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EfFects of meson-exchange currents an the (e, e'p) structure functions
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The response functions for the unpolarized (e, e'p) and polarized (e, e'p) reaction are calculated
for medium-heavy nuclei under quasifree conditions. The formalism presented here incorporates
both electron distortion eKects and two-body currents related to xneson-exchange and the b, (1232)
excitation. The 6nal-state interaction of the outgoing nucleon with the residual nucleus is handled
in a self-consistent Hartree-Fock random phase approximation formalism. The effect of Coulomb
distortion of the incoming and outgoing electron is included within a fully distorted wave calculation.
The sensitivity of the results to the two-body currents is discussed for the Sve structure functions
in quasielastic (e, e'p) scattering off the target nuclei 0 and Ca. A selective sensitivity to the
two-body currents is obtained in the longitudinal-transverse interference term TVl, z for which two-
body currents can explain part of the discrepancy between the impulse-approximation calculations
and the data.

PACS number(s): 21.60.Jz, 24.10.Eq, 25.30.Fj

I. INTRODUCTION

The coincidence (e, e'p) reaction when performed un-
der quasi&ee conditions has proven to be an excellent
tool in the study of single-particle properties of the nu-
cleus [1]. The analysis of the quasielastic (e, e'p) reaction
yields information on the single-particle wave functions,
spectroscopic factors, and strength distributions. Gener-
ally, the quasielastic (e, e'p) results have been analyzed
within the framework of a relativistic [2,3] or nonrelativis-
tic [4—6] distorted wave impulse approximation (DWIA)
approach. In these models the quasielastic electromag-
netic response is assumed to be dominated by one-body
currents. Hence, the nuclear current is handled in the im-
pulse approximation (IA) in which it will be regarded as
the sum of the one-body currents &om the individual nu-
cleons. The Gnal-state interaction of the outgoing proton
with the residual nucleus is treated in a distorted wave

approximation either within an optical potential model
[4] or within a microscopic Hartree-Fock random phase
approximation (HF-RPA) approach [7,8]. In most cases,
the quasielastic (e, e'p) cross sections are reasonably well
reproduced within this DWIA approach.

At present, improved experimental techniques have be-
come available and measurements have been carried out
to extract more detailed information on the response to
the longitudinal and transverse polarization states of the
virtual photon. Assuming the one-photon exchange ap-
proximation, the unpolarized (e, e'p) cross section can
be written in terms of four nuclear structure functions
each multiplied with a different kinematical factor. In
case of polarized incoming electrons, an additional he-
licity h(kl) dependent structure function WIT, can be
extracted [9,10]. The angular distribution of the polar-
ized (e, e'p) cross section is determined by the following
expression:

0
(e, e'p) = t (vL, WL, + vTWT + uTTWTT cos2p„+ vl, 7WI,T cosy„+ hv&T, WIT, sin&pal)f Ey np

All five structure functions W depend on the momen-
tum and energy transfer (q, ur) of the virtual photon, the
proton momentum p„, and proton angle 8&. The angle
between the scattering plane and the reaction plane is de-
noted by yz. The convention for the different scattering
angles is fixed in Fig. 1. The various structure functions
W are independent of the electron kinematics and are
sensitive in a particular way to a different aspect of the
reaction mechanism. A complete experimental determi-
nation of the structure functions W, under suitable elec-
tron kinematics, could yield additional information on
the reaction mechanism and might impose a constraint
on the available theoretical models. Determination of all
five structure functions demands polarized electrons and
out-of-plane experiments which are generally diKcult to
realize.

FIG 1. Conven. tions for the scattering angles in the (e, e'p)
reaction.
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Recently, new results of in-plane measurements have
become available for isO(e, e'p) [11—13] and 4oCa(e, e'p)
[13,14]. These experiments yield information on three
nuclear structure functions WL, + (q /2q„q")WTT, WT,
and WL,T. In Ref. [11] the O(e, e'p) data have been
compared with the results of the nonrelativistic and rel-
ativistic DWIA calculations of Van Orden et 0/. Both
theoretical models are found to produce comparable re-
sults pointing towards relativity playing a rather unim-

