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Comparison of the quasielastic (e, e'p) and the (p, p) reactions
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Recent data obtained with the quasielastic (e, e'p) reaction, and the (p, p) reaction at photon
energies of about 60 MeV, on C, 0, Al, Ca, and V are examined. Comparisons are made
using distorted-wave impulse-approximation calculations. The (e, e'p) data are used to determine
the values of spectroscopic factors and root-mean-square radii of the overlap wave function for each
transition considered. These parameters constrain the direct-knockout (DKO) calculations for the

(p, p) reactions which have been performed within the same framework. While the calculations give a
very good description of the (e, e'p) data, a discrepancy of typically a factor of six is observed between
the DKO calculations and the (p, p) data. The discrepancy is largely removed when meson exchange
current contributions in the (p, p) reaction are estimated on the basis of the Siegert theorem.

PACS number(s): 24.10.Eq, 25.20.Lj, 25.30.Dh

I. INTRODUCTION

In the quasielastic region, the (e, e'P) reaction involves
the emission of a proton induced by the exchange of a
virtual photon. Since the (p, p) reaction is also induced
by the electromagnetic interaction, it is of interest to
compare results obtained with the two reactions. We
restrict this comparison to photon energies in the region
60—100 MeV in order to avoid complications due to the
excitation of giant resonances or the photoproduction of
pions. However, even with this limitation the mechanism
of the quasielastic (e, e'p) reaction, and the (p, p) reac-
tion need not be the same. For example, differences may
be expected due to the polarization of the (virtual) pho-
ton which, in the kinematics typically employed in the
experiments, is purely transverse in the (p, p) reaction,
as opposed to being predominantly longitudinal in the
(e, e'p) reaction. In addition, the momentum transfer q
involved in both reactions is also considerably different:
~q« ~~ 250—450 MeV/c and ~q~„~ 60 MeV/c These.
differences could result in a different sensitivity of both
reactions to the nuclear currents, such as those associated
with meson exchange.

It is the purpose of the present paper to perform a
detailed comparison between the (e, e'p) and (p, p) re-
actions, making use of recently acquired high-resolution
data for both reactions. The comparisons will be car-
ried out in the framework of the direct-knockout (DKO)
model, which is known to work remarkably well for the
(e, e p) reaction in the quasielastic domain [1]. In this
model it is assumed that a single (virtual) photon cou-
ples to a single (quasi&ee) nucleon in the nucleus, which is
subsequently emitted into the continuum, with distortion
due to final-state interactions (FSI). Using sophisticated
distorted-wave impulse-approximation (DWIA) codes [2]
it has been possible to extract accurate spectroscopic fac-
tors and proton momentum distributions for many nu-
clear orbitals &om the (e, e'p) data [3].

While the mechanism of the (e, e'p) reaction is well

understood, the mechanism of the (p, p) reaction is still
under debate. Some authors claim that DKO is the dom-
inant mechanism describing the (p, p) reaction (for E~ =
60—100 MeV) [4—10], while others argue that the (p, p) re-
action is dominated by meson exchange current (MEC)
efFects [11—13].

An important argument in favor of a DKO model is
the apparent scaling of the (p, p) data with missing mo-
mentum [4,5]. (In the plane-wave impulse-approximation
the missing momentum, p, can be identi6ed with the
initial momentum of the proton. ) However, as a counter-
argument, a comparison of the (p, p) and (p, n) cross sec-
tions has been mentioned [14,15]. In a DKO &amework,
the ratio of (p, p) to (p, n) cross sections should be about
a factor of 10. The actual observation is that the two
cross sections are of comparable magnitude, which can
only be explained in models involving meson exchange
currents (MEC's). In fact, several theoretical groups
are able to reproduce some of the existing (p, p) and

(p, n) data using models that include MEC contributions
[11—13]. However, the calculations by Cari and Hebach
[11], for instance, do not properly treat the DKO part,
while the random phase approximation calculations of
Ryckebusch et aL [12), Cavinato et aL [13], and others
do not include all aspects of the final-state interaction.

