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J. A. Eden*, G. J. O'Keefe, R. P. Rassool, D. J. McLean, and M. N. Thompson
School of Physics, The University of Melbourne, Parkville, Victoria 80M, Australia

T. Suda, I. Nomura, J. Yokokawa, O. Konno, T. Terasawa, and Y. Torizuka
Laboratory of Nuclear Science, Tohoku Um'versity, Mikarnine, Sendai 982, Japan

(Received 4 February 1991)

The Ca(p, n) reaction cross section has been measured with tagged photons with energies ranging
from 31.2 to 102 MeV, for neutron emission angles of 45', 60', 75', 90', and 135'. Exclusive
difFerential cross sections for the Ca(p, n) and Ca(p, p) reactions are found to be of a similar
magnitude, but are not well predicted by recent random-phase-approximation and relativistic direct
knock-out calculations. A quasideuteron model calculation with spin-orbit splitting of single-particle
shells and an improved nucleon transparency correction is found to be consistent with the data.
However, it is shown that this does not establish that the photoabsorption matrix element for
the deuteron is necessarily similar to that of a correlated np-pair in nuclear matter. This result is
generalized to question the predicted sensitivity to short-range correlations for photonuclear reactions
calculated within the Gottfried factorization.

I. INTRODUCTION

To establish the relative importance of the various con-
tributions to the transition amplitude for photonuclear
reactions above the giant dipole resonance, it is necessary
to assess the merits of many difFerent, theoretical models.
The (y, p) differential cross section has been predicted
with reasonable accuracy using a variety of models [1—7]
which embody quite diA'erent assumptions for the reac-
tion mechanism. However, direct reaction models can-
not predict cross sections for the (p, pp), (p, nn), or the
dominant (p, pn) reaction since the photon is assumed to
couple to a single uncorrelated proton and cannot cause
a one-body transition into a final state which has two
nucleons in the continuum. In the simplest form of the
shell model, the (y, n) reaction requires the photon to in-
teract with the neutron magnetization current. Because
this interaction is much weaker than the interaction with
the proton convection current, the (p, n) cross sections
are predicted to be much smaller than the (p, p) cross
sections. Experimentally, however, the (p, n) and (p, p)
cross sections are of similar magnitude [8, 9] in light nu-
clei.

To make progress it is necessary to admit two-body ef-
fects into model calculations. This requires the inclusion
of two-body terms in the nuclear current density (meson
exchange terms) and the use of two-body wave functions
constructed from properly correlated single-particle wave
func tons.

The first of these requirements is diKcult to satisfy. In
the static limit of a one-pion exchange potential (p(2l=0),
Siegert's hypothesis holds exactly, so that the continuity
equation provides an implicit definition of all two-body
terms in the nuclear current density and guarantees that
the electromagnetic-interaction energy operator is gauge
invariant. Hence the commutator ['R, pirl(r)j appearing
in the leading term of the Siegert form of the electric tran-

sition operator will include meson exchange terms that
are consistent with the choice of the NN-interaction em-
bodied in the nuclear Hamiltonian. However, unless one
adopts the long wavelength approximation, qr « 1, the
second term in the transition operator is nonvanishing
and requires an explicit description of the nuclear cur-
rent density. Most microscopic calculations published to
date adopt the long-wavelength approximation [5, 6] or
truncate any explicit representation of the nuclear cur-
rent density to include only the one-body terms [7].

Two-body wave functions that are constructed from a
simple Clebsch-Gordan coupling of single-particle wave
functions do not acknowledge the inhuence of the NN
interaction. Short-range correlation functions can be in-
troduced to suppress the amplitude of the two-body wave
function at small NN separations, and thereby acknowl-
edge the hard-core repulsion of the NN interaction. By
assuming a direct reaction within the shell model, it
has been argued [2, 10] that the isO(p, p) and sO(p, n)
cross sections are accurately predicted when Jastrow [11]
short-range correlation functions are included in the two-
body wave functions. The predicted cross sections show
extreme sensitivity to the free parameter appearing in the
Jastrow function. A more recent calculation [12] of the

O(p, pn) reaction cross section also finds considerable
sensitivity to the parametrization of the Jastrow corre-
lation function. However, in a more rigorous approach,
correlation functions have been obtained by solving the
Bethe-Goldstone equation, and are found to be of only
minor consequence [13,14] unless the reaction kinematics
require the correlated nucleons to have very large bound-
state momenta.