portant role in quasielastic kinematics. Both DWIA re-
sults succeed in reproducing separately the shapes of the
total cross section and structure functions. However,
a serious inconsistency appears since the Gtted reduc-
tion factors for the O(e, e'p) N(1/2, g.s.) and the
isO(e, e'p) isN(3/2, 6.32 MeV) cross sections largely de-
viate from those for the corresponding O'L, z terms. Other
(e, e'p) separation measurements on isO and 4oCa have
been performed at NIKHEF-K [12,13]. These data have
been confronted with the nonrelativistic DWIA model
of the Pavia group [4] . For the (e, e'p) processes feed-

ing the residual (A —1) nucleus in its ground state (1pii2
knockout in isO and Idsi2 knockout in 4oCa) a fair agree-
ment between theory and the separated response func-
tions is observed. For knockout from the corresponding
spin-orbit partners (1psi2 in 0 and Idsiq in Ca) the
absolute IVI.~ is considerably larger than what the theory
predicts. This observation suggests that the quasielastic
electron excitation of the nucleus is more complex than
it was generally believed.

The aim of the present work is to go beyond the DWIA
by including two-body contributions in the nuclear cur-
rent from meson-exchange and intermediate delta exci-
tations and to investigate the effect of these two-body
currents on the structure functions. Second, the effect
of higher-order diagrams, such as electron distortion, is
investigated and the sensitivity of the cross section and
structure functions to these distortions is discussed. The
organization of this paper is as follows. In Sec. II we give
an outline of the theoretical model we adopt. Section III
contains a discussion of the effect of electron distortion
and two-body components in the nuclear current on the
cross sections and structure functions for sO(e, e'p) and

Ca(e, e'p). The calculations are compared with data
from NIKHEF-K and Saclay. Finally, some conclusions
are drawn.

II. FORMALISM
A. Two-body currents

In order to determine the structure functions in ex-
pression (1), the following transition matrix elements of
the nuclear current

(J~Mp, p~, 2m, i J„(q) i
J,M, ) (2)

have to be calculated. The Gnal state in this matrix el-

ement refers to the residual nucleus in a state
i J~M~)

and an escaping proton with momentum p„and spin pro-
jection m, . Throughout this work the residual nucleus
is considered to remain in a pure hole state relative to
the ground state

i J;M;) of the target nucleus. The spec-
troscopic factor, extracted kom a least squares Gt of the
calculated cross section to the data, reflects the amount
of hole strength in the Gnal state. The wave function for
the escaping particle and the residual nucleus is obtained
in the continuum RPA formalism as described in Ref. [7].
The RPA formalism involves a multipole expansion of the
final state

i
JitMR, p~, 1/2m, ) in terms of linear combi-

nations of particle-hole and hole-particle excitations out
of a correlated ground state. As such we account for
the multistep processes of the type depicted in Fig. 2(a).
Bound and continuum single-particle states are taken to
be eigenstates of the HF mean-Geld potential obtained
with an efFective interaction of the Skyrme type (SKE2)
[15]. In this way, we naturally preserve the orthogonality
between the bound and the continuum states.

In the present approach, the nuclear current in the ma-
trix element of Eq. (2) is taken to be the sum of a one-

body and a two-body operator. The nucleonic one-body
term consists of the well-known convection and magne-
tization current. The two-body current is taken from
a nonrelativistic reduction (retaining only terms up to
the order 1/M in the nucleon mass) of the lowest-order
Feynman diagrams with one exchanged pion and inter-
mediate delta excitation. We assume pseudovector cou-

pling of the pion to the nucleon. This procedure gives
rise to the seagull terms [Fig. 2(b)], the pion-in-flight
term [Fig. 2(c)], and terms with a 6(1232) excitation in
the intermediate state [Fig. 2(d)]. In this nonrelativis-
tic approach the nuclear charge operator is not affected

by two-body contributions. In the static limit, the two-

body current related to the diagrams of Fig. 2 reads in
momentum space as [16]

&"'(q qiq2) = &."..', (q; qiq2) + &,';.'„(q qiq2) + &Q ]& (q; qiq2)

(b) (c) (d)

FIG. 2. Diagrams for the (e, e'p) reaction.
Diagrams of the type (a) imply virtual pho-

ton absorption on a single nucleon. Dia-

grams of the type (b) (seagull term), (c)
(pion-in-Sight term) and (d) (intermediate D
creation) refer to absorption on a two-body
operator.
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with

