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Nuclear transparency in quasielasticA„e,e8p…: Intranuclear cascade versus eikonal approximation
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The problem of nucleon propagation through the nuclear medium in quasielasticA(e,e8p) reactions is
discussed in the kinematic range 1<Q2<7 (GeV/c)2. Experimental data are available from SLAC, BATES,
and, recently, also from TJNAF. The coefficient of nuclear transparency is calculated for eachQ2 in the
framework of the intranuclear cascade model~INC! and of the eikonal approximation~EA!. The former has the
capability of directly implementing the detector acceptances giving a very detailed analysis of the different
observables. The latter, essentially based on an exclusive mechanism, contains explicit information about the
dependence on the target shell structure. The predictions of both models are in good agreement with each other.
The INC model reproduces the experimental data quite well in the measured range. The EA gives an expla-
nation of theQ2 behavior of the transparency coefficient as a kinematic effect related to the superposition of
contributions from each target shell.@S0556-2813~98!03405-0#

PACS number~s!: 25.30.Rw, 24.10.Eq, 11.80.Fv, 24.60.Gv
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I. INTRODUCTION

The issue of nucleon propagation through the nuclear
dium as a major problem in understanding nuclear react
has received much attention during the last decades. The
tool of investigation is probably given by an electromagne
probe knocking out a nucleon from the nucleusA, such as in
A(e,e8p) reactions under quasielastic kinematic conditio
@1,2#. In this case, the whole nuclear volume is explored,
elementary electron-proton scattering cross section is
known, and high resolution experiments allow for a cle
detection of ejected protons under several kinematic co
tions.

At intermediate energies much work has been done, b
theoretically and experimentally~see, e.g., Ref.@3# for a re-
view!, and final-state interactions~FSI! of the ejected proton
with the residualA21 system seem to be well described
an optical potential within the distorted-wave impulse a
proximation~DWIA !. For large enoughQ25q22v2, where
v and q are the energy and momentum transferred by
electron to the target, respectively, perturbative QCD p
dicts the so-called phenomenon of color transparency@4–6#,
i.e., for increasingQ2 the struck hadron should propaga
undergoing a decreasing interaction with the nuclear e
ronment. Consequently, the detected proton would eme
under conditions asymptotically approaching the predicti
of the plane-wave impulse approximation~PWIA! ~see Refs.
@7–9# for a review!.

Experiments have been performed recently at SL
570556-2813/98/57~5!/2618~10!/$15.00
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@10,11# and TJNAF@12#. The SLAC data have been taken
the range 1<Q2<7 (GeV/c)2 and theirQ2 and A depen-
dence do not show conclusive evidence that the transpar
increases withQ2. The new data from TJNAF at 0.64<Q2

<3.3 (GeV/c)2 are in reasonable agreement with the pr
data from SLAC. A variety of models have been proposed
describe either the evolution of color neutral and comp
hadron configurations leading to color transparency@4–
6,13–19#, or the nuclear transparency of proton propagat
using conventional degrees of freedom in the Glauber mo
@20,21#. The data do not rule out the possibility of a slo
onset of color transparency, but conventional explanation
nuclear transparency~NT! have to be first investigated in
detail. In fact, this has been done in Ref.@11# within the
classical Glauber model and the effective nucleon-nucl
(NN) total cross section in nuclear mediumseff has been
found lower than the free ones free by ;30%. Some reduc-
tion of the NN cross section in nuclear medium is inde
expected from Pauli blocking and short-range correlatio
@22# as well as from quantum interference between cohe
and incoherent rescatterings@19–21#.

The aim of this paper is twofold. We shall first try t
study the NT occurring during the motion of the eject
proton in terms of a quasiclassical solution of the multip
scattering. Our approach will adopt the intranuclear casc
model ~INC!, a model successfully developed for the d
scription of hadron-nucleus collisions at intermediate en
gies @23,24# and recently extended@25–27# to account for
the in-medium effects in the production of vector mesons
2618 © 1998 The American Physical Society
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nuclei. Then, the results will be compared with experimen
data and with the predictions of the standard eikonal appr
mation ~EA! @28#, which has been tested and shown to g
results for exclusive A(e,e8p) reactions at 0.8<Q2

<4 (GeV/c)2 in remarkable agreement, over a wide ran
of proton angles, with the predictions based on the well
tablished optical potential approach@29–31#.