Following the large increase of high quality data both
from (e, e'p) and (p, p) experiments in the last few years,
we believe that it is pertinent to carry out a system-
atic analysis of the problem. Apart &om contributing
to the ongoing debate on the mechanism of the (p, p)
reaction, our work is also motivated by the growing in-
terest in the high-momentum part of the nucleon wave
function [16—18]. The relatively low spectroscopic fac-
tors deduced from recent (e, e'p) data have been inter-
preted as evidence of short-range correlations (SRC) in
nuclei [19—21]. Such efFects should also reveal themselves
in additional high-momentum components, which will be
probed in the high missing momenta accessible in forth-
coming (e, e'p) experiments at new high-duty factor elec-
tron scattering facilities. However, if the (p, p) reaction
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can be understood in a DKO framework, existing (p, p)
data could already provide valuable information on pos-
sible high-momentum components, since the p range
probed (300—450 MeV/c) covers the region where such
efFects might show up. On the other hand, if the (p, p)
reaction is dominated by MEC contributions, the existing

(p, p) data are equally valuable as a probe of MEC contri-
butions at high missing momentum. In this respect it has
to be realized that a proper interpretation of the (e, e'p)
data at high p also requires a good understanding of
MEC effects, although they are expected to be relatively
small in the (e, e'p) case [22].

In the present paper, a range of nuclei is examined for
which both (e, e'p) and (p, p) data (of sufficient quality to
study specific transitions) exist. By analyzing the (e, e'p)
data in the DWIA framework, it is possible to deduce the
spectroscopic factors and radial extensions of the over-

lap wave functions, which constrain (p, p) calculations
performed within the same framework. The comparison
between the data and this calculation will immediately
quantify the importance of the DKO mechanism in the

(p, p) reaction.
In the past, Findlay and Owens [4] have compared

the (e, e'p) and (p, p) reactions in the kinematical do-
main we are presently considering. They corrected both
the (e, e'p) and (p, p) data for FSI effects using a crude
optical-model description, and concluded that the result-
ing corrected data scaled with missing momentum. This
was taken to support the DKO interpretation of the (p, p)
reaction. Our approach is an improvement in various as-
pects: (1) A phenomenological treatment of FSI effects,
which is derived &om proton scattering data, is used for
both reactions. (2) Antisymmetrization and orthogonal-
ity are included in the (p, p) calculations. (3) Electron
distortion efFects are included in the (e, e'p) calculations.

(4) The parameters of the bound-state wave function are
experimentally determined &om the (e, e'p) data. (5)
The A dependence is studied. (6) An estimate of MEC
effects is considered. In view of these differences, and
the new high-resolution data available, our analysis can
be expected to yield a more reliable comparison.

In Sec. II the method of comparing the (e, e'p) and

(p, p) reaction is outlined. Section III describes the ex-
perimental data, Sec. IV the calculations. A discussion
of the results is given in Sec. V, followed by a discussion
of the role of MEC contributions in the (p, p) reaction in
Sec. VI. The paper is concluded with a summary and
outlook.

II. METHOD OF COMPARISON

In one-nucleon removal experiments, one can define the
quantities missing energy, E, and missing momentum,

p, in the following manner:

of the outgoing proton, and T~ q is the kinetic energy of
the residual nucleus. In the case of the (e, e'p) reaction,

q and u are the momentum and energy transfer of the
virtual photon, which can be varied independently. In
the (p, p) case, where we have ~q~

= u = E~ (the incident
photon energy), there is less kinematic freedom, resulting
in relatively high p values being probed, i.e., ~p
200 MeV/c for Ez ——60 MeV.

In the plane-wave impulse-approximation (PWIA), the
(e, e'p) cross section for a transition to a specific state
in the residual nucleus is fivefold differential, and has a
factorized form:

~„—= d„=t-"
I

P".. . »n'~n + ~„'q'
I 14-(P )I'

(3)

where Hp is the outgoing proton angle, p', is the center-
of-mass value of the outgoing proton momentum, gp is the
anomalous proton magnetic moment, and C is a kine-
matic factor defined as

, (e') ( p'E„l t'(hc)'&

(hey ((mc2)~) ( q

The first term between the braces in Eq. (3) is due to
the coupling to the convection current, and the second
represents the magnetic coupling.