&...s(q;qiq2) = —ie
I I FpN(q)(~i «2)(2) . ~ f»NN ~ 3 ~1(~2 ' q2) ~2(~1 ql)
), m q2+m q~+m

2
(2) . &f NN& ~ (~i.qi)(~2 q. )3,. „(q;qiq2) =ie

I F~ (q)(~, x 2.2) (qi —q2),
q m q)+m q2+m

Jg x (q' q~qz) = i
z F~c (q) 4 z z q2Tg (Tl x Tg)

~ ~ ~ (rr, x q~) ~
+i::2) x q(2) .2 AN r), f»Nr), f»NN ((r2 q2) 3 3(~2 q2

(ma mN) q2 + r(q22+

m2

In these expressions the following coupling constants are
2 2

adopted: ~»~~ = Q Q79 " ~ = 0.37 and f2 = 0.014.
To account for the composite structure of the pN, px,

and pA vertices, electromagnetic form factors have to
be introduced. For the pN form factor (F~N) we use
the common dipole form [17]. Current conservation with
the one-pion exchange potential is merely satisfied for
the seagull and the pion-in-flight current in case that the
pion (F~ ) and nucleon (F~N) form factor coincide. In all
further calculations we have adopted the F~ extracted
&om the vector dominance inodel [18]. The delta current
is divergenceless and can be multiplied with an arbitrary
form factor without violating the charge-current conser-
vation rules. For simplicity, we assumed that I'~~ ——F~N
in all calculations presented here. The short-range struc-
ture of the mNN and ~NB vertices is implemented in a
phenomenological way by introducing hadronic form fac-
tors. As is usually done the monopole form is adopted.
For both types of vertices the same pion cutoff mass
A» (= A»NN = A»aN) is used.

The final-state wave function in the matrix element
of Eq. (2) is evaluated using a multipole expansion in

terms of distorted waves. The nuclear current operator
is decomposed in the well-known electric and magnetic
transition operators T&~~ and T&~~ [7,19]. If we restrict
ourselves to doubly closed-shell nuclei (J; = 0) and to the
evaluation of the diagrams depicted in Fig. 2, reduced
matrix elements of the following type

(o' ll T~"(q) + T~"(q) II pt '(J ~)) (4)

remain to be calculated. In this expression TJ and TJ
refer to the IA and the pionic contribution. The residual
nucleus is considered to remain in a pure hole state h
relative to the ground state of the target nucleus. The
single-particle (s.p. ) state p denotes a continuum state
with energy e„= ur —

I
eg I) 0. The two-body part of

the transition operators is handled exactly and involves
two active nucleons in the absorption process (Fig. 2).
Hence, in the evaluation of Eq. (4), this two-body part
has been expressed in terms of two-body matrix elements
in the following way:

(0+ II T~' (q) II ph '(J;(d)) = ) /2Ji+1/2J2+1( —1)'" '"'
h' Jy J2

x((hh') Ji II T~" (q) II (ph') J2)-

The sum runs over all occupied proton and neutron
s.p. states h'. The explicit expression for the antisym-
metrized two-body matrix elements for the diagrams of
Fig. 2 can be found in Ref. [20].

B. Electron distortion

In the previous sections the (e, e'p) reaction was han-
dled assuming the one-photon exchange approximation.
As a correction to this first-order approach we have ac-
counted for higher-order diagrams due to electron dis-
tortion, i.e., the initial and final electrons are allowed to

scatter elastically from the nucleus. These corrections
are governed by the full charge distribution of the nu-
cleus and consequently are of the order of Zo. . The effect
of electron distortion, due to the static Coulomb field
generated by the nucleus, is treated to all orders in a
Coulomb distorted wave born approximation (CDWBA).
We have taken the initial and final electron wave func-
tions to be solutions of the electron Dirac equation in a
central Coulomb field V(r) generated by a homogeneous
spherical charge distribution, and to satisfy the outgoing
(+) and incoming (—) boundary conditions. The electron
wave functions are obtained with a phase shift analysis
based on a partial wave expansion, i.e.,
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2(27r) ~
~

jm)Y&*, (O&)(l —l) (6)

The initial or final electron is completely characterized
by its energy E, momentum k, and spin polarization m, .
The functions GP(r) and F&. (r) are solutions of the ra-
dial Dirac equation which has to be solved numerically
for each partial wave. In the ultrarelativistic limit, they
satisfy the following relations:

&(,(r) = (l —l) Fi, (r)

sin[kr —il ln(2kr) ——', + h,,]
Gi, (r) ":(l —l)

(7)

In these expressions l stands for j + 1/2 (j —1/2) for
l = j —1/2 (j + 1/2). The phase shift caused by the
Coulomb potential V(r) is denoted by bP.

