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The differential cross section for the ' O(y, p)' N process has been measured in the energy range
E~ =100—400 MeV at laboratory angles of 45, 90', and 135 . The cross sections for the (y, p) reac-
tion leaving N in its ground state, in its first and second excited states at E„=5.3 MeV, and in its
third excited state at E =6.3 MeV were extracted from the tip region. of the proton spectra mea-
sured at a series of bremsstrahlung end point energies. The data are compared with calculations
based on a direct, single-particle knockout mechanism and on mechanisms involving two particles in
an intermediate state.

I. INTRODUCTION

Photoproton cross sections for energies above the giant
dipole resonance but below the pion production threshold
have previously been measured with modest energy resolu-
tion for several light- and medium-weight nuclei. Only
recently have experiments achieved sufficiently good reso-
lution to determine the cross section for the (y,po) pro-
cess, i.e., the reaction with the residual nucleus left, in its
ground state. ' Cross sections for reactions populating
low-lying excited states (or unresolved groups of such
states) have also been obtained in a few cases. '

The primary motivation for the (y,p) measurements lies
in the large mismatch between the momentum of the out-
going proton and that of the incoming photon. The (y,p)
process will thus be one of the few reactions which are
sensitive to high-momentum, short-range effects in nuclei,
and it has the additional advantage of employing the rela-
tively weak, well-understood-electromagnetic probe.

The experimental results have been compared with the
predictions of a direct, single-particle knockout model, 3'

with a calculation which includes nucleon-nucleon corre-
lations via a Jastrow model, and with a theory which in-
corporates initial- and final-state correlations plus a repre-
sentation of meson exchange currents. More recently, the
predictions of a self-consistent random-phase approxima-
tion theory have been compared with measurements of
(y,p) and also some (p,y) cross sections. None of these
calculations is able to reproduce all features of the data,
and there is considerable disagreement as to the relative
importance of the various possible photoreaction mecha-
nisms.

The present experiment was undertaken in the hope
that an extension of the (y,p) measurements to higher
photon energies might reveal some new features which
would aid in discriminating among reaction mechanisms.

As the photon energy increases, so does the momentum
mismatch, becoming two to four times the Fermi momen-
tum at Er-400 MeV. Since the probability of a single
proton having these high momenta is very small, one
would expect the direct single-particle knockout mecha-
nism to become less important (along with at least some
of the uncertainties in its description) and the reaction to
show an increased sensitivity to two-nucleon processes. It
is hoped that data in the E& ——100—400 MeV region will
elucidate some of the details of these processes. Indeed,
preliminary results of the present experiment showed a
striking departure from the trend of the (y,po) cross sec-
tion as a function of E& established at lower energies.
This energy dependence suggested that a two-step, two-
particle process involving the excitation and reabsorption
of a virtual b.(1232) isobar was occurring. '

The purpose of this paper is to report the complete ex-
per'imental results for the ' O(y, p) cross sections leaving
' N in its ground state and first three excited states and to
compare them where possible with available calculations
based on direct and two-step reaction mechanisms.

II. EXPERIMENTAL METHOD

The experiment was performed at the MIT Bates
Linear Accelerator Laboratory. The '~O(y, p) cross sec-
tions were obtained from yield measurements of the top 9
MeV of the proton spectrum from a beryllium oxide tar-
get irradiated by bremsstrahlung. Photoprotons from Be
do not appear in this portion of the spectrum because the
Q value and the recoil energy are both larger for the
Be(y', p) than for the ' O(y, p) reaction.

The electron beam, analyzed to +0.15% and energy
dispersed in the vertical plane, impinged on a 24S
mgcm ( —0.04 radiation length) tungsten radiator lo-
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cated 10 cm upstream from the photonuclear target. The
average beam current, monitored by a nonintercepting
ferrite-core transformer, was typically 25 pA. The beryl-
lium oxide target, which intercepted the entire brems-
strahlung flux, was a ceramic sheet of thickness 178
mg cm (for E~ & 200 MeV) or 290 mg cm (for
E~ & 200 MeV). It was placed at +45' to the beam direc-
tion to minimize the proton energy loss in the target. The
average loss (for a proton from the center of the target)
was always smaller than about 1 MeV.

Protons were analyzed using the 900 MeV/c magnetic
spectrometer and their momenta were determined by a fo-
cal plane drift chamber with delay-line readout" which
was triggered by a coincidence between three plastic scin-
tillators. Each scintillator had an area 0.25 m&&0.75 m
and thickness 12.5 mm and was coupled through a
twisted-strip light guide to a 75 mm diameter EMI 9821B
photomultiplier tube. Iron absorber sheets placed in front
of the second scintillator prevented deuterons and heavier
charged particles from reaching the third detector.

