
for the '2C(y,n) reaction is 18.7 MeV.

G. The absolute cross section scale

The absolute differential cross section is given by

do neutron yield
dQ, NcdQN EE m(E,)’

(2)

where N is the effective number of '2C nuclei per cm?.

This was calculated from the effective sample thickness,
which varied from 15.02 to 15.07 gcm ™2 over the range
of incident photon energies. The solid angle of the neu-
tron detector d{) was 14.6 msr. The number of tagged
photons incident on the sample N, was calculated from
the product of the tagging efficiency and electron counts.
The neutron-detection efficiency for each neutron ener-
gy, given by &(E,), was determined by the theoretical
code described above.

The neutron-attenuation factor, 7(E,), makes a
correction for losses in the neutron flux due to scatter-
ing. For zero scattering this factor is unity. The main
contribution is inelastic scattering off '2C nuclei in the
sample; however, there is also inelastic scattering off *N
and '%0 nuclei in the air, and scattering off '*C and pro-
tons in the plastic scintillator “veto” counters. The
effect of inelastic scattering in the sample was estimated
using a Monte Carlo routine,*” which assumed that the
inelastically-scattered neutrons were undetected. No
correction was made for the effects of elastic scattering
off 12C, based on the assumption that approximately
equal numbers of neutrons would scatter “into” and
“out of” the detection solid angle. This is consistent
with the observations of Drosg*® for samples of CH, of
smaller, but comparable dimensions to the graphite sam-
ple used in this experiment. The uncertainty introduced
by this approximate treatment is estimated to be about
6%.

A loss of neutron flux also occurs in the plastic scintil-
lator “veto” counters, where scattering off both '2C and
protons must be considered. This scattering may pro-
duce a “veto” pulse, thus electronically preventing the
detection of the scattered neutron in the NE213. The
plastic scintillator has similar composition to the NE213
scintillator, so that the probability of a “veto” pulse can
be calculated from the known response of NE213. After
correcting for the different density and detection thresh-
old, it was calculated that the loss of flux due to the
“veto” counters varied from 4.5% (for low-energy neu-
trons) to 3.3% (at E =80 MeV). The total loss of flux
due to scattering in the sample, air, and “veto” counters,
varied from 21% (at E =15 MeV) to 11% (at E, =80
MeV).

H. Cross section determination

In order to derive the cross sections to the ground and
low-lying excited states of ¢, Gaussians were fitted to
the neutron spectra. The Gaussians were centered at en-
ergies of E, =0, 2.0, 4.6 (average of 4.3 and 4.8), 6.5, and
8.1 MeV, corresponding to low-lying states in !'C. The
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states at 6.34, 6.90, 7.50, and 8.43 MeV were not fitted
with separate Gaussians, since the neutron-energy reso-
lution was not good enough to warrant such a treatment.
The widths of the Gaussians were fixed by the calculated
values of neutron-energy resolution, which are listed in
Tables I and II.

III. RESULTS AND DISCUSSION

Four examples of the photoneutron spectra obtained
in this experiment are shown in Fig. 4. These spectra
are for photon energies of E ,=33.7, 47.6, 60.5, and 74.8
MeV, respectively. The energy bins used for these spec-
tra were chosen to provide a meaningful display of the
data with regard to resolution and statistics. The solid

60 F 2 (@) -
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20

o (4]

(4]

d20/(dNdE)g_ . 65° ap [ub/(sT MeV)]

Residual Excitation Energy (MeV)

FIG. 4. Four examples of the experimental photoneutron
spectra, shown up to E, =10 MeV. The spectra are for photon
energies of: (a) 33.7+0.5 MeV, (b) 47.6+1.3 MeV, (c) 60.5+1.3
MeV, and (d) 74.8+2.6 MeV. The solid curves represent the
Gaussians that were fitted to the spectra, as described in the
text.
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lines represent the Gaussians, fitted as described above.
It is clearly seen from these examples that the spectra
exhibit structure consistent with population of the
ground and low-lying excited states of ''C. It is evident
that the resolution does not allow an accurate estimate
of the cross sections to specific single final states of ''C.
For this reason, only the cross sections for the reactions
2C(y,ng,,) and '*C(y,n,_o) were determined from the
fits.