In CDWBA, the expression for the (e, e'p) cross section
becomes rather involved due to the double partial wave
expansion of the outgoing proton wave function and the
distorted electron waves. On top of that, the numeri-
cal evaluation of the cross sections is getting complicated
due to the large amount of electron partial waves we have
to take into account due to the long-range character of

the Coulomb interaction. The limit Z ~ 0 (equivalent
with neglecting the electron distortions) can be consid-
ered as a severe test of the accuracy of the numerical tech-
niques employed in CDWBA. Our code has been checked
to obey this requirement. In this particular case the elec-
tron wave function (6) reduces to a plane wave and the
DWBA cross section of Eq. (1) should be retained. De-
tails regarding the adopted numerical procedure will be
reported elsewhere [21]. For a more elaborate theoretical
discussion of electron distortion we refer the reader to
Refs. [21—23] .

When considering electron distortion, the electron and
nuclear transition part in the (e, e'p) cross section can
no longer be separated. Consequently, the simple plane
wave form of the cross section (1) as a function of five nu-

clear structure functions each multiplied with a kinemati-
cal factor does no longer hold. Experimentally, however,
the structure functions are extracted &om the (e, e'p)
cross section assuming the DWBA. The charge-current
interference structure function WI,T is obtained from the
asymmetry in the measured cross section as a function
of missing momentum p = 6

~
p„—q ~:

WIT(p ) = 1 0 d 0

2vL, TC dEf dO@f dOp, dEf dO@~ dOp
(J-) — (-p-)

Under the conventions of Fig. 1, p is positive for yp =
0' and negative for yp

——180'. Although the function
WL,T does not separate along the lines of Eq. (1) when
Coulomb distortion is taken into account, theoretically, it
can be evaluated according to Eq. (9). This means that
the calculations precisely match what is measured. The
main difference with the DWBA is the dependence of the
distorted structure function on the kinematical variables
such as electron energies and electron scattering angles.

III. RESULTS AND DISCUSSION

All results presented here are obtained under the
kinematical conditions of the 0(e, e'p) [12,13] and

Ca(e, e'p) [13,14] NIKHEF-K experiments and the
0(e, e'p) experiment of Chinitz et al. [11].All these ex-

periments were performed under perpendicular kinemat-
ics, respectively, at (ur, q) =(96 MeV, 460 MeV) (i 0),
(116 MeV, 446 MeV) (4oCa), and (172 MeV, 570 MeV)
( 0).Hereafter, the difFerent kinematical conditions will
be referred to as kinematics I, II, and III. The cross sec-
tions and structure functions are plotted as a function of
the missing momentum p . The Ca data are presented
in terms of the reduced cross section p extracted &om
the cross section in the following way:

1 0

E 'idE dO dA,Ip p& f Ef pp
(10)

The differential cross section is divided by the electron-
proton cross section cr" as defined by DeForest [24]. In
the plane wave impulse approximation this reduced cross
section p (p ) is related to the probability of finding a
bound proton in the target nucleus in a given shell with
momentum p

In order to get a feeling for the size of elec-
tron distortion eifects in the considered (e, e'p) re-
actions, the (reduced) cross sections and WI, T re-
sponse for 0(e, e'p) N(lp &2), 0(e, e'p) N(lp&&z),

Ca(e, e'p)ssK(ld~&2), and 4oCa(e, e'p)ssK(ld
&

) have

been calculated in DWIA and CDWIA (Figs. 3 and 4).
The Anal-state interaction of the escaping proton with
the residual nucleus is accounted for within the RPA ap-
proach using the one-body current [Fig. 2(a)]. Although
the importance of two-body contributions in the nuclear
current will be established in the next paragraphs, we

omitted them in these calculations for numerical reasons.
Given the fact that we are dealing with relatively light
target nuclei, it is apparent that the egect of electron
distortion on the cross sections is relatively small. In
fact, the separated structure functions are more sensitive
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FIG. 3. The cross sections and the TVL,T response for
O(e, e'p) N(lp, &'~) and O(e, e'p)' N(lps/ ) (kinematics

