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Quasielastic electron scattering at high energy from12C, 56Fe, and 197Au
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A relativistic mean-field single particle knockout model is compared to inclusive electron scattering (e,e8)
from a range of nuclei (12C, 56Fe, and197Au) at high electron energy, but in kinematics where the cross section
is dominated by the quasielastic response. These experiments were done with incident electron energies of
approximately 2 GeV at SLAC with four-momentum transfer squared of approximately 0.20–0.30 (GeV/c)2.
We include the effects of electron Coulomb distortion in the calculation, and propose a simple way of including
Coulomb distortion at high energies which can be used to analyze newer (e,e8) experiments at Jefferson Lab.
The effects of the predicted weakening of the strong scalar and vector potentials of thes-v model at high
nucleon kinetic energy are included in our model.
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Medium and high energy electron scattering is one of
most useful tools to study nucleon properties inside nuc
especially in the quasielastic region where the cross sect
are dominated by the knocking out of individual nucleons.
this paper we concentrate on the inclusive reaction (e,e8)
that probes all of the nucleons in the nucleus and is no
sensitive to individual orbits and energy levels. That is,
are investigating a more global response of the nuclear
tem. There have been many experiments@1–8# on medium
and heavy nuclei at incident electron energies less tha
GeV, and a number of theoretical attempts@9–16# to fit the
measured cross section and to separate the longitudina
transverse structure functions. The Fermi gas model in
impulse approximation provides a rough description of
inclusive (e,e8) cross sections but fails in describing th
details. This is not too surprising since the Fermi gas mo
does not include the nuclear spatial geometry correctly
some cases, there appeared to be large suppression~about
30–40 %! of the longitudinal structure functions@as com-
pared to theoretical calculations of (e,e8) using nonrelativ-
istic wave functions and current operators# which implied
missing strength in the Coulomb sum rule@1#. There was
also disagreement between the transverse structure func
extracted from the experimental data and the prediction
the Fermi gas model, but this was expected since excha
currents, pion production, and other processes induced
transverse photons were not included in the model. M
attempts were made to explain this purported miss
strength of the longitudinal structure function by improvin
the nuclear bound states, modifying the nucleon form fac
in the nuclear medium, including final state interactions, a
relativistic dynamics effects.

Two ingredients enter the comparison of experimen
(e,e8) data from medium and heavy nuclei to theory. One
these is the inclusion of electron Coulomb distortion effe
and the second is the model used to calculate the nuc
transition current. In the early 1990s, Coulomb distortion
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the reactions (e,e8) and (e,e8p) in the quasielastic region
was treated exactly by the Ohio University group@7,9,17–
19# using partial wave expansions of the electron wave fu
tions. While such distorted wave Born approximatio
~DWBA! calculations permit the comparison of differe
nuclear models against measured cross sections and pro
an invaluable check on various approximate techniques
including Coulomb distortion effects, they are numerica
challenging and computation time increases rapidly w
higher incident electron energies. Jourdan@20# used the Ohio
group’s calculation of Coulomb distortion effects to inves
gate the Coulomb sum rule. His conclusion was that the s
rule appeared to be obeyed and thus there was no ‘‘long
dinal suppression.’’

In order to avoid the difficulties associated with DWB
analyses at higher electron energies and to look for a wa
still define structure functions, Kim and Wright@15,16,21,22#
developed an approximate treatment of the Coulomb dis
tion. The essence of the approximation is to include C
lomb distortion in the four-potential arising from the electro
current by letting the magnitude of the electron moment
include the effect of the static Coulomb potential. This lea
to an r-dependent momentum transfer. This approximat
allows the separation of the cross section into a ‘‘longitu
nal’’ term and a ‘‘transverse’’ term, which is not formall
possible in a full DWBA calculation. For medium and hea
nuclei at moderate incident electron energies, a good tr
ment of Coulomb distortion effects is necessary in order
extract the ‘‘longitudinal’’ and ‘‘transverse’’ structure func
tions.

The relativistic ‘‘single-particle’’ model requires boun
state and continuum nucleon wave functions and a cur
operator. The bound nucleon wave functions are solution
the Dirac equation in the presence of the strong scalar
vector potentials of thes-v model@23#. When investigating
the exclusive reaction (e,e8p), the continuum protons are
taken to be the solutions to the relativistic optical mod
potentials of the Ohio State group@24#. Using these wave
functions and the relativistic current operator, this model w
extremely successful in describing (e,e8p) reactions of
©2003 The American Physical Society04-1
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many nuclei@17,19,21,22#. However, when investigating th
inclusive reaction (e,e8) where the knocked out nucleons a
not observed, the Ohio University group used the same
potentials as used for the bound state nucleons. This ans
a way of accounting for all the nonmeasured processes
take place in the reaction and, in addition, guarantees cur
conservation. Calculations using this ‘‘single-particle’’ mod
coupled with the relativistic current operator and a good
scription of Coulomb distortion provided very good agre
ment with (e,e8) Bates data on40Ca with no free parameter
and found no evidence of longitudinal suppression@7#.

