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An analysis of the effects of meson exchange and isobar currents in exclasi/@) processes fromfO
under quasifree kinematics is presented. A model that has probed its feasibility for inclusive quaseskstic (
processes is considered. Sensitivity to final state interactions between the outgoing proton and the residual
nucleus is discussed by comparing the results obtained with phenomenological optical potentials and a con-
tinuum nuclear shell-model calculation. The contribution of the meson exchange and isobar currents to the
response functions is evaluated and compared to previous calculations, which differ notably from our results.
These two-body contributions cannot solve the puzzle of the simultaneous description of the different re-
sponses experimentally separatgsi0556-28139)01207-§

PACS numbe(s): 25.30.Fj, 25.30.Rw, 24.16i, 21.60.Cs

Electron scattering reactions have been widely used for eesponse in both experiments show an important discrepancy
long time as one of the most powerful tools to probe nucleain the case of the ;1;,% hole state. This observation may
structure. In particular, coincidence,g’p) reactions under require further experimental confirmation.
guasifree kinematics are expected to yield details on the elec- A theoretical evaluation of MEC and IC in coincidence
tromagnetic properties of nucleons inside the nucleus. Infor¢e,e’p) reactions, in particular for the longitudinal-
mation about single-particle wave functions, spectroscopigransverse response, has been only presented in two previous
factors, and strength distributions can be extracted from aorks[7,8].
analysis of this type of processgl|. However, such infor- In Ref.[7], FSIs were included within various nonrelativ-
mation is not completely free from ambiguities because ofstic phenomenological optical potentials and the evaluation
our still inaccurate knowledge of the mechanism of the reacys e two-body matrix elements was done in an approximate
tion. , way by introducing an effective one-body current. In R8i.

The simplest framework used to analy_ze,e(. P) Pro-  the bound and continuum single-particle states correspond to
cesTes corresponds tc:j th% qun apprc:mbmat;]on with ft?]?Iartree-Fock wave functions. FSls are taken into account by
nuclear current assumed to be given simply by the sum of the. (=~ " .00 im random phase approximatRPA)

one-body currents from the individual nucledimapulse ap- : ! )

S . alculation, and the evaluation of the matrix elements of the
proximatior) and the electrons and outgoing proton treateofW bod rrent rators is done without roximation
as plane waves. This is obviously an oversimplified descrip: 0-body current operators IS done out approximations.

tion of the reaction mechanism. Various additional ingredi—The results obtained in both calculations differ notably, es-

ents aiming to provide a more complete description of thé)ecially in the case of the Iongitudinal-_transverse _interfer-
different aspects of the reaction should be included. Cou€NCe response. Whereas the authors in Ré&f.predict a
lomb distortion of the electror{@—4], final state interactions Small contribution of MEC with an overall reduction of the
(FSIS of the emitted proton with the residual nucld@s-5],  'esponse due to IC, the authors in R obtain important
and meson exchange currdMEC) and isobar currentiC) effects of both MEC and IC and a great enhancement of the
[6-8] may have important effects and have been alreadjnterference response for the3; hole with respect to the
reported in the literature using different approaches. 1p;;3 one. The extent to which the differences in the respec-
From the experimental point of view, the advent of con-tive models are responsible for the discrepancies in the re-
tinuous beam electron accelerators, together with the avaikults is still not clear.
ability of polarized beams and targets as well as recoil po- Our purpose in this work is trying to shed some light on
larimetry, has permitted the study of the nucleus in a widehis problem. In order to do that we use a different approach
kinematical range with a great resolution and precision.  that has proved to be very successful in the analysis of MEC
In this work our interest is focused on the role played byand IC for inclusive €,e’) responses in the quasielastic peak
the MEC and IC and their interplay with FSls. In particular, [11]. This model has been also used to study other effects in
we investigate how these mechanisms affect the five nucleajuasifree electron scattering from nuceig., finite size ef-
response functions that contribute to theg p) cross sec- fects[11,12 and relativistic corrections, polarization degrees
tion and which are directly related to the longitudinal andof freedom, and parity violatiofil2,13) and the width of
transverse parts of the nuclear electromagnetic operatorseadiative pion capture by nucl¢ll4]. We present calcula-
These responses have been measured recentt§dd®,10].  tions for proton knockout off®O from the Ip;;, and 1ps,
The data obtained for the longitudinal-transverse interferencerbits and compare them to the corresponding data reported
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FIG. 1. Response functions for proton knockout B from the Ip,, (left panel$ and Ipg, (right panel$ orbits, as a function of the
missing momentum. The momentum transfer is 460 Meafid the excitation energy 100 MeV. Dotted lines correspond to PW approach for
the outgoing proton. Dashed curves correspond to the distorted wave approach for the outgoing proton using the continuum shell model
based on a Woods-Saxon potenfial]. Finally, dot-dashed and solid curves represent the results obtained with FSIs evaluated using the
optical potentials of Schwand al. [18] and Comfort and Karp19], respectively. MEC and IC are included in all cases.