These two cross sections are plotted in Figs. 5 and 6,
and are listed in Tables III and IV. The errors quoted
are statistical, and it should be noted that there is a sys-
tem uncertainty totaling 10%. This systematic uncer-
tainty includes errors due to the neutron-detection
efficiency (7%), neutron scattering correction (6%), and
tagging efficiency (3%).

The '>C(y,n, ;) and '*C(y,n,_,) cross sections shown
in Figs. 5 and 6 are very similar. They both decrease
fairly smoothly from below E,=40 MeV to about 65
MeV, where both appear to undergo a change in slope.
The average slope of the '2C(y,n,_,) cross section over
the measured region is less than that of 12C(}/,no,, ). This
indicates that the relative importance of the '*C(y,ng )
cross section progressively decreases with increasing
photon energy. This effect has also been observed in
comparisons between photoproton cross sections [viz.
2C(y,po) and 2C(y,p, 3 4)] measured at Glasgow.> A
similar observation can be made for the cross sections to
higher residual excitation energies, shown in Figs. 8, 9,
and 10. It is clear that with increasing photon energy
the cross sections to higher residual states become pro-
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FIG. 5. The differential cross section of '*C(y,ng ;) in the
laboratory frame, at 8, =65°. The error bars represent statisti-
cal uncertainties. There is an additional systematic uncertainty
in the absolute scale, totaling 10%.
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FIG. 6. The differential cross section of '?C(y,n,_,) in the
laboratory frame, at 6,=65°. The error bars represent statisti-
cal uncertainties. There is an additional systematic uncertainty
in the absolute scale, totaling 10%.

gressively more significant compared to the cross section
to low-lying states. This is consistent with models that
include two-body effects in the photon-absorption pro-
cess. As these effects become more significant at higher
energies, the relative probability of forming the more
complex two-hole—one-particle residual states should in-
crease. A corresponding increase in two-nucleon emis-
sion is also expected, since nucleon-nucleon interactions
in the final state will deliver enough energy to the second
nucleon for it to leave the residual nucleus. This ac-
counts for the large cross sections at higher residual ex-
citation energies.

The present results for the 2C(y,ng,) differential
cross section are compared to the 60° datum point of
Schier and Schoch® for the '’C(y,n,) cross section in
Fig. 7. This point, which was measured at Mainz, lies
about 30% lower than the present data, but this is ex-
pected since the Mainz datum does not include the
2C(y,n,) cross section. In the same figure, the data of
Mori et al.' for the *C(y,p, ;) differential cross section
are shown for comparison. These data were obtained us-

TABLE III. Differential cross sections for '?C(y,n,) and
‘ZC(Y,nl) at 9,,,,=65°.

2C(y,no) 2Cly,n,)
Photon energy (do/dQ) (do/dQ2)
(MeV) (ub/sr) (ub/sr)
31.2 71.019
33.7 63.7+9 29.7t6
35.8 59.1+9 28.3t6




TABLE IV. Differential cross sections for '>C(y,n,;) and
lzc('}’,nz_g) at 01,b=65°.

2C(y,ng,,) 2C(y,n,_g)
Photon energy (do/dQ) (do/dQ2)

(MeV) (ub/sr) (ub/sr)