By analogy with the (e, e'p) case, one can also define
a reduced cross section for the (p, p) case:

0 2

dO dQ dE
——K pl(' (p )I

e p p

where K is a kinematic factor (K = p'Ei, ), o,i is the
off-shell electron-proton scattering cross section [23], and

(p ) is the overlap wave function in momentum space
labeled by the quantum numbers a. Usually P (p )
is approximated by a single-particle bound-state wave
function.

Distortion of the electron and outgoing proton waves
destroys the fact'orization in Eq. (1), but it is still useful
to define a reduced cross section:

ace'p
P-P(P ) =

KXo.,p
where u„pis the measured cross section, and the depen-
dence on electron kinematics is to a large extent taken
care of in the factor Ko',z. The quantity p„z(p )
(which in PWIA reduces to the squared Fourier trans-
form of the radial overlap wave function) can then be
regarded as the proton momentum distribution modified
by distortions and kinematics.

In the (p, p) reaction, a PWIA factorized cross section
is also obtained for the DKO model (again selecting a
specific transition):

~p

C (pl2 sin' e~ + —,'g„'q')
' (4)

E~ = cc/ —Tp —T~ ] )

where p' and T„arethe momentum and kinetic energy
It can be seen from Eqs. (1) and (3) that in PWIA the

reduced cross sections should be identical:
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To date, the (e, e'p) data have sampled low p ((
250 MeV/c), while the (p, p) data have sampled some-
what higher values (p )250 MeV/c). It may be argued
that, in the DKO framework, the two measurements are
complementary in the sense that they measure the same
momentum distribution, but at different p . Therefore,
both (e, e'p) and (p, p) reduced cross sections would be
expected to scale as a function of p if DKO is a good
description of the (p, p) mechanism.

In the present work, we make no a priori assumption
as to the (p, p) reaction mechanism. The reason for using
the reduced cross-section representation is that it enables
us to show the (e, e'p) and (p, p) data on the same scale,
which would not be possible with a cross-section repre-
sentation. Note that, for comparisons with calculations,
as long as both the data and the calculations are divided
by the same factor, any representation is valid.

III. EXPERIMENTAL DATA

which has been included in the error bars.
The high-resolution (p, p) data for 2C, 2 Al, and 5iV

[33] were taken at the MAXLAB photon tagging facil-
ity in Lund, Sweden [34] using a silicon strip/hyperpure
germanium detector system for protons. We note in pass-
ing that the C and Al(p, p) data taken from Ref.
[33] are by no means unique, and that previous mea-
surements at other laboratories also exist [35—39]. These
measurements are consistent at the level of the system-
atic uncertainties [39]. The 4 Ca(p, p) data were also
obtained at the MAXLAB facility, using a different sil-
icon/germanium proton detection system [40]. Finally,
data for the reaction isO(p, p) was obtained using a
bremsstrahlung difference method [41]. All (p, p) data
were taken with a photon energy of about 60 MeV. The
typical systematic uncertainty in the (p, p) data is 20%.

High quality (p, p) data taken at a photon energy of
about 80 MeV are also available. Exploratory calcula-
tions have shown that the conclusions obtained in this
paper also apply to the 80 MeV (p, p) data. For that
reason the 80 MeV data will not be considered any fur-
ther.

In comparing the (e, e'p) and (p, p) reactions, recent
high-resolution data obtained on five nuclei (i2C, isO,
~ Al, 4OCa, and s V) were used. We only considered nu-

clei where the DWIA formalism is expected to provide a
reasonable approximation of the FSI, since the distort-
ing optical-model potentials have been derived from the
analysis of proton scattering experiments. The largest
possible range of A was selected [subject to the avail-

ability of adequate (e, e'p) and (p, p) data] in order to
demonstrate which features appear to be common to re-
actions of this type. In addition, the transitions chosen
are all below the two-particle emission threshold in the
residual nuclei. Effects seen beyond this threshold, while
interesting in their own right both for (e, e'p) and (p, p)
[24,25,20,26], are beyond the scope of the present paper.

As the subject of this paper is the comparison between
the two different reactions, we shall only briefly describe
the experiments themselves. In almost all cases the data
used have been published elsewhere, and therefore we

refer to the original publications for more detailed infor-
mation.

