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The C(p, po+i) B differential cross section has been measured for tagged-photon energies of
E~ = 44—98 Mev, at laboratory angles of 30', 45', 65, and 90'. Comparison has been made with
four different types of calculation. Results from similar calculations for the photoneutron channel
have been compared to previously published C(p, no+&) C data.

PACS number(s): 25.20.—x., 27.20.+n

I. INTRODUCTION

In the region of photon energy between the giant dipole
resonance and photopion threshold there has been con-
siderable interest in recent years, in an attempt to resolve
the reaction mechanism. In this energy regime, the rela-
tive importance of one-body and two-body effects in the
photoabsorption process is unclear. Several models have
been used to explain the data. These range from the
direct knockout (DKO) of the interacting nucleon using
the one-body current form of the impulse approximation,
through the quasideuteron (QD) model, to more micro-
scopic models which have attempted to take into account
the detailed NN interaction. These models have met
with varied success.

Direct knockout on a single bound nucleon is inhibited
by the large momentum mismatch between the photon
and outgoing nucleon. The high-momentum components
in single-nucleon wave functions, calculated from shell-
model potentials, are not large enough to account for
measured (p, po) cross sections [1—3]. This model gives
an even poorer description of the (p, no) cross sections,
since direct knockout of a neutron is unlikely due to the
relatively weak interaction of the photon with the neu-
tron via its magnetic moment, or with the charge in the
remaining (A —1) residual nucleus [4].

A more phenomenological description of the (p, po)
cross section was given by the modified QD model [5].
This model was based on the original QD model of
I evinger [6], which parametrizes the (p, pn) cross sec-
tion in terms of deuteron photodisintegration. In the
modified form, one of the nucleons from the photodisin-
tegration of the QD is reabsorbed into its original state in
the nucleus, allowing a (p, po) or (p, no) reaction to take
place [5]. This model leads naturally to similar mag-
nitudes for (p, po) and (p, no) cross sections, which has
been confirmed experimentally [7—9].

The failure of the DKO model, coupled with the rela-
tive success of the QD model, leads immediately to the
question of the importance of two-body effects. The in-

elusion of final-state interactions [10] and A-resonance
effects [11] were two attempts at this. However it be-
came clear that these effects by themselves could not ac-
count for the observed features of the (p, po) and (p, no)
cross sections. More consistent approaches have now
been made in more microscopic models [1—3,12] which in-
clude the effects due to meson-exchange currents (MEC),
coupling to the collective properties of the target nucleus,
and rescattering effects.

In order to provide constraints on the latest theo-
retical calculations available, accurate data are needed
over a wide range of energies and angles. The early
bremsstrahlung data of Matthews et al. [13] have been
supplemented now by some tagged-photon measurements
of the C(p, po+i) B differential cross section [14—19],
and proton-capture data on B [20—22]. There is a
need for further data however, since there are discrep-
ancies [19] between the data sets that are much larger
than the quoted systematic errors. It is also clear that
the available data do not yet cover a suKcient range of
energies and angles to constrain the theoretical calcula-
tions adequately.

In this paper, data are presented for the C(p, po+i)
differential cross section at four angles and 13 photon en-
ergies, over the range from 44 to 98 MeV. This coverage
of angles and. photon energies, within the same experi-
ment, provides a good test of theoretical predictions. In
particular, comparison with the results of four theoretical
calculations are presented in Sec. IV.

II. EX.PERIMENT

The experiment was performed with the linac, pulsed-
beam stretcher, and the tagged-photon facility at the
Laboratory of Nuclear Science at Tohoku University. The
experimental arrangement has been shown previously in
Ref. [23], which also contains many details of the tagging
spectrometer, electronics, and data acquisition system.
The 130 MeV electron beam from the stretcher had a
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duty factor of 80%%uo, and an energy spread of 0.2%%uo. These
electrons produced bremsstrahlung from a thin gold foil,
which had a thickness of 10 radiation lengths. The
recoil electrons from the gold foil were momentum ana-
lyzed by the photon-tagging magnet and detected by an
array of 32 electron detectors on the focal plane of the
spectrometer. Each electron detector consisted of a 5 mm
thickness of plastic scintillator, with width ranging from
13 to 31 mm, in order to provide a constant energy bin
of AE~ = 2.6 MeV along the length of the focal plane.

