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Inclusive photoproton cross sections for the reaction Cu(y, p)X have been measured for a

photon energy of 300 MeV at proton angles 45', 90', and 135', and for 150 MeV at 45 . The
data are compared with an intranuclear-cascade calculation and with Ni(m +—,p) data. The

angular distribution is analyzed to obtain an estimate of the number of nucleons involved in

the interaction.

NUCLEAR REACTIONS Cu(y, p)X, E=150 MeV, 8=45, E=300
MeV, 0=45', 90', 135'; measured o.(E~,O); intranuclear cascade analysis.

I. INTRODUCTION

Measurements of photoproton cross sections at
intermediate energies are expected to yield informa-
tion both on nuclear structure and on photonuclear
reaction mechanisms. At energies above that of the
giant dipole resonance, the photon is presumed to
interact predominantly with single nucleons or with
few-nucleon systems in the nucleus. The large
mismatch between photon and nucleon momentum
in the single nucleon absorption process leads to the
hypothesis of two-nucleon absorption, in which the
photon's energy is shared by two nucleons with
small total momentum in the final state, viz. , the
familiar quasideuteron model. In addition to this
mechanism, photons with energies greater than
about 150 MeV can interact with a single nucleon
through the pion production process (y+N
~n+N), the cross section for which exhibits a
large peak [the 6(1232) resonance] at Er-300
MeV.

Measurements of the cross sections for (y,p) reac-
tions leading to specific final nuclear states are, in
principle, sensitive to the structure of the nuclei in-
volved. In particular, effects such as high momen-

turn components and short range correlations in nu-
clear ground state wave functions have been dis-
cussed. ' The quantitative interpretation of these
data is complicated, however, by uncertainties in
the reaction mechanism. Although mesonic ex-
change currents and virtual b, (1232) excitation
have both been incorporated into recent calcula-
tions, the agreement with the data is still only quali-
tative.

The (y,p) cross section resulting in large excita-
tion energies ()50 MeV), on the other hand, is not
expected to depend on details of nuclear structure.
It is hoped, therefore, that measurements of cross
sections for these inclusive processes will aid in the
elucidation of the reaction mechanism. The cross
section in the energy region of the b, (1232) reso-
nance is of particular interest. Since the total y+X
cross section at Ez-300 MeV is dominated by the
pion production process, the photon can be viewed
as a means of "planting" a 6 in the nuclear interior.
By comparison, incident pions, which might be con-
sidered a more direct way to produce a 6, interact
mainly in the nuclear surface. Since most of the
high energy photoprotons (Ez ——100—200 MeV)
presumably result from processes in which the pion
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difference method, used with the intense brems-
strahlung beam available from the MIT Bates
Linear Accelerator, allowed such a measurement at
a single equivalent monoenergetic photon energy to
be performed relatively quickly. Because of the in-
terest in the 6 region, we selected the energy

E&——300 MeV and performed measurements of the
Cu(y, p)X spectra for Ez ——50—200 MeV at 8~ =45',
90', and 135'. In addition, we obtained one spec-
trum for Er 150——MeV at 8&

——45'. The choice of
target nucleus was motivated by the existence of
proton spectra from the Ni(sr+-, p) reaction' at
E =160 MeV with which our results could be
compared.

II. EXPERIMENTAL ARRANGEMENT

Bremsstrahlung photons were produced by an
electron beam incident on a 249 mg/cm (0.05 radi-
ation length) tungsten radiator. A target of natural

copper (either 113 mg/cm or 284 mg/cm2) was si-

tuated 10 cm from the radiator so that it intercept-
ed the entire bremsstrahlung flux. Data for each
proton energy were taken in pairs of runs with the
electron energy varied by 10 MeV such that the
peak of the difference between the corresponding

bremsstrahlung spectra was centered at 300 or 150
MeV. The difference method used to obtain effec-
tively monochromatic photons will be described in
detail in Sec. III. The full width at half maximum
of the effective photon spectrum was about 12
MeV.