In Sec. II the INC model is applied to quasielastic sem
inclusive A(e,e8p) reactions. After a brief presentation o
the model in Sec. II A, momentum and angular PWIA dist
butions of the final electrons and protons at differentQ2 and
for different targets are generated in Sec. II B taking adv
tage of the model capability to give a very detailed analy
of different observables with direct inclusion of detector a
ceptances, in contrast to more conventional analytical
proaches. The effects of FSI are discussed in Sec. II C
Sec. III a brief review of EA is presented together with
definition of NT suitable for comparison with a sem
inclusive measurement. The theoretical cross section, es
tially based on an exclusive mechanism, takes into acco
only the channels related to the direct proton knocko
However, unlike other semi-inclusive calculations@19–21#,
it contains explicitly a detailed information on the targ
shell structure~see also Ref.@32#!. Results of the INC mode
are compared with data and with the EA prediction in S
IV. Some conclusions are presented in Sec. V.

II. QUASIELASTIC A„e,e8p… WITHIN THE FRAMEWORK
OF INC

In the following, a general description of the INC mod
is given and angular and energy distributions of genera
events are discussed for the quasielastic semi-inclu
A(e,e8p) reaction on several nuclei.

A. The INC model

The INC model was originally applied to the analysis
hadron-nucleus interactions@23,24#. It can be considered as
quasiclassical numerical representation of the multiple s
tering series. It differs from the standard Glauber approxim
tion @28# in the description of the multiple incoherent sca
tering terms. In the latter, with the so-called froz
approximation, the motion of the scattering centers is
glected, while the INC model takes it into account explicit

Within the INC framework the linearized kinetic equatio
for the many-body distribution function, describing hadr
transport in nuclear matter@33#, is solved numerically by
assuming that during the evolution of the cascade the p
erties of the target nucleus remain unchanged. This imp
that the number of cascade particlesNc is much less than the
number of nucleonsA in the target nucleus. In the case
light nuclei this condition might be violated at proton m
menta larger than 5 GeV/c, where events with large multi
plicities could be overestimated. This condition does not p
vent the application of the INC model to the description
SLAC @10,11# and TJNAF@12# data.

Another feature of the INC model is the fact that t
model is quasiclassical. This might appear a limitation
cause, consequently, it cannot describe genuine quantum
fects such as the coherent rescattering. If those effects w
be important in the case of quasielasticA(e,e8p) reactions
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the application of the INC model would be doubtful. Th
struck nucleon, after receiving a largeQ2, can in principle
scatter on the residual system in a coherent and incohe
way. However, in practice in the present kinematic con
tions it cannot transfer a small momentum to the recoil
system because of Pauli blocking. Therefore, the cohe
rescattering is expected to be suppressed, and incoheren
cattering can adequately be described by the INC model.
the contrary, within the conventional Glauber approximati
the coherent rescattering is usually overestimated, becaus
probability is the same as for the incoherent one and
weight is determined by the freeNN total cross section.

Within the INC model the target nucleus is regarded a
mixture of degenerate neutron and proton Fermi gases
spherical potential well with a diffuse surface. The mome
tum distribution of the nucleons is treated in the local dens
approximation for a Fermi gas. The nucleus is divided int
series of concentric zones which help to follow the propa
tion of each produced particle from one zone to another.
the beginning of the cascade a large sample of struck nu
ons is generated. It corresponds to the kinematic conditi
of the quasielastic peak, when the energyEe of the initial
electron andQ2 are fixed by the experiment. In this case t
scattering angle for free elastic electron-proton scatterin
also fixed. The momentum and angular distributions of fi
electrons and struck protons, created in any given zone,
determined by the Fermi momentum distributions in t
same zone. If necessary, final cuts in the momentum
angular distributions can be applied according to experim
tal acceptances. The relative numbers of struck nucleons
duced in different zones are proportional to the local den
ties.

