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The magnetic Born and intermediate-6 contributions to the (y,p) reaction are calculated for He
and ' 0 targets, within a framework which includes pion rescattering and proton distortions. The
results are discussed in light of experimental data, which show no obvious resonant energy depen-

dence for these nuclei. The calculations are also compared to several published theoretical ap-

proaches, which disagree with each other regarding the importance of the intermediate-6 contribu-

tion to the (y,p) reaction at intermediate energies.

I. INTRODUCTION

The (y,p) reaction at intermediate energies has been the
subject of considerable theoretical and experimental in-
terest. One of the original intentions was to use this reac-
tion to lee'n about the high momentum behavior of nu-

cleons in nuclei. In a simple plane-wave impulse approxi-
mation (PWIA), the (y,p) differential cross section is pro-
portional to ~g(q) ~, where P(q) is the bound proton
momentum-space wave function evaluated at the momen-
tum q acquired by the bound nucleon, and q=p —k for
outgoing proton momentum p and photon momentum k.
Naively, therefore, one would expect a (y,p) experiment to
be a direct measure of the high-momentum content of
single-nucleon wave functions. However, a comparison of
' O(y, p}' N and ' O(y,n)' 0 data at E„=SO MeV clearly
indicates that the PWIA is inadequate. ' In the PWIA
description of (y,N) reactions, the contribution from the
nucleon convective current dominates over that from the
magnetic current (except for extreme forward or back-
ward scattering angles) for Ez & 100 MeV. One therefore
expects the (y,p) cross section to be much larger than the
(y,n) cross section. However, to the contrary, the experi-
mental data show that the two cross sections are approxi-
mately equal. This strongly suggests that reaction mecha-
nisms involving two or more nucleons must be important.
Recent theoretical investigations2' do confirm that for
E& & 100 MeV, the two-nucleon current contribution can
be sizable, if not completely dominant. At E„=300MeV,
the photon can also excite a nucleon to a 6(1232). Given
the large amplitude for this process, one expects it to
enhance the two-body current in tbis energy region.

Despite the substantial effort invested in the (y,p) reac-
tion to date, our present understanding of this process is
not yet clear. While it is generally agreed that the two-
body current gives a large contribution for photon ener-
gies of several hundred MeV, its important elements are
still a matter of debate. For example, Londergan and Nix-
on have evaluated the intermediate-6 contribution to
' O(y, p}' Ns, , and found it to be dominant in the b,-

resonance energy region. However, Gari and Hebach
found that one-body and nonresonant exchange currents
are very important, even for Er-300 MeV. They also
claimed that the 6 current does not dominate, and its in-
clusion is not needed to explain the general feature of the
data. For the energy dependent differential cross section,
the data show a characteristic 5 peak at Er-300 MeV
only for the case of yd~np, and not for heavier nuclei.
The absence of an obvious peak means that one must turn
to a calculation to examine quantitatively the effect of the

Regrettably, it is precisely this effect about which the
latter two previous approaches disagree.

In light of the present status of both theory and experi-
ment, we have in this paper a specific objective in mind,
namely, to reexamine the contribution of the
intermediate-5 term to the intermediate energy (y,p} reac-
tion, using an approach which was recently applied to the
(p,m) reaction at comparable energies. The main in-
gredients of the calculation are described in Sec. II. In
Sec. III, we compare calculated results to data for
' O(y, p)

' Ns, and He(y, p) H. We find that the b, is an
important element of the two-nucleon current, but does
not dominate the energy dependence of the cross section.
We also compare our approach to the calculations of
Refs. 2 and 3. The possibilities for improved calculations
are discussed in Sec. IV.

II. INGREDIENTS OF THE MODEL

Our calculation of the (y,p) reaction is summarized
graphically by the diagrams shown in Fig. 1. In addition
to the one-nucleon Born term [Fig. 1(a)], there are two-
nucleon intermediate-5 contributions, which we call
direct [Fig. 1(b)] and exchange [Fig. 1{c)].