The range of available tagged-photon energies was
from 25 to 102 MeV, but below E~ = 44 MeV the pro-
tons from the C(p, po+i) iB reaction were not all above
the proton detector threshold of 20 MeV. The inten-
sity of the tagged photons used in the experiment was
N~ = 3 x 10 s . Collimation of the photons pro-
vided a beam diameter of 40 mm at the target posi-
tion, 1.5 m downstream from the tagging spectrometer.
Sweep magnets were placed directly after the collima-
tors to remove secondary electrons from the beam. The
ratio of the number of tagged photons to the number
of electron counts in the focal plane (the tagging effi-
ciency) was measured at the target position using an
80 mm x 100 mm x 300 mm lead-glass Cerenkov detector
placed at the target position. The measured tagging ef-
ficiency was 0.50+3%. This agrees with the result of a
Monte Carlo calculation [23], which took into account
effects due to multiple scattering, M@ller scattering, col-
limation, and the bremsstrahlung angular distribution.

A natural graphite target of thickness 196 mgcm
was positioned at 45' with respect to the beam. Pho-
toprotons from this target were detected by scintillation
spectrometers positioned at four angles, 0„= 30, 45,
65', and 90 . Each spectrometer consisted of two thin
AE layers consisting of 1 mm thick plastic scintillator,
in front of a 75 mm diameter by 50 mm thick NaI(Tl)
detector as the total energy E counter. Timing coin-
cidences between the electron focal-plane detectors and
the proton detectors were recorded by 32 time-to-digital
convertors (TDC's), one for each channel. The separate
TDC's for each electron channel allowed events with mul-
tiple hits among the electron detectors to be processed
without loss of information. The TDC's provided the
necessary timing information for identic. cation of regions
of prompt and random coincidences, which were used in
the analysis.

III. ANALYSIS AND RESULTS

In order to extract the C(p, go+i) B difFerential
cross section from the data, protons were separated
cleanly from other charged particles by the use of scatter
plots of AE vs E. Proton energies were determined with
a resolution of 1.5 MeV for 50 MeV protons, using the
pulse-height information recorded. from the E detectors,
and taking into account energy loss of the protons in the
AE layers, air, and target. Conversion of this informa-
tion into missing-energy (E ) spectra for each proton
angle and photon-energy bin was performed using the
following definition of E

E = E~ —E„—E„,

where E~ is the photon energy, E„ is the proton kinetic
energy, and E„ is the kinetic energy of the recoiling sys-
tem calculated from the photon and proton momenta.
For photon energies above 53 MeV the E spectra for
neighboring photon-energy bins were combined, in order
to improve the statistics.

The E spectra were subtracted for the background
due to random coincidences with the tagger focal-plane
detectors and background from protons not associated
with the target. Some sample E spectra from this ex-
periment were shown previously in Fig. 10 of Ref. [7].
The resolution of the E spectra was 4 MeV full width
at half maximum, so that photoproton reactions leading
to the ground and erst-excited states of B could be
resolved from reactions leaving 8 at higher excitation.

Differential cross sections were deduced by integrating
over the erst peak in the E spectra and applying the
formula:

Ncoinc

DON INC
(2)

IV. CROSS SECTION CALCULATIONS

In this section, four different theoretical calculations of
the C(p, po+i) B difFerential cross section by Rycke-
busch et al. will be described and compared to the data

where N, ;„, is the number of coincident events in the
integrated peak, AO is the solid angle subtended by each
proton spectrometer, N, is the total number of electron
counts recorded at the focal plane, g is the tagging efFi-

ciency, and N~ is the effective number of C nuclei per
area of the target.

The results at the 4 center-of-mass (c.m. ) angles are
listed in Table I and shown in Fig. 1, compared to the
other presently available data. For all data sets, only
the statistical errors have been shown, except for the
proton-capture data of Anghinolff et al. [20] (diamonds),
which have statistical and systematic errors combined.
The systematic uncertainty for the present data is esti-
mated to be +10%. For the C(p, po+i) B data sets of
Matthews et aL [13] (open circles), McGeorge et al. [14]
(squares), Springham et al. [16] (stars), Van Hoorebeke
et al. [17] (asterisks), Harty et al. [19] (triangles), and
proton-capture data of Hoistad et al. [22] (open cross),
the quoted systeinatic errors are 22%, 15%, 22'%, 15%,
10%, and 8%, respectively. It can be seen that with
the exception of a few points, there is generally agree-
ment among the different data sets. One place where
there are some discrepancies between data sets occurs at
0, = 91 and E~ = 80 MeV. This discrepancy was
recently highlighted in Ref. [19].