The model describes in a straightforward way the dev
opment of the cascade when the struck proton rescatters
tically or produces any number of additional particles, su
as pions. Between different collisions the particles propag
along straight-line trajectories and the location of the n
collision is generated assuming a weight function expon
tially decreasing with the propagation distance. At each s
of the cascade, the competition among different channe
governed by the channel cross sections, which are taken
vacuum apart from the effect of the Pauli exclusion princip
taken into account at each collision. This means that res
tering may occur only when the momentum of each recoil
nucleon is out of the Fermi sphere. In other words, the dam
ing of the ejectile flux along its trajectory is determined n
by the freeNN total cross section, but by a smaller effectiv
cross section due to Pauli blocking. In principle, the num
of protons counted in the detector includes also those cre
with different momenta and subsequently modified by resc
tering and eventually appeared within the momentum acc
tance of the detector. These events, which correspon
manyfold elastic rescattering, are also taken into accoun
the INC mechanism.

Masses, energies and momentum components for all
particles in the initial, final, and any intermediate step of t
cascade, are recorded for every event and any necessar
tribution involving those quantities can be produced.

B. Momentum and angular distributions in PWIA

In Figs. 1–3 momentum and angular distributions in t
kinematic conditions of the NE18 experiment@10# for carbon
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2620 57YE. S. GOLUBEVA et al.
are shown for events generated without FSI, i.e., in PWIA
all figures the solid line refers toQ251.04 (GeV/c)2, Ee
52.015 GeV and the dashed line toQ256.77 (GeV/c)2,
Ee55.12 GeV, respectively.

In Fig. 1~a! at Q251.04 (GeV/c)2 the momentum distri-
bution N(pe) of electrons is strongly peaked around 1
(GeV/c)2, while at Q256.77 (GeV/c)2 it is much broader
and extends over a range of roughly 2 GeV/c. The main
reason for this broadening is that at higher electron ener
the spreading of the c.m. energy due to Fermi motion
much more pronounced. In Fig. 1~b! the momentum distri-
butionsN(p8) of final protons are presented. Their shap
are qualitatively similar to those for electrons, They ha
however, different positions of the maxima.

The angular distributions of final electrons@N(ue)# and
protons@N(up)# are shown in Figs. 2~a! and 2~b!, respec-
tively. The angleue is the scattering angle, whileup is de-
fined in the electron scattering plane with respect to aẑ axis
directed along the incident beam. The INC model reprodu
the expected spread of the angular distributions due to Fe
motion.

The angular distributionN(fep) is shown in Fig. 3 for
events corresponding to protons ejected out of the scatte
plane. In fact,fep is the angle between the electron scatt
ing plane and the plane defined by the momentap8 andpe of
the emitted proton and the incident electron, respectively

FIG. 1. Momentum distributions of events generated by the I
model in PWIA for final electrons~a! and protons~b! in the
12C(e,e8p) reaction in the kinematics of the NE18 experiment@11#.
Solid lines refer toQ251.04 (GeV/c)2, Ee52.015 GeV, and
dashed lines toQ256.77 (GeV/c)2, Ee55.12 GeV, respectively.
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Fermi motion were absent, this distribution in the c.m. of t
final system would be described by the delta functi
d(fep2p). On the contrary, the width of this distribution i
determined by the ratio between the transverse compone
the Fermi momentum with respect to the scattering plane
p8. At larger Q2, p8 is larger and the distribution become
narrower.

C. The effect of FSI

Figure 4 shows the proton spectrumN(p8) integrated
over the anglesup and fep at Q251.04 (GeV/c)2, Ee

FIG. 2. Angular distributions of events generated by the IN
model in PWIA for final electrons~a! and protons~b! in the electron
scattering plane and in the same conditions and notations as in
1.

FIG. 3. Angular distributions of out-of-plane events genera
by the INC model in PWIA as a function of the anglefep between
the electron scattering plane and the plane defined by the proton
beam momenta. Kinematics and notations as in Fig. 1.
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57 2621NUCLEAR TRANSPARENCY IN QUASIELASTIC . . .
52.015 GeV in PWIA~dashed line! and with FSI computed
within the INC model~solid line!. In the upper part@Fig.
4~a!# the protons are emitted from carbon; therefore,
dashed line corresponds to the solid line in Fig. 1~b! on a
smaller scale. As expected, the struck proton looses pa
its momentum because of rescattering and pion product
Consequently, FSI make the spectrum softer and move
of the strength to lower momenta. The effect is even m
pronounced for gold@Fig. 4~b!#.