33.7 93.4+11

35.8 87.4+11

37.8 72.8+6 36.6+4

40.2 57.9+5 33.5+4

42.6 48.7t5 26.4+4

45.1 51.9+£5 29414

47.6 50.8+5 22.3+4

50.2 44.8+5 21.1+4

52.7 26.2+4 20.0+4

55.3 26.1+4 19.8+4

57.9 21413 16.7+3

60.5 21.1+3 10.4£3

63.1 12.1+3 10.8+3

65.7 11.6+3 5.6+2

69.6 17.1+£2 8.31+2

74.8 11.8+2 10.3+2

80.0 9.2+2 7.8+2

85.2 8.8+2 8.7t2

91.6 7.0+2 7.2+2

99.4 341 9.7+2
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FIG. 7. The differential cross sections of '2C(y,ny,) and
2C(7,po,1), at O,,,=65". The squares are the results of the
present '2C(y,n, ;) measurement, and the diamonds are the
2C(y,po,1) data of Mori et al. (Ref. 10). Both cross sections
have additional systematic uncertainties totaling 10%. The
cross represents the 60° datum point of Schoch e al. (Ref. 8),
for the '>C(y,n,) cross section. The theoretical calculations of
Gari and Hebach (Ref. 28) are represented by the circles: solid
circles—'2C(y,p,), and open circles— '2C(y,n,). The triangles
represent the calculations of Cavinato et al. (Ref. 29): solid
triangles— ?C(y,p,), and open triangles— '2C(y,n,).
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ing the same tagged-photon facility as the present mea-
surement. It can be seen that the 12C(‘y,n0,1) and
12C(7’,p0_1) cross sections are very similar, especially in
the region from 70 to 100 MeV.

This similarity cannot be reconciled with a direct,
single-nucleon knockout model, which predicts that
(¥,ng) cross sections be relatively smaller than (y,pg)
cross sections. In this model the photon interacts rela-
tively weakly with the magnetic moment of the neutron
or with the charge in the remaining (4 —1) residual nu-
cleus. The second of these has been shown by Boffi
et al. to produce significant contributions to the (y,ng)
cross section, >4 especially at backward angles. A fur-
ther increase in the predicted (y,n,) cross section occurs
if charge exchange in the final state is taken into account
for direct (y,p) reactions.’! This is a two-step process
where the direct (y,p) reaction is followed by a (p,n) re-
action with the residual nucleus. Boffi et al.’! have
shown that this mechanism can increase the predicted
(y,ny) cross section by about 50%. However, despite
these contributions, the '>C(y,n,) cross section predicted
by this model falls well below both the corresponding
2C(y,py) cross section and the experimental '*C(y,n,)
cross section.

On the other hand, the similarity between the
2C(y,nq,;) and '>C(y,p, ) cross sections is consistent
with models that incorporate two-body effects in the
photoreaction process. Three such models will be dis-
cussed in the following sections.

A. Models of photon absorption
that include two-body effects

1. The Gari and Hebach model

The circles in Fig. 7 are the results of calculations of
the '2C(y,n,) and >C(y,p,) differential cross sections at
65°, by Gari and Hebach.?® In these calculations, the
effective nuclear Hamiltonian is written as the sum of a
shell-model part (with a Woods-Saxon-type, single-
particle potential) and residual interaction. The single-
particle potential neglects Coulomb and spin-orbit con-
tributions, and is thus the same for neutrons and pro-
tons. The residual interaction is assumed to be an
effective two-body potential with a Yukawa radial
dependence, and includes an exchange mixture of the
Rosenfeld type.

The transition matrix was split into four separate
terms, representing contributions from: (i) shell model,
(ii) initial-state correlations, (iii) final-state correlations,
and (iv) MEC. Contributions (i), (ii), and (iii) are associ-
ated with one-body effective nucleonic currents, whereas
the MEC has many-body components, however, only the
two-body terms were included in their calculations.
They showed that the MEC term in the transition ma-
trix is necessary to ensure gauge invariance.