I). The full and dashed lines were computed, respectively,
within CDWIA and DULIA. No spectroscopic factors are con-
sidered.

to the distortion effects than the total cross section. In
the forthcoming discussion it will become clear that the
modification of the interference structure function Wl, z
due to electron distortion effects takes smaller propor-
tions than the modi6cation related to two-body currents.
Since the calculation of the electron distortion effects in
combination with two-body currents is numerically hard
to realize, the effect of two-body currents has been stud-
ied in a DWBA &amework.

Some theoretical uncertainties exist with respect to the
pion cutoff mass A in the hadronic form factor and
to the electromagnetic pion form factor. Before con-
&onting our theoretical approach with the data, we inves-
tigate the sensitivity of the results to these parameters.
%hereas parametrization of nucleon-nucleon scattering

data in terms of the Bonn potential leads to a cutoff mass
A = 1200 MeV [25], recent studies on the triton system
[26] seem to prefer a smaller value (A = 810 MeV). We
have performed calculations including all diagrams de-
picted in Fig. 2 with different values of A . As a represen-
tative example we display in Fig. 5(a) the longitudinal-
transverse interference structure function WL,T for proton
knockout out of the Ips/2 orbit in O(e, e'p) under the
kinematics I. Results are displayed for a pion cutoff mass
that should be considered as a lower limit (A = 650
MeV) and an upper limit (A = 1200 MeV). Also shown
is the WL,T structure function as obtained within the IA.
The uncertainty of the results due to the theoretical am-
biguity in A should be estimated around 20%%uo of the
total two-body contribution. In all further calculations
we used a cutoff mass A = 800 MeV. This cutoff mass,
which is smaller than the one obtained in the Bonn po-
tential, is believed to account for heavier mesons in an
efFective way [16].

The sensitivity of the present approach to the E~
form factor in the pion-in-flight current is investigated
in Fig. 5(b). We have plotted the transverse structure
function Wz for proton knockout out of the 1p3/2 or-

bit in 0 under kinematics I. The results including the
full nuclear current are compared with the IA predic-
tions. Two different F~ form factors are considered in
the calculations. First, the pion form factor is set equal
to the nucleon form factor and, as a consequence, cur-
rent conservation is satis6ed. Second, we adopt the F~
form factor as derived from the vector dominance model.
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FIG. 4. The reduced cross sections and the WL, T response
for Ca(e, e'p) K(lds/2) and Ca(e, e'p) K(1ds/s) (kine-
matics II). Same line conventions as in Fig. 3. No spectro-
scopic factors are included.

FIG. 5. Structure functions for O(e, e'p) from the Ips/2
orbit including one (dotted line) and two-body contributions
in the nuclear current. (a) WL, T for difFerent values of the
pion cuto8' mass in the hadronic form factor. Dash-dotted
line: A = 650 MeV; dashed line: A = 1200 MeV; full line:
A = 800 MeV. (b) WT considering difFerent expressions for
the pion form factor. Dashed line: F~ = E~~,. full line: F~
from vector dominance model. No spectroscopic factors are
considered.
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Clearly, the results are rather insensitive to the choice of
the pion form factor.

The impact of the different components in the nu-

clear current on the cross sections and structure functions
in the O(e, e'p) reaction is illustrated in Figs. 6—10.
For each of the two considered kinematical conditions,
the calculated cross section and corresponding structure
functions are multiplied with one and the same spec-
troscopic factor. This spectroscopic factor is extracted
from a best fit to the data of the calculated cross section
considering the full nuclear current (including one- and
two-body terms). The same reduction factor is adopted
for all intermediate results. In Figs. 6 and 7 we dis-

play the cross sections and corresponding longitudinal,
transverse, and interference structure functions Wg +
(q /2q„q")WTT, WT, and Wlz for O(e, e'p) N(lp~ 2,

g.s.) and sO(e, e'p) 1
N(lps/z, 6.32 MeV) under kine-

matics I. Even in the IA, the longitudinal and trans-
verse structure functions are reasonably well described.
As for in-plane experiments the longitudinal structure
function cannot be separated from the cross section, the
minor modification of this structure function due to two-

body currents can be ascribed to the contribution of the
transverse-transverse structure function WT ~ . In confor-