There is a clear need to obtain a comprehensive data
set for specific reaction channels where shell-model calcu-
lations are expected to be reliable. A comparison of the
(y, n) and (p, p) exclusive cross sections in lighter nuclei
has been of critical importance in establishing the inade-
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quacy of direct reaction models [3, 8, 9], but the existing
data set is limited to only a few light nuclei. The aim of
the present paper is to report the Ca(y, n) cross section
for comparison with the existing Ca(y, p) cross section
[15]. The 4oCa(p, n) data is compared with a number of
microscopic theories, none of which adequately describes
the data. Results from a quasideuteron model calcula-
tion appear to be consistent with the oCa(p, n) data,
although it is argued that this says little about the basic
photoabsorption matrix element. Extending this conclu-
sion to the more general Gottfried factorization [16], the
predicted sensitivity [12] to variations in the Jastrow cor-
relation function is questioned.

II. EXPERIMENT

A. Experimental arrangement

The Ca(p, n) cross section reported in this paper
was measured using the Tagged Photon Facility [17, 18]
at the Laboratory for Nuclear Science, Tohoku Univer-
sity, Japan. The experimental arrangement is shown in
Fig. 1. The facility provides tagged photons with energies
ranging from 25.2 to 102 MeV, with an acceptance bin
width of 2.6 MeV. A natural calcium (96.941% 4 Ca) tar-
get consisting of compressed turnings was located about
3 m downstream from the bremsstrahlung radiator. The
cylindrical target, of diameter 72 mm, length 145 mm,
and mass 735 g, was enclosed in a sealed plastic bag
filled with argon gas. Individual neutron detector mod-
ules were located at angles of 45', 60', 75', and 90' rel-
ative to the incident photon beam, and an assemblage
of four neutron-detector modules was located at 135'.
The neutron detector modules each subtended a solid
angle of about 3.5 msr for detector-source separations of
about 2.7 m, and were surrounded by plastic-scintillator
(NE104) veto detectors.

B. Detectors

The neutron-detector modules used in the present ex-
periment [9, 19] consist of a square block of aluminium, in
which a cylindrical cavity has been bored and fiHed with
an organic liquid scintillator (NE213). The cavity has a
diameter of 180 mm and a depth of 103 mm. A Hama-
matsu (R1250) photomultiplier tube is optically coupled
to the glass window which seals the cavity. Rejection
of all signals due to charged particles impinging on the
neutron detectors was achieved by requiring an antico-
incidence with signals from the immediately surround-
ing veto detectors. The remaining particle identification
was therefore restricted to n'Iiy discrimination, which was
achieved using two independent methods: first, by com-
paring the integrated charge of the neutron detector out-
put for ADC gate widths of 20 and 200 ns, and second,
by the standard pulse-shape discrimination (PSD) pro-
cedure using Canberra 2149A PSD modules. The PSD
result is shown in Fig. 2, and was found to give clearer
nfl separation for the (more common) small pulse-height
signals.

Neutron kinetic energies were determined by the time
of flight (TOF) between the calcium target and the neu-
tron detectors. The neutron kinetic energy resolution is
obtained from the quadrature sum of the photon energy
resolution, + 1.8 MeV [19], and the neutron-TOF resolu-
tion, 6 1.4 ns, and results in uncertainties of + 1.81 MeV
at 9.32 MeV, + 3.10 MeV at 48.7 MeV and + 6.03 MeV
at 84.0 MeV.

The dimensions of the veto detectors were selected to
enclose the neutron detectors, but all have a common
thickness of 2.0 cm. An assemblage of two veto detec-
tors placed either side of a 1 mm sheet of lead was lo-
cated in front of the 45' neutron detector in order to
reduce the large number of events triggered by scattered
bremsstrahlung photons interacting in the neutron detec-
tor. Consequently, it was necessary to make a small cor-
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FIG. 2. Particle identification from pulse-shape discrim-
ination. The distinct edge in the y-ray distribution results
from a preliminary cut in the oR'-line analysis.

C. Electronics and data acquisition

In the present measurement, data were recorded "event
by event" with most electronic requirements being satis-
fied by standard fast NIM and CAMAS instrumentation.
The event trigger required a neutron detector signal in
anticoincidence with signals from any of the surround-
ing veto detectors, and in coincidence with a signal from
any of the electron detectors in the tagging spectrom-
eter. The photon energy responsible for the event was
determined by identifying the electron channel that con-
tributed to the event trigger. The neutron energy was
calculated from the time interval between the neutron
detector and tagged electron detector signals. For each
event, ADC and PSD information was recorded for par-
ticle identification purposes. The data acquisition fre-
quency was limited by the OKI 50/60 on-line computer,
for which the maximum event rate was about 10 events
per second for event sizes of about 24 bytes.