The results of their calculations show that the MEC
contribution dominates for energies above E, =60 MeV.
Correlations in the initial and final states are of secon-
dary importance, while the shell-model contribution is
least important. The dominance of the MEC contribu-
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tion explains the comparable magnitudes of the pho-
toproton and photoneutron cross sections. As seen in
Fig. 7, the cross sections calculated by Gari and Hebach
reproduce well the magnitudes and slopes of the mea-
sured cross sections. However, these calculated cross
sections depend sensitively on the choice of final-state
potential, which for these calculations has been criti-
cized®*% as being unrealistically deep. It was argued in
these papers that the deep final-state potential, which
was chosen to ensure orthogonality between initial and
final states, depresses the shell-model contribution to the
cross sections. These shell-model contributions would
also be enhanced by the correct treatment of the center-
of-mass motion of the (4 — 1) nucleus, as shown by Boffi
et al.,>* % and by Schumacher et al.*

2. Random-phase-approximation calculations

The triangles plotted in Fig. 7 show the results of cal-
culations of the '2C(y,n,) and 2C(y,p,) differential cross
sections at 65°, by Cavinato, Marangoni, Ottaviani, and
Saruis.?” As in the Gari and Hebach theory, the reac-
tion mechanism for this self-consistent, RPA calculation
is based on the excitation of intermediate particle-hole
and hole-particle states. The calculations include E1
and E2 multipole transitions expressed in the long-
wavelength limit.

In this theory, Hartree-Fock and RPA Hamiltonians
are constructed for a Skyrme III nucleon-nucleon in-
teraction. The MEC can arise from two sources: the
particle-hole residual interaction and the Hartree-Fock
field. In the Gari and Hebach theory, the first of these is
the source of the MEC contributions, but in RPA theory
they arise predominantly from the effective mass in the
Hartree-Fock field. The exchange contributions are lo-
cal and energy dependent. Moreover, MEC and correla-
tions in nuclear states are intimately connected in this
model.? The calculated differential cross sections agree
well in magnitude and slope with the experimental data
presented in Fig. 7.

3. Quasi-deuteron model (QDM) calculations

The similarity of the '*C(y,n, ) and '>C(y,p, ) cross
sections can also be understood in terms of a phenome-
nological QDM in modified form, as developed by
Schoch.?* This form of the QDM assumes that after
photodisintegration of the QD, one of the nucleons
remains bound in its original state in the nucleus, ac-
cepting a momentum transfer. The emitted nucleon can
therefore leave the residual nucleus in its ground state.
This model predicts similar magnitudes for the '2C(y,n,)
and !2C(y,p,) cross sections, as observed, with the
2C(y,p,) differential cross section being more forward
peaked than the '2C(y,n,) cross section, as in the case of
the corresponding deuteron photodisintegration. This
latter prediction has been investigated to some extent by
Schoch,?® who plotted the ratio of the (y,p,) cross sec-
tion to the (y,ny) cross section against detection angle,
for %0 and !2C, at E,=60 MeV. The ratios obtained
using data existing at that time generally conformed to
predictions of the QDM.?® The present '2C data, at

E v =60 MeV, and that of Mori et al.,'° lead to a ratio
that agrees with the QDM prediction; however, in the
region from E, =70 to 100 MeV, the experimental ratio
is close to unity, in disagreement with the QDM predic-
tions.

B. The cross section at high missing energy

The present measurement demonstrates the power of
the tagged-photon technique for measuring cross sec-
tions leading to excited residual states. The combination
of monochromatic photons and good neutron resolution
allows these cross sections to be determined uniquely.
However, in regions of neutron spectra where neutrons
from the ?C(y,np) reaction may contribute, the excita-
tion of the residual nucleus is not uniquely determined
from the neutron energy. In such cases it is more ap-
propriate to use an energy scale of “missing energy,”
which includes the kinetic energy of any additional reac-
tion product and the Q value, as well as the excitation
energy of the residual nucleus. The missing energy is
defined as

E, :Ey —E,—E 3)

where E ... is the kinetic energy of the recoiling nu-
cleus, calculated assuming single-nucleon emission. A
similar definition can be used for proton spectra. For
ground-state neutrons (or protons), following (y,n,) [or
(y,po)] reactions, E,, is simply equal to the Q value of
the reaction, which for >C(y,n) is 18.7 MeV and for
2C(y,p) is 16.0 MeV. However, for >C(y,np) reactions
the Q value is 27.4 MeV, resulting in high values of E,,
in the photoneutron and photoproton spectra.