The detector system, which was situated in a pit -6 m
below beam level, was shielded at the sides by 125 mrn
thick "iron curtains" and -2 m thick concrete blocks.
An additional three to six feet of concrete formed a roof
over the pit. Massive and tightly fitting shielding between
the spectrometer and the beam dump was crucial, espe-
cially for measurements at Op 45'.

The spectrometer's momentum bite was determined by
the length of the drift chamber and was approximately
6%. The accepted solid angle, 2.9 msr, was determined
by adjustable horizontal and vertical slits located between
the scattering chamber and the spectrometer.

Standard fast NIM and CAMAC electronics modules
were used to produce a triple coincidence trigger signal
from the scintillation counters, to record the correspond-
ing pulse heights, and to digitize the time signals from the
wire chamber delay lines. The data were recorded in an
event-by-event mode by a PDP 11/45 computer. Each
event was characterized by a momentum channel, trans-
verse (scattering angle) channel, and three pulse heights,
together with some auxiliary diagnostic information. The
data-acquisition and on-line display program is described
in detail in Ref. 12.

Since the extraction of (y,p) cross sections relies on a
comparison of measured and calculated proton spectra, it
was important that the momentum calibrations of the
spectrometer and beam handling system were sufficiently
well established to predict the position of the end point in
the proton spectrum. This was especially so for those
runs in which the statistical accuracy of the data was too
poor to establish the end point with any precision. For-
tunately, the end point at 0„=45'was sufficiently well de-
fined even at the highest photon energy to determine the
spectrometer calibration. The calibration procedure was
based on fitting simultaneously a set of data consisting of
electron elastic and inelastic scattering peaks from ' C
and Al (which provided momenta up to 380 MeV/c)
and ' O(y, po) end points at 45' (which provided momenta
from 400 to 800 MeV/c) for electron energies between
100 and 380 MeV. The spectrometer calibration is as-
sumed to have the form

3

p, (B)= g b B
m=1

where p, is the momentum at the center of the drift
chamber and B is the spectrometer field measured by a
nuclear magnetic resonance probe. The spectrometer
dispersion, which has been accurately measured in elec-
tron scattering experiments, is used to obtain the calibra-
tion at other positions along the drift chamber. The cali-
bration of the electron beam analysis system is assumed to
be

p (I)=p„(I)(1+a& +a2I),
where p„(I)is the nominal momentum calibration ob-
tained from electron scattering measurements and I is the
analyzing magnet current. The parameters a &, az, b~, b2,
and b3 which best fit the calibration data are determined
using a X minimization program. The quality of the fits
suggests that the calculated end point proton energy is re-
liable to +0.2 MeV.

Using this system, measurements of the high energy re-
gion of the proton spectrum from beryllium oxide were
made at proton angles 45', 90', and 135 for a series of
bremsstrahlung end point energies at roughly 20 MeV in-
tervals from 100 to 380 MeV. At 90' and 135, the small
cross sections encountered at the higher energies led to a
reduction of the energy range of the measurements.

III. DATA ANALYSIS AND RESULTS

A. Introduction

The basic data in this experiment are the focal plane
position spectra as measured by the drift chamber. After
selecting those events corresponding to protons, each posi-
tion spectrum was converted to a proton energy spectrum
by employing the spectrometer energy calibration. The
(y.,p) cross sections leading to the ' N ground and first
three excited states were then extracted by fitting the mea-
sured proton spectrum with a calculated spectrum con-
taining the (unknown) cross sections and the (known)
bremsstrahlung spectrum. This procedure is described
below.

B. Incident photon spectrum

In this experiment, the beryllium oxide target intercept-
ed the entire bremsstrahlung cone as well as the electron
beam. The advantages of this scheme are twofold: a large
gain in intensity compared with a setup using a sweeping
magnet, and the greater accuracy with which the photon
spectrum may be calculated when no collimation is
present. The disadvantage is that the electrons passing
through the target also contribute to the proton yield. By
simply removing the radiator, however, one does not
directly obtain an accurate measure of the electrodisin-
tegration contribution to the radiator-in runs; the spec-
trum of electrons striking the target is not the same in the
radiator-in and radiator-out runs since the former are
modified by the energy loss and straggling of the incident
electrons in the radiator. These effects are especially im-
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(Ep Ey):Ptt(Ep Er )+P'v(Ep t Er )+P'T(Ep t Er )

where PR is the bremsstrahlung spectrum produced in the
radiator by electrons of mean energy Ep p'1" 1s the virtual
photon spectrum produced by electrons of mean energy
Ep which have passed through a radiator of thickness t,
and P'T" is the bremsstrahlung produced in the target by
these electrons. With the radiator out, one has