All the (e, e'p) data [27,24,28—31] were taken at the
NIKHEF-K facility. The electron beam had a duty fac-
tor of typically 1% and energies between 280 and 480
MeV. The use of the dispersion-matching technique and a
high-resolution spectrometer pair [32] made it possible to
obtain a missing energy resolution in the range 100—200
keV. All measurements used in the present analysis were
perforxned in parallel kinematics [i.e., p' either parallel

(Jp'J ) (q]) or antiparallel ()p'[ ( [qJ) to q]. The outgo-
ing proton kinetic energy, T„,was 70 MeV for i2C(e, e'p),
96 MeV for O(e, e'p), and 100 MeV for Al(e, e'p) and

Ca(e, e'p). The V(e, e'p) measurements were car-
ried out at T„=70 and 100 MeV. The cross sections
were determined with a systematic uncertainty of about
5%. An exception to this was the "Al, (e, e'p) data [29],
which were taken during the very first (e, e'p) runs at the
NIKHEF-K facility. The uncertainty in this data is 15%,

IV. CALCULATIONS

The calculations used to describe the (e, e'p) data are
based upon the work by the Pavia group [42—46,2]. They
use a model which employs a nonrelativistic one-body off-

shell current operator, nonrelativistic bound-state wave
functions, and a partial wave expansion to calculate the
distortion of the outgoing proton waves, using a non-
relativistic optical-model potential. Electron distortion
is also taken into account, and the resulting calcula-
tions are known as a complete distorted-wave impulse-
approximation (CDWIA) analysis [45,46].

Several checks were performed to evaluate the valid-

ity of the CDWIA calculations. The calculated phase
shifts are in agreement with those produced by proton
scattering distorted-wave Born approximation (DWBA)
codes. The code was also run to compare DWIA calcula-
tions with distorting potential depths were set to zero, to
PWIA calculations obtained analytically. The two calcu-
lations were found to agree on the 10 3 level over the en-
tire range of missing momenta appropriate to the present
study.

The optical-model potentials were chosen to be the
same as those used in the original analyses [27,24,28—31].
For 2C the optical-model of Comfort and Karp [47] was

used. All others employed the optical-model of Schwandt
et al. [48]. Both potentials were obtained by fits to pro-
ton scattering data, and are parametrized as functions of
the outgoing proton kinetic energy.

The bound-state wave functions were calculated by
solving the Schrodinger equation for Woods-Saxon po-
tential wells. The diffuseness parameter, ao, was kept
constant at 0.65 fm in all cases, since calculations ap-
pear to be insensitive to variations of it. In order to
obtain a good description of the (e, e'p) data, both the
root-mean-square radius (r, ,) of the bound-state wave

function and the spectroscopic factor (S ) were fitted.
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The results of such fits have already been presented in
the original publications, but as several modifications of
the code have been implemented since the original anal-
yses, all fits had to be repeated. Electron distortion is
now evaluated in a more sophisticated manner [45,46],
an error in the nonlocality correction has been removed
and the center-of-mass value of the outgoing proton mo-
mentum is calculated nonrelativistically in order to be
consistent with the nonrelativistic character of the calcu-
lation.

In Table I we list the various parameters for each tran-
sition which were found in the present analysis. The new
values for r, , and S listed in Table I diff'er by no more
than 2% and 5%, respectively, from the values quoted in
the original publications. Hence, the conclusions drawn
in those papers are not affected. In the case of i2C, the
parameter rl was also used to be consistent with the anal-
ysis of Ref. [27] where it was introduced to account for a
transverse enhancement in the data. [In this analysis the
transverse response function was multiplied by rlz, i.e.,
the parameter g is a measure of the relative enhancement
of the transverse (e, e'p) response compared to the lon-
gitudinal response. ] It should be noted that the quoted
values of r, , and S for the three p-shell transitions in

C include a correction for coupled-channel eff'ects, using
the prescription in Ref. [27].

The data for 27Al(e, e'p) were neither of sufficient ac-
curacy nor of sufficient range in p to deduce values of
r, , Instead, we have used a value of r, , which was
obtained using magnetic elastic electron scattering [49].
We have assumed a 10% uncertainty on this value of r,

'9srning now to the (p, p) calculations, these were again
based on the work of Boffi et al. [6,7], and have the ad-
vantage of being performed within the same &amework
as those of (e, e'p). In addition to the nonrelativistic cal-
culation of DKO, the calculations include several other
ingredients. A correction is applied to the proton con-
tinuum wave function in order to restore orthogonality
and antisymmetry, which are destroyed when one uses
an optical-model potential which difFers from that used
to calculate bound-state wave functions. At low p [the
(e, e'p) regime], this correction is not significant, but at
higher values [those commensurate with (p, p)], it does
have an important effect [7].