in Ref.[10] for values of the momentum transfer and exci- the Born approximation can be written as
tation energy of 460 Me\d and 100 MeV, respectively. It is
important to point out that in our calculation all the matrix do
elements of the two-body currents are evaluated without ap( de'dQ dO.
. . . . . &
proximations. Thus, we avoid the reduction performed in P
Ref.[7], treating much better the nuclear structure problem.
On the other hand, FSlIs are accounted for by means of phe-
nomenological complex optical potentials which permit us to )
include flux losses to more complicated configurations,
something that is not considered in RES]. wheree’ and()’ are the energy and solid angle correspond-
The general formalism for§e’p) reactions has been ing to the scattered electron at,=(6,,#,) is the solid
presented in detail in several previous pagér43,19. As-  angle for the outgoing proton. The helicity of the incident
suming plane waves for the electr@ineated in the extreme electron is labeled by and o, is the Mott cross section.
relativistic limit) and parity conservation, the cross section inThe term« is given by k=p,M p/(277%’10)3, with p, the

h
) = koy[O W-+5rWT+ 51 Wt cose,,

+T W' T cos 2p,+hor W sing,],
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FIG. 2. WT andW'" responses for proton knockout dfio from the Ip,,, (left panel$ and Ipg, (right panel$ orbits, as a function of
the missing momentum. Momentum transfer is 460 Me#®ihd excitation energy 100 MeV. The calculations have been performed by means
of the Comfort-Karp optical potentidll9] to describe the wave function of the emitted proton. Dotted curves correspond to the one-body
terms in the current operator. Dashed curves include also the seagull two-body contribution. Dot-dashed curves have been obtained with the
full MEC operator. Solid curves take into account MEC an IC.

momentum carried by the emitted proton aWid its mass. Finally, evaluation of the hadronic response functions re-
Finally, 7« are the factors containing the dependence on thguires knowledge of the four-nuclear current operator. Here,
electron kinematics. These coincide with the kinematic facfor the charge operator we consider the usual approach that
torsvy in Refs.[13, 15 except forK=TL andTL’ where includes only the one-body operator corresponding to pro-
T=V2vk. tons and neutrons. On the other hand, the nuclear vector
The hadronic content of the problem is contained in thecurrent includes nonrelativistic one-body convection and
response function&/X, K=L,T,TL,TT,TL', whereL andT spin-magnetization pieces and also a two-body part. In par-

denote the longitudinal and transverse projections of thdicular, for this last two-body component we consider the
nuclear current with respect to the momentum transfer traditional nonrelativistic reduction of the lowest order Feyn-

respectively. These functions are related toRferesponses ??\nir?l{ahgre;lmsl Wlahir?tn?;rﬁn%ri] fXCTgtré%e _?Eid/or :ftOli)r?r tehxcna-
in Refs.[13, 15 by WK=RK/7, wherep=« for K=L, T, -0 € hucieon Intermeciate Statarl. “his contains the

andTT and 7=v2x for K=TL andTL'. MEC (seagull and pion-in-flightand IC terms. Thus, our

. . model is similar to that used in previous calculations, except
The five responses in E(L) can be expressegee Refs. for the unlike procedure followed by Boffi and Radj@i] in

[13, 19) in terms of the matrix elements of the usual COU-neir evaluation of the two-body matrix elements, and for the
lomb, electric, and magneetlc multipole operators, betweeryjightly different values of the coupling constants in the IC
the ground state of thé®0 and the hadronic statky)  considered by Van der Sluyat al. [8]. The corresponding
=[1j,Jg;J). This represents a proton in the continuum with matrix elements of the multipole operators are the same as
asymptotic angular momenty, coupled with the angular the particle-hole ones for the inclusive reaction and can be
momentumJg of the residual nucleu¥N to a total angular  found in Ref.[11].

momentumJ. The residual nucleus state is described as a In Fig. 1 we illustrate the effects of the FSIs on the vari-
hole in the closed-shell core of tH€0. The corresponding ous response functions by showing results corresponding to
wave function is obtained as a solution for a real Woods-different approaches. In all the cases, MEC and IC have been
Saxon potential fitted to reproduce the single-particle enerincluded in the evaluation of the responses. Left panels cor-
gies near the Fermi level and the experimental charge densitgspond to a proton knockout offO from the Ip,;, shell