The measured '>C photoneutron spectra for E, >45
MeV are shown in Figs. 8 and 9. In view of the poor
statistics, and in order to allow a more meaningful com-
parison with theory, data were combined from several
spectra measured at different photon energies. The spec-
tra shown in Figs. 8 and 9 are the result of summing
over 10-MeV bins, centered at energies from 50 to 100
MeV.

1. QDM calculations for the region of high missing energy

The curves in Figs. 8 and 9 are the result of a QDM
calculation, carried out using a treatment similar to that
of Matthews et al.,” Schier and Schoch,® and McGeorge
et al.’ The equation used to calculate the double-
differential cross section was

d’o C'LNZe

do
— 3pF _eZ
dE,,dQ, A fd P (P)dQD d@r1=@W o,

4)

where L is the Levinger parameter and N, Z, and A are
the neutron, proton, and mass numbers, respectively.
The term F(P) is the normalized neutron-proton pair
momentum distribution, P being the momentum of the
quasi-deuteron. The delta function 8(w; —w), where w,
is the tagged-photon energy, replaces the usual photon
spectrum term B (w).” The integral then becomes an in-
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tegral over the directions of P, with the value of P for
each event determined by a Monte Carlo sampling of the
P distribution. The total Jacobian J,, is modified to
take account of this change in dimension of the in-
tegral.’

The symbol € in Eq. (4) is the transparency factor, tak-
ing into account the reduced number of emitted nu-
cleons due to the strong final-state interaction. Lastly,
the term C' is a constant, which ensures that the total
deuteron and QD photodisintegration cross sections, in-
tegrated over all energies and angles, satisfy the relation

eLNZ
O'QD= A Op . (5)

This form of the QDM assumes that after photodisin-
tegration of the QD, the undetected nucleon is left in an
unbound state. For this reason the emitted-nucleon en-
ergies predicted by this model give rise to high values of
missing energies. This version of the QDM makes no at-
tempt to account for reactions involving single-nucleon
emission. The curves in Figs. 8 and 9, therefore, do not
extend into the missing-energy region corresponding to
the ground and low-lying residual states of ''C.

In the QDM calculations, the momentum distribution
F(P) of the neutron-proton pair was approximated by
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FIG. 8. The measured missing-energy spectra of the '*C
photoneutron cross section, at 8, =65°. The solid curves result
from calculations based on a QDM, as described in the text.
The spectra are for photon energy ranges of: (a) 50+5 MeV,
(b) 60+5 MeV, and (c) 70+5 MeV.

expressions calculated by Gottfried,> using a harmonic-
oscillator potential. The equation used for F(P) was

F(P)=1F,,(P)+L1F,(P), (©6)

where F,,(P) is the momentum distribution for a pair of
p-shell nucleons, and F,(P) is the momentum distribu-
tion when one nucleon is from the p shell and the other
from the s shell. The forms of the separate parts were

F,,(P)={(2ma®) >3- P?/a’ + P*/4a*)
X exp(—P2/2a%), @)

F,(P)=1(2ma®) 3P /a*)exp(—P*/2a%) ,  (8)

where a is the harmonic-oscillator parameter and P is
the momentum of the QD. These distributions satisfy
the equation

JTF®aP=1. ©)

It was assumed that there would be no contribution to
the cross section from a pair of s-shell nucleons, due to
the much larger separation energy for such emission.
For pp and ps nucleon-pair emission, the Q values were
taken to be 30 MeV and 50 MeV, respectively. The
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FIG. 9. As for Fig. 8, but for photon energy ranges of: (a)
80+5 MeV, (b) 90+5 MeV, and (c) 100+5 MeV.
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binding energy of the QD was assumed to be —10 MeV.
The values above are similar to those used by Matthews
et al.,” Barton and Smith,'* Schier and Schoch,® and
McGeorge et al. ,% in similar QDM calculations.