D. Collimation of the photon beam

Earlier tagged photon measurements at the Tohoku
laboratory have been restricted to neutron emission an-
gles of less than 90 . The inclusion of the neutron detec-
tors at 135' required the removal of some of the concrete
shielding. To investigate any consequent changes in the
background contribution to the data, the target was re-
moved and the TQF spectra were examined. A "p-Gash"
peak was observed, resulting from the detection of pho-
tons scattered from the collimator. Although this photon
background could be rejected by particle identification in
the ofI'-line analysis, any associated neutron background
resulting from (p, n) reactions in the collimator would
contribute an unacceptable background to the TOF spec-
tra. The problem was remedied by removing the colli-

rection for the loss of neutron Aux reaching the neutron
detector, but manageable data-acquisition rates were ob-
tained without increasing the neutron-detector threshold
from 3.15 MeVee (i.e. , the pulse height corresponding to
that produced by a 3.15 MeV electron).

mator, and further background measurements confirmed
that no "y-Hash" peak was observed in the TOF spectra
measured at any angle.

The measurement of tagging efficiency (i.e. , the frac-
tion of the tagged photon fIux which is incident on the
target) requires the removal of the target and installa-
tion of a thick lead-glass Cherenkov photon detector. To
obtain the tagging efFiciency it is necessary to ensure
that the photon beam is smaller than both the target
and Cherenkov-detector dimensions. In previous exper-
iments this was guaranteed since the photon beam was
suitably collimated. However, in the present experiment
the collimator was not used, so the measured efFiciency
as obtained from the Cherenkov detector does not give
the true tagging eKciency.

A correction [20] to the measured tagging efficiency has
been calculated using the theoretical expression for the
bremsstrahlung angular distribution [21]. The position
of the photon beam relative to the target axis was mon-
itored by comparing the discriminated counts from thin
plastic-scintillator detectors placed about the target, as
shown in Fig. 1. The ratio of the discriminated counts
was calibrated against the position of the incident elec-
tron beam on the bremsstrahlung radiator, and against
the measured tagging efFiciency, allowing a correction of
order 10% which contributes an uncertainty of 1% to
the absolute scale of the double-dift'erential cross section.
A significant advantage in removing the collimator is that
the true tagging efFiciency is improved from a maximum
value of 50% to 81%%uo for all but the lowest photon
energies; the average tagging efFiciency under these con-
ditions was 75%%uo.

III. DATA REDUCTION

A. The absolute scale cross section

The double-differential cross section for the inclusive
Ca(y, n) reaction is given by

0 N„
dQdT„~' "' "

N~ Nc ( g dO dE

where N„(E~, O„, T„) is the absolute number of pho-
toneutrons with kinetic energy T„emitted at an angle
g„relative to the photon beam, which are detected in
coincidence with a tagged photon of energy E~. The
true jaccidental coincidence ratio for N„was in the range
5—8 for all detectors. The number of tagged photons
N&(Ez) is given by the product of the number of tagged
electrons and the corrected tagging efFiciency, and has an
uncertainty of 1'%%uo. The eff'ective number of Ca nuclei
seen by photons at each tagged photon energy is given
by Nc (E&) and carries an uncertainty of 2.6% resulting
mainly from the uncertainties in the photon attenuation
cross section and the target dimensions. The neutron-
detector efliciency ((T„) was calculated using the pro-
gram TOTEFF [22], and carries an uncertainty [19]of 7%.
The solid angle and missing-energy bin sizes are given by
dA(0„) and dE, respectively.
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B. Neutron transmission efBciencies C. Correlations in the systematic uncertainties

The neutron transmission eKciency g, giving the prob-
ability that a photoneutron produced in the target will
not be scattered out of the solid angle subtended by a
neutron detector, is given by the product of efFiciencies
for transmission through the target, the air separating
the target and neutron detector, and the veto detector
located in front of the neutron detector. For the 45'-
neutron detector, an additional correction is required for
the 1-mm lead sheet and second veto detector.

The neutron transmission eKciencies for the target,
air, and lead sheet each take the form

il(g„, T„) = exP[—Po(T„)t(0„)],

The uncertainties in the neutron detector efIiciency
bg/(, and in the neutron transmission efficiency through
the veto detectors brj, i jg„, , are anticorrelated, since
an underestimation of $ would ensure an overestimation
of g, t-, . Hence the two major sources of uncertainty in
the absolute scale of the double-difFerential cross section
tend to cancel, leaving an uncertainty of only 6.7% in the
product (g„,t; . The fractional systematic uncertainty in
the cross section is taken as the quadrature sum of the
fractional uncertainties in (rl, io, rig, g»„N~~, N&, and
the 5'%%uo uncertainty resulting from the neglect of neutron
elastic scattering. The total systematic uncertainty for
the ~oCa(7, n) cross-section measurement is 9%.