In a very similar manner, the same effect is evident a
for the angular distributions of final protons scattered
plane@N(up)# and out of plane@N(fep)#, as shown in Figs.
5~a! and 5~b!, respectively, for carbon and gold targets in t
same conditions and with the same notations as in Fig
except that the distribution is integrated over the inter
1.1<p8<1.3 GeV/c. In this case, FSI redistribute th
events over a wider angular range because of rescatteri

Experimental setups usually require kinematic cuts
momentum, angular, and missing momentum/energy di
butions. Therefore, it is important to compare those distri
tions in cases where FSI are switched off and on for the s
cuts. This can be done in the INC model in a natural wa

The solid circles in Fig. 5 describe the ratioTINC
5NFSI/NPWIA between the distributions of events with an
without FSI, that is actually equivalent to NT. In the range
angles around the maximum, the ratioTINC , integrated over
the other variables, is approximately constant. For exam
integrating overfep for carbonTINC;0.6–0.7 for 34°<up
<54° and for gold TINC;0.25–0.35 for 34°<up<56°.
Similarly, integrating overup TINC gets the same values fo

FIG. 4. Proton momentum distributions, integrated over
anglesup andfep ~see text!, for the (e,e8p) reaction on C~a! and
Au ~b! at Q251.04 (GeV/c)2, Ee52.015 GeV. The solid and
dashed lines are results of the INC model with and without F
respectively.
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carbon and gold, respectively, in the range 165°<fep

<195°.
This stability of TINC over rather wide angular interval

suggests that it depends mainly on the nuclear density a
the propagation trajectory of the struck proton. If the angu
cuts were performed inside the above indicated intervals,
size of TINC would be almost independent of the speci
choice of the cuts. As the angular distributionsNINC are
broader thanNPWIA , the values ofTINC increase in the tail
regions and have a large uncertainty at those angles, w
the proton yield, calculated in PWIA, is very small and t
dominant contribution comes from rescattering.

The version of the INC model here adopted cannot g
completely realistic distributions in missing momentum (pm

5p82q) and missing energy (Em), because it uses a spectr
function corresponding to the Fermi gas model. Howeve
is instructive to analyze thepm dependence of the ratioTINC

in comparison with the one of the conventional Glauber
proach.

In Ref. @20# it is argued that, after integrating over th
missing momentumpmT

transverse to the propagation axi
only the inelastic proton-nucleon cross section should c
tribute to the Glauber multiple-scattering series, which d
scribes the attenuation of the ejected proton flux. The ar
ment is that the elastic cross section leads just to
broadening of thepmT

distribution while inelastic rescatter

ings suppress the ejectile flux at anypmT
, according to a

mechanism similar to the Gribov’s inelastic shadowing@34#.
Since atpmT

50 the total proton-nucleon cross section co
tributes, in this framework NT is expected to be an incre
ing function withpmT

.
In Figs. 6~a! and 6~b! the missing momentum distribu

tions for carbon and gold targets are shown, respectively
the sameQ2,Ee , and with the same notations as in Fig.
The sign ofpm , according to Ref.@12#, is defined positive
~negative! when the angle ofp8 with respect to the inciden
beam is larger~smaller! than the angle ofq. The general
trend is that, at least at relatively small outgoing prot
angles,TINC decreases with increasingupmu ~and, therefore,
upmT

u), contrary to the previous expectations and in agr
ment with Ref. @30# ~see, in particular, Fig. 4 therein a
angles corresponding topm below the Fermi momentum!. A
possible explanation~confirmed and justified also in th
framework of the EA, see Sec. IV! relies on the observation
that struck protons with higher missing momenta main
come from deeper zones inside the nucleus. Therefore
must propagate through larger distances inside the nuc
medium before escaping towards the detector.

Imposing a constraint on the range of explored miss
momenta, as in the NE18 experiment@11# where 0<pm
<250 MeV/c, could affect the previous argument based
the interference between elastic and inelastic channels
quantitative estimate is possible in the INC model, where
particles can be tagged and recognized at each step du
their propagation inside the nuclear medium. Therefore,
can compute the numberNdir of events obtained according t
the attenuation of the proton flux in the forward direction a
the numberNresc of events where the protons fell into th
detector acceptance coming from very different initial co