The value of the harmonic-oscillator parameter a was
chosen to be 120 MeV/c for both shells. This value is
consistent with those used by other authors.”’~® It is
also consistent with measurements of the rms radius of
the '>C nucleus, determined from electron-scattering
data.’*>* The value of the Levinger parameter was
chosen to be L =5.8+1.5, in accordance with that ob-
tained for '>C by Tavares et al.'® This is consistent with
the value of L=>5 that was obtained by Homma et al.'’
at higher energies. It is also consistent with the trend of
measured values for mass numbers near 12, as compiled
by Anghinolfi et al.?

The transparency factor € was chosen with regard to
previous treatments of QDM calculations. Generally,
authors®>*?>2% have used an energy-independent factor,
which is a reasonable approximation for neutrons with
energies below 70 MeV.%>® In the present QDM calcu-
lations, a value of €=0.45 was used for outgoing protons
and neutrons. This value is similar to that resulting
from Gottfried’s>® treatment in terms of nucleon mean-
free paths in the nucleus; a method also used by other
authors.”!%1”1%  The uncertainty introduced by the
choice of this value is estimated to be 20%.

The QDM-calculated curves do not change
significantly with parameter changes in the Q values and
QD binding energy. However, the calculated curves are
relatively sensitive to the choice of the harmonic-
oscillator parameter a. If the value of a is changed to
90 MeV/c, the curves increase in magnitude by about
20% over the region from E,, =30 to 70 MeV. This is a
similar effect to that seen by Blann et al.’® for pho-
toneutron spectra predicted by a precompound-decay
model, when they varied the energy limitation of the
correlated hole pair left behind.

It can be seen in Figs. 8 and 9 that the curves
representing the results of the QDM calculations repro-
duce well the shape of the photoneutron spectra in the
region of high missing energy. Over the range from
E, =30 to 50 MeV, the QDM-calculated curves account
for about 40% of the measured cross section. Over the
range from E,, =50 to 70 MeV, this increases to 60%.
This approximate agreement indicates that in the region
of high missing energy, the '2C(y,np) reaction is the ma-
jor contributor to the experimental spectra. The large
cross section at low missing energy suggests that the
2C(y,n) reaction involving single neutron emission is
also important for photon energies up to 100 MeV.

The !2C photoneutron spectra in Figs. 8 and 9 cannot
be explained by a direct, single-nucleon knockout model.
For single-nucleon emission, the highest missing energy
occurs when a nucleon from the Is-shell is emitted.
From the evidence of quasi-free scattering experiments
such as '’C(p,2p),”” a peak due to Is-shell emission
might be expected at E,, =36 MeV, with a width of ap-
proximately 13 MeV. However, there is no evidence of
such a peak in the experimental spectra in Figs. 8 and 9.
The large cross section at energies far above E, =36

MeV must therefore be explained in terms of a different
reaction mechanism; one that involves the emission of at
least two nucleons.

Similar results to those reported here have been ob-
tained at Tohoku University'® and at Mainz,® measuring
photoprotons emitted from '2C. The results from
Tohoku University have been reproduced in Fig. 10.
The solid curves show the prediction of the QDM for
the '2C photoproton spectra. At high missing energy
there is agreement in shape, similar to that obtained for
the photoneutron data. Over the range from E,, =30 to
50 MeV, the QDM-calculated curves account for about
60% of the measured cross section. This is higher than
the 40% accounted for in the photoneutron spectra over
the corresponding missing energy region. This can be
explained by the dependence of the QDM calculations
on the deuteron photodisintegration cross section, for
which the angular distribution of emitted protons is
more forward peaked than that of the neutrons. Howev-
er, this will not necessarily apply to the photoproton and
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FIG. 10. The measured missing-energy spectra of the '*C
photoproton cross section, at 6,=65°, as measured by Mori
et al. (Ref. 10). The solid curves result from calculations based
on a QDM, as described in the text. The spectra are for pho-
ton energy ranges of: (a) 655 MeV, (b) 755 MeV, (c) 85t5
MeV, and (d) 95£5 MeV.