(EP Ey):P'1 (EP Er)+P'T (EP Ey) (2)

In analyzing the (y,p) data, we have assumed that the rea!
photon spectra Pz and PT may be calculated using the
formulae given in Refs. 13 and 14, in which the energy
loss and straggling in the radiator (or target) are taken
into account together with the energy spread of the in-
cident electrons. The virtual photon spectrum is more un-
certain, and we have therefore incorporated into p1 an ad-
justable factor by which the transverse E1 spectrum given
by Dalitz and Yennie' is multiplied. Ratios of radiator
in/out data obtained at several beam energies were used to
determine this factor, which in fact turned out to be
1.0+0.1. Most of the (y,p) data were taken only with the
radiator in and were analyzed using the composite spec-
trum of Eq. (1). The approximate contributions of the
three components were pg ——65%, p1 —30%, and

QT -5%%uo.

C. Measured proton spectra

The event-by-event file for each run was sorted to pro-
duce pulse height spectra for each of the scintillation
counters. In these spectra the proton peaks were clearly
separated from other events. Positrons and pions of the
same magnetic rigidity are kinematically forbidden and
particles heavier than protons are removed by the iron ab-
sorber. Pulse height constraints were applied to the spec-
tra to select the proton events and an energy spectrum was
constructed.

The energy resolution of the proton spectrum was limit-
ed principally by energy loss in the target. The effect of
the 0.3%%uo energy spread of the incident electrons was

largely removed by appropriate setting of the energy
dispersion of the beam on the target to match the spec-
trometer dispersion. Further contributions came from the
spreading of the beam spot due to multiple scattering in
the radiator (BE~=0.3 MeV) and the wire spacing of the
drift chamber (b,E&/E~ =0.12%%uo).

portant at the end point of the bremsstrahlung spectrum
In principle one could correct the radiator-out data for
these effects and subtract them from the radiator-in data
at each spectrometer setting to obtain the photodisintegra-
tion yield. However, to save beam time a simpler pro-
cedure was adopted, whose validity was checked as
described below, in which the electrodisintegration contri-
bution to the yield was calculated using virtual photon
theory.

The effective photon flux incident on the target, with
the radiator in, can be written as the sum of three com-
ponents:

dE& do.;
nb, Q $(Ep, Er )

P i
(3)

where der; /de, is the cross section for reactions leading to
the ith excited state in the residual nucleus. The quanti-
ties in square brackets are known: P(Ep, E&) is the in-
cident photon spectrum obtained from Eq. (1) or Eq. (2),
n is the target density (nuclt;i/cm ), and b, A is the solid
angular acceptance of the spectrometer.

In calculating the proton spectrum, the result obtained
from Eq. (3) was "smeared" to take account of the energy
loss and straggling of the protons in the beryllium oxide
target. To do this, the straggling distribution was approx-
imated by an asymmetric triangle, allowing the integra-
tion to be performed analytically. The resulting spec-
trum was then fitted to the data by treating the cross sec-
tions do.;/dQ as adjustable parameters. The variation of
the do.;/dQ with photon energy over the fitted region
was at first ignored and then included after cross sections
at several energies had been determined and the energy
dependence parametrized. This iterative procedure con-
verged very rapidly. Provision was also made for includ-
ing a constant background (determined from the region
above the proton end point) in Eq. (3); in many cases this
was found to be negligibly small. Finally, to allow for
possible errors in the calibrations of the spectrometer and
beam analysis system, the measured proton spectra could
be shifted in energy in order to improve the fits. These
energy shifts were generally well within the estimated cali-
bration uncertainty.

Since the end point region of the measured proton spec-
tra often contained relatively few events, a fitting pro-
cedure must be used which, unlike the conventional least
squares method, will correctly treat channels with zero
counts. Moreover, the least squares method is known to
result in a consistent underfit of poor-statistics data. ' To
solve these problems, a fitting method was developed
which is based on maximizing the likelihood function de-
rived from Poisson statistics. ' '

The analysis procedure described above produces reli-
able results for the ' O(y, pp)' N (ground state) cross sec-
tion, do.p/dA. The cross sections for reactions leading to
excited states, however, are less well determined. The ' N
spectrum contains a closely-spaced doublet ( —, , —, ) of+ 5 +

levels at 5.27 and 5.30 MeV, a —, level at 6.32 MeV, and
five additional positive parity states between 7 and 9 MeV
excitation energy. Since it is anticipated that the (y,p) re-
action would populate principally the single-hole ground
( —, ) and 6.3 MeV ( —, ) states, one could attempt to ex-
tract only these cross sections from the proton spectra. In
some cases it was found that the fits to the data could be
improved by assuming that the 5.3 MeV doublet (treated
as a single state) was also populated, but the improvement
was substantial in only a few instances. An example of
such a fit is shown in Fig. 1. Since in the majority of
cases, however, the presence of the 5.3 MeV states is not