where p is the density, o is the neutron reaction cross sec-
tion[23, 24], and t is the thickness. For the calcium target,
t is the mean transit distance for photoneutrons escaping
the target at an angle 0„, and assumes a distribution of
photoneutron production sites in the target that is cal-
culated from the photon attenuation cross section [25]
and the bremsstrahlung angular distribution [21]. Typi-
cal values for the neutron transmission efFiciencies in the
calcium target, air, and 1 mm lead sheet are 0.93+0.6%%uo,

0.99+0.1'%%uo, and 0.98+2%, respectively.
If a neutron with a kinetic energy that is above the

neutron-detector threshold (3.15 MeVee) suffers an in-
teraction in a veto detector and the energy deposit in
the veto detector gives a scintillation below threshold
(1.06 MeVee), it is assumed that the neutron will retain
sufFicient energy to penetrate the veto detector, and that
its angle of deflection is small enough to ensure that it
subsequently hits the neutron detector, so that no cor-
rection is required. The transmission efFiciency for the
veto detectors is therefore taken as

where ( is the neutron detection efficiency for the veto
detectors, as calculated with the program TOTEFF. The
neutron-transmission efIiciency for the veto detectors is
typically about 0.96+7 '%%uo.

It is not possible to correct for the loss (or gain) of
neutron flux at each angle due to elastic-scattering in
the target because the Ca(n, n) elastic scattering dif-
ferential cross section is not well known at the neutron
kinetic energies of interest. However, from the magni-
tude of the total elastic-scattering cross section [24] for

Ca, the total number of neut, rons that sufFer elastic-
scattering collisions in the target can be estimated to
be between 5 and 10'%%uo. This figure overestimates the
required correction at any given neutron emission angle
0„, since some of t,he elastically scattered neutrons will
remain within the neutron-detector solid angle dA(0„),
and, more importantly, neutrons emitted at all other an-
gles may be elastically scattered into the neutron detec-
tor solid angle. In the present analysis, no correction
has been made for neutron elastic scattering. This is es-
timated to contribute a 5% uncertainty to the absolute
scale of the double-difFerential cross section.

IV. RESULTS AND DISCUSSION

A. Double-difFerential cross sections

Missing energy spectra

Missing energy for the Ca(7, n) reaction is defined as

E = E~ —T —TR —Q, (4)

where E& is the photon energy, T„and T~ are the ki-
netic energies of the neutron and recoiling Ca nucleus,
respectively, and Q is the oCa(p, n)s9Ca reaction thresh-
old. The 4oCa(p, n) missing-energy spectra (i.e. , the
cross sections, difFerential in missing energy and neutron-
emission angle) are presented in Fig. 3 for laboratory-
frame neutron-emission angles 0„= 45', 60', 75', 90',
and 135'. To obtain statistically significant results, it
was necessary to average the missing-energy spectra from
several difFerent tagged photon energies, as is indicated
in the figure.

In the exclusive region of the missing-energy spectra,
E ( 5.8 MeV, only the Ca(p, n)s Ca reaction con-
tributes to the data. In the inclusive region, E )
5.8 MeV, a variety of reaction channels may contribute,
for example, the Ca(p, pn) sK, Ca(y, nn) Ca, and
4oCa(p, dn)s7K reaction channels open at E =5.8, 13.4,
and 15.6 MeV, respectively.

At the lower photon energies (E&——31.2 to 57.9 MeV)
the data are dominated by electric-dipole transitions to
collective states. The resolution of the averaged miss-
ing energy spectra does not permit identification of the
discrete final states.

At higher photon energies (E&——60.5 to 102 MeV)
the exclusive Ca(y, n) cross section becomes extremely
small. In the inclusive region, the data are largely the
result of (p, pn) reactions, and the shape of the missing-
energy spectra is determined by the available phase
space. In view of the dominance of the (y, pn) reaction,
the data are compared with the results of a quasideuteron
model (QDM) calculation, as discussed below.