The orthogonalization-antisymmetrization (OA) cor-
rection is applied to the final-state wave function by ex-
plicitly evaluating the nonzero overlap with all occupied
single-particle wave functions, P . To apply the OA cor-
rection properly, a set of wave functions P must be gen-
erated that form an orthonormal set. We can ensure
this by calculating, for a given transition, all wave func-
tions with the same Woods-Saxon potential that was used
to evaluate the bound-state wave function fitted to the
(e, e'p) data. In general, therefore, each separate tran-
sition will have a distinct set P corresponding to the
binding energy and r, , of that transition.

A nonlocality correction is not applied to the contin-
uum wave function in the (p, p) case since, as was argued
in Ref. [50], the application of both the OA and non-
locality corrections would amount to double counting.
Furthermore, the correction due to the coupling of the
photon to the current of the A —1 system is not applied

TABLE I. The values of r, , and S extracted in the present analysis.

Target
nucleus
12C

Final
state J

3
2
1
2
3
2

7
21+
25+
2

(MeV)
0.000
2.125
5.020
6.743
6.792
7.286

7'rms

(fm)
2.806(37)
2.958(43)
2.871(48)
4.295
3.527
3.525

1.107(39)
1.193(59)
1.164(67)
1.00
1.00
1.61(3)

1.825(33)
0.275 (10)
0.217(10)
0 0038(10)
0.0084(6)
0.014(1)

160 1
2 0.000 2.923(111) 1.124(61)

Al 1.81
4.33

3.254
3.254

0.347(38)
0.707(91)

40' 3+
2 0.000 3.667(26) 2.698(44)

Slv 0+
2+
4+
6+

0.000
1.554
2.675
3.199

4.197(33)
4.189(52)
4.194(29)
4.218(32)

0.384(8)
0.165(5)
0.346(6)
0.514(10)

The complex at 7 MeV in C(p, p) is a special case, and is treated as an incoherent sum of the
three (s, ~, ~ ) states We have u. sed the t;, values from Ref. [24] and re-fitted spectroscopic
factors.
The r, , values were taken I'rom [49], and the S 's fitted. An 10% error was assumed for r, , for

the subsequent (p, p) calculations.
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(in contrast to Ref. [50]), because it represents a contri-
bution in addition to DKO. As the aim of this study is
to make a consistent comparison of (e, e'p) and (p, p) re-
actions within a quasielastic DKO framework, it must be
omitted. There is also some ambiguity in the evaluation
of this correction. We note, however, that the applica-
tion of the correction does not make any difference to the
general features of this work.

In all cases the bound-state wave functions used as
input to the (p, p) DKO calculations were obtained from
the (e, e'p) CDWIA analysis, and the optical potentials
used were the same parametrizations (taking into account
the difference in kinetic energy of the outgoing proton).

The (p, p) DKO calculation was also checked for consis-
tency. The phase shifts were found to agree with those
evaluated using the (e, e'p) CDWIA code on the 10
level. Furthermore, a check was made that the kinemat-
ics were evaluated in a similar, nonrelativistic fashion.

V. DISCUSSION

The data described in Sec. II, and the calculations
described in Sec. III have been collated and are depicted
in Figs. 1—3. The (e, e'p) data are shown as black circles,
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and only (p'] ) ]q] points are shown»nce ]p'] ( ]q]
points do not add to the information obtained. For V
in Fig. 3 the black squares (circles) represent T„=70
(100) MeV. The (p, p) data are shown as the open circles.
The solid line through the (e, e'p) points represents the
CDWIA calculation and the shaded band represents the
DKO (p, p) calculation when the uncertainty in the fitted
parameters extracted from the CDWIA analysis is taken
into account. The error due to uncertainties in the optical
potential is not included.

