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Nuclear transparencies for the fundamental processgn→p2p on 4He and16O have been calculated using
nucleon configurations obtained from realistic ground-state wave functions by the Monte Carlo method. C
parisons between nuclear transparency results using nucleon configurations and the correlated Glauber ap
mation are made in the case of (e,e8p) on 4He and 16O. Furthermore, nuclear transparencies for the
gn→p2p and (e,e8p) processes have been calculated including a color transparency effe
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I. INTRODUCTION

During the past decade, interest in hadron propagation
led to many theoretical and experimental studies in nucle
transparency. The classical transparency of a nucleus, t
particle ejected at positionrW with momentumpW , equals the
probability that a tube of cross-sectional areas, parallel to
pW and starting fromrW, does not contain any nucleons. Thi
tube is illustrated in Fig. 1~a!, ands denotes the total cross
section for scattering of the ejected particle by a nucleon
the nucleus. Analysis using the Glauber multiple scatteri
theory @1# shows that the nuclear transparency in hig
energy reactions is dominated by classical transparency. T
transparencies observed in (e,e8p) reactions at MIT-Bates
@2# and SLAC@3# are close to the classical transparency.

When the target contains a large number of uncorrela
particles distributed with densityr(rW), the classical transpar-
ency, denoted by the Glauber transparencytG(rW,pW ), is given
by

tG~rW,pW !5expH 2E
0

`

dsr~rW1 p̂s!sJ , ~1!

where p̂ is a unit vector along the momentum directionpW .
Corrections totG are due to correlations among the nucleon
in the target neglected in arriving at Eq.~1!. These have been
studied approximately by retaining only the pair correlation
between the struck and other~spectator! nucleons@4,5#. Ef-
fects of pair correlations among the spectator nucleons@6,7#
have also been considered. The correlated Glauber class
transparency that retains only the pair correlations betwe
the struck nucleon and the spectator nucleons is given by

tCG~rW,pW !5expH 2E
0

`

dsg~s!r~rW1 p̂s!sJ , ~2!

whereg(s) @4# is the pair distribution function of the nucle-
ons inside the nucleus.

*Present address: Argonne National Laboratory, Argonne,
60439.
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In order to illustrate the absence of quantum effects in t
transparencies measured at MIT-Bates@2# and SLAC@3# we
consider the knockout of a proton from an orbitalf(rW) in the
nucleus. The outgoing wave is damped with the amplitud

a~rW,p̂!5At~rW,p̂!, ~3!

and the cross section for knockout with missing momentu
kW is proportional to the square of the amplitude

U E d3reikW•rWf~rW !a~rW,p̂!U2. ~4!

At large qW the directionp̂ is not very sensitive tokW . The
experimental transparencies are obtained from the cross s
tion integrated over the missing momentumkW , given by

E d3kd3r 8d3reik
W
•~rW2rW8!f* ~rW8!f~rW !a~rW8,p̂!a~rW,p̂!

5E d3rf2~rW !t~rW,p̂!, ~5!

IL

FIG. 1. ~a! Tube illustration of classical transparency for a pa
ticle ejected from a nucleus at positionrW with momentumpW . ~b!
Tube illustration of classical transparency for quasifreegn→pp2

process. Bothp and p2 are created atrW, and the shaded region
indicates the overlap between the proton and the pion exit tube
2779 © 1996 The American Physical Society
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which contains only the density distributionf2(rW) of the
initial state and the classical transparency.

We report calculations of the classical transparency
the g1n→p21p reaction on4He and 16O. We use con-
figurations obtained by sampling realistic nuclear wave fun
tions by the Monte Carlo method and thus include all corr
lation effects. Section II describes the importance of t
g1n→p21p process for nuclear transparency and col
transparency studies. The Monte Carlo calculations are d
cussed in Sec. III. The results for (e,e8p) are compared in
Sec. IV with those using approximations based on the d
sity distributionr(rW). The possible effects of color transpar
ency forg1n→p21p and (e,e8p) processes are also con
sidered.

II. THE gN˜p2P PROCESS

For high energy exclusive reactions at large transve
momentum, the constituent counting rule predicts@8#

ds/dt}
1

sn22, ~6!

wheres, t are the Mandelstam variables, andn is the total
number of elementary fields; in case of photopion producti
from nucleon,n59. Experimentally, the constituent count
ing rule behavior has been observed ingp→p1n process at
photon energies above 2 GeV@9#. This energy dependence
of the cross section predicted by the constituent counting r
for gn→p2p can be tested experimentally at CEBAF@10#
using a deuterium target. Thegn→p2p process on nuclei is
the simplest quasifree process involving two charged fin
state hadrons. By detecting both final state hadrons from
quasifreegn→p2p process, the energy dependence of t
transparency effect is maximized compared with a sing
hadron process such as (e,e8p), (e,e8p) at comparable ki-
nematics. Because the final state consists of two char
hadrons, one can use the existing magnetic spectromete