2. Comparison milk qeasidentewan madeL caLemLatian

The QDM double-differential cross section for the in-
clusive (y, n) reaction leading to the emission of an np
pair from the orbitals (nlj; n'Pj ') is given by [20]
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2d o'qdm N„(q Z„ I ~=cL
dTndn„„, , „,, A

&1 t (&~)

where N„1& is the number of neutrons in the (nl j) or-
bital, Z„~11&1 is the number of protons in the (n't'j') or-
bital, A is the number of nucleons in the target nucleus,
F„&„~&I(pz) is the unit-normalized momentum density for

a quasideuteron formed from a neutron in the (nl j) or-
bital and a proton in the (n'I'j') orbital, (do'g/dA„" j is
the deuteron differential cross section, evaluated in the
center-of-momentum (c.m. ) frame of the (internal) neu-
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XZ
OQDM = L' d-

A (6)

Thehe present calculation acknowledges spin-orbit splittin
for the neutron dtron and proton single particle energies. The

-or 1 sp i ing

double-differential cross section for the inclusive &~ } 0
reaction in an A-particle nucleus is

tron and proton, E' is the photon energy, Doppler shifted
into t e frame where the quasideuteron i t t

e ang e between the photon and (internal) proton mo-
menta, calculated in the c.m. frame, J„ is the product of
jacobians required for the coordinate transformations }

is the I evjnger parameter, and c' is a normalization con-
stant, chosen so that

can be generalized to other particles by an appropriate
choice of o„„l.

Figure 3 shows that the QDM results appear to ac-
count for a very large fraction of the cross section in the
inclusive region of the missing energy spectra. In a sim-
ilar fashion to earler QDM calculations [3], the absolute
scale of the QDM is set by normalizing to the missing
energy data at O„=I35'}where the cross section for the
(p, pn) reaction is expected to be much larger than that
of the ~o e ~y, n~~. The predicted strength and shape at all
angles appears to be in good agreement with the data.
The well-established success of the QDM in predicting
the inclusive (y, n) spectra in light nuclei [3, 8, 9] is now
extended to mass A=40.

0 QDM ~ d ~QDM
2

dT„dn„~- ""'( ") dT dn
ale;n 1 j dT„'dO

The sum over bound-state orbitals in Eq. (7) is modi-
fied by the neutron transparency g„~, which is usually
taken as a constant [3, 9]. In the present calculation,
however, the neutron transparency depends on the neu-
tron kinetic energy, and, more importantly, the orbital
from which the neutron is ejected, and is given[20] by a
simple development of earlier treatments [26, 27] as

g„t(Tn) =
Ip„&(r)e p x—e„„(T„)J' pz(r'(t))dt)drfl g—0

I' p„,(r)dr

Thehe neutron transparency is shown in I"ig. 4. The vol-
ume integrations in Eq. (8) extend over all space. The
p otoneutron escape trajectory is defined to start at the
photoabsorption site (r, 0, P), and be directed towards the
detector. The nuclear density at position t on the escape
trajectory is denoted with pA(r'(t)), and p„&(r) is the
density of nucleons in the harmonic-oscillator shell (nl)
at radius r The cross .section o„„I(T„),for a neutron of
kinetic energy T„, interacting with the residual (A —2)
nucleus is approximated by the Ca neutron reaction
cross section [24]. The neutron transparency of Eq. (8)

B. Exclusive difFerential cross sections

Comparison of Ca(p, n) and Ca(p, p) data

A comparison of the relative magnitudes of the exclu-
sive (p, n) and (p, p) reactions has long been recognized
as an important test of the photoreaction mechanism
[3]. Since the exclusive 4oCa(p, p) sK differential cross
section has already been measured [15] for the excita-
tion energy intervals E~——0.0, 2.5—3.5, and 3.5—8.0 MeV,
this comparison is now possible for Ca. The exclusive

Ca y, n i erential cross sections were obtained baine y in-
egratmg the missing-energy spectra from E = —2.5 to

3.5 MeV, and thus refer to the 4 Ca(y, n) 9Ca reaction
leading to population of the ground and first three ex-
cited states in ssCa. The results are given in Table I,
and compared with the ~ Ca(y, p) differential cross sec-
tion (for the excitation energy interval 0.0—3.5 MeV) in
Fig. 5. The measured cross sections for the exclusive re-
actions 40Ca(y, n) and 4 Ca(y, p) are essentially the same
within the statistical precision.

2. Compara8on math random- phase- approximation
(BPA) calculations

Within an RPA framework, Ryckebusch et al. [7]
have calculated diA'erential cross sections for the reactions
(y, po), (p, pq), (y, no), and (y, nq) m OCa (and sO)
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TABLE I. Ca~ na~~p, n~&exclusive difFerential cross sections
for the missing-energy region E = —2.5—3.5 MeV. The scale
uncertainty is 9%.

0.25

0.20

0.15
1p

0.10—

0.05—

20 40 60
T„(MeV)

80 100

FIG. 4. Neutron transparency for specified harmonic-
oscillator shells.

