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Quasielastic electron scattering at high energy from'“C, *Fe, and %’Au
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A relativistic mean-field single particle knockout model is compared to inclusive electron scatteiy (
from a range of nuclei’C, %%Fe, and*®’Au) 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—0.300)&eV/
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 neyed) g€xperiments at Jefferson Lab.
The effects of the predicted weakening of the strong scalar and vector potentials @fdhmodel at high
nucleon kinetic energy are included in our model.
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Medium and high energy electron scattering is one of theéhe reactions €,e’) and (,e’p) in the quasielastic region
most useful tools to study nucleon properties inside nucleiwas treated exactly by the Ohio University grojgh9,17—
especially in the quasielastic region where the cross sectiori®] using partial wave expansions of the electron wave func-
are dominated by the knocking out of individual nucleons. Intions. While such distorted wave Born approximation
this paper we concentrate on the inclusive reactiefe’() (DWBA) calculations permit the comparison of different
that probes all of the nucleons in the nucleus and is not sauclear models against measured cross sections and provide
sensitive to individual orbits and energy levels. That is, wean invaluable check on various approximate techniques of
are investigating a more global response of the nuclear sy$acluding Coulomb distortion effects, they are numerically
tem. There have been many experimeris8 on medium challenging and computation time increases rapidly with
and heavy nuclei at incident electron energies less than Righer incident electron energies. Jourdla@] used the Ohio
GeV, and a number of theoretical attemff#s-16| to fit the  group’s calculation of Coulomb distortion effects to investi-
measured cross section and to separate the longitudinal agete the Coulomb sum rule. His conclusion was that the sum
transverse structure functions. The Fermi gas model in theule appeared to be obeyed and thus there was no “longitu-
impulse approximation provides a rough description of thedinal suppression.”
inclusive (g,e’) cross sections but fails in describing the In order to avoid the difficulties associated with DWBA
details. This is not too surprising since the Fermi gas modehnalyses at higher electron energies and to look for a way to
does not include the nuclear spatial geometry correctly. Irstill define structure functions, Kim and Wright5,16,21,22
some cases, there appeared to be large suppreGdiont developed an approximate treatment of the Coulomb distor-
30-40% of the longitudinal structure function@s com- tion. The essence of the approximation is to include Cou-
pared to theoretical calculations o&,€’) using nonrelativ- lomb distortion in the four-potential arising from the electron
istic wave functions and current operatpbmghich implied current by letting the magnitude of the electron momentum
missing strength in the Coulomb sum ryl&]. There was include the effect of the static Coulomb potential. This leads
also disagreement between the transverse structure functiotts an r-dependent momentum transfer. This approximation
extracted from the experimental data and the predictions adllows the separation of the cross section into a “longitudi-
the Fermi gas model, but this was expected since exchangel” term and a “transverse” term, which is not formally
currents, pion production, and other processes induced hyossible in a full DWBA calculation. For medium and heavy
transverse photons were not included in the model. Manyuclei at moderate incident electron energies, a good treat-
attempts were made to explain this purported missingnent of Coulomb distortion effects is necessary in order to
strength of the longitudinal structure function by improving extract the “longitudinal” and “transverse” structure func-
the nuclear bound states, modifying the nucleon form factorsions.
in the nuclear medium, including final state interactions, and The relativistic “single-particle” model requires bound
relativistic dynamics effects. state and continuum nucleon wave functions and a current

Two ingredients enter the comparison of experimentabperator. The bound nucleon wave functions are solutions to
(e,e’) data from medium and heavy nuclei to theory. One ofthe Dirac equation in the presence of the strong scalar and
these is the inclusion of electron Coulomb distortion effectsvector potentials of the-w model[23]. When investigating
and the second is the model used to calculate the nucle@ne exclusive reactione(e’p), the continuum protons are
transition current. In the early 1990s, Coulomb distortion fortaken to be the solutions to the relativistic optical model