The protons were momentum analyzed with the
900 MeV/c spectrometer. The solid-angular ac-
ceptance of the spectrometer was defined by a pair
of slits, and was typically 1.6 msr in this experi-
ment. The focal plane instrumentation consisted of
multiwire chambers with delay line readouts in both
the momentum and the scattering angle planes, and
a set of five trigger counters. These counters were
constructed from NE110 plastic scintillator sheets
of thicknesses 1.6, 2.3, 3.1, 12.5, and 12.5 mm cou-
pled to RCA 8575 phototubes as described in Ref.
21. Depending on the proton energy, a coincidence
between two to five counters was required to trigger
the wire chamber readouts.

The electronics consisted of standard fast NIM
and CAMAC instrumentation. For each event
detected by the trigger counters the pulse height in
each of the plastic scintillators and the arrival time
of the pulses at each end of the wire chamber delay
lines were read into a PDP 11/45 computer. An

is reabsorbed, a measurement of the angular distri-
bution of these protons could provide useful infor-
mation on the propagation and the decay of the 6
within the nuclear medium.

To date, only phenomenological calculations have
been performed for the inclusive (y,p) cross section
d o/dE~dQ~. For energies below the pion thresh-
old, the quasideuteron model has been employed.
Final state interactions have been included most ac-
curately in the intranuclear cascade calculations of
Gabriel and Alsmiller, which include both the
quasideuteron and the quasifree pion production
processes. This calculation will be discussed fur-
ther, and compared with the results of the present
experiment, in a later section.

Experimental data on inclusive (y,p) processes in
which both the photon and the proton energies are
well defined have until quite recently been sparse,
due mainly to the difficulties associated with gen-

erating a monoenergetic photon beam (or its
equivalent through bremsstrahlung subtraction) of
sufficient intensity and energy resolution. There are
a few measurements of the proton spectra from Li
(Ref. 9), Li, Be, and ' C (Ref 10),.for E&-100
MeV. At higher energies early measurements were
performed for ' C by Weil and McDaniel"
(Er 190+30 M——eV, 8& ——60+ 15') and by Cence and
Moyer' (Er 245+15 MeV,——8&

——60). More re-

cently, this latter measurement has been repeated by
Dougan and Stiefler' and extended to higher ener-
gies' (E&——396+ 17 MeV). The proton spectrum
for Be at 0& ——25 +5' has been measured by Horn-

ma et a/. ' for Er ——200 —400 MeV (EEr 20——
MeV).

The most extensive program of inclusive (y,p)
measurements has been carried out at the Bonn
500-MeV synchrotron with the tagged photon beam
facility (Er ——200—385 MeV, EEr 10 MeV). For-—
' C, photoproton spectra were measured at four an-

gles using a magnetic spectrometer, ' and compared
with the results of the cascade calculation. For
eight other nuclei (A =4—208) measurements were

performed with somewhat poorer statistics and
resolution at five angles simultaneously using an ar-

ray of time-of-Aight spectrometers. In both ex-

periments charged pions were also detected'; the
aim of the latter experiment was to determine the
total hadronic cross section in the 5(1232) reso-
nance region as a function of A.

The goal of the present experiment was to deter-
mine the proton spectrum with good energy resolu-
tion and statistics from the inclusive (y,p) reaction
on a medium ~eight nucleus. The bremsstrahlung
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on-line calculation determined and recorded the lo-
cation of each event on the focal plane.

III. BREMSSTRAHLUNG DIFFERENCE
TECHNIQUE

In this experiment, data for each proton energy
were taken at two electron beam energies separated
by 10 MeV. The difference between these proton
yields is essentially the contribution to the cross sec-
tion due to photons produced in the energy region
between the endpoints of the two bremsstrahlung
curves. Let or—:d o/dQ~ dE~ represent the pho-
toproton cross section being measured. The mea-
sured yield of protons at a fixed proton energy Ez
will be a convolution of the cross section o.

z with
the photon spectrum:

N"' N' ' dn"'

N,(.)
—C (s) =Gor

deaf

y.