60
PI/2 P3/2

mity with the results of Refs. [4,13] we do not arrive at a
simultaneous description of the total cross section and the

WgT structure function in the IA. Furthermore, a spin-

orbit dependence of the results is observed: Whereas the
IA seems to work reasonably well for the 1p&~2 state,
the absolute value of WgT is severely underestimated for

the 1I 3~2 orbit. This mismatch in Wgr between exper-
iment and the IA is also reflected in a bad theoretical
description of the asymmetry in the measured cross sec-

tion. For both s.p. states the seagull and pion-in-flight
current exhibit the same characteristics. This general
behavior is illustrated in Fig. 8 on the basis of the inter-

ference structure function Wgr for the 1p&~2 and 1p3/2
orbits. Whereas the seagull contribution enhances the
transverse and charge-current interference response func-

tions, the pion-in-flight current has the opposite effect.
Generally, the pion-in-fight term has a smaller influence
on the structure functions than the seagull current. The
spin-dependent behavior of the WgT term for the two
states originates from the contribution of the A(1232)
current. For the 1p&y2 state a further quenching is ob-

served in contrast with the 1p3y2 results where the devi-
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FIG. 6. Cross sections for proton knockout off ' O from
the 1pz/2 and 1pz/2 orbit including one- (dotted line) and
two-body contributions (full line) in the nuclear current. The
data are from Ref. [12]. All curves are multiplied with a spec-
troscopic factor [S(lpga/2) = 0.60, S(lp3/g) —0.61].

FIG. 7. Structure functions Wl, + q /(2q„q")WTz, Wz,
and WgT for proton knockout off 0 from the 1pz ~2 and

1p3/2 orbit including one- (dotted line) and two-body contri-
butions in the nuclear current. For the full line all diagrams
of Fig. 2 were accounted for. The data are from Ref. [12]. The
curves are multiplied with the same spectroscopic factors as
in Fig. 6.
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FIG. 8. Structure function WL, z for proton knockout off
0 from the 1pqy2 and 1p3gq orbit. Dotted line: one-body

current, dash-dotted line: one-body and seagull currents,
dashed line: one-body, seagull, and pion-in-Bight currents.
For the full line the full current is considered. The curves are
multiplied with the same spectroscopic factors as in Fig. 6.

ation &om the IA approach becomes more pronounced.
As can be noticed, the discrepancy between the mea-
sured 8 L,T and the DWIA results for the 1p3~2 state can
be partially ascribed to the two-body contributions in
the nuclear current. In contrast to the cross section for
which the effect of the pionic currents is hardly visible,
two-body contributions in the nuclear current cannot be
discarded in order to obtain a complete description of the
separated structure functions.

In order to underline the general character of the pre-
vious conclusions, we carried out a second calculation for
1sO(e, e'p) at slightly different kinematics (III) (Fig. 9).
Again, cross sections and structure functions show a sim-
ilar behavior as before with respect to the meson con-
tributions in the current. Moreover, the discrepancy be-
tween the data and the predictions in the IA are partially
cleared up. However, an unresolved problem remains.
Whereas we would expect that in both kinematics the
same spectroscopic factors should be obtained, the Saclay
data [S(lpga/2) = 0.49 and S(lps/2) = 0.41] produce
values that are about 20% smaller than those obtained
from the NIKHEF-K measurements [S(lpga/2) = 0.60 and
S(lp3/2) —0.51]. Other groups have also pointed out
this problem [12]. Spaltro et al. [12] compared CDWIA
calculations of the Pavia group for both kinematics and
found two different sets of spectroscopic factors.