The dynamical picture is exactly the same as that used
by Keister and Kisslinger to describe the (p,n.) reaction at
intermediate energies. The details of that approach (in-
cluding angular momentum decomposition, etc.) are
described in Ref. 7. The adaptation to (y,p) reactions
consists of replacing a distorted-wave pion with a plane-
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wave photon, and changing the n NIL vertex to a yes ver-
tex. In the following paragraphs, we outline the salient
features of our approach, particularly as they pertain to
comparisons either with experimental data or to other cal-
culations.

A. Overview

where ps (pr) is the nucleon isoscalar (isovector) magnet-
ic moment and k the photon momentum. In the
intermediate-6 diagrams, the photon couples to the 6 via
the magnetic interaction

(2.4)

The (y,p) differential cross section can be decomposed

da' dc' da'

dQ dQ „ dQ
(2.1)

H,'I' = (1+F3)p e, (2.2)

where M is the nucleon mass, p the nucleon momentum,
and e the photon polarization vector; and a magnetic part,

H~,'s =i (p,s+pr~3)cr kXE {2.3}

gl

corresponding to contributions from the electric and mag-
netic portions of the nuclear current. The one-nucleon
current appearing in the Born diagram has a convective
electric part,

where M& ——1232 MeV, e' is an effective charge, and
X(T) is a —,~—, spin (isospin) transition operator normal-

ized such that

using the convention of Brink and Satchler. s We let
e'=6.6e, so as to reproduce the 5-resonance portion of
the yN~n. N amplitude. '

In our calculations, we retain the magnetic contribu-
tions only. We do this for two reasons. First, while the
electric one-nucleon current donunates at low energies, it
is much smaller than the (magnetic) intermediate-5 terms
at Er -300 MeU, where our primary interest lies.
Second, while the magnetic terms are individually gauge
invariant, the electric terms are not. There exist ways of
rendering the electric terms gauge invariant, but there are
also other accompanying problems, as discussed in Sec.
IV, and we therefore do not include these terms.

The intermediate-5 terms involve an integral over the
virtual pion momentum. In principle, the b, subenergy
(i.e., the energy at which the yN —+n N amplitude is to be
evaluated) depends upon this momentum. In our calcula-
tions, the b, subenergy is fixed at a value determined by
external kinematics. The result is that our transition am-
plitude does not reflect certain nonlocality properties of
the b which are contained in the correct momentum in-
tegral. The main advantage of factorizing the 6 sub-
energy is that the calculations become simpler and can be
performed in coordinate space. Proton distortions can
then be included by using an optical potential without in-
traducing any extra integrals.

The propagation of the intermediate pion requires fur-
ther discussion. Since relativistic kinematics are com-
bined with nonrelativistic wave functions, there is an am-

biguity in the choice of the fourth component of the ex-

changed pion momentum, k . We choose spectator
kinematics in which the intermediate nucleus is placed on
its mass shell. In the limit of static, heavy nuclei, the
fourth component is

k (direct)=0,

k (exchange)=E„.

(2.5)

(2.6)

FIG. l. {y,p) reaction mechanisms considered in this work.
{a)Born term; {b)direct-I term; {c)exchange-6 term.

Since the static spectator core of the nucleus absorbs no
energy, the active nucleon [the uppermost line to the left
of the shaded oval in Figs. 1(b) and (c)] must absorb the
photon energy, which is carried by the pion in the ex-
change case, but not in the direct case. For the direct
term, pion propagation is always spacelike, but for the ex-
change term, propagation can be spacelike or timelike, de-
pending on whether E& is 1ess than or greater than m .
Physically, this refiects the presence of the threshold for
real pion photoproduction from nuclei.
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B. Physical input

As mentioned earlier, our approach follows closely that
of Ref. 7: a (p,m.) reaction is changed to a (y,p) reaction
by replacing a distorted wave pion with a plane-wave pho-
ton. In the following, we indicate the physical input and
parameters used in specific calculations performed.

For the reaction ' O(y, p)' Ns, , we assume ' 0 to be a
closed 1p-shell nucleus, and take intermediate mass-15
and mass-14 states to be pure configurations in the lp
shell. Woods-Saxon wave functions for the bound nu-

cleons are obtained using the parameters of Elton and
Swift which give a fit to elastic electron scattering from
' O. The p-' N optical potential is taken from a recent
analysis of p-' 0 scattering in the 200 MeV region, in
which an energy-dependent parametrized optical potential
is obtained. "

For the case He(y, p) H, we consider only pure ls shell
configurations. The single-nucleon wave functions are ob-
tained with a harmonic oscillator potential adjusted to fit
elastic electron scattering data for He." The distortions
in the p-3H final state are ignored.