The constant C is selected so as to minimize the low
energy tail of the difference spectrum whose contri-
bution to the integral is then neglected. It is as-
sumed that or is constant over the peak region of
the photon difference spectrum and is thus deter-
min(xl by the difference between two measured pro-
ton yields, for which the corresponding bremsstrah-
lung difference flux can be calculated.

The electrodisintegration contribution to the pro-
ton yield, which is present since both electron and
bremsstrahlung beams pass through the target, can
be accounted for in two ways. One method is to
measure it directly by doing a radiator-out run for
each proton energy and subtracting this contribu-
tion from the radiator-in data. This correction is
not exact since it takes no account of the straggling

N~=G I or N, dE„,'
dEy

where the integral is taken over the kinematically
allowed photon energy range, and G is a geometri-
cal factor containing the target thickness, spectrom-
eter solid angle, energy bite, and constants. Here
N, (dn&ldE&) represents the number of photons per
unit energy, where N, is the number of incident
electrons and dna/dE& is the photon yield per elec-
tron. If two runs (a) and (b) are taken with end-

point energies E, and Eb then the proton yields can
be subtracted, after normalization by a factor C, to
give:

of the electron energy spectrum in the radiator; it
also doubles the required running time. Alterna-
tively, one can adopt the virtual photon approach in
which after some approximations the electrodisin-
tegration cross section can be written as an integral
over photon energy of the product of the real pho-
ton cross section and a calculable virtual photon
spectrum. The terms dnrldEr in Eq. (1) are then
replaced by the total photon spectrum, i.e., the sum
of the bremsstrahlung and the virtual photon spec-
tra. The constant C is then chosen to minimize the
low energy tail of the total difference spectrum. In
order to obtain a result with the smallest statistical
error the second method was used in this experi-
ment but the validity of the procedure was checked
by the first method at several points as explained
below.

The calculated photon intensity spectrum includ-
ed bremsstrahlung from the radiator taking account
of the energy spread of the incident electrons and
the electron energy loss straggling due to radiative
and collisional processes, bremsstrahlung from the
target without account of further straggling, and
the effective virtual photon contribution in the tar-
get. The calculations for the real photon contribu-
tions followed Ref. 22 and the virtual spectrum
contribution was obtained from the formulas given
by Dalitz and Yennie with a first order correction
for finite nuclear size applied in the endpoint re-
gion. Figure 1 shows the 300-MeV total photon
difference spectrum for the tungsten radiator, the
113 mg/cm copper target, and beam energies of
307 and 297 MeV. The low energy tail of this dis-
tribution has been minimized by multiplying the
297 MeV endpoint spectrum by 1.006 before sub-
traction. The contributions from the radiator, tar-
get, and virtual photon spectra were 68, 11, and 21
percent of the total, respectively. For the similar
1SO MeV case using beam energies of 147 and 157
MeV the contributions of radiator, target, and the
virtual photon spectra were 66, 11, and 23 percent,
respectively, and the multiplying factor was 1.016.

The most uncertain part of the calculated photon
spectrum was the virtual photon component. To
test the virtual photon calculation radiator-out data
were taken at several widely spaced proton energies.
For these runs the electroproduction contribution
was dominant compared to bremsstrahlung from
the target. The total difference spectrum was calcu-
lated for these radiator-out runs and the cross sec-
tion o.

&
was extracted by the same method used for

the radiator-in runs [Eq. (1)]. In all cases the result-
ing cross sections from radiator-out runs were
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differences were in some instances as small as 5%.
Radiator-out data were taken at a representative
sample of the proton momenta, as explained in Sec.
III. The background rate due to the radiator and
other sources was measured occasionally by doing
target-out runs and was always found to be (0.6%
of the total event rate, and nearly independent of

B. Treatment of the data
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FIG. 1. The difference of two total photon spectra
with endpoints at 307 and 297 MeV resulting in an ef-
fective spectrum of photons centered at 300 MeV with a
full width of about 12 MeV. The intensity in the region
below the peak was minimized by weighting the 297
MeV spectrum by a factor of 1.006.