D. Calculated proton spectrum and data fitting

In order to extract the (y,p) cross sections from the ex-
perimental data, a "theoretical" proton spectrum was con-
structed, viz. ,
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strongly demanded by the data, no attempt has been made
to include the higher energy positive parity states whose
cross sections would be even less well determined. Final-
ly, it is noted that the result for the ground state cross sec-
tion did not depend on which excited states were included
in the fit; the same value within the uncertainties was ob-
tained if Eq. (3) contained the ground state cross section
alone and was fitted to the top 5 MeV of the proton spec-
trum.

The results of this analysis are presented in Tables
I—III. Table I contains the ground state cross section,
dao/dQ, obtained by fitting the top 5 MeV of the proton
spectrum, the procedure which was judged to contain the
fewest uncertainties. Table II contains the cross section
for excitation of the 6.3 MeV state, do.3/dQ, obtained
from fitting the highest 9 MeV of the proton spectrum
and assuming that only the ground and 6.3 MeV states
(i.e., no positive parity states) are populated. Table III
contains do i 2/dQ and do 3/dQ for those cases in which
a statistically significant result was obtainable; these cross
sections are derived from fitting the highest 9 MeV of the
spectrum under the assumption that the ground, 5.3, and
6.3 MeV states are populated.

E. Corrections to the data

10 I t t t l t t i I t t t I

124 128 152 156
Proton Energy (MeV)

FIG. 1. Proton energy spectrum observed in the ' 0(y,p) re-
action at Op:45 for a bremsstrahlung end point energy of 151
MeV. The solid lines represent the fit to the data (background,
dop/dA, do. i 2/dQ, and do 3/dQ) as described in the text.

The cross sections obtained from the fits were corrected
for dead time losses. One loss arises because the electron-
ics could not handle more than one event per beam burst.
The correction, generally less than I%, was obtained from
the ratio of the total number of coincidence triggers to the
number of stored events. An additional correction, typi-
cally less than 5%, is necessary for losses due to pileup in
the drift chamber. This correction is derived from the

TABLE I. Laboratory cross sections for the ' 0(y,pp)' N reaction.

101.5
110.7
125.9
141.3
151.3
160.1

166.2
176.2
181.2
201.2
204.4
211.2
221.2
241.2
261.3
281.3
301.4
321.6
341.2
361.8
382.0

45'
do p/d A
(nb/sr)

1119 +23
810 +40
411 +33

103.7+ 5.2

53.7+ 5.7
35.3+ 2.5

15.0+ 2.4
12.3+ 1.4
12.5+ 1.2
10.8+ 1.1
8.6+ 1.8
7.4+ 1.4

10.9+ 2.7
10.1+ 1.6
9.4+ 1.3
6.5+ 1.3
5.4+ 0.9

90'
do p/dA
(nb/sr)

68.2 +2.1

31.8 +2.0
21.6 +1.5
19.7 +1.9
19.2 +1.6
18.6 +1.8

12.1 +1.0

9.0 +1~ 3

5.38+0.58
4.9 +0.8
2.42+0.40
1.77+0.33
1.15+0.20
0.52+0.13
0.17+0.10

135'
do.p/d Q
(nb/sr)

17.0 + 1.7

8.4 +0.7

4.6 +0.7

1.97 +0.31
1.35 +0.19

0.78 +0.19

0.141+0.063

0.050+0.050



31 ' O(y, p)' N REACTION FOR Ey ——100—400 MeV 1637

TABLE II. Laboratory cross sections for the ' O(y, p3)"N reaction assuming that only the ground
and third (6.32 MeV) excited states of ' N are populated.