In Fig. 10 we display the Gfth structure function WIT
as can be extracted &om the polarized 1sO(e, e'p) reac-
tion for the same orbits. To our knowledge, no data of
this response function are available as yet. In the near
future, polarization experiments will be carried out at
MIT-Bates [27]. From a theoretical standpoint, this ad-
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IPll2 30

20—
P1/2

10

0 I, I

-250 -150 -50 50 150 -250 -150 -50 50 150 250
p (Me V/c) p (Me V/c)

15

10—

-10
0

30

20—

10 20 30
proton angle 8, (deg)

Ip

40

10

-5 I I I I I I I I

0 50 100 150 200 0 50 100 150 200 250
p (Me V/c) p (Me V/c)

-10

-20
10 20 30
proton angle Hp (deg)

40

FIG. 9. Cross sections and interference structure functions
WLT for O(e, e'p) from the lpga/q and lps/q orbits includ-
ing one- (dotted line) and two-body contributions (full line)
in the nuclear current. The data are from Ref. [11]. The
curves are multiplied with the following spectroscopic factors
[S(lp~/g) = 0.49, S(lps/2) = 0.41].

FIG. 10. WIT for the (e, e'p) reaction off 0 from the
lpga/q and lps/z orbit under the kinematics I including (a) only
one-body contributions in the nuclear current (dotted line)
and (b) both one- and two-body contributions in the nuclear
current (full line). No spectroscopic factors are included.
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FIG. 11. Reduced cross sections and
Wr, z for Ca(e, e'p) K(lds/s, g.s.) and

Ca(e, e'p) K(lds/2', 5.26 MeV, 5.60 MeV,
6.36 MeV). (a) dashed line: DWIA, (b)
full line: one- and two-body contributions
in the nuclear current. An overall spectro-
scopic factor is used for the cross sections
and the corresponding structure functions
[S(lds/s)=0. 48, S(lds~2)=0.33]. The data
are from Refs. [13,14].

ditional measurable quantity TRIT has as its main ad-
vantage that it vanishes identically in the plane wave im-
pulse approximation (the escaping proton is described
by a plane wave) [9]. So, the shape of the calculated
IVI& term is completel'y determined by the final-state
interaction (FSI) and the different contributions in the
nuclear current. In comparison with the results for the
WL,g term, we observe a similar spin-dependent behav-
ior with respect to the two-body nuclear current. For
both single-particle orbits, the shape remains almost un-
aHected compared to the DWIA calculation. Whereas
a small quenching is observed for the 1p~g2 state, pionic
contributions seem to enhance the fifth structure function
for the 1ps/2 state. Generally, the effect of the two-body
contributions is more apparent in the R'L, T term than in
the corresponding WI T structure function.

Until now, all conclusions drawn referred to 60 re-
sults. Similar calculations have been performed for vir-
tual photon induced proton ejection from the target nu-
cleus Ca. We have calculated cross sections and struc-
ture functions for the spin-orbit partners 1d3y2 and 1d5)2.
The results for the reduced cross sections and interfer-
ence structure functions WI.T are displayed in Fig. 11.
Once again, meson contributions in the current are not
negligible and can account for part of the discrepancy be-
tween the IA calculations and the data. Due to the spin-
dependent behavior of the A current, the WL,T function
for the 1d3~2 state and the 1d5~2 state is modi6ed in a
diferent way. This conclusion is in total conformity with
the results for the spin-orbit partners 1p&~2 and 1@3/2 ln
16O

IV. CONCLUSIONS

The results presented here indicate the importance of
two-body contributions in the nuclear current in order
to reach a complete description of the (e, e'p) cross sec-
tion and structure functions under quasifree conditions.
Whereas the gross features of the cross section can be
understood in a one-body picture, this model fails to de-
scribe the total cross section and the separated structure
functions simultaneously. Going beyond the impulse ap-
proximation, we have accounted for two-body contribu-
tions in the current related to one-pion exchange and
intermediate b, (1232) creation. Calculations were per-
formed for proton knockout from the target nuclei 0
and 40Ca. The results were shown to be rather insensi-
tive to the model assumptions with respect to the pion
and hadronic form factor. The charge-current interfer-
ence structure function O'I, T is found to be strongly af-
fected by the two-body currents. A reasonable agree-
ment with the data could be obtained within a model
that accounts for the FSI within an HF-RPA model and
in which one and two-body photoabsorption mechanisms
are included. Coulomb distortion eKects have been cal-
culated in the CDWIA formalism. For the nuclei under
consideration, the distortions in the electron waves are
found to be rather marginal. Rather than the cross sec-
tion the separated structure functions are sensitive to the
diferent aspects of the reaction mechanism. In this sense,
a further exploration of the separate structure functions
opens good perspectives to obtain a better insight into
the nature of the (e, e'p) reaction mechanism.
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