The two proton-capture data sets have been trans-
formed by detailed balance. Since these transformed data
include only the C(p, po) B cross section, a scaling fac-
tor of 1.27 has been applied in order to allow compari-
son with the C(p, go+i) B data sets. This factor was
chosen after comparing data sets of C(p, po) B and

C(p, pi) B cross sections [13,16,17], at similar photon
energies to those considered here.
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TABLE l. DifFerential cross sections in the c.m. frame for the reaction C(p, go+i) B.

(MeV)
44.1
46.7
49.3
52.8
56.7
61.9
67.1
72.2
77.4
82.6
87.8
93.0
98.1

0„'- = 30.6

48.7 + 7.0
26.3 + 5.2
27.0 + 5.5
22.5 + 3.6
19.4 + 3.5
19.1 + 3.8
18.6 + 3.9
8.4 + 2.6

108 + 3.1
10.7 + 3.2
8.2 + 2.9
4.2 + 2.1

gc.m.
p
66.6
59.7
51.3
37.7
33.2
21.9
21.4
13.1
12.8
11.5
11.4

5 ' 2

5.3

do/dA,
= 45.8
+ 5.9
+ 5.5
+ 5.3
+ 4.7
+ 3.1
+ 2.6
+ 2.8

2.3
+ 2.3
+ 2.3
+ 2.4
+ 1.7
+ 1.7

(~b/»)
gc.m.

p
74.0
59.1
46.8
49.0
34.3
24.5
21.8
11.9
10.0
8.2
6.3
2.4
3.4

= 66.0
+ 4.3
+ 3.8
+ 3.6
+ 3.7
+ 2.2
+ 2.0
+ 2.0
+ 1.6
+ 1.5
+ 1.4
+ 1.3
+ 0.8
+ 0.9

gc.m.

41.2
35.8
27.1
16.3
11.6
8.5
5.3
3.0
1.6
2.1
1.7
0.6
0.2

= 91.1
+ 2.8
+ 2.6
+ 2.2
+ 1.9
+ 1.1
+ 1.0
+ 0.9
+ 0.7
+ 0.5
+ 0.6
+ 0.6
+ 0.35
+ 0.2

in Fig. 2. The calculations are similar to those previously
reported [3,12], and can be categorized as follows:

(1) The first is a DKO calculation, using the one-
body current form of the impulse approximation. A self-
consistent Hartree-Fock formalism is used to calculate
the bound-state wave functions and the phase shifts and
partial waves of the ejected nucleon. Further details of
this type of calculation can be found in Ref. [3]. Results
from this calculation are displayed in Figs. 2 and 3 as the
dotted lines.

(2) The second calculation is based on a DKO model
similar to the erst, except that the efFects of MEC are
included. The MEC are introduced by replacing the
real nucleon mass by an efFective mass in the convec-
tion current, as described in Ref. [3]. This efFective mass
is in principle a requirement for current conservation for
the mean-field Hartree-Fock Hamiltonian generated by
a Skyrme-type effective interaction. Results from this
calculation will be referred to as DKO+MEC, and are
displayed in Figs. 2 and 3 as the dot-dashed lines.

(3) In this calculation a random-phase-approximation
(RPA) coupled-channel approach is taken, with the pho-
toabsorption based on the one-body current of the im-
pulse approximation. This model includes coupling to
the collective properties of the target nucleus and rescat-
tering effects, but no MEC are calculated. This calcula-
tion will be referred to as RPA, and its results are shown
in Figs. 2 and 3 as the dashed lines.