101.5
110.7
125.9
141.3
151.3
160.1
166.2
176.2

, 181.2
201.2
204.4
211.2
221.2
241.2
261.3
281.3
301.4
321.6
341.2
361.8
382.0

45
d CT3/d Q
(nb/sr)

4530 +290
3670 +860

744 + 56

488 + 45
344 + 22

152 + 28
182 + 12
144 + 12
128 + 8
142 + 10
85+ 9
74 + 16
44+ 9

27.4+ 5.9
18.6+ 5.2
14.3+ 4.1

90
do.3/d 0
(nb/sr)

253 +19
166 +42
204 +48
125 +10
125 +16

84.9 + 5.6

74 + 11

24.3+ 3.7
15.8 + 2.8
9.3 + 2.3
4.6 + 1.8
3.8 + 1.3
0.59+ 0.64
0.67+ 0.48

135'
do.3/d Q
(nb/sr)

40.3+5.5

38.3+4.2

8.1+1.8
3.9+1.0

2.3+ 1.1

fraction of events for which an ambiguous result is ob-
tained from the analysis of the drift chamber information.
Finally, the cross sections were corrected for losses due to
nuclear interactions of the protons in the iron absorbers
and the plastic scintillators, an effect almost entirely due
to the iron. The correction was estimated from reaction
cross sections given by Measday and Richard-Serre'
which are nearly constant in the relevant proton energy
range. Since the absorber thickness used increased with

energy, the correction varied from S%%uo at Ez ——100 MeV
to 29% at 380 MeV.

F. Results

The subsequent discussion of the results of this experi-
ment is based mainly on the assumption that only the
ground ( —, ) and 6.3 MeV ( —', ) states are populated. As
seen from Table III, there is generally little evidence that

TABLE III. Laboratory cross sections for the ' O(y, p& 2)"N and ' O(y, p3)"N reactions, assuming that the ground, first-plus-
second ( -5.3 MeV), and third (6.32 MeV} 'excited states of "N are populated.

101.5
110.7
125.9
141.3
151.3

160.1
166.2
176.2
181.2
204.4
211.2
221.2
241.2
261.3
281.3
321.6
341.2
361.8

do) 2/d&
(nb/sr)

620+240
570+420

193+ 61

124.+ 38
108+ 22

27+ 11
12+ 10
1+ 8

18+ 11
10+ 10
2+ 13
6+ 9

12+ 9

45
do3/dA
(nb/sr)

3350+ 530
1930+1280

476+ 46

319+ 62
193+ 35

144+ 20
127+ 18
120+ 15
117+ 17
71+ 17
42+ 20
19+ 14
3+ 13

do ),2/dQ
(nb/sr)

65+23
44+18
41+21
24+ 14

10+15

10+ 8
26+13

90'
do 3/dA
(nb/sr)

143+43
22+63
73+79
90+22

115+29

71+12
42+24

de) 2/d A
(nb/sr)

11.0+5.8

0.6+6.1

1.1+2.8

135
do.3/d 0
(nb/sr}

23+11

42+ 9

6.6+ 4.2
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the cross section leading to the 5.3 MeV positive parity
states is a significant fraction of that for excitation of the
6.3 MeV state. The ' O(y, po) and (y,p3) differential cross
sections at proton angles 45', 90', and 135' are given as a
function of photon energy in Tables I and II and in Figs.
2 and 3. The errors quoted are the statistical uncertainties
combined with an energy-dependent error which varies
from 1.7% for E& (151 MeV to 9% at Er =380 MeV,
due to the uncertainty in the correction for nuclear in-
teractions of the protons in the plastic scintillators and
iron absorbers. In addition, there are systematic uncer-
tainties of -4%%uo and —3%%uo, arising from uncertainties in
the incident photon flux and the dead time correction,
respectively.
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FIG. 3. Laboratory cross section for the ' O(y, p3)"N reac-
tion (obtained assuming that only the ground and 6.32 MeV
states of ' N are populated) at 0~=45, 90, and 135 as a func-
tion of photon energy. The curves represent the quasi-deuteron
model calculation of Schoch (Refs. 23 and 24).

The only data available for comparison with the present
results are those of Findlay and Owens at Ez (100 MeV,
which are also shown in Fig. 2. The agreement is good.

IV. DISCUSSION
~ -'L It
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to-*
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E& (MaV}
FIG. 2. Laboratory cross section for the ' O(y, po)' N reac-

tion at 0„=45',90, and 135 as a function of incident photon
energy. The open circles are the data of Findlay and Owens
(Ref. 2); the solid circles are the results of the present experi-
ment. The curves represent the theoretical calculations dis-
cussed in the text: Dotted curves —quasi-deuteron model of
Schoch (Refs. 23 and 24); dashed curves —model of Gari and
Hebach which includes meson exchange effects (Ref. 22); dot-
dashed curves —model of Londergan and Nixon which includes
6-resonance excitation (Ref. 27); solid curves —QFK calculation
of Boffi et al. (Ref. 4), with the bound state potential of Ref. 37
and the continuum state optical potential of Ref. 38.