75

90

44.8+"—5.3
2+10.4—8.4

44.4+"—5.2

4 6+1.8—1.1

E, = 33.7 —47.6 MeVH„do/dA
(deg) (pb/sr)

45 59 2+"-6.8

90

9 1+3.8—2.3

7 6+4.7—2.5

4 3+3 ~ 2—1.7

0.54+"'—0.49

E, = 50.2 —70.9 MeV
8 d~/dA

(deg) (pb/sr)

45 13 1—2.9



Ca PHOTONEUTRON CROSS SECTION ABOVE THE GIANT. . . 759

The results for the 4"Ca(p, no) and 4oCa(y, po) reactions
are shown in Fig. 5 and are seen to significantly overes-
timate the differential cross sections at forward angles.
This excess strength is expected to arise from the sim-
plistic single-particle description of the final-state wave
function since a linear combination of particle-hole ad-
mixtures would not, in general, interfere coherently. The
need for a large (up to 8-particle —8-hole) basis space has
been emphasized in a previous shell-model calculation
[28] which determined the energies of the J = 0+ states
in 4'Ca.

An earlier RPA calculation by Cavinato et al. [6] pre-

diets smaller ~DCa(P, 72o) and 4oCa(P, Po) cross sections,
and appears to agree with the data. However, both of
the RPA calculations shown in Fig. 5 refer to reactions
leading exclusively to population of the ground states of
ssE& and sgCa, whereas the data are the sum of the dif-
ferential cross sections for population of the ground and
first three excited states.

The RPA prediction of the relative magnitudes of the
(y, pq) and (y, 72o) cross sections appears to be consistent
with the data, although the statistical uncertainty in the
experimental results at large nucleon emission-angles lim-
its the scope of this conclusion.
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8. Differences in BPA calculations

It is surprising to find that two similar RPA calcula-
tions give such different results. Both are coordinate-
space calculations using a Skyrme nucleon-nucleon in-
teraction, and appear to be limited to a one-particle-
one-hole description of the excited states in 40Ca. Both
calculations employ a multipole expansion of the electro-
magnetic Geld, and use very similar multipole-effective

charges. However, the calculations do have some differ-
ences. Foremost among these is the description used for
the electric transition operator, defined [29] for a photon
with moment, um q and polarization A as

V x (jl.(qr)YII. i,(r)) .j(r) dr. (9)

The Siegert form of this is

T~(q, A) =—
q+1.(L+ 1)

( db. 11'+1

[»p(r)] I
1+ rd I jI.(qr)YL, L„&(r) "r+

I.(I.+ 1)
r j I, (qr)YI, I, g(r) j(r) dr

(10)

Cavinato uses the long-wavelength approximation
(LWA) so that the second term in Eq. (10) drops out with

qr « 1, thereby eliminating the only explicit reference to
the total nuclear current density j(r). Meson-exchange
currents are implicitly included [30] by the commuta-
tor appearing in the first term of Eq. (10) since, within
Siegert's hypothesis (pl2l=0) the continuity equation be-
comes

(jail + jl2l) + ' » p[il. = 0

Equation (11)must hold for a gauge-invariant description
of the electromagnetic interaction, and implies a nonvan-
ishing jI~~ for any NX potential with isospin or momen-
tum dependence i.e. , whenever the two-body term in the
commutator is nonzero.

For 80 MeV photons, where qr 1.5, the LWA is not
valid. Ryckebusch avoids the LVVA by retaining the sec-
ond term in Eq. (10), but truncates the full nuclear cur-
rent density to include only the one-body part. This
suggests that the meson-exchange contribution to both
calculations should be about the same, but, in the ap-
proach taken by Ryckebusch, the one-body terms are less
effected by the failing of the LWA. Ryckebusch concludes
that the LWA may seriously underestimate the total pho-
toabsorption cross section. Unfortunately both the Cav-
inato and the Ryckebusch calculations retain the use of
multipole-effective charges (derived in the LWA) rather
than explicitly acknowledging [31] that the residual nu-

cleus and continuum nucleons have a total momentum q
relative to the initial nuclear state.

Comparison upwith quasidirect knock-out calculation

McDermott [32] has calculated the cross sections for
the (y, no) and (y, po) reactions using a relativistic qua-
sidirect knock-out (QDK) approach. The results for ~oCa

are shown in Fig. 5.
Bof% [31] has investigated the importance of a num-

ber of approximations, which are commonly adopted
in direct-reaction calculations, and has provided de-
tailed prescriptions for future treatments. It is not clear
whether McDermott's calculation includes the recoil term
in the transition amplitude, or observes the requirements
of a properly orthoganalized final-state wave function.

McDermott regards his calculation as "exploratory, "
and implies that the many deGciencies might be reme-
died in future publications. Even if this is so, it seems in-
evitable that future calculations will continue to depend
sensitively on the choice of optical-model parameters
used to approximate the final-state interaction. These
parameters are not well known, and for one of the pub-
lished parameter sets, McDermott Gnds that the rela-
tivistic results are worse than the nonrelativistic ones.
It may be that the variation of the cross section with
changes to the optical-model parameters is influenced by
the alterations to the orthogonality defect of the final-
state wave function.