FIG. 2. Nuclear transparencies for the (e,e8p) process in4He
and 16O calculated from nucleon configurations and the correlat
Glauber approximation as a function ofQ2. The dashed line is the
transparency result for4He from the correlated Glauber approxima
tion, and the dotted line is from nucleon configurations; the das
dotted line is the result for16O from the correlated Glauber approxi
mation and the solid line is from the nucleon configurations.
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define the quasifree process. Thus, the photopion react
gn→p2p is an excellent candidate to study transparency
nuclei @10#.

There are two dominating diagrams contributing to th
quasifreegn→p2p process from a nuclear target. In the
small t region, the incident photon fluctuates into ar meson
that couples to the nucleon inside the nucleus. In the lar
t region, the diagram in which the incident photon couple
directly to the nucleon inside the nucleus dominates beca
of the rapid decrease in the nucleon form factors with m
mentum transfer. The cross section will be proportional
the transparency of the nucleus to the ejected proton a
pion. In the remainder of this paper, we focus on the lar
t @utu>1.0 ~GeV/c)2# region where the classical transparenc
should be relevant.

The quasifreegn→p2p reaction from light nuclei pro-
vides an excellent process to search for enhancement
nuclear transparency due to reduced final-state interacti
~FSI! by effects such as color transparency~CT! @11# for
three reasons. In the region where the cross section obeys
constituent counting rule the proton and pion are likely to b
created in their simplest constituent quark states. Second
the two-quark structure of the pion is more likely to be pro
duced in a pointlike configuration~PLC! state as compared
to a nucleon with a three-quark structure. Finally, detectin
both the final-state proton and pion, enhances the CT eff
above that in either the (e,e8p) or (e,e8p) reaction at com-
parable kinematics. For future CEBAF upgraded energi
~8–10 GeV! @12#, the CT effect might be observed experi
mentally by choosing light nuclei so that the hadronic expa
sion lengths for both the proton and the pion are compara
to the nuclear size.

III. TRANSPARENCY CALCULATIONS

The quasielasticA(e,e8p) process is probably the sim-
plest process for studying nuclear transparency both exp
mentally and theoretically. First, we discuss the nucle
transparency calculation for the (e,e8p) process in nuclei.
The nuclear transparencyT for the quasifreeA(e,e8p) reac-
tion is expressed as

ed

-
h-
-

FIG. 3. Nuclear transparency forgn→p2p process in4He and
16O as a function of photon energyEg for a pion center-of-mass
angle of 75° calculated from the nucleon configurations.
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ZE rp~rW !P~rW !d3r , ~7!

whererp(rW) is the proton density,Z is the total number of
protons in the nucleus, andP(rW) is the probability for the
proton, originating atrW, to escape without final-state interac-
tions. When only the correlation effects between the stru
proton and the spectator nucleons are considere
P(rW)5tCG(rW,p̂), as given by Eq.~2!. We denote the trans-
parency thus obtained as the ‘‘correlated Glauber’’ approx
mationTCG.

Monte Carlo configurations are snapshots of the positio
of nucleons in a nucleus. The nucleons are distributed w
the probabilityuCu2, whereC is the ground-state wave func-
tion, and thus contain all the correlations included inC. It is
straightforward to calculate the classical transparency fro
the configurations by neglecting the small effect of motion o
the spectator nucleons during the reaction. Lett i ,I be the
transparency for the quasifreeA(e,e8p) reaction on nucleon
i in configurationI ; we have

t i ,I5Pi ,I ,p , ~8!

where Pi ,I ,p equals one if for all particlesjÞ i that have
r i jW • p̂,0, or r i j

22(r i jW • p̂)2.(spN /p) in the configuration
I . OtherwisePi ,I ,p50. The nuclear transparency is just the
average value oft i ,I for all i over many configurationsI . For
the gn→p2p reaction on nucleoni in configurationI , we
have

t i ,I5Pi ,I ,pPi ,I ,p , ~9!

wherePi ,I ,p is the transparency for the final-state pion pro
duced from nucleoni in configurationI , and it is calculated
in the same way asPi ,I ,p .