This same model, coupled with our approximate treatm
of Coulomb distortion, was compared to the Saclay qua
elastic data on208Pb taken with both electrons and positron
The DWBA and approximate calculations of Coulomb d
tortion by positrons and electrons were not consistent w
the data quoted by Saclay, so it was not possible to extra
‘‘longitudinal’’ structure function@15,16#. In addition, we in-
vestigated the approximation@12# used by the Saclay grou
for Coulomb corrections and did not find it a good appro
mation.

The absence or presence of ‘‘longitudinal suppressi
has been argued vigorously at various conferences—part
because of different theoretical treatments, but also bec
of some experimental discrepancies among various labor
ries. With our success in including Coulomb distortion e
fects in a ‘‘plane-wave-like’’ approach, we decided to an
lyze the available (e,e8) data from nuclei at higher energie
and momentum transfer for cases where the quasielastic
cess should dominate. Our original goal was to examine
cent data from Jefferson Lab on a number of nuclei includ
56Fe @25#, but we realized that the energy and moment
transfers are such that significant contributions from p
electroproduction are present. However, we did find so
older (e,e8) data from SLAC@26# on 12C, 56Fe, and197Au
where the quasielastic contribution is kinematically isola
from pion electroproduction, which is referred to as an
elastic process. To our knowledge, no one has attempte
calculate the quasielastic contributions to these cross
tions, probably because of the numerical difficulties in c
culating the (e,e8) process at such high energies. In th
paper we will compare our single-particle relativistic mea
field model of quasielastic scattering to the SLAC expe
mental data. Should our model describe the quasielastic
cess well at this higher energy and momentum tran
region, it might be useful in scaling studies@25,26# of (e,e8)
at largeQ2 and in separating the quasielastic process~which
does not scale! from inelastic contributions.

In the plane wave Born approximation, where electrons
positrons are described as Dirac plane waves, the cross
tion for the inclusive quasielastic (e,e8) processes can b
written as

d2s

dVdv
5sMH qm

4

q4
SL~q,v!1F tan2

u

2
2

qm
2

2q2GST~q,v!J ,

~1!

where qm
2 5v22q252Q2 is the four-momentum transfe

sM is the Mott cross section, andSL andST are the longitu-
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dinal and transverse structure functions that depend only
the three-momentum transferq and the energy transferv.
Explicitly, the structure functions for a nucleus are given
terms of the Fourier transformNm of the nuclear current by

SL~q,v!5(
a

Sarp

sp
E uN0u2dVp , ~2!

ST~q,v!5(
a

Sarp

sp
E ~ uNxu21uNyu2!dVp ~3!

with the outgoing nucleon density of statesrp

5pEp /(2p)2. The ẑ axis is taken to be along the mome
tum transferq and sp is the z component of the angula
momentum of the continuum state nucleons, whilea labels
the bound states of the nucleus andSa contains occupation
numbers and spin average factors for these states. The
rier transform of the nuclear current is simply

Nm5E Jm~r !eiq•rd3r , ~4!

whereJm(r ) denotes the nucleon transition current. The co
tinuity equation has been used to eliminate thez component
(Nz) via the equationNz52(v/q)N0, which is valid if cur-
rent is conserved. Note that if we do not have nuclear curr
conservation~i.e., a different Hamiltonian in the initial and
final states!, we need to calculateNz directly.

Thead hocexpressions for the longitudinal and transver
structure functions with inclusion of the electron Coulom
distortion~see Ref.@16# for details! are similar to above, bu
the Fourier operators are modified by Coulomb distortio
We include the Coulomb distortion effects in our results, b
unlike the medium energy cases, Coulomb effects on
cross section at these high electron energies are quite s

The nucleon transition current in the relativistic sing
particle model is given by

Jm~r !5ec̄p~r !Ĵmcb~r !, ~5!

whereĴm is a free nucleon current operator, andcp andcb
are the wave functions of the knocked out nucleon and
bound state, respectively. For a free nucleon, the oper
consists of the Dirac contribution and the contribution of
anomalous magnetic momentmT given by Ĵm5F1(qm