A general observation is that while the (e, e'p) and

(p, p) data appear superficially to scale as a function of
p, most transitions do not show a smooth overlap when
examined in detail. The differences between the (p, p)
and (e, e'p) data in the overlap region also vary consider-
ably for each transition. Hence we do not find evidence
for universal scaling in this kinematic domain. Another
observation is that in all cases, the (e, e'p) data are well
described, while the DKO calculation does not equal the

(p, p) data, and is always smaller. Note that as a result
of differences of the FSI between the two reactions, a dis-
continuity arises going from (e, e'p) to (p, p) calculations.

Looking in detail at i2C (Fig. 1), it can be seen that
the three transitions corresponding to knockout &om the

p shell all behave in a similar fashion. The data corre-
sponding to the peak at E = 7 MeV are seen to have a
somewhat different character. These data represent three
unresolved states in iiB which correspond to 1f, 2a, and
1d knockout in a DKO framework [24]. In this case the
data do not come close to scaling. The data for this peak
are enhanced by a factor of 2 compared to other tran-
sitions. The observation that this peak has apparently
enhanced strength when missing energy spectra from the
two reactions are compared has been the subject of previ-
ous publications [36,51,50,52]. The DKO calculation rep-
resents the incoherent sum of contributions of knockout
f'rom the I f7g2, 2aiy2, and 1dsg2 shells. It is represented
by a single line as r, , has not been obtained by means
of a fitting procedure. More details are to be found in

Ref. [24].
In Fig. 2 it can be seen that the transition &om 0

to the ground state of N behaves like the transition to
the 2 state in B. The wider error band refiects the
fact that a larger error bar on r, , was obtained in the
CDWIA analysis.

The two 27A1 transitions (also in Fig. 2) show that the
assumed error of 10% in the value of r, , has a sizable
effect on the DKO calculations. However, the observa-
tion of the DKO calculation falling below the data still
holds. It would be relatively straightforward to improve
the 27A1(e, e'p) data, which would help to decrease the
width of the error band seen in the present plots.

The Ids~2 transition for 4oCa(e, e'p)/(p, p) displays the
same general feature. The comparison of the DKO cal-
culation to the data is less convincing due to the size of
the error bars on p which are a result of an extended
proton detector [40].

Figure 3 shows that all transitions attributed to If7/2
knockout from V have the same character. The 4+ and
6+ states have been added (incoherently), since it was
not possible to separate them in the (p, p) analysis [33].
The difficulty in separating the contributions from each
state in siV(p, p) can also be seen in the fact that the
0+ and 2+ states have somewhat larger statistical error
bars. In all siV cases, the accurate (e, e'p) measurement
gives a DKO error band with low uncertainty compared
to the accuracy of the (p, p) data points.

In the Ca and V cases, it can be seen that the DKO
calculation results in an error band which is nearer the
data, although definitely too low to account for it. The
shapes of the curves also appear to be in better agreement
with the data for these heavier nuclei.

The difference between the DKO calculations and the

(p, p) data has been quantified by taking the mean value
of the error bands at each p point and calculating a
ratio of data to DKO calculation for each of the selected
transitions. The results are shown in Table II. The num-
bers are a measure of the additional strength seen in the

TABLE II. The ratios of the (p, p) data to the DKO and the DKO plus MEC calculations for
each transition (see text).

Target
nucleus
12C

Final
state J
3
2
1
2
3
2
7 + 1++5+
2 2 2

(MeV)
0.000
2.125
5.020
7

Ratio of data
to DKO

4.8(0.6)
4.6(o.5)
6.0(1.2)

13.9(1.9)

Ratio of data
to DKO+ MEC

0.9(0.2)
0.8(0.1)
0.8(0.2)

16O 1
2 0.000 7.0(1.8) 1.3(0.4)

Al 1.81
4.33

5.7(0.5)
6.8(0.6)

1.5(0.2)
1.7(O.1)

40' 3+
2 0.000 1.4(0.3) 0.3(0.1)

51V 0+
2+
4+ + 6+

0.000
1.554
2.9

2.7(0.6)
8.0(2.7)
3.2(0.3)

1.1(0.4)
2.6(1.0)
1.0(0.2)
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(p, p) data when compared to the constrained DKO cal-
culations. On average the ratio amounts to 5.8, with a
spread around this value as shown in the table. However,
large differences are observed in particular for the 7 MeV
state in iiB (factor 14) and the ssK ground-state transi-
tion (factor 1.4). The systematics of, and the typical size
of the enhancement factor rules out the possibility that
minor modifications of the DKO calculations (by taking
a slightly difFerent optical potential, for instance) could
result in a good description of the (p, p) data.