The relativistic QDK model fails to predict the ob-
served similarity in the magnitudes of the Ca(y, n) and
cCa(p, p) cross sections; the 4oCa(p, n) cross section is

underestimated by about an order of magnitude.

C. Inclusive differential cross sections

The double differential cross sections for the inclusive
~ Ca(p, n) reaction, as presented in Fig. 3, are integrated
over the missing energy interval 6—60 MeV to give the
results presented in Table II and Fig. 6.

The QDM calculation of the diff'erential cross section
for the inclusive Ca(p, n) reaction is obtained by inte-
grating Eq. (7) over all neutron energies, or, equivalently,
by integrating over the missing-energy interval E =6—
60 MeV. The scale of all QDM results presented in the
present paper is set with A=11.4+1.1 and c'=1.48. These
values are similar to those reported in an earlier QDM
calculation [3], although as will be discussed in the fol-
lowing section, it is unlikely that this has any physical
significance.

D. NN correlations

Physical significance of the QDM

The longstanding success of the QDM in predicting
the cross sections for a number of different reaction chan-
nels over a wide range energies and nucleon emission an-
gles [3,9,33—38] is usually interpreted as evidence that
the deuteron and quasideuteron photoabsorption ma-
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TABLE II. Ca(p, n) inclusive differential cross sections for E~ = 60.5 —102 MeV, and missing-energy interval 6 —60 MeV.
The scale uncertainty is 9%.

8„(deg)
do/d0 (pb/sr) 173 + 12

60

152 + 9

90

195 + 10

135

102+ 4

trix elements are very similar. However, this interpre-
tation seems questionable since it is not possible for all
nucleon-nucleon correlations in nuclear matter to share
the restricted spectroscopic description that is found
in the deuteron (i.e, an antisymmetric wave function
constructed by coupling two fermions of orbital angu-
lar momentum / and L' to a total orbital angular mo-
mentum, spin and isospin of I, , S T, is nonvanishing
only if /+I'+I+S+T is an odd integer). The lack of
spectroscopic correspondence between the deuteron and
quasideuteron suggests that the photoabsorption proba-
bility for the pn pair is misjudged in the QDM, and that
the success in predicting the opening angle distributions
[33—35,38] for the (y, pn) reaction results from the dorni-
nance of the momentum density [16] in the expression for
the QDM cross section. To illustrate this quantitatively,
the QDM has been used to predict the (y, pn) angular
correlation function, i.e. , the cross section, difFerential
in the emission angles and integrated over the energies
of both photonucleons in the 4oCa(y, pn) reaction. The
solid curve shown in Fig. 7 is the standard QDM result for
a photon interacting with a quasideuteron formed from
an np pair in the 1d3y2 orbital. The dashed curve difFers
from this only in that the diA'erential cross section for
the photodisintegration of the deuteron has been set to a
constant. Since the absolute scale cannot be predicted by
the QDM, and is irrelevant for the present considerations,
the results have been normalized to have equal strength.
The dominance of the momentum density can also be
seen in a phase-space analysis of the QDM prediction of
the ~~C(p, pn) angular-correlation function [38].

The "success" of the QDM in predicting (y, pn)
angular-correlation data results mainly from the fact that
the momentum density F(p&) gives a reasonable esti-
mate of the momentum distribution of the bound-state
np-pair, and does not require the quasideuteron and

deuteron photoabsorption matrix elements to be simi-
lar. Even quite serious errors in the estimation of the
photoabsorption probability are unlikely to be revealed
by comparing the QDM results with (y, pn) angular-
correlation data, and can be partially hidden by an ap-
propriate choice for the Levinger parameter.

2. The Gottfried facto@ization

The insensitivity of the QDM cross section to the pho-
toabsorption probability can be generalized to any Got-
tfried factorized [16] (y, pn) cross section,

do = (2x) F(pq)Sg b(Eg —E;)dp dpi' (12)

0.020—

The QDM expression for the (p, pn) cross section is a spe-
cial case of Eq. (12), obtained by replacing S~; with the
deuteron cross section, transformed into the appropriate
frame. Hence the conclusions of the previous section can
be generalized: Figure 7 shows that Sy, varies slowly
compared to F(p&) in any Gottfried-factorized (y, pn)
cross section.