IV. EXPERIMENTAL DATA

A. Data taking procedure

The measurements covered the proton spectrum
in 5% steps in momentum. Runs corresponding to
the two halves of each difference measurement were
taken consecutively and repeated several times.
This reproducibility check was necessary since the

within one standard deviation of the results ob-
tained with the radiator in. This indicates that the
treatment of the electrodisintegration contribution
in terms of the virtual photon approximation is ade-
quate for the present purpose.

As a typical result of the calculations outlined
above, the total yield for a 0.05 radiation length
tungsten radiator and a 113 mg/cm copper target
is (1.40+0.08)X10 photons per electron in the
peak of the difference spectrum. The accuracy of
this result is estimated to be +4% for the brems-
strahlung contribution and +20% for the electro-
disintegration contribution, leading to a weighted
overall accuracy of +6%.

The first step in the analysis of the event-by-
event data was the generation of correlated pulse
height spectra for the purpose of particle identifica-
tion. Separation of protons from deuterons and
other more highly ionizing particles, as well as from
the small minimum ionizing background, was al-
ways unambiguous using the pulse height informa-
tion from the scintillators and the position informa-
tion from the wire chambers; typical energy loss
spectra for this experiment are shown in Ref. 21.

The momentum calibration and dispersion of the
magnetic spectrometer were determined from in-
elastic electron scattering measurements at known
beam energies. Since the momentum of the protons
measured in this experiment exceeded the available
electron momentum, the calibration was extended
as described in Ref. 25 using protons of calculable
momentum at the endpoint of the '

O(y,p)' N spec-
trum. The uncertainty in the spectrometer calibra-
tion produces an uncertainty of about 1% in both
the calculated mean proton energies and in the cross
section values.

Corrections were made to the measured proton
yields for two further effects. Events were pro-
cessed and stored in the computer at a maximum
rate of one per beam burst, and only the total num-
ber of additional event triggers was recorded. The
correction made for this loss was at most 20% with
an uncertainty of the order of 0.1go. The drift
chamber had a clutter time of about 300 ns, and if
additional real or background events occurred
within this time the initial event was rejected.
Corrections for this loss were at most 3%.

The errors listed above together with estimated
uncertainties in the target and radiator thicknesses,
spectrometer solid angle, and integrated beam
current gave a net systematic uncertainty of
+3.5%, to which must be added the +6% uncer-
tainty in the photon difference spectrum,

Figure 2 and Table I show the results of our mea-
surement of the inclusive photoproton cross section
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for natural copper as a function of proton energy
for 8&

——45', 90', and 135 at Er 300 MeV a——nd for
0& ——45' at E&——150 MeV. Only statistical error
bars are shown. The overall systematic uncertainty
is +7%. The data are presented at energy intervals
corresponding to hp/p=6%, as no fine structure
was observed within the 6% momentum acceptance
of the spectrometer. The cross sections decrease
monotonically with increasing proton energy, and
have a maximum value between 10 and 30
LMb/srMeV. Figure 3 shows a comparison of the
present 300 MeV, 45' data with recent results from
the Bonn tagged photon facility, where the
Cu(y, p)X spectrum was measured at Er 291+15——
MeV and 0& ——44. The agreement in the magnitude
and shape of the two measurements is reasonably
good.

FIG. 2. Cu(y, p)X cross sections: (a) 300 MeV, 45';
(b) 300 MeV, 90'; (c) 300 MeV, 135'; (d) 150 MeV, 45'.
Only statistical errors are shown. Also plotted are the
results of a cascade calculation where the solid lines

represent the total yield, and the dashed lines the yield

due to quasifree pion production only. The arrows indi-

cate the proton energies expected for free deuteron pho-
todisintegration kinematics.