This section begins with a qualitative description of the
main features of the experimental results. The existing
theoretical treatments of exclusive (y,N) reactions at in-
termediate energies are then summarized and the present
data are examined to determine the extent to which they
can resolve uncertainties in the interpretation of the
lower-energy measurements. -

Compared with the previously available exclusive (y,N)
data, the new results over a wider photon energy range do
exhibit qualitatively different features. As seen in Figs. 2
and 3, the cross section, which decreases rapidly with in-
creasing photon energy below 100 MeV, becomes less
steeply falling at higher energies. This behavior suggests
that the mechanism principally responsible for the (y,p)
reaction changes across the 100—250 MeV region. The
change in slope occurs at a different photon energy and to
a different extent at each proton angle. However, in terms
of the momentum mismatch q =

i qN —qr i
between the

outgoing nucleon's momentum qN and that of the in-
cident photon q&, the change occurs at approximately the
same momentum, q =500 MeV/c. The cross sections
leading to different states in the residual nucleus show
qualitatively similar trends, although the ratios of the
cross sections to different states are by no means constant.
The ratios of the (y,p3) and (y,po) cross sections exhibit a
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systematic variation with photon energy and proton angle
as shown in Fig. 4, but the (y,pt 2) cross section has more
nearly the same shape as that for the ground state pro-
tons.

In the theoretical work on exclusive (y,N) reactions
quite different views have been expressed on the relative
importance of the contributing reaction mechanisms. In
particular this is the case for the direct knockout mecha-
nism in which the photon interacts with a single quasi-
free nucleon. Experiments on the (y,n) reaction ' ' for
photon energies E& (160 MeV show that the cross sec-
tion is similar to that for the (y,p) reaction, although
somewhat smaller in magnitude and less strongly forward
peaked. Since the photon couples only relatively weakly
to the neutron through its magnetic moment, it would
seem unlikely that quasi-free knockout (QFK) can be re-
sponsible for the observed (y,n) cross section. Several au-
thors ' ' ' have concluded that the QFK mechanism
makes little contribution and have attempted to explain
the (y,N) results in terms of models which involve more
than one nucleon in the absorption process. The relative
ease with which a large momentum mismatch can be ob-
tained when several nucleons are involved suggests that
such mechanisms will indeed be important.

~l|
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4 5o
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0
e ggb ~p-

8

4b

90

0—
4$t2-

I

)00 200 500
E y (MeV)

FIG. 4. Ratio of cross sections for the ' O(y, p3)"N and
' O(y, po)' N reactions at 0~=45', 90', and 135 as a function of
photon energy. The light (Ref. 29) and dark (Ref. 12) solid
curves are both based on the QFK mechanism, as discussed in
the text. The dotted curves represent the quasi-deuteron model
calculations of Schoch (Refs. 23 and 24).

A. Two-nucleon mechanisms

At a phenomenological level the quasi-deuteron model
has provided a very successful description of a wide range
of data on inclusive photoreactions above the giant reso-
nance. Schoch has modified this mode1 for application
to exclusive (y,N) reactions to account for one of the two
struck nucleons remaining in the final nucleus. This ap-
proach builds in the similarity of the (y,p) and (y,n) cross
sections as observed experimentally. A detailed compar-
ison with the measured angular distributions, for example,
is necessary to test whether the assumed absorption by a
neutron-proton pair is responsible for a major part of the
cross sections. In this picture the momentum mismatch is
made up of three contributions, the initial momentum of
the knocked-out nucleon and both the initial and final
momenta of the other nucleon. Schoch's treatment com-
bines these latter two contributions into a term I'(q~),
which he suggests can be identified approximately with
the form factor of the residual nucleus. The predicted an-
gular distributions and cross sections to different final
states are determined to a large extent by the shape of the
relevant form factor, F. Figures 2 and 3 show the com-
parison of a quasi-deuteron calculation based on the for-
malism of Ref. 23 with the data for the (y,po) and (y,p3)
reactions.

The strong variations in the predicted E& dependence
reflect the diffraction structure in F(qlt ), and the predic-
tions do account for the general trends of the data at the
three measured angles, although it is known that at very
forward angles the quasi-deuteron calculation does not
work well. The deep, minima in the calculated ground
state cross section probably result from the approxima-
tions adopted, in particular the plane wave treatment of
the outgoing nucleon. The ratio of the (y,po) and (y,p3)
cross sections is shown in Fig. 4 together with the result
of the quasi-deuteron calculation, " which is determined
by the different behavior of the form factors for the two
residual states. If allowance is made for the unrealistic
minimum in F(q~ ) for the ground state, the prediction
does have the right general trend, although the calculated
peak in the ratio occurs at too low a photon energy. [The
calculation works rather better for the (y,n3)/(y, no) ratio
at lower energies. j