e

I,



ne
s
e nuclear

2622 57YE. S. GOLUBEVA et al.
FIG. 5. Angular distributions, integrated over the proton momentum interval 1.1–1.3 GeV/c, for protons detected in the scattering pla
~a! and out of plane~b! in the (e,e8p) reaction on C~left! and Au~right! at Q251.04 (GeV/c)2, Ee52.015 GeV, with the same notation
as in Fig. 4. The solid circles are the ratio between the results given by the solid and dashed lines, that is, equivalent to th
transparency coefficient~see text!.
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ditions due to elastic and inelastic rescatterings. Two con
tions were selected that correspond toQ251.04 and 6.77
(GeV/c)2 in the NE18 experiment@11#, but no cuts were
applied onpm ~see Table I!. The kinematic restrictions fo
p8 andfep are slightly softer than in the NE18 experime
@11#, but further checks at points with higher statistics ha
shown that the results are stable against stronger cuts
indicated in Table I, the ratioR5Nresc/Ndir is always small.
Therefore, under the conditions of the NE18 experiment@11#
the fraction of indirect protons reaching the detector w
largepmT

after elastic or inelastic rescattering is small.

III. NUCLEAR TRANSPARENCY IN EA

In exclusive (e,e8p) reactions on nuclei, where the re
sidual system is left in a well defined final state, the ba
ingredient of the calculation is the scattering amplitude@2#

Ja
m~Q2,q,ERa

!5E drdseiq•rxp8
~2 ! * ~r,s!

3 Ĵm~Q2,q,r,s!fa,ERa
~r,s!, ~1!

whereĴm is the nuclear charge-current density operator. T
scattering wave functionxp8

(2) is the solution of a Schro¨-
i-

e
As

c

e

dinger equation involving an optical potentialV which effec-
tively describes the interaction between the residual nucle
recoiling with momentum2pm and massMR , and the out-
going proton, detected in the direction defined by cog
5p8•q/p8q. The proton bound statefa,ERa

is the solution of

an eigenvalue problem involving a single-particle local p
tential of the Woods-Saxon type, which also depends on
excitation energyERa

of the residual nucleus correspondin
to the proton removal from the shell with quantum numb
a. Since the kinetic energy of the residual nucleus is giv
by @1,3#

KRa
5@pm

2 1~MR1ERa
!2#1/22MR2ERa

, ~2!

also the missing energy of the reaction explicitly depends
the produced hole through the relation

Ema
5v2Kp82KRa

. ~3!

Therefore, in the following, the complete dependence of
scattering amplitude on the bound-state quantum numbea
is exploited by the notationJa

m(Q2,pm ,Ema
).

Here our interest is on the properties of the scatter
wavexp8

(2) and the simplified picture is considered retaini
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57 2623NUCLEAR TRANSPARENCY IN QUASIELASTIC . . .
just the longitudinal componentĴ0 to leading ordero(1) of
the nonrelativistic expansion. Consequently, the cross
tion becomes proportional to@29–31#

U E drdseiq•rxp8
~2 ! * ~r,s!fa,ERa

~r,s!U2

[Sa
D~Q2,pm ,Ema

!,

~4!

which is traditionally identified as the ‘‘distorted’’ spectra
density Sa

D @35# at the missing energyEma
of the residual

nucleus with a hole with quantum numbersa.
The Schro¨dinger equation for the scattering state can

solved for each partial wave ofxp8
(2) up to a maximum an-

gular momentumLmax(p8), which satisfies a convergence cr
terion. The boundary condition is such that each incom
partial wave coincides asymptotically with the correspond
component of the plane wave associated top8. Typically,
this method has been successfully applied to (e,e8p) scatter-
ing with proton momenta below 0.5 GeV/c andLmax,50 for
a large variety of complex optical potentials, including al
spin degrees of freedom@3#.

FIG. 6. Proton missing momentum distributions and nucl
transparency coefficient generated by the INC model in the (e,e8p)
reaction on C~a! and Au ~b! at Q251.04 (GeV/c)2, Ee52.015
GeV, with the same notations as in Fig. 4.
c-

e

g
g

At higher energies the Glauber method@28# suggests an
alternative way~based on the EA! to solve the Schro¨dinger
equation by reducing it to a first-order differential equati
along the propagation axisẑ:

S ]

]z
2 ip8Dx5

1

2ip8
Vx. ~5!

The standard boundary condition requires that asympt
cally x→1 corresponding to an incoming unitary flux o
plane waves. By substituting the solution of Eq.~5! into Eq.
~4! one gets the final expression for the distorted spec
density@31#:

Sa
D~Q2,pm ,Ema

!5U E drfa,ERa
~r,s!