The proton spectra observed in recent studies of
the (y,p) reaction on Be (Ref. 15) and ' C (Ref. 16)
have been interpreted in terms of quasifree pion
production and two-nucleon (quasideuteron) absorp-
tion processes; the low proton energy region is due
mainly to the former process and the high energy
shoulder to the latter. However, this distinction is
somewhat artificial in the resonance region, where
the two processes can more accurately be classed as
different decay channels for the 5 whose excitation
largely dominates photoabsorption. We note that
the present data for Cu(y, p) show little or no evi-

dence for a shoulder in the region corresponding to
two-nucleon absorption. This increased "smearing"
of the m. production and two-nucleon regions as A

increases is presumably a reflection of the increas-
ing importance of final-state interactions.

Included in Fig. 2 are the results of an intranu-
clear cascade calculation ' for the Cu(y, p)X reac-
tion. The charge density of the nucleus was
modeled by three concentric spheres of uniform
density, with the density in each sphere equal to the
average of the corresponding continuous charge
density. Within each sphere the Fermi momentum
distribution for the nucleons was normalized to the
number of nucleons in that sphere. The model al-
lowed for pion production and quasideuteron ab-

sorption as initial reactions and the calculations fol-
lowed all secondary particles through the nucleus
until they were emitted or absorbed. However, 5
propagation through the nucleus was not included.
The strength of the quasideuteron contribution was
characterized by an empirical number, I., which re-
lates the effective quasideuteron cross section to the
free deuteron cross section multiplied by the num-

ber of neutron-proton pairs in the nucleus, i.e.,
o.

~~ =(I.XZ/A)od The cons. tant I. was not
changed from earlier determinations. The solid
histograms in Fig. 2 represent the total predicted
yield while the dashed histograms indicate the yield
from pion production only. It is seen that this
latter contribution becomes increasingly important
as the proton angle increases, a result, presumably,
of pion reabsorption processes. The approximations
inherent in an intranuclear cascade calculation
make a detailed comparison with experimental data
inappropriate; however, the generally good agree-
rnent shown in Fig.. 2 does suggest that the calcula-
tion has accounted satisfactorily for the dominant
photoreaction processes.
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TABLE I. Inclusive cross sections for the Cu(y, p)X reaction. Errors given are statistical

only. The overall systematic uncertainty is +7%.

E&——300 MeV
90'

E&——150 MeV
45'

(JMb/sr MeV) (pb/sr MeV) (pb/sr MeV) (1Mb/sr MeV)

47.0
51.7
56.9
62.5
68.7
75.5
82.9
91.0
99.9

109.6
120.2
131.8
144.4
158.1
173.0
189.3
206.9

29.0+6.0
30.0+4.0
25.0+4.0
33.0+4.0
23.0+4.0
15.5+1.6
13.7+1.8
10.7+1.1
11.2+1.9
11.0+0.6
8.9+1.9
7.4+0.9
7.1+0.6
5.5+0.3
4.0+0.6
3.4+0.3
2.5+0.2

19.8 +1.6
14.0 +1.2
14.0 +2.7
11.6 +1.8
10.8 +2.2
10.4 +0.9
7.7 +1.0
6.8 +0.6
8.6 +1.8
4.9 +1.1
3.1 +0.8
3.3 +0.2
2.4 +0.2
1.90+0.16
1.19+0.07
0.65+0.04
0.27+0.02

11.6 +0.9
9.8 +1.4

10.5 +1.1
8.4 +0.8
9.9 +1.0
8.0 +0.5
8.5 +0.5

5.06 +0.26
3.31 +0.19
3.04 +0.23
2.28 +0.18
1.42 +0.07
1.04 +0.09
0.51 +0.03
0.288+0.018

0.039+0.003

12.4+ 1.3

7.2+0.5

6.2+0.4

4.9+0.3

2.5+0.18

It should perhaps be noted that a cascade calcula-
tion by Ginocchio ' for pion-induced reactions,
which agrees reasonably well with recent (n.+-,p)
data' in the resonance region, does include in-
coherent 6 propagation. It is not clear how much

»g»&seance should be attached to the inclusion of g
propagation in the successful treatment of (n+,p).
reactions and its absence in equally satisfactory
(ytp) calculations, since Ginocchio does not assess
its effect on his results and the two calculations
have not been applied to a common reaction.