A much more detailed calculation of the ' O(y, N) reac-
tions has been carried out by Gari and Hebach. The ex-
tensive results obtained offer the prospect of separating
the contributing mechanisms since their relative impor-
tance is found to vary considerably with photon energy
and nucleon angle. In this calculation the terms corre-
sponding to an effective two-body. interaction of the pho-
ton are not treated individually but are included by using
their relation to the residual nucleon-nucleon interaction.
This procedure takes into account the contributions due to
meson exchange and initial- and final-state correlations.
Gari and Hebach emphasize the importance of these
terms, which are required by gauge invariance but which
are omitted in many calculations. In their results the
gauge terms do dominate over most of the region studied,
the contribution from QFK being small. Unfortunately
no attempt was made to examine the sensitivity of the re-
sults to the parametrizations which were employed to
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describe either the residual interaction or the potentials
for bound and continuum states. The unrealistically deep
potential chosen in order to maintain orthogonality when
evaluating the continuum wave functions certainly
depresses the QFK contribution, and it has been argued
that this is not the best compromise. A comparison be-
tween the calculations of Ref. 22 and the (y,po) data is
shown in Fig. 2. The calculations do reproduce the ob-
served change in slope of the cross sections; in this case it
is caused by the interference between the meson exchange
and QFK contributions, which is constructive at low pho-
ton energies but becomes destructive at higher energies
due to the location of a zero in the bound state momen-
tum wave function. At 4S' the calculated curve including
6-resonance contributions agrees well with the data but
the agreement is not as good at the other angles. It is not
clear why the 5 contribution was not included at 90 since
it makes a large contribution in the 0 —60' range for
which it was calculated. For angles larger than 105', Gari
and Hebach comment that "the cross sections are too
small for reliable prediction, " and have suggested that
there might be cancellations arising from less important
mechanisms which were not included in their calculation.
In its present form the caalculation of Ref. 22 will not ex-
plain the different Er dependence observed for the (y,p3)
cross section since the bound state potential used has no
spin-orbit part.

A calculation, which is basically rather similar to that
of Gari and Hebach, has been carried out by Cavinato
et al. vith results which are in qualitative agreement
with those of Ref. 22. Since these calculations only ex-
tend up to E& ——80 MeV, they are not included in Figs. 2
and 3.

Isobar excitation in an intermediate state in ' O(y, N)
reactions has been treated in a detailed microscopic way
by Londergan and Nixon in order to determine the im-
portance of this particular two-body contribution. Their
calculation, which contains only the QFK term in addi-
tion to 6 excitation, is claimed to be "parameter-free"
since the basic coupling constants are taken from experi-
ment. Several effects such as center-of-mass corrections,
p-meson exchange, and modifications of the 6 width were
examined, but none altered the qualitative features of the
results, which are shown in Fig. 2. Again the trend of the
(y,po) cross sections, in particular the change in slope in
the 100—200 MeV region, is reproduced quite well at all
three angles, apart from some structure in the calculated
results caused by the use of approximate distorted wave
functions for the outgoing protons. In this treatment the
change in slope is interpreted as the transition between
two regions in which different mechanisms dominate,
QFK at lower energies and isobar production at higher
energies. The calculation of Londergan and Nixon, like
that of Gari and Hebach, cannot produce any significant
difference between the (y,p3) and (y,po) cross sections
since the spin-orbit part of the nuclear potential is omit-
ted.

Although the calculations ' ' described above, which
were carried out to investigate the two-body mechanisms
in exclusive (y,N) reactions, achieve qualitative agreement
with the present data, they do not clarify the position re-

garding the (y,p) reaction mechanism. The theoretical re-
sults show a wide variation in the importance ascribed to
different mechanisms. For example, in the calculation of
Londergan and Nixon the onset of 6 excitation is com-
pletely responsible for the trend of the results at higher
energies, whereas this process is of much less importance
according to Gari and Hebach. The change in slope of
the cross section is also explained differently in the three
treatments, although in each case it is related to the struc-
ture in the bound state momentum wave functions. of the
nucleons which participate in the interaction. The basis
of the treatment of Londergan and Nixon has been strong-
ly criticized by Gari and Hebach, whose own conclusions
are also not beyond question in view of their failure to in-
vestigate the effects of the somewhat arbitrary parametri-
zations employed.