III. RESULTS AND DISCUSSION

A. Comparison with experiment
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Our predicted energy distributions for the
' O(y, p)' Ns, reaction are shown for 8~=45', 90', and
135' in Figs. 2—4. The three curves illustrate the contri-

FIG. 3. Same as in Fig. 2, except that 8~(lab) =90'.
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FIG. 2. Energy distributions for ' O(y, p)' N~, at
8&{lab)=45'. Dashed-dotted curve: Born contributions; dashed
curve: h, (direct + exchange) contribution; solid curve: total
{Born+ 6) contribution. The data are from Ref. 12 (triangles)
and Ref. 13 {circles).
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FIG. 4. Same as in Fig. 2, except that 8~(lab) = 13S .



33 ROLE OF T)HB h(1232) IN THE (y,p) REACTION 779

IQ IQ

He(y p) H

8 60'
100

IQ' IO

IQ

IQO 150 200 250 300

E (MeV)

IO !00 150 200 250 300
E (Mev)

FIG. 5. Energy distributions for 48e{y,p)3H at Hp(c. m. )=60'.
Dash-dotted curve: Born contribution; dashed curve:
h, (direct + exchange) contribution; solid curve: total (Born + dk)

contribution. The data are from Ref. 14 (circles), Ref. 15 (trian-

gles), and Ref. 16 (squares).
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butions from the Born term [Fig. 1(a)], and the two re-
scattering terms [Figs. 1(b) and (c)], as well as their
coherent sum. The calculated differential cross section
falls below the data in the entire energy range of 50—350
MeV. For an incident proton angle 8p=45', the theoreti-
cal prediction is about a factor of 2 smaller than the data
at the resonance energy of E„300MeV. The discrepan-
cy increases as one goes to larger proton angles. Our cal-
culated differential cross sections are far below the data at
lower energies.

FIG. 7. Same as in Fig. 5, except that 8~(c.m. )= 120'.

Calculated energy distributions for He(y, p) H for
8&——60', 90', and 120' are shown in Figs. 5—7. Here the
agreement with the data is qua)itative in the resonance en-

ergy region, for 8~=60' and 8~=90'. However, for
8~=120', the theoretical curve is substantially below the
data. Again, at lower energies, our predicted differential
cross sections are too low. We also note that, at 8~=120',
the data of Refs. 14 and 15 are in disagreement with each
other. This is discussed further in Ref. 14.

As mentioned in Sec. II, we have left out the convective
one-body current, the inclusion of which would substan-
tially enhance the theoretical predictions at low energies,
and hence improve the agreement with experiment.
Nevertheless, one can already draw certain conclusions
from a comparison between the data and our calculations
as they stand. Specifically, at photon energies of a few
hundred MeV and proton angles 8~ & 45':

(1) the one-body current is insufficient for explaining
the data at all angles;

(2) the h current is not insignificant; but
(3) the 5 current falls short of resolving the discrepancy

between the one-body current and the data
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FIG. 6. Same as in Fig. 5, except that 8~(c.m. )=90'.

B. Comparison with other calculations

Our one-nucleon current contributions can be compared
to the results of Londergan and Nixon, i and of Boffi
et aI. , ' who have investigated sensitivities to the choices
of bound nucleon wave functions and final-state proton-
nucleus interactions. In particular, me observe that our
one-nucleon results are substantially lower than those of
Ref. 19 at photon energies around 100 MeV. While we do
not understand this large difference completely, there are
several possible explanations for it. First, since we only
include the one-nucleon magnetic current, the one-nucleon
cross section is missing the one-nucleon convective elec-
tric current, which dominates by factors of 2—4 in the
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lower region, as noted in Ref. 2. Second, at Er —1—00
MeV and 8~)45', the calculation becomes quite sensitive
to the choice of bound nucleon wave functions, as is also
noted in Ref. 2. This can be seen particularly in Fig. 4,
where the calculated (unphysical) structure at E& 1——50
MeV is a consequence of evaluating single-nucleon wave
functions at momenta q&375 MeV/c. (Note that, at
these values of q, even the b, contribution is sensitive to
the high-momentum tails of the wave functions. ) Finally,
as noted in Ref. 19, the one-nucleon calculation is also
quite sensitive to the choice of proton-nucleus optical po-
tential. In particular, these authors note a strong depen-
dence upon the imaginary part of the spin-orbit potential,
which is surface peaked. Our optical potential, which is
taken from Ref. 10, does not contain a surface-peaked
central term of the sort used in Ref. 19, and this may af-
fect the cross section magnitude even further.