2 )gm

1F2(qm
2 )( imT/2M )smnqn . The form factorsF1 andF2 are

related to the electric and magnetic Sachs form factorsGE

and GM by GE5F11(mTqm
2 /4M2)F2 and GM5F1

1mTF2, which are assumed to take the following standa
form @27#:

GE5
1

S 12
qm

2

L2D 2 5
GM

~mT11!
, ~6!

where the standard value forL2 is 0.71 (GeV/c)2.
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QUASIELASTIC ELECTRON SCATTERING AT HIGH . . . PHYSICAL REVIEW C67, 054604 ~2003!
Our standard calculation at lower energies for the inc
sive reaction (e,e8) is to use a current conserving mod
where the bound and continuum nucleons move in the
scalar S(r ) and vectorV(r ) potentials generated by th
TIMORA code @23#. The constantS(r ) and V(r ) potentials
fail as the momentum transfer increases, although they
good at low momentum transfers. Calculations using th
potentials will be labeled ‘‘Const.’’ However, the Ohio Sta
group @24# found in their global fits to proton-nucleus sca
tering from a range of nuclei that the strengths of the real
imaginary parts of the scalar and vector potentials in
Dirac equation decreased as the proton energy increased
choose to investigate this effect, also considered in an
proximate way in Ref.@28#, by using a parametrization of th
real part of theS and V strengths as a function of proto
kinetic energy that is consistent up toTp51.5 GeV with the
results of Cooperet al. @24#. In particular, we calculated
(e,e8) with S(r ) and V(r ) for protons and neutrons scale
by the functions f S50.9720.66x10.28x2 and f V50.97
20.91x10.30x2, respectively, wherex is the outgoing
nucleon kinetic energy divided by the nucleon massx
5Tp /M ). The results using these weakened potentials
the outgoing nucleons are labeled ‘‘Tp-dep.’’ Of course, as
noted earlier, having different potentials for the bound a
continuum nucleons results in current nonconservation
our calculations we do not use current conservation to eli
nateNz , but rather work in the Lorentz gauge and calcula
Nz directly. For the kinematics we examined, the kinetic e
ergy of the outgoing nucleons is not very large, so the v
lation of current conservation is rather small and would o
change the results by a few percent if we were to useNz
52(v/q)N0.

In reviewing the SLAC@26# datasets we found exper
ments on three nuclei (12C, 56Fe, and197Au) at kinematics
so that the quasielastic peak is well separated from inela
processes. The incident electron energy wasEi52.02 GeV,
and the electron scattering angle wasu515°. We choose to
compare our calculations to these three data sets.

In Figs. 1–3 we compare four calculations to the expe
mental data. The calculations are separated into two cla
labeled Dw and Pw. The Dw curves include electron Co
lomb distortion and the Pw curves use Dirac plane waves
the electrons. As noted earlier, at these high electron e
gies, Coulomb distortion is quite small but not insignifica
for a heavy nucleus like Au. The solid curves labeled ‘‘D
Tp-dep.’’ use weakened scalar and vector potentials for
outgoing nucleons and at the peak of the quasielastic p
exceed the results using the bound state energy potentia
about 5–8 %. More significantly, on the high energy side
the quasielastic peak, the weakened scalar and vector p
tials result in a much sharper dropoff of the quasielastic p
than the bound state potentials. This suggests that most o
cross section above the quasielastic peak is due to inel
processes. Note further that we show the longitudinal
transverse contributions predicted by our model for e
cross section curve, and that while the transverse portio
the cross section is larger than the longitudinal portion,
longitudinal contribution is quite significant, being approx
mately 45% of the total.
05460
-

al

re
e

d
e
We
p-

r

d
In
i-
e
-
-
y

tic

i-
es
-
r
r-

t

e
ak
by
f
en-
k

the
tic
d
h
of
e

The calculations with Coulomb distortion~relevant only
to Au! and the energy dependent scalar and vector poten
agree very well with the quasielastic peak data for12C, 56Fe,
and 197Au. Clearly, our ‘‘single-particle’’ relativistic model
provides an excellent description of the quasielastic p
over a range of nuclei from carbon to gold. A number
experiments have investigated scaling of the inelastic con
butions to the inclusive cross sections’ high large moment

FIG. 1. Theoretical quasielastic scattering cross sections for12C
with incident electron energy ofEi52.02 GeV and electron scatte
ing angleu515° as a function of energy transfer compared to e
perimental data from SLAC. The cross sections labeledsT andsL

add up to the various total cross sections. See text for details o
models.