In view of the fact that an accurate CDWIA analysis of
the (e, e'p) data also puts tight constraints on the DKO
calculations for the (p, p) reaction, and because the eIFect
is seen for all transitions considered, we believe that the
large discrepancy shown in the present work is not an
artifact of the calculations. Previous work [4—10] which
argued in favor of a pure DKO description of (p, p) data
in the photon-energy domain between 60 and 100 MeV,
is clearly at variance with this conclusion. We attribute
this difFerence to the fact that in Refs. [4—8,10] the DKO
calculations were not constrained by experimental infor-
mation available from (e, e'p) and (p, p') experiments.

VI. ESTIMATE OF MEC EFFECTS

Several authors, including Gari and Hebach [11],
Ryckebusch et al. [53,12], and others have argued that
MEC's play a prominent role in the (p, p) reaction, even
for photon energies below 100 MeV. In particular, the
calculations of Ryckebusch et al. have been successful
in describing, for instance, the i2C(p, p) data (including
the "enhanced" 7 MeV peak) [52]. However, due to the
complexity of these calculations, it has not been possible

up to now to apply this type of calculation to all nuclei.
Moreover, as was mentioned before, many of the available
theoretical calculations do not contain a fully satisfactory
treatment of the DKO and/or FSI contributions.

In order to estimate the eKect of MEC's in the present
&amework, PWIA calculations have been performed
which are based on the Siegert theorem. The reason for
using the Siegert theorem to estimate MEC efFects stems
&om the deuterium photodisintegration calculations of
Arenhovel [54]. He shows that an explicit calculation of
MEC effects for the reaction 2H(p, p) at E~ = 60 MeV is
very close to an impulse-approximation calculation which
includes the Siegert theorem. The Siegert theorem, which
is based on current conservation, states that, in the long-
wavelength limit, the convection current matrix element
of multipolarity L may be replaced by the appropriately
scaled charge matrix element [11,55]:

yconv f q f Ei L + 1 ~chargeI (q)
( )

L I.

where E,~y&
is the initial (final) energy

It has been argued [56] that in the limit of q -+ 0, the
Siegert theorem implicitly includes exchange contribu-
tions of lowest order (higher orders being negligible). We
further assume the dominance of the E1 multipole which
is known to be reasonable for photoabsorption processes
[54]. In fact Gari and Hebach [11] based their evalu-
ation of MEC contributions to (p, p) upon similar as-
sumptions. Our approach is different &om theirs in the
treatment of the DKO contributions and the FSI. Within
our &amework, it is possible to derive a PWIA cross-
section expression which includes MEC efFects [cf. Eq.

where e is the unit charge and p~ is the nuclear magne-
ton. Using this equation, it is straightforward to evalu-
ate the ratio of the plane-wave plus Siegert (PWS) and
PWIA cross sections for each data point. The points
given by the full DKO calculation were then multiplied
by the appropriate PWS/PWIA ratio. Hence, it is also
assumed that the eEects due to MEC and FSI can be
separately treated. This is not generally true, but likely
to be good enough for our purposes.

The present method is not intended to be exact; it is
rather meant to be an estimate which can be performed
in a relatively straightforward manner within the frame-
work of existing DKO codes. For instance, it is clear that
the arguments of Sec. IV which stressed the importance
of orthogonal wave functions have now been disregarded
since, in using the Siegert theorem, we have altered our
Hamiltonian while retaining the original wave functions.

In Fig. 4 the results of the aforementioned estimate are
shown. Only selected transitions are displayed for each
nucleus (similar results are found for all transitions). As

in previous figures, the (p, p) data are shown as open
circles and the DKO calculations are represented by the
lightly shaded band. The DKO+MEC calculation is rep-
resented by the dark shaded band. The transition to the
7 MeV complex in C(p, p) is a special case to which we

shall return later.
It is clear that the MEC estimate is in much better

agreement with the data than a "pure" DKO calcula-
tion. In all cases, except perhaps 0, a good agree-
ment in magnitude and shape is found. To quantify this
statement, the ratios of data to DKO+MEC calculations
have been evaluated as in Sec. V, and are also given
in Table II. It shows that while the data are enhanced
by an average factor of 5.8 when compared to a pure
DKO calculation, this factor is reduced to an average
of 1.2 when MECs are included in our calculation us-

ing the Siegert theorem. This confirms the theoretical
arguments of Refs. [11,52] which stress that MEC con-
tributions dominate the (p, p) reaction. A more refined
description of the data requires a calculation which treats
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MEC's explicitly, and includes long- and short-range cor-
relations as well.