The primary purpose of this paper is to compare our b,

contributions to the other results presently available. Our
approach is closest to that of Londergan and Nixon (LN), 2

differing primarily in the treatment of 5 nonlocality and
proton distortions. The results of our calculations agree
with theirs on the point that the one-body current is negli-
gible in the b, -resonance energy region, at least for

e~ & 45'. However, the size of the intermediate-6 contri-
bution we find is smaller than theirs, sometimes by an or-
der of magnitude.
In LN, proton distortions were approximated by employ-
ing an effective complex proton momentum. For the
one-nucleon term, these authors stated that this approxi-
mation agreed well with an optical potential calculation.
However, the Fourier transform of the ' 0 wave function
has zeros (or sharp minima) at certain values of momen-
tum. These zeros will appear in (y,p} differential cross
sections in a PWIA calculation of the ' O(y, p}Ns, reac-
tion. We find that the wave function zeros are filled in by
our proper inclusion of the proton distortions, so that only
shallow minima or shoulders remain. In the case of LN,
because proton distortions were introduced via an effec-
tive complex proton momentum, sharp minima still ap-
pear in their calculated differential cross sections.

For the case of the b, term, no direct check was made
by LN regarding the use of effective complex momenta in
lieu of an optical potential. We have therefore examined
explicitly the effects of proton distortions in our
intermediate-6 terms. Figures 8—10 display angular dis-
tributions for E„=50, 200, and 350 MeV [as well as data
at 200 MeV (Ref. 20)], with and without a proton optical
potential. The primary effect at the higher energies is an
overall reduction of the differential cross section suggest-
ing the appropriateness of the use of a complex effective
proton momentum. At 50 MeV, the distortions have an
angle-dependent effect, and the use of an effective
momentum may not be reasonable, as anticipated by LN.
Of course, at 50 MeV, the b, contribution alone is certain-
ly not dominant, and must be added coherently to the oth-
er one- and two-nucleon terms with distortions included.

For the ' 0 wave function, LN used an oscillator ex-
pansion of the Negele density-dependent Hartree-Pock
wave function, ' while we have used the Elton-Swift wave
function. Both the Negele and Elton-Swift wave func-
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FIG. 8. Angular distributions for ' O(y p~isNI, at, E&——50
MeV (5 contribution only}. Solid curve: with proton distor-
tions; dashed curve: without proton distortions.
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FIG. 10. Same as in Fig. 8, except that E„=350MeV.

FIG. 9. Same as in Fig. 8, except that E„=200MeV, and the
data are from Ref. 13 (triangle) and Ref. 19 (circles).
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tions fit binding energies and elastic electron scattering
data at 420 MeV. However, the high momentum contents
of the two functions are quite different, since they are not
constrained by the experimental data. Also it is shove in
LN that, compared with the original Negele wave func-
tion, the oscillator expansion does not contain sufficient
large momentum components for q & 700 MeV/c.

A shortcoming of our calculation vs LN is the neglect
of d nonlocality, which arises both from recoil and medi-
um effects. However, the quantitative implications of this
approximation may not be so large. The LN paper in-

cluded (y,p) calculations in which the b, width was artifi-
cially reduced from 115 to 50 MeV: the difference is very
small. We would expect recoil, Fermi motion, and medi-
um effects to be connected to the sensitivity to the width
of the 6, and are therefore encouraged to see that these ef-
fects may be small for the (y,p) process. Nevertheless, it
is quite possible that, apart from varying the width of the
b, other nonlocal effects in the LN calculation could ex-
plain why our cross sections have a pronounced 6 peak
and theirs do not. Another difference between the two ap-
proaches comes from our choice of k in the exchange
term in Eq (2.6.), which gives rise to different angular and
energy dependence of the cross sections than when k =0,
as in I.N.