3expS 2 ipm•r1E
z

1`

V~r' ,z8!dz8D U2

.

~6!

In the pure Glauber modelV(r ) is determined in a
parameter-free way starting from the elementary free prot
nucleon scattering amplitudes at the considered ene
while at lower energies, for (e,e8p) reactions under quasi
elastic conditions, it usually has a Woods-Saxon form wh
parameters are fixed by fitting the phase shifts and the a
lyzing power of elastic~inelastic! (p,p) scattering on the
corresponding residual nucleus@3#.

The EA, whose reliability is supposed to increase w
increasing ejectile energy@28#, has been successfully teste
@29–31# in the momentum range of interest here (1<p8
<6 GeV/c) against the solution of the Schro¨dinger equa-
tion up toLmax5120, as required by the mentioned conve
gence criterion. We adopt here the same simple Woo
Saxon form for the potentialV(r ), i.e.,

V~r !5~U1 iW!
1

11e~r 2R!/a [~U1 iW! r~r !, ~7!

wherer(r ) is normalized such thatr(0)51, a is the nuclear
diffuseness andR51.23A1/3 fm.

At the considered proton momenta, the element
proton-nucleon scattering amplitude is dominated by ine
tic processes andV(r ) is supposed to be mostly sensitive
the imaginary well depthW @36#. However, no phenomeno
logical phase-shift analysis is available beyond the inela
threshold, which could constrainU and W. It has been
shown elsewhere@30,31# thatSa

D is rather clearly insensitive
to the sign and magnitude ofU for different test values of

r

TABLE I. The ratio R5Nresc/Ndir between events for rescattered (Nresc) and directly attenuated (Ndir)
protons for theA(e,e8p) reaction on C, Fe and Au targets in the kinematics of the NE18 experiment@10,11#
but without cuts onpm ~see text!.

Q2 ue p8 up fep R
(GeV/c)2 deg GeV/c deg deg

1.04 32–39 1.1–1.3 40–53 170–190 2.6 %~C!, 4.2 % ~Fe!, 5.7 % ~Au!

6.77 56.1–57.1 4.4–4.6 15.5–17.5 170–190 < 0.4 %
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2624 57YE. S. GOLUBEVA et al.
(U,W), which justifies the choiceU50, also here adopted
This choice does not contradict the Glauber model, wh
the ratioU/W should equal the ratio between the real and
imaginary parts of the average proton-nucleon forwa
scattering amplitude, because this ratio is expected to
small anyway above the inelastic threshold@36#.

As suggested by Eq.~5!, the Glauber approach predic
W}p8 as far as the proton-nucleon total cross section~and,
consequently, the damping of the proton flux! can be consid-
ered constant for different choices ofp8.q, i.e., for small
anglesg. However, in order to reproduce the NE18 da
@11#, a smaller proportionality factorW/p8 seems to be re
quired with respect to the one indicated by the Glau
model @22,19,37,38#. Here, we adopt the choiceW
550 p8/1400 MeV which reproduces the damping, o
served in the NE18 experiment for12C at p8.q
51.4 GeV/c @10#. This choice is equivalent to retaining th
full Glauber method, but assuming a smaller proton-nucle
cross section in nuclear matter than in free space@31#.

In order to compare the SLAC data with a theoretic
prediction based on theSa

D(Q2,pm ,Ema
) of Eq. ~6!, which

explicitly depends on the quantum numbersa of the pro-
duced hole and, therefore, refers to a completely exclu
process, it is necessary to define a theoretical NT coeffic
as follows:

TEA~Q2!5

(
a

(
pm

Sa
D~Q2,pm ,Ema

!

(
a

(
pm

Sa
PW~Q2,pm ,Ema

!

. ~8!

Equation~8! gives the ratio between the nuclear respon
Sa

D andSa
PW obtained with and without FSI, respectively, fo

each Q2 incoherently summed over the range of prot
anglesg covered by the NE18 experiment~corresponding to
different pm @11#! and over the quantum numbersa of the
occupied shells in the considered target nucleus.