[16]. The outgoing proton wave function is described as aand right panels to thepk, orbit. Dotted curves have been
plane wave or as a solution of the Sotlirgger equation for ~obtained in the plane-wau®W) approach for the outgoing
positive energies using either the same Woods-Saxon poteRroton. Note that, in this case, the electron-polarized re-
tial as for the hole states or a complex optical potential fittedsponseN™ " is identically zero. Results corresponding to the
to elastic proton-nucleus scattering data. In this way we cacontinuum shell model with the same Woods-Saxon poten-
study the sensitivity of the various response functions tdial as for the hole states are represented by dashed lines.
FSils. Finally, dot-dashed and solid lines correspond to results ob-
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TABLE |. Relative effect of MEC and IC. The valuégm %)

refer to the peak of the respective responses. The wave function @mall strength of this response makes it hard to draw any
the emitted proton is described by means of PWs, an orbit of the.gnclusions.

continuum shell model based on a Woods-Saxon pote(@igaM)

[11] and the optical potentials of Schwaredtal. (S) [18] and Com-
fort and Karp(CK) [19], respectively. The respon¥é' " is zero in

PWs(and is omittedl and shows two peaks in the other cases.

PHYSICAL REVIEW C60 014602

sponse change sign compared to the PW result. However, the

The case of the interference longitudinal-transverse re-
sponseW'" is particularly interesting. Its strength, much
larger thanW'", makes it suitable to be measured with rela-
tively high precision. Furthermore, in some recent papers
[13,27] it has been shown tha¥™ is very sensitive to dif-

1P 13 ferent aspects of the reaction mechanism such as relativistic
MEC IC Totai MEC IC  Total approaches to the current and wave functions. From the re-
sults in Fig. 1 one observes that the effects of FSlIs are rather
T PW 73 =37 35 45 -39 05 different for both shells. Whereas the use of a complex op-
csM 23  -51 -28 28 —47 -19  fjcal potential reduces significantly the strength far; 4, on
S 47 —-40 06 36 —38 -03  the contrary, this effect is largely suppressed for tipg,;l
CK 51 =37 13 38 -37 -01 hole state. Moreover, note that in this last case the results
L PW 247 0.6 25.3 122 -01 122 obtained with both optical potentials do not differ too much
CsSM  18.6 12 19.9 119 -06 113 from the response calculated with the continuum shell model
S 32.3 3.3 35.8 89 —-10 79 based on a real Woods-Saxon potential.
CK 29.1 2.9 32.2 9.2 -08 84 The role played by the two-body components of the cur-
TT PW -763 293 -438 -229 7.8 -134 rentcan be seen in Fig. 2 where we show W& and W™
CSM 582 -209 325 -16.3 1.1 -145 responses for the two orbits we are considering. Therein,
S 199 —-9.2 9.8 —26 -1.7 —-41 dotted curves correspond to results obtained with the one-
CK 182 —-93 8.1 -21 —-19 -38 body current. Dashed curves include also the seagull contri-
TL' CSM -1924 —-109 -2039 62 -06 56 bution. Dot-dashed curves show the full MEC effect, i.e.,
51 —24 24 97 -07 87 seagull and pion-in-flight currents. Finally, the solid curves
s 9.0 0.8 0.8 31 -27 03 correspond to results calculated with the full current, i.e.,
3.4 26 0.4 71 -14 58 including also IC terms..AII the calculations in thls figure
CK 8.3 25 10.7 28 -30 -02 have been performed using the Co_mfort-Karp optical poten-
44 39 12 83 -20 59 tial [19]. As we can see, the behavior of the results obtained

for the two orbits is similar. The combined effect of both
MEC and IC in theW response is very small. This agrees
with the results obtained fore(e’) processes using the same

tgined using the phenomenological complex optical poteny,qqe| [11]. On the contrary, for the interferenad™ re-
tials of Schwandtet al. [18] and Comfort and Kard19],  gponse we observe an appreciable contribution of two-body

respectively. _ _ currents, mainly due to the seagull term. In this case, the
As seen in Fig. 1, the main effect of FSls is an overallgtiact of the IC is practically negligible.