(4) The fourth is an RPA coupled-channel calculation,
with absorption based on the one-body current of the im-
pulse approximation, plus two-body currents introduced
using an effective Skyrme NN interaction. This NN in-
teraction is used to generate the MEC and multistep pro-
cesses, and all of the proton and neutron wave functions.
MEC beyond the impulse approximation are generated
by performing minimal substitution in the Skyrme effec-
tive XN Hamiltonian [24], preserving gauge invariance.
A detailed description of this calculation has been given
in Ref. [3]. It will be referred to as RPA+MEC, and its
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FIG. 1. Comparison of the present data arith previous mea-
surements of the C(p, Jsss+i) B differential cross section, as
described in the text.
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results are displayed in Figs. 2 and 3 as the solid lines.
There are some features common to all four of the cal-

culations, which will be mentioned here. Each calculation
starts with the one-body form of the impulse approxima-
tion, which has convection and magnetization currents
added together. Each calculation assumes that the

ground state and 2 first excited state of 8 are 1p3/2
and 1pzy2 holes, respectively. Spectroscopic factors for
the calculations were obtained from an (e, e'p) experi-
ment by van der Steenhoven eI, al. [25]. These spectro-
scopic factors were 0.476 and 0.116 for the ground. and
first excited states, respectively. Last, distortions in the
outgoing particle wave are accouDted for in each calcula-
tion, but additional final-state interactions are calculated
in both the RPA and RPA+MEC calculations, through
reseat tering efFects.

It is clear from the comparison of data and theory in
Fig. 2 that MEC have a dominant role in the photoab-
sorption process in this energy regime. In both the DKO
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I"IG. 3. Comparison of four theoretical calculations of
the C(p, no) C differential cross section to previously
published C(p, no+j) C differential cross section data at
|I . . = 66' [7]. The theoretical curves are as in Fig. 2.
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and RPA calculations there is an increase in cross section
strength by an order of magnitude once MEC are added.
It is also apparent that the best agreement is obtained
with the RPA+MEC calculation.

An even greater disparity between the RPA+MEC and
the other calculations is seen in Fig. 3 which shows a
comparison of the calculated C(p, no) C difFerential
cross section with previously published C(p, no+q) C
data at 0, = 66 [7]. In the absence of an experimen-
tal value for the spectroscopic factor, a value of 0.5 was
used for the calculation of the ground-state cross section.
The difFerential cross section leading to the erst excited
state in C was not calculated, but is expected to be
small compared to the ground-state cross section, as is
the case for the photoproton channel. Comparing Figs. 2
and 3, it is clear that the DKO and DKO+MEC cal-
culated results for C(p, no) C are much smaller than
was calculated for the 2C(p, go+a)~~B channel, and fail
badly to reproduce the ~2C(p, no+q) C differential cross
section data, especially at lower photon energies. The
RPA and RPA+MEC results, however, are of compa-
rable size to those calculated for C(p, po+q) B, with
the RPA+MEC calculation giving the best agreement
with the data. At low photon energies, coupling to the
collective properties of the target nucleus and rescatter-
ing efFects are very important, and only the RPA and
RPA+MEC calculations take these into account.
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V. CONCLUSIONS

photon energy (MeV)

FIG. 2. Comparison of the measured C(p, po+q) B dif-
ferential cross section at four angles, with four theoretical cal-
culations, DKO (dotted line), DKO+MEC (dot-dashed line),
RPA (dashed line), and RPA+MEC (solid line). The data
symbols are as in Fig. 1.

New data on the C(p, po+q) B difFerential cross sec-
tion have been presented, which cover a wide region of
photon energies and four proton angles. Comparison has
been made with four difFerent calculations. In these com-
parisons it has been shown that the DKO reaction mecha-
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nism fails to account for both the present C(p, po+q) B
data and the previously published C(p, no+y) C data;
however, the agreement with experiment is much im-
proved when MEC are included. On the other hand,
RPA calculations which include coupling to the collective
properties of the target nucleus and rescattering efFects,
do much better in reproducing the data for both proton
and neutron emission channels, especially when MEC are
included.

Comparison between the calculations and data seem to
indicate significant difFerences in the microscopic photo-
absorption processes involved in the proton and neutron
emission channels. It is seen that the dominant contribu-
tion to the difFerential cross section comes from the MEC
in the case of the C(p, po+q) B channel, and at ener-

gies greater than 70 MeV in the case of C(p, no) ~~C. At
lower photon energies, the ~2C(p, no) C cross section is
dominated by coupling to the collective properties of the
target nucleus and rescattering efFects. As pointed out in
Ref. [3], the almost negligible contribution from DKO in
the neutron emission channel is ofFset by a larger contri-
bution from collective efFects than in the proton channel,
accounting for the overall similarity between n0 and p0
cross sections.
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