The treatment of the 7 MeV state in ~2C(p, p) has fol-
lowed that of Ref. [50], where it was shown that two-step

processes in the excitation of the 2 state contribute
significantly to the magnitude of the cross section. The
value of these two-step calculations was recently dexnon-
strated in a dedicated ~ C(e, e'p) experiment at low p
[57]. In the figure, the dotted line is the pure DKO calcu-
lation, the dashed line represents the addition of two-step
processes to this, and the solid line is the result of multi-
plying by the PWS/PWIA ratio. The difference between
this calculation and that of Ref. [50] is that here we do
not include the coupling to the A —1 system, while we do
show the effect of the MEC estimate. Clearly, the combi-
nation of two-step processes and MEC effects yields the
correct order of xnagnitude, indicating that a treatment
of two-step processes and MEC's within one consistent
framework might well be able to describe the data.

A different explanation for the strong excitation of this
transition has been proposed by Ryckebusch et al. [52].
The MEC s are explicitly included in a two-particle —two-
hole framework in their calculation, and it reproduces the
data fairly well. While the two calculations agree as to
the importance of including MEC effects, there is an in-
teresting difference. The calculation of Ryckebusch et al.
finds that the excitation of the 2 state is the dominant
contribution to the 7 MeV peak, while in our approach
the 2 state is responsible for the added strength due to
two-step processes. A high-resolution proton knockout
measurement at high p might resolve this issue.
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FIG. 4. The effect of applying the Siegert theorem to es-
timate MEC efFects on some selected (p, p) transitions. The
DKO calculations are shown as light shaded bands, and the
DKO+MEC calculations are represented by the darker bands.
The C(p, p) transition to the 7 MeV complex is addressed
separately in the text.

VII. SUMMARY AND OUTLOOK

It has been shown that when quasielastic (e, e'p) data
and (p, p) data taken at E~ 60 MeV are plotted as m-
duced cross sections, scaling as a function of p does not
occur. Calculations performed within the same DWIA
framework also show discontinuities between the p
ranges covered by the two reactions. This difFerence is
partly attributed to FSI differences for protons of difFer-
ent outgoing kinetic energies.

In addition to this, the DKO calculations for the (p, p)
reaction, which have been constrained by the parame-
ters deduced in the CDWIA analysis of the (e, e'p) data,
underestixnate the data by a typical factor of 6 across a
range of nuclei from A = 12 to 51. Hence we believe that
(p, p) cross sections cannot be understood in a pure DKO
framework. An estimate of MEC contributions based on
the Siegert theorem has shown that they are significant,
and that in many cases a good agreement in magnitude
and shape is observed between the data and the calcu-
lation. A full treatment of the problem, which should
include the efFects of long- and short-range correlations
as well as MEC's and the DKO contribution, is clearly
required for all nuclei.

The issues presented in this paper may be further elu-
cidated by future work. It would of great interest to
compare (e, e'p) and (p, p) data at the same (high) p
values. In which case, no uncertainty should arise due to

the difference in p range probed in the two reactions.
By separating the longitudinal and transverse response
in such (e, e'p) measurements, it might also be possible
to isolate MEC contributions in the transverse (e, e'p)
response, which could then be compared to the (purely
transverse) (p, p) results. We have already mentioned
that a high-resolution ~2C(e, e'p) measurement at high
p might resolve the state whose excitation. is respon-
sible for the en.hanced strength of the 7 MeV complex
in ~~B. An improved measurement of Al(e, e'p) would
help to reduce the uncertainty in the DKO calculation
for the 27A1(p, p) reaction. It would also be of interest
to extend the comparison of (e, e'p) and (p, p) data to
heavy nuclei (e.g., 2e Pb) in order to explore the validity
of our conclusions at a considerably larger nuclear xnass.
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