FIG. 2. Theoretical quasielastic scattering cross sections
56Fe with incident electron energy ofEi52.02 GeV and electron
scattering angleu515° as a function of energy transfer compar
to experimental data from SLAC. The cross sections labeledsT and
sL add up to the various total cross sections. See text for detai
the models.
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K. S. KIM AND L.E. WRIGHT PHYSICAL REVIEW C 67, 054604 ~2003!
transfer, but the quasielastic response does not obey si
scaling laws. So our excellent description of the quasiela
response which contains no free parameters suggests tha
could use this model to construct pseudodata by subtrac
out the quasielastic peak contributions at kinematics wh
the inelastic contributions are much larger, e.g., at forw
electron angles at higher electron energies as measure
JLAB @25#. This would allow one to examine the approach
scaling of the inelastic contributions more cleanly.

Unfortunately, the SLAC experiments did not have a s
ficient range of kinematic data to extract the longitudinal a
transverse cross sections using a Rosenbluth separatio
we cannot separately compare our calculations to the exp
mentally extracted results. However, as noted above, the
gitudinal and transverse contributions at these kinematics
comparable in our model. It would appear that if someth
were to suppress the longitudinal response in thisQ2 range
@0.23–0.29 (GeV/c)2#, there would need to be an approx
mately equal enhancement of the transverse response.

As noted earlier, at these high electron energies, Coulo
distortion effects are quite small. It is tempting to look for
simple shift of energy or angle that would incorporate t
Coulomb distortion effects. We know that this does not wo
for the case of large distortion effects, but it might work
these energies. Since the most important element of our
proximate treatment of Coulomb distortion is the radial d
pendence of the three momentum transfer since this en
into the Fourier transform of the current, one could try to
the three-momentum transfer at a value corresponding to
nuclear surface and examine the consequences. The t
momentum transfer squared is given byq25v2

14EiEfsin2(ue/2), where we have neglected the electr
mass. The Coulomb potential energy for an electron ar
5R for a uniformly charged sphere of radiusR with net

FIG. 3. Theoretical quasielastic scattering cross sections
179Au with incident electron energy ofEi52.02 GeV and electron
scattering angleu515° as a function of energy transfer compar
to experimental data from SLAC. The cross sections labeledsT and
sL add up to the various total cross sections. See text for detai
the models.
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chargeZe is given byEc5aZ/R, and the effective energy
for electrons near the nucleus is increased by this amo
For convenience, we use the simple formulaR51.2A1/3 fm
to calculate the Coulomb energy. Using this, one can d
plane wave calculation of the structure functions with en
gies E85E1Ec in the structure functions. Of course, on
could also shift the scattering angle and not change the
fective energies in the expression for the three momen
squared. Sincev is not affected by the shift in the initial an
final electron energies, for small Coulomb effectsDue

>2(AEi8Ef8/EiEf21)tan(ue/2). In Fig. 4 we show the
quasielastic peak for197Au calculated with the Coulomb dis
torted electron waves, electron plane waves, and plane-w
calculations with the energy shifted or the angle shifted.

Clearly, either of these shifts~but not both at the same
time! result in a ‘‘plane-wave’’ result that approximates qui
well the Coulomb distorted result, although there are sm
discrepancies in the wings of the quasielastic peak and
longitudinal and transverse responses are not equally
described. However, at these energies the percentage of
effects is small and should be even smaller at higher e
gies. Note that we have made these shifts in calculating
Fourier transforms of the transition current components
have not modified the Mott cross section in Eq.~1!. Thus, to
apply either of these shifts to experimental data, the
tracted cross sections should be divided bysM before the
shift is applied.

In conclusion, we find that our ‘‘single-particle’’ relativis
tic model where the bound and continuum nucleons move
real scalar and vector potentials of thes-v model provides
an excellent description of the (e,e8) data in the quasielastic
peak from light to heavy nuclei (12C, 56Fe, and197Au). We
suggest that our model can be used to subtract out the q
elastic contributions in (e,e8) reactions at higher momentum

or

of

FIG. 4. The quasielastic cross section and longitudinal a
transverse contributions for179Au with incident electron energy o
Ei52.02 GeV and electron scattering angleu515° are calculated
with our treatment of Coulomb effects and compared to a sim
energy or angle shift in the structure functions as discussed in
text.
4-4
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transfers in order to investigate scaling of the inelastic
sponse. In addition, we have confirmed that a rather sim
energy or scattering angle shift can be used at these ene
for (e,e8) reactions to correct for Coulomb effects.
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