The 4He configurations were obtained from Wiringa’s
variational wave function@13#, which explains the observed
4He charge form factors. It thus gives a realisticr(r ) and
contains correlations generated by the Argonnev14 model of
nuclear forces. The microscopic many-body theory of16O is
not yet as accurate as that of4He. The optimum variational
wave function does not reproduce the observed charge fo
factor satisfactorily@14#. The 16O configurations are ob-

FIG. 4. Nucleon configuration calculations for the (e,e8p) pro-
cess for4He and 16O both with and without a color transparency
effect. The long-dashed line is4He(e,e8p) with CT effect and the
dotted line is without CT effect; the dash-dotted line is
16O(e,e8p) with CT effect and the solid line is16O(e,e8p) without
CT effect.
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tained from a model wave function due to Pieper@15# that
reproduces the observed16O charge density@16# and con-
tains realistic correlations.

IV. RESULTS AND DISCUSSION

The transparencies of4He and 16O to protons ejected in
(e,e8p) calculated with the correlated Glauber approxima
tion and from nucleon configurations are compared in Fig.
The agreement between the two calculations is better th
8% for 4He and 3% for16O. Figure 3 shows the calculated
nuclear transparencies for the quasifreegn→p2p reaction
on 4He and 16O as a function of the photon beam energ
Eg , using nucleon configurations. The calculations were pe
formed at a center-of-mass angle forp2 of 75° correspond-
ing to ap2 laboratory angle of 36.7° at a photon energy o
2 GeV and a laboratory angle of 18.4° at a photon energy
10 GeV. The center-of-mass angle of 75° was chosen
maximize the transparency effect for thegn→p2p process.
The measured totalp-N andp2-N cross sections were used
in the calculations and were taken from Ref.@17#. In the
gn→p2p reaction, the opening angle between the two fina
state hadrons becomes smaller as the energy of the incid
photon beam increases for a fixed center-of-mass angle
the final state pion. The overlap between the pion and prot
exit tubes@Fig. 1~b!# increases, and thus transparency als

FIG. 5. Transparency calculations forgn→p2p process on
4He ~lower panel! and 16O ~upper panel! with and without CT
effects calculated from nucleon configurations. The solid line is th
result without CT effect, the dashed line is the result with CT fo
DMp2

2
50.7 ~GeV!2, and the long-dashed line is forDMp2

2
50.3

~GeV!2; DMp
250.7 ~GeV!2 is used in both cases.



m
ion
d
ur
de
ified

n
-
5

lid
e
r

-of-
ble

.
a,

n-

2782 54BRIEF REPORTS
increases withEg . Because of this effect the product o
tCG(rW) for proton and pion underestimates the joint probab
ity of the proton and pion to escape, and it is not used.

The quantum diffusion model@18# was used to include
the color transparency~CT! effect in the transparency calcu
lation. According to this model, the total hadron-nucle
cross section is modified in the following way:

sT
eff5s0H Fz2z8

l h
1

^n2t2&
Q2

~z2z8!

l h
Gu~ l h2z!1u~z2 l h!J ,

~10!

wheren is the number of constituent quarks in the hadro
and it is two for pion and three for nucleon.At250.350
~GeV/c) @18#, is the average transverse momentum of
quark inside a hadron.l h is the hadronic expansion lengt
~from a pointlike configuration to its normal size! and
l h.(2p/DM2) in the quantum diffusion model, wherep is
the momentum of the final-state hadron in the reacti
DM2 is the mass squared difference between the hadro
PLC and in its normal state. Although this quantity is n
known for either the pion or the proton, values of 0
(GeV)2 for the proton and 0.25 (GeV)2 for the pion are used
in Ref. @18#.

The NE18 @3# results of the nuclear transparency me
surements do not rule out the possibility of CT effect b
cause of the large errors associated with the measurem
and also because of the theoretical uncertainties in the
dictions. For example, models based on CT sum rules
quark-hadron duality@19# predict that the effect is smaller b
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approximately a factor of two than given by the quantu
diffusion model used here. In the momentum transfer reg
of a few ~GeV/c)2, it is also possible that FSI are reduce
due to the loss of meson clouds of the struck nucleon. O
use of the quantum diffusion model here is purely to provi
an estimate of the increase in transparency due to a spec
reduction in FSI.

The nucleon configuration calculations for (e,e8p) from
4He and 16O with and without the CT effect are shown i
Fig. 4. A value ofDMp

250.7 ~GeV/c)2 was used in the quan
tum diffusion model for the CT effect in Fig. 4. Figure
shows the transparency results for quasifreegn→p2p pro-
cess on4He ~lower panel! and 16O ~upper panel! using the
configuration method with and without CT effects. The so
line is the result without CT, the long-dashed line is th
result forDMp2

2
50.3 ~GeV/c)2 and the dashed line is fo

DMp2
2

50.7 ~GeV/c)2; DMp
250.7 ~GeV/c)2 is used in both

cases. The calculations were performed at a pion center
mass angle of 75°. The effect of CT on this process is siza
for both 4He and16O atEg larger than 4 GeV.
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