IV. COMPARISON WITH DATA

Experimental data for NT in quasielasticA(e,e8p) reac-
tions are available from BATES@39#, SLAC @10,11#, and, in
a preliminary form, from TJNAF@12#. They are obtained by
taking the ratio between the sum over the observed even
the selected kinematic region and the corresponding theo
ical quantity calculated in PWIA for the same region, exce
for the BATES experiment where the ratio between exc
sive and inclusive cross sections was taken. The data c
the range 0.3<Q2&7 (GeV/c)2.

In Fig. 7 open symbols refer to the NE18 experime
performed at SLAC, with the exception of the point atQ2

;0.3 (GeV/c)2 that has been obtained at BATES. So
symbols indicate the preliminary data from TJNAF. Fro
top to bottom, circles, squares, and triangles give the res
for carbon, iron, and gold targets, respectively. Theoret
calculations ofTINC in the framework of the INC model ar
indicated by solid lines. They implement all the experimen
cuts in angles and momenta as well as the integration o
missing momenta and energies covered by the NE18 exp
ment @10,11#. Agreement with data is quite satisfactory a
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is confirmed in Fig. 8, where theA dependence ofTINC ,
integrated over missing momentum and energy, is shown
fixed values ofQ2.

For sake of comparison, in Fig. 7 the dashed line sho
the result ofTEA obtained for carbon after summing over i
occupieds1

2 andp 3
2 shells in Eq.~8! as well as overpm in the

range corresponding to the proton angles measured in

FIG. 7. Nuclear transparency, integrated over missing mom
tum and energy, as a function ofQ2 for the A(e,e8p) reaction.
Open symbols are data from the NE18 experiment at SLAC@10,11#,
but for the point atQ250.3 (GeV/c)2 obtained at BATES@38#.
Solid symbols are the preliminary data taken at TJNAF@12#.
Circles, squares and triangles refer to carbon, iron and gold targ
respectively. The solid lines are results of the INC model, while
dashed line is obtained in the EA for carbon.

FIG. 8. Nuclear transparency, integrated over missing mom
tum and energy, as a function ofA for increasing values ofQ2: ~a!
1.04 (GeV/c)2, ~b! 3.06 (GeV/c)2, ~c! 5.00 (GeV/c)2, ~d! 6.77
(GeV/c)2. Data are from the NE18 experiment at SLAC@10,11#.
The solid lines are the result from the INC model.
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NE18 experiment@10#. In fact, in the fixed kinematics of an
exclusive reaction there is a one-to-one correspondence
tweenpm andup ~or, equivalently,g). Agreement with data
is very good. Also the similarity between the results of tw
completely different models is remarkable.

This is confirmed in Fig. 9, where the comparison b
tween the INC model and the EA is extended also to
40Ca target. The shape ofTEA ~indicated by the dashed line!
is essentially given by the fact that, according to the NE
experimental setup, for eachQ2 different ranges are covere
for the proton angles, and consequently for the missing m
mentumpm . The different shells, then, contribute different
with their pm dependence so that at eachQ2, according to the
selected range ofpm , the relative weight of their contribu
tion is changing. As a test, in Fig. 9 the dot-dashed line
also shown, which refers to NT for the40Ca(e,e8p) reaction
in the same kinematics of the NE18 experiment but keep
the outgoing proton angleg50 at each value ofQ2: keeping
the same proton angle makes NT independent ofQ2, at least
in the observed range.

The exclusive nature of direct knockout, intrinsic in th
definition ofTEA in Eq. ~8!, allows for a more detailed analy
sis of the contribution of each shell to the integrated tra
parency as well as to its angular distribution. In Fig. 10~a!
~upper part! the PWIA nuclear responseSa

PW , obtained from
Eq. ~6! without FSI, is shown as a function of the proto
angleg for the 40Ca(e,e8p) reaction atp85q51 GeV/c.
The labels refer to the quantum numbers of the shells bu
ing up the structure of40Ca. At very forward angles proton
only come froms shells. At higher angles the 2s1

2 contribu-
tion is irrelevant and protons with a non negligiblepmT

come

from p and d orbitals, as well as from 1s1
2. In Fig. 10~b!