%hotoneutron spectra of a more complex nucleus like

C.

The present '2C photoneutron cross section shown in
Figs. 8 and 9 shows features that are in agreement with
the '2C photoproton data of Mori et al.,'® shown in Fig.
10, and also the !'’C photoproton data of McGeorge
et al.’ The magnitudes of these measured cross sections
agree within errors over the entire range of missing ener-
gy. This agreement emphasizes the importance of two-
body effects in the photoreaction process over the pho-
ton energy range above about 50 MeV.

IV. SUMMARY AND CONCLUSIONS

The tagged-photon technique has been employed in
measuring the '2C photoneutron cross section at §,=65°
for E, =30 to 100 MeV. The use of a high-resolution
neutron TOF spectrometer allowed the measurement of
the cross section to selective excitation energy regions in
the residual system.

At low residual excitation energies, the *C(y,n, ;) and
2C(y,n, o) differential cross sections were extracted
from the data. These two cross sections are seen to de-
crease smoothly with photon energy, except for a small
change in slope that seems to occur at E, =65 MeV.
The smaller rate of decrease for the '>C(y,n, ) cross
section shows the increasing relative importance of the
cross section to higher residual excitation energies, as
the photon energy increases. This seems to indicate an
increased relative probability of forming the more com-
plex two-hole—one-particle residual states, as the photon
energy increases. This might well be expected if two-
body effects in the photoreaction processes are progres-
sively increasing over the photon energy range.

A comparison of the 12C('y,n(,’l) differential cross sec-
tion to that of '>C(y,p,,,), as measured by Mori et al.'
at the same angle, showed the cross sections to be ap-
proximately equal over a wide energy range, but espe-
cially from E, =70 to 100 MeV. This similarity is con-
sistent with calculations incorporating two-body effects
in the photoreaction process, such as by Gari and He-
bach,?® and by Cavinato et al.?® It is also consistent
with the predictions of the modified QDM by Schoch,2*
which predicts similar magnitudes for the '2C(y,n,) and
12C(}',p()') cross sections. The results, however, are in-
consistent with a direct, single-nucleon knockout model
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of photon absorption, which predicts the cross section to
be much smaller than that of (y,p,).

The data presented for the region of high missing en-
ergy provide new and important information that is
complementary to the corresponding photoproton data
of Mori et al.'® and McGeorge et al.® The '’C pho-
toneutron cross section presented here is approximately
equal to the '2C photoproton cross section data men-
tioned above over the full missing energy range. This
agreement, and the large cross section magnitude at high
missing energy (E,, >40 MeV), cannot be reconciled
with a direct, single-nucleon knockout model. Converse-
ly, calculations based on a QDM of photon absorption
were found to account for the general shape and approx-
imately 60% of the magnitude of the measured cross
sections in the region of high missing energy. This level
of agreement is reasonably good, considering the uncer-
tainties in the parameters employed in the QDM calcula-
tions. This fairly successful application of the QDM to
the photoneutron and photoproton cross sections studied
here, indicates that the two-body effects of photore-
actions can be roughly simulated by a QDM calculation.
A more complete calculation, however, would treat
final-state interactions in a more detailed fashion, in or-
der to predict the relative importance of (y,pn), (v,po),
and (y,n,) reactions.

To test more completely the predictions of models in-
corporating two-body effects in the photoreaction pro-
cess, extensive angular-distribution data are required for
the regions of both low and high missing energy. Until
now, very little data have been available for the high
missing energy region. However, with the advent of
several new high-duty-factor accelerators and tagged-
photon facilities, this energy region should become in-
creasingly accessible. High resolution measurements,
not only of the neutron and proton channels, but of
correlated outgoing pairs are needed to provide more
stringent test of the models.
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