reduction of theW" and W'" response functions, whereas  angther point of interest is related to the possible depen-
W' is enhanced with respect to the PW result. This effect igjence of these results with the choice of the FSI model. In
particulgrly pronognced when FSls are described w!th th_%rder to study this question we present in Eabl system-
two optical potentials. As known, the presence of an imagiyic analysis of the relative effects of the different terms of
nary term in the potential produces a significant overall reyhe current(MEC and 1Q at the peaks of the various re-
duction of the cross section and our results show that it alsgponse functions for the FSI approaches we have considered
affects the response functions by reducing or enhancing, this work.
them. It is also interesting to point out that the results ob- |t is clear from the table that the total MEQC effect
tained for thew', W', andW'T responses using the two gepends on the model of FSis. In this respect, it is remark-
phenomenological optical potentials are very similar. On theyp|e that when the real part in the potential describing FSis
contrary, the discrepancies are clearly larger in the case ‘gnhance$reduce$the two-body total effect, the addition of
the electron-polarized respon®é'"’. The fact thaW™ is  an imaginary part diminishe@ncreasessuch an effect. This
only different from zero when FSlIs are taken into accountis relevant because the results do not show a sensitivity to the
makes it plausible to expect a larger sensitivity of this re-particular parametrization used for the optical potential. On
sponse to different FSI approaches. the other hand, this cancellation is responsible for the small
Comparing the results obtained for the two spin-orbittwo-body contribution(at most~10%) found for S or CK
partner shells fb;,, and 1pz,, one observes that the pure optical potentials, except for thepl,, TL responsd~35%),
transverse responsd’ is very similar in both cases apart where the imaginary part of the optical potential interferes
from the different occupation factoréwice for the Ips,  coherently with the MEC.
hole state The effects introduced by the various FSI ap- In general, the effect due to IC is considerably smdlier
proaches are basically the same for both hole states. In trabsolute valuethan the one produced by MEC and only in
case of theW™" response, the result forpl,, has opposite some casese.qg., for theT responsgthey are of the same
sign to that for p,, where moreover, FSIs make the re- order.
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FIG. 3. TheW'™ andW" responses for proton knockout dfl0 from the Ip;,, and Ip,,, orbits calculated with the Comfort-Karp optical
potential[19] are compared with the experimental data at a momentum transfer of 46@NMed/an excitation energy of 100 Megee
Ref.[10]). The solid line represents the full calculatiobncluding MEC and 1@ scaled with factors of 0.8 for thegl, and 0.7 for the ps,
orbits.

Finally, it is worth mentioning that the total MEQIC  Therein, solid curves correspond to the full calculation per-
effect is larger, in absolute value, in the case of thg,l  formed using the Comfort-Karp optical potent{dl9]. The
orbit than in the Pp3, one. The only exception to this obser- curves have been multiplied by a factor of 0.8 fqr; 4 and
vation appears in the second peak of e’ response. 0.7 for 1ps,, needed to bring the calculatddresponse to

Our results disagree in general with those of Van defexperiment. These values differ from the spectroscopic fac-
Sluyset al.[8]. These authors predicted fo¥" andW™ a  tors considered in previous studigg10]. As can be seen, it
strong cancellation of the effects due to MEC and IC in thejs not possible to describe simultaneously the two responses.
case of the f,,, orbit, whereas the strength of the responsesrpe result forw™ in the case of the A/, orbit shows the
for 1pg, appeared to be noticeably increased. Moreover, farger disagreement.
huge contribuTtion of the IC was encountered. Only in the |, 1his work we have tried to disentangle the situation
case of thew' response for the fd;,, orbit are our results concerning the role played by the MEC and IC &d'p)

brocesses. Contrary to what Van der Sluys and co-workers
have obtainedl8], we do not find any great differences in the
results obtained for the two orbits considered. On the other
f . . hand, the effect of the IC is in general rather small or, at
rom those of Boffi and Radidi7] who encountered a large . o L

T T TL . most, comparable with that due to MEC. A similar situation
IC ?ffeCt forw?, W, and\//\/. corresponding to theﬂifz has also been found in R¢R22], where the two-body current
orbit and forW™" and W™ in the case of the fi orbit.  effects in (p,y) reactions appear to be small. An extension
However, the situation for th&/™ response is qualitatively of our calculations to other nuclei and kinematical regions

similar to ours for both orbits, though we find a larger effect. .4 help to fully clarify the problem. Work in this direction
Then, the discrepancies observed could be ascribed to the being carried out.

“approximate” procedure followed by these authors to

evaluate MEC and IC contributions. This work has been supported in part by the DGICYT
To finish our study, in Fig. 3 we compare our calculations(Spain under Contract Nos. PB95-0533-A, PB95-0123, and

to the experimental dafd 0] for the W™ andW'" responses. PB95-1204 and by the Junta de Andatu(Spain.

a similar disagreement was already noticed fere() pro-
cesse$20].
The results of our calculations differ also significantly
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