~lower part! the corresponding NT calculated in the E
framework is shown for each shell as a function ofg in the

FIG. 9. Nuclear transparency, integrated over missing mom
tum and energy, as a function ofQ2 for the A(e,e8p) reaction on
12C and 40Ca targets. The solid and dashed lines are results of
INC model and of the EA, respectively. The dot-dashed line is
result of the EA for40Ca with g50 at all values ofQ2 ~see text!.
e-

-
e

8

o-

s

g

-

-

same conditions. The curve labeled ‘‘tot’’ refers to the ang
lar distribution of the total transparency for the40Ca target.
The angular dependence of the total NT is determined by
dominant contribution of the individual shells at each sp
cific angle. Therefore, at low angles the total result is due
a delicate interplay between 2s1

2 and 1s1
2 shells, whose trans

parencies are very different. At higher angles, the total re
approximately follows the NT of thep andd orbitals. Glo-
bally, the total NT is a decreasing function ofg, or, equiva-
lently, of pmT

, in agreement with the findings of Sec. II
described in Fig. 6. The same arguments apply to Fig.
where the angular range explores the same range ofpm as in
Fig. 10, but atp85q56 GeV/c. The NT property of being
a decreasing function ofpmT

is even more evident. Large

variations of NT with the proton emission angleg are then
possible. The largerQ2 and p8, the smaller is theg corre-
sponding to the samepmT

. Therefore, within the experimen

tal acceptance(2°) @10# the corresponding angular averagin
could miss significant variations of NT.

In both Figs. 10 and 11 thep andd angular distributions
do not start fromg50, because the PWIA result is vanishin
and, therefore, not contributing to theTEA of Eq. ~8!, while
producing an artificial infinity in the transparency of th
single shell at that angle.

Finally, comparison of Figs. 10~b! and 11~b! shows that
integrating overg the curves labeled ‘‘tot’’~therefore, inte-
grating them over the same range ofpm reached at different
Q2) will produce the same total NT coefficient, in agreeme
with the dot-dashed line of Fig. 9. Therefore, as previou
anticipated, theQ2 dependence shown by solid and dash
lines in Fig. 9 and by data in Fig. 7 can be interpreted, in

n-

e
e FIG. 10. Angular distributions of the PWIA nuclear response~a!
and of the nuclear transparency calculated in the EA framework~b!
of each target shell for the40Ca(e,e8p) reaction at p85q51
GeV/c. The resulting total nuclear transparency of Eq.~8! is also
plotted in the lower part~b! and labeled ‘‘tot.’’
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2626 57YE. S. GOLUBEVA et al.
framework of the EA, as a kinematic effect related to t
shell structure of the target. At differentQ2, probing differ-
entpm means probing different relative weights of each sh
contributing to the total NT; FSI will be less~more! effective
producing an increasing~decreasing! transparency.

V. CONCLUSIONS

Nuclear transparency in exclusive quasielasticA(e,e8p)
reactions has been investigated. Final-state interactions
been treated within the intranuclear cascade model and
eikonal approximation. The INC model describes the av
able data on NT up toQ2;7 GeV2/c2 rather well without
the need of free parameters. Our analysis shows that
Pauli blocking seems to be the most crucial ingredient

FIG. 11. The same as in Fig. 10 but forp85q56 GeV/c.
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o-

.

ll

ve
he
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he
d

suppresses the otherwise important interference between
herent and incoherent rescatterings@19–21#, while short-
range correlations at suchQ2 are less important. The result
of the INC model are also in qualitative agreement w
those obtained in the EA.

In this framework, theQ2 behavior of NT can be inter-
preted as a kinematic effect related to the fact that for e
Q2 different ranges of missing proton momentum are e
plored according to the experimental setup. In fact, beca
in the EA the definition of NT is based on a genuine exc
sive cross section, at eachQ2 it is possible to analyze the
angular distribution not only of NT, but also of the contrib
tion of each single target shell. It turns out that NT at sm
proton angles is due to the emission froms shells, while at
larger angles shells with higher angular momentum are
portant. The different FSI make NT a decreasing function
the proton angle~or, equivalently, of the transverse missin
momentumpmT

) and large variations of the NT coefficien
are possible within the presently available experimental
gular acceptance. The relative angular contribution of e
shell depends onpmT

. If the range of exploredpmT
is kept

constant, the transparency coefficient, integrated over
proton angles, does not show anyQ2 dependence.

In the kinematic conditions presently investigated nucl
transparency seems under control. In order to test the o
of other transparency mechanisms as a function ofQ2, our
analysis shows that it is important to keep constant the ra
of missing momenta covered by the experiments.
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