For the specific case of 4He(y, p) H (Figs. 5—7), our cai
culations of the 5 contribution exhibit anomalous
behavior at the pion production threshold not seen in the
data. This behavior stems directly from our factorization
of the momentum integral. A more careful evaluation of
these integrals would amount to Fermi averaging this
threshold, and its effect would be much less pronounced,
though the choice of k might still affect the results.

Finally, we have also neglected the b, contribution with
crossed pion and photon lines which was included in LN.
This contribution corresponds to the process in which
pion emission precedes photon absorption. However, be-
cause of its large energy denominator, this term should be
small compared with the terms with uncrossed lines [Figs.
1(b}and (c)].

For the case of ' O(y, p)"Ns, , the one-nucleon-current
contribution calculated by Gari and Hebach (GH) is
much larger than those obtained by us and LN in the re-
gion of Er )250 MeV. This could be due to the fact that
the ' 0 shell-model Woods-Saxon potential used by GH
has parameters different from those of Elton and Swift.
Moreover, they have neglected the spin-orbit potential.

We find a b, contribution comparable to that obtained
by GH. Although it is difficult to make a direct compar-
ison of the two approaches, there are some specific obser-
vations which can be made. First, their yNA coupling
was obtained by fitting to the exchange current effect in
np~dy at thermal energies, and may well differ from
ours. Second, GH claimed that a major reduction in their
intermediate-b, term comes from an extra retardation fac-
tor [see Eq. (3.29) of Ref. 3]. The only retardation effect
which we obtain stems from the choice of fourth com-
ponent of the virtual pion momentum; we are unable to
reproduce their retardation factor which, according to
them, is a crucial element in the size of their b, contribu-
tion. It was also claimed by GH that nucleon-nucleon

correlations are important in a proper evaluation of an
intermediate-5 diagram. Like LN, we have neglected the
correlation effects. However, the nNN and srN4 vertex
form factors used by us and LN are "soft," so that the
importance of the short-range correlations are expected to
be greatly reduced.

The calculations of Finjord' for He employed Chew-
Goldberger-Low-Nambu (CGLN) y'N ~m N amplitudes
for the two-nucleon-current term. The important non-
resonant contributions to photoproduction of charged
pions described in Sec. III A are thus included. However,
there remain questions of gauge invariance when the
CGLN amplitudes are taken off shell, and of overcount-
ing the crossed photon-pion contribution to pion pho-
toproduction, which is normally considered to be included
in the single nucleon wave function contributions to the
electromagnetic current.

IV. SUMMARY AND ANALYSIS

In this paper, we have investigated the role of the
lk(1232) in the (y,p) reaction at intermediate energies.
The calculation follows an approach which was recently
developed for the (p,m) reaction. 7 Both one-nucleon and
two-nucleon intermediate-b contributions have been in-
cluded. In order to focus on the 6 contribution, we have
included only the magnetic portions of the nuclear
current, which are individually gauge invariant. Some
momentum-dependent effects, including the 6 nonlocali-
ty, have been neglected, and the calculations have been
performed in coordinate space. It is then straightforward
to describe the proton final-state interactions with an opti-
cal potential.

Although there is much room for improvement, the fol-
lowing features stand out in our calculations. Our
predicted differential cross sections are generally below
the data. We find that the one-nucleon contribution,
while dominimt at E„~100 MeV, is negligible at proton
angles greater than 45' for Er-300 MeV. In the 5-
resonance energy region, the intermediate-LL contributions
are comparable to the data for the ' O(y,p)'sNs, rection
at 8~=45', and for the 4He(y, p)sH reaction at 8~ =60' and
90'. For the other cases investigated, the b, contribution is
about a factor of 10 below the data. Our findings thus
imply that, depending on the combined conditions of tar-
get nucleus, energy and angle, the intermediate-b, contri-
bution can be an important contribution to the (y,p} reac-
tion.