potentials of the Ohio State groy@4]. Using these wave
functions and the relativistic current operator, this model was
*Email address: kyungsik@color.skku.ac.kr extremely successful in describinge,&€'p) reactions of
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many nuclei17,19,21,22 However, when investigating the dinal and transverse structure functions that depend only on
inclusive reactioné€,e’) where the knocked out nucleons are the three-momentum transferand the energy transfeo.
not observed, the Ohio University group used the same redtxplicitly, the structure functions for a nucleus are given in
potentials as used for the bound state nucleons. This ansatztesms of the Fourier transfortd* of the nuclear current by
a way of accounting for all the nonmeasured processes that
take place in the reaction and, in addition, guarantees current
conservation. Calculations using this “single-particle” model S.(g,0)= zc;
coupled with the relativistic current operator and a good de-
scription of Coulomb distortion provided very good agree- S
ment with (e,e’) Bates data orf°Ca with no free parameters SH(Q,0)= 2 ﬂj (INy/2+ [Ny [2)dQ 3)
and found no evidence of longitudinal suppresdioh @ Sp g P

This same model, coupled with our approximate treatment
of Coulomb distortion, was compared to the Saclay quasiwith the outgoing nucleon density of statep,
elastic data orf°®Pb taken with both electrons and positrons. =pE,/(27)2. Thez axis is taken to be along the momen-
The DWBA and approximate calculations of Coulomb dis-tum transferq and s, is the z component of the angular
tortion by positrons and electrons were not consistent withmomentum of the continuum state nucleons, whiléabels
the data quoted by Saclay, so it was not possible to extract e bound states of the nucleus a®g contains occupation
“longitudinal” structure function[15,16. In addition, we in-  numbers and spin average factors for these states. The Fou-
vestigated the approximatidid2] used by the Saclay group rier transform of the nuclear current is simply
for Coulomb corrections and did not find it a good approxi-
mation. .
The absence or presence of “longitudinal suppression” NMZJ JH4(r)e'dd’r, 4)
has been argued vigorously at various conferences—patrtially
because of different theoretical treatments, but also becausghereJ“(r) denotes the nucleon transition current. The con-
of some experimental discrepancies among various laborat@nyity equation has been used to eliminate zremponent
ries. With our success in including Coulomb distortion ef-(N_) via the equatiomN,= — (w/q) N, which is valid if cur-
fects in a “plane-wave-like” approach, we decided to ana-rent is conserved. Note that if we do not have nuclear current
lyze the availableg,e’) data from nuclei at higher energies conservation(i.e., a different Hamiltonian in the initial and
and momentum transfer for cases where the quasielastic prena| statey, we need to calculathl, directly.

cess should dominate. Our original goal was to examine re- Thead hocexpressions for the longitudinal and transverse
%gnt data from Jefferson Lab on a number of nuclei includingstrycture functions with inclusion of the electron Coulomb
Fe [25], but we realized that the energy and momentumyistortion(see Ref[16] for detailg are similar to above, but
transfers are such that significant contributions from pionthe Fourier operators are modified by Coulomb distortion.
electroproduction are present. However, we did find som&ye include the Coulomb distortion effects in our results, but
older (e,e') data from SLAC[26] on *°C, *°Fe, and'®Au  ynlike the medium energy cases, Coulomb effects on the
where the quaSielaStiC contribution is kinematica”y iSOlateq:rOSS section at these h|gh electron energies are quite small.

from pion electroproduction, which is referred to as an in-  The nucleon transition current in the relativistic single
elastic process. To our knowledge, no one has attempted {garticle model is given by

calculate the quasielastic contributions to these cross sec-
thI’lS., probably t;ecause of the numer!cal d|ff|cullt|es in ca}l— J#(r):e%(r)jﬂ%(r)’ (5)
culating the é,e’) process at such high energies. In this
paper we will compare our single-particle relativistic mean- i
field model of quasielastic scattering to the SLAC experi—Where‘] is a free r_lucleon current operator, agg and
re the wave functions of the knocked out nucleon and the

mental data. Should our model describe the quasielastic prg- :
cess well at this higher energy and momentum transfe ound state, respectively. For a free nucleon, the operator

region, it might be useful in scaling studikgs,26 of (e,e’) consists of the Dirac contribution and the contribution of an

at largeQ? and in separating the quasielastic prooggsich ~ @nomalous magnetic momept; given by Jr=Fy(a3) y*
does not scalefrom inelastic contributions. +F(02) (