B. Quasi-free knockout mechanism

With the exception of Londergan and Nigori the in-
vestigators of two-nucleon absorption mechanisms in
(y,N) reactions have concluded that the QFK mechanism
alone would fall far short of the data at all energies.
However, this may be an unjustified conclusion. Boffi
et al. have shown that the QFK cross section for the
(y,p) reaction is very sensitive to the choice of initial and
final state potentials (as expected) and that within the
range of acceptable potentials it is possible to account for
the data up to Ez-100 MeV using nuclear wave func-
tions which are also consistent with (e,e p) experiments.
One of the set of calculations carried out by Boffi et al.
for the ' O(y, po) reaction is shown in Fig. 2. This result
is consistent with an earlier conclusion of the present au-
thors that, assuming only QFK contributes, a momen-
tum distribution which is both self-consistent and in
agreement with that obtained from the (e,e'p) data can be
extracted from the lower energy (y,po) measurements. In
the QFK picture, marked differences between the (y,po)
and (y,p3) cross sections are expected, reflecting the
differences between the initial bound state momentum dis-
tributions for p&&2 and p3/2 protons. It is anticipated that
the (y,p3) to (y,po) cross section ratios will be sensitive to
the choice of initial and final state potentials; this is con-
firmed by the two distorted-wave QFK calculations'
shown in Fig. 4. Their agreement with the data, while not
good, is not inferior to that obtained by Schoch in the
quasi-deuteron framework, even after allowing for the un-
realistic minima in the latter, basically plane-wave, calcu-
lation.

The objections which have been raised to these QFK
calculations are. twofold: First, the calculations have not
used orthogonal wave functions for the bound and contin-
uum states, and second, a calculation for the (y,p) reac-
tion which fails entirely to explain the (y,n) data must be
inherently suspect. Several papers have considered
the first point and either estimated the errors or proposed
solutions. Boffi et al. ' ' justify a simple correction to
remove the effects, which they find to be relatively small,
due to the use of different bound and continuum state po-
tentials. To assess the validity of the second objection
other possible contributions to the (y,n) cross section must

- be evaluated. One contribution which would transfer
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strength from the (y,p) to the (y,n) reaction following an
initial quasi-free interaction is charge exchange by the
outgoing proton. Cotanch has estimated the strength of
this process at lower photon energies and his results sug-
gest that it is important and should be included in calcula-
tions for Er & 60 MeV. The results of Gari and Hebach
also provide a hint that charge exchange will be a large ef-
fect since a major part of the (y,n) cross section in their
calculation for Er & 200 MeV arises from the correlation
terms which include final state interactions. The second
additional contribution to the (y,n) process is the so-called
recoil term in which the photon interacts coherently with
( 2 —I ) nucleons leading to the emission of the remaining
neutron or proton. This contribution has been investigat-
ed recently, ' ' ' ' and it is found to be large, especial-
ly at backward angles. Wraith these results in mind it no
longer seems justifiable to conclude from the similarity of
the (y,n) and (y,p) cross sections that the QFK mecha-
nism is unimportant, although equally it seems very un-
likely that it is dominant.

V. CONCLUSIONS

The (y,p) data reported here considerably extend the
range covered by the previous experiments, but, despite
the changes in the energy dependence of the cross sections
which were observed, comparison with the available
theoretical work still does not allow any definitive con-
clusion about the reaction mechanisms. The fault lies
both with the data and the calculations, neither of which
are sufficiently comprehensive.

It is now clear that no single mechanism dominates the
(y,N) process over a large part of the whole energy and
angular range, although it is at least fairly well established
that two-nucleon mechanisms provide the major contribu-
tion for Ez ~ 100 MeV. Only a detailed theoretical treat-
ment, which includes all likely mechanisms and investi-
gates the effects of the parametrizations employed, will

provide further understanding of the extent to which the
specific characteristics of these mechanisms can be identi-
fied in the data. In the approach of Gari and Hebach, for
example, one must question both the appropriateness of
the chosen continuum potential and whether the residual
interaction used has a sufficiently realistic form. The
quasi-deuteron calculation of Schoch is interesting since it
suggests that many of the observable features of the two-
nucleon (y,N) mechanisms do not depend on the details of
the strong N-N interaction but are determined by the abil-
ity of the residual nucleus to accept momentum. It is
hardly surprising that the attempt to parametrize the pro-
cess of photon absorption by a strongly interacting nu-
cleon pair in terms of the deuteron photodisintegration
cross section is not entirely successful. Indeed, it would
be disappointing if it were so since one aim of the experi-
ments is to probe these strong interactions.

The most obvious deficiency of the experimental
' O(y, p) data is the lack of complete angular distributions
above E& ——100 MeV. The measurements reported here
were made at three angles only and are not adequate as a
test of calculations which predict angular distributions ex-
hibiting distinctive structure which varies quite rapidly
with photon energy (see, e.g. , Ref. 22). This deficiency
should soon be partially remedied; one complete angular
distribution has now been obtained' and further measure-
ments are planned.
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