Experiments do show a bump in the energy distribution
at Er-300 MeV for the yd~pn reaction, but not for the
(y,p} reaction in heavier nuclei. [Earlier data indicating a
resonant structure in the He(y, p) cress section have not
hxn reproduced in more recent experiments; see Ref. 17.]
One would like to understand theoretically vrhy this is the
case. First, the deuteron case is unique because the final
state consists of free nucleons. In heavier nuclei, the vir-
tual pion emitted at the n Nh vertex must be absorbed by
a bound nucleon, so that, in the calculation, there are two
extra single particle wave functions which tend to damp
out and broaden the resonance. Second, the deuteron is
unique because the initial pair of nucleons has only isospin
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zero. The T =—', and T = —,
'

amplitudes for physical pion
photoproduction from a single nucleon are comparable at
intermediate energies. Indeed, the 6 dominates only in
the case of m photoproduction because the nonresonant
contribution is suppressed due to the Kroll-Ruderman
theorem. ' Since all pion charge states contribute to pho-
ton absorption by two nuc1eons, the nonresonant T = —,

'

yN~mN amplitude is involved as mell as the T = —,
' am-

plitude. For two nucleons coupled to isospin zero, such as
in the deuteron, the T = —,

'
amplitude has a large weight-

ing factor compared to the T = —,
' amplitude. This is not

the case for two nucleons coupled to isospin one. Thus,
for all target nuclei except the deuteron, the signature of
the 6 contribution is diluted relative to the nonresonant
background.

Our calculated b, contributions are smaller than those
obtained in LN, but appear comparable to those of GH
(Ref. 3) at angles where a comparison can be made. From
the comparison of our results with the data, we can also
draw the conclusion that other exchange currents of non-
resonant nature must be important. This is in agreeraent
with the findings of GH. Regarding the one-nucleon con-
tribution, GH found a much larger effect than those ob-
tained by us and LN, for Er )250 MeV, in the
' O(y, p)' Ns, reaction.

The primary missing ingredient in our calculation is the
contribution from the electric portion of the nuclear
current, including both one-nucleon and (nonresonant)
two-nucleon terms. While it is clear from the data that
these contributions, particularly the two-nucleon term, are
important, if not dominant, at intermediate energies, it is
also difficult to obtain a model independent, gauge-
invariant result for these terms. We mention briefly some
of the difficulties involved.

First, as mentioned earlier, the approach of Finjord'
which employs CGLN pion photoproduction amplitudes
is gauge invariant when the nucleons are on the mass
shell, but not off the mass shell. Furthermore, the crossed
photon-pion term should be subtracted out, since it is al-
ready included in the proton single-particle wave function.

Second, the approach of GH ensures gauge invariance
of the two-nucleon contribution, at least in the zero-
photon-energy limit, by replacing the nonresonant part of

the two-nucleon current with a commutator between an
effective two-nucleon potential and the long-wavelength
limit of the electric multipole operator. However, it is not
obvious that this procedure is justified in an energy region
where neglected terms of higher order in (E„R) are not
small (R is the nuclear radius). The issue of gauge invari-
ance has been examined for the case of deuteron photo-
disintegration for E &100 MeV by Arenhovel and by
Hwang and Miller. In this case, the use of Siegert's
theorem 6 gives stable results because the charge density is
actually calculated from the two-nucleon potential, and
because the commutator [ V,p] is approximately indepen-
dent of potentials adjusted to fit NN phase shifts. How-
ever, for heavier nuclei, the two-nucleon potential is not
directly related to the charge density. Indeed, it has been
shown27 that a calculation which uses Siegert's theorem is
uncertain by an amount related to the lack of orthogonali-
ty between bound state and continuum (scattering) state
single-particle wave functions as they are normally calcu-
lated. On the other hand, as was done by GH, one could
guarantee orthogonality by calculating the continuum
state wave function in the shell model potential. Howev-
er, it is also well known that this procedure would give an
unrealistic description of the proton final state distortions
in the energy region of this work. We conclude, therefore,
that these calculations of the nonresonant two-nucleon
current contribution to the (y,p) reaction at intermediate
energies, while achieving reasonable fits to some of the
data, contain steps which can only be checked by a calcu-
lation which goes well beyond the scope of any paper yet
written on this reaction.
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