I I I I I I I I I I I
B. Analysis of angular distribution
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FIG. 3. Comparison of the present data at 300 MeV,
45' (closed circles) with Bonn Cu(y, p)X data (Ref. 26)
for E~=291 MeV, 44 (open circles).

In both the (y,p) and (n,p) proces.ses further in-

sight into the reaction mechanism would be gained
if the number of particles which take part in the in-

teraction between the probe and the nucleus could
be determined. If it is assumed that the proton
production cross section is isotropic in the reference
frame defined by the center of momentum of the in-

cident photon (or pion) and the group of particles in
the nucleus which participate in the reaction, then
the velocity P of this group of particles can be
determined from the forward peaking of the proton
energy spectra in the laboratory frame.

Protons which had the same momentum I' in the
(presumed isotropic) emission frame can be identi-

fied by locating points in the proton energy spectra
(at each laboratory angle) at which the Lorentz-
invariant cross section (1jcp)(d oldE~d Q~ ) has the
same value. These protons should have momentum
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components (in the laboratory) perpendicular and
parallel to the incident photon direction which are
related to P by

pi +(P +m c )tanh (yII y)—=P

where

(2)

=tailh '
[pII/(@II +pi +m c )' ],

y=tanh 'P and I is the proton mass. (It is con-
venient to use the rapidities y~

~

and y since these add
linearly in the Lorentz transformation. ) Figure 4
shows the plot of pi against yII for the present
Cu(y, p) data. The points represent invariant cross
sections between 3 and 10 nb/MeV sr and were tak-
en from the proton energy region between 90 and
200 MeV; this was the region over which the data
were sufficiently complete to perform this analysis.
The isotropic loci were obtained by fitting Eq. (2) to
these points using a least squares procedure. The
symmetry axis of the resulting curves is shifted
from yII =0 by the rapidity y of the emission frame.
It is evident that with only three points in the angu-
lar distribution the accuracy with which one can
hope to determine the symmetry axis is limited.
Over the range of cross sections measured no signi-
ficant variation in the value for y was seen and its
mean value was y=0.098+0.017. The error esti-
mate includes the variation in the four fits as well

as the uncertainties in the measured cross sections.
This quantity is related to the mass M of the parti-
cles involved in the interaction by tanh y =p&/
(pr+Mc), where Pr is the photon momentum. The
value obtained corresponds to interaction of the
photon with, on the average, 3.0+0.6 nucleons. For
comparison, a similar analysis carried out by
McKeown et al. for the Ni(m, p) data yielded the
result 4.4+0.5 nucleons, somewhat higher than the
Cu(y, p) result. The (y,p) and (m,p) analyses also
differ in another respect; whereas the isotropic loci
are consistent with the (y,p} data points, this was
not true for the (n.,p) case, for which the data
might suggest the presence of two distinct produc-
tion mechanisms.

It must be stressed that this analysis only gives an
indication of the average number of nucleons
among which the photon momentum is shared at
the stage when the proton is emitted. If the protons
are secondary products the initial stage may involve
fewer nucleons. If, contrary to the assumption of
this analysis, the proton production mechanism has
an intrinsic anisotropy, then the actual number of
nucleons involved could deviate in either direction
from the result obtained. Since protons are prob-
ably produced by more than one mechanism, the re-
sult of this analysis represents an average value of
the masses participating in these processes.

C. Comparison with inclusive (m,p) data
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FIG. 4. Arcs representing contours of constant in-
variant cross section, d2o./cp dE dQ, in the range 3—10
nb/MeV sr fitted to the Cu(y, p)X data at the three an-
gles. The data points are located by their (Lorentz in-
variant) perpendicular component of momentum pj and
parallel component of rapidity y~~. The integers above
the horizontal axis refer to the number of nucleons par-
ticipating in the photon absorption process. The rapidi-
ty y of the symmetry axis (shown as a dashed line)
determines the rapidity of the average number of parti-
cipating nucleons.