Short-range correlations have generally 2, 10] been
treated by introducing a Jastrow function [ll] to sup-
presses the amplitude of the coupled single-particle wave
functions at small separations. The use of Eq. (12) im-
plicity assumes that, for the purposes of calculating the
momentum density F(pz), the neutron-proton pair have
zero separation at the instant of photoabsorption. This
approximation may seem quite unreasonable because of
the well-known hard-core repulsion of the NN interaction
at small separations. However, the approximation is only
applied to the position coordinate of the single-particle
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wave functions, and not to the separation dependence
of the short-range correlation functions, so the Gottfried
factorization might be regarded as an acceptable simpli-
fication, at least up to a scale factor. It is important to
note that, within the Gottfried factorization, such short-
range correlation functions must be contained in Sf;.

From the foregoing discussion, it is evident that the
Gottfried-factorized cross section is insensitive to vari-
ations in Sy;, and is therefore insensitive to variations
in the short-range correlation functions. However, in
calculating the Gottfried-factorized cross section for the
isO(y, pn) reaction, Boato and Giannini [12] find extreme
sensitivity to variations in the Jastrow function param-
eter. This fatly disagrees with the conclusions of the
sensitivity study shown in Fig. 7, and requires investiga-
tion.

To resolve this discrepancy, a number of problems asso-
ciated with the use of 3astrow functions are noted. First,
by reference to the earlier work of Drell and Huang [39],
Boata and Giannini claim that, the introduction of their
Jastrow correlation function does not violate the orthog-
onality requirement for the wave functions, although this
is not consistent with the detailed study of Fink et al.
[13]. Second, Boato and Giannini assume the XN cor-
relation is independent of the NN separation and varies
according to the displacement from the nuclear center of
mass. This means that the correlation function cannot,
suppress the amplitude of the two-nucleon wave func-
tion at small separations, and therefore does not fulfill
its intended purpose of simulating the effect of the hard-
core repulsion of the NN interaction. Third, the 3as-
trow function is assumed to be independent of the spec-
troscopy of the correlated pair, although the importance
of such dependence has long been established [40].

It is noted that a proper Moshinsky transformation of
the correlated two-body wave functions into the (two-
body) center of mass and relative coordinates is possible,
and could be used with a correlation function obtained
by solving the Bethe-Goldstone equation [41]. This more
rigorous approach has already been persued [14] for the
He(e, e') reaction, and it was concluded that the inclu-

sion of short-range correlations makes almost no differ-
ence for momentum transfers of less than 600 MeV/c.

It is not possible to assess the physical significance of
Boato and Giannini's calculation until a more realistic
correlation function is used, and adherence to the orthog-
onality condition is verified. If the extreme sensitivity to
the Jastrow functions were confirmed, it might then be
argued that the assumptions implied by the use of the
Gottfried factorization are themselves dubious, and that
a proper Moshinsky transformation is necessary.

For the calculation of cross sections, such as the (y, pn)
angular correlation function, where the kinematical vari-

ables are allowed to vary, but, where the spectroscopic
assignments of the correlated NN pair and residual nu-
cleus are fixed, the inclusion of short-range correlation
functions should have few consequences.

The above conclusion cannot be extended to calcula-
tions where the spectroscopy of the final state is allowed
to vary. If short-range correlations require a weight to
be associated with particular spectroscopic assignments
(e.g. because S=l and/or T=O may be more likely
couplings), then the inclusion of short-range correlation
functions might be necessary. The spectroscopic depen-
dence of such short-range correlation functions could be
obtained by solving the Bethe-Goldstone equation for a
realistic NN potential.

V. CONCLUSIONS

The missing energy spectra for the OCa(y, n) reaction
have been measured with tagged photons with energies
ranging 31.2—57.9 and 60.5—102 MeV, for neutron emis-
sion angles of 45', 60', 75', 90', and 135'. A comparison
of the results for photon energies of Ez——60.5—102 MeV
with predictions from the QDM shows good correspon-
dence at all angles. A prescription for the calculation of
a phenomenological neutron transparency correction is
given, showing an explicit dependence on neutron kinetic
energy and bound-state orbital. The Levinger parame-
ter has been determined as I =11.4+1.1, and its lack of
physical significance has been discussed.

Exclusive differential cross sections for the 40Ca(p, n)
and Ca(p, p) reactions have been compared and are
found to be of a similar magnitude. RPA and relativistic
QDK calculation results have been compared with the
data, but do not accurately predict the magnitudes of
the experimental results. These calculations have been
examined in detail and appear to adopt a number of ques-
tionable simplifications.

A study of the QDM angular correlation function
shows that the calculated cross section is insensitive to
a serious misrepresentation of the quasideuteron photo-
absorption probability. This result has been generalized
to question the importance of short-range correlations
calculated within the Gottfried factorization.
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