The resonant nature of the A (y, vr }Xand A (y,p)X
total cross section' and of the deuteron photodisin-
tegration cross section indicates that b(1232) pro-
duction may dominate the inclusive photoproton
process at E&——300 MeV through real and virtual
pion production processes. A calculation of the
y+' 0 total cross section based on the b,-hole for-
malism ' tends to confirm this expectation by pro-
viding a reasonable description of the data. ' Since
it is well known that the pion-nucleus interaction at
kinetic energies around 180 MeV is dominated by
b,(1232) production, a direct comparison between
inclusive (y,p) and (n,p) data see. ms appropriate.
One distinguishing feature of the photon and pion
probes which one hopes to exploit is the large
difference between their interaction strengths.
Such a comparison has already been made for car-
bon. In that case, the shapes of the averaged
(n+,p) and (m,p.) spectra were found to be in good
agreement with the (y,p) spectra at all angles.
Moreover, the magnitude of the cross sections was
found to be related by a constant factor
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R [(m,p)/(y, p)]=SS+10. On the basis of this evi-

dence McKeown et al. suggest that the protons do
arise through a common mechanism, 6 production,
in both reactions.

Figure 5 shows a similar comparison of the
present 300-MeV Cu(y, p)X data and the Ni(m. ,p)
data for E =160 MeV. ' It is evident that the
shapes of the corresponding spectra are again quite
similar thus supporting the conclusion of Ref. 32.
However, we observe in this case an angle-

dependent ratio R[(m;p)/(y, p)] between the cross
sections for the two reactions; the values are
R (45') =25+5, R (90')=30+5, and R (135')
=45+5. This decrease in R[(n.,p)/(y, p)] at 45'
and 90' may result from the variation with angle of
the final state interactions in the (m.,p) reaction for a
medium weight target. If the pion interacts
predominantly in the "front" nuclear surface re-

gion, as is suggested by the A ' dependence of the
total (n,p) cr.oss section, ' protons emitted at 45'
and 90' will suffer more attenuation than at 135'.
For the (y,p) reaction, by comparison, the total
cross section shows an A" dependence, ' which in-

dicates a more uniform interaction throughout the
nucleus so that no strong angular dependence of the
final state interaction is expected.

This picture assumes that the observed protons
originate from the front surface where the pion in-
teracts. However, as Weise points out, coherent
multiple pion scattering, i.e., the propagation of the
6-hole state through the nucleus, plays a large role
in pion-induced reactions in the resonance region
(although it is relatively unimportant in photore-
actions). If the effect of this is to distribute the
source of protons in the (n;p) reaction more widely
through the nucleus and thus reduce the angular
variation of the final state interactions, then, in
principle, the comparison of proton spectra and an-
gular distributions from (n.,p) and (y,p) reactions
could provide a means of assessing the spatial pro-
pagation of the isobar in (n.,p) reactions. However,
to do this, b.-hole calculations of both reactions, in-
cluding their intrinsic angular distributions and fi-
nal state interactions, will be necessary.

VI. CONCLUSIONS
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Three simple phenomenological comparisons
have been made with the data for the Cu(y, p)X re-
action at 300 MeV presented here: (a) with an in-
tranuclear cascade calculation; (b) with proton an-

gular distributions calculated assuming isotropic
emission from a small subgroup of nucleons, and (c)
with (m+-,p) data. At this rather superficial level the
results are consistent with a photoreaction mechan-
ism dominated by isobar excitation in which pro-
pagation of the isobar does not appear to play an
important role although final state interactions fol-
lowing its decay spread the excitation energy among
3—4 nucleons. However, a thorough understanding
of inclusive (y,p) data of the type reported here re-

quires further theoretical investigation, for example,
an extension of the isobar-hole model to cover
both (y,p) and (ir,p) reactions. A detailed compar-
ison of the proton spectra and angular distributions
from both reactions with such a calculation seems
to offer some prospect of information on 6 pro-
pagation in the nucleus following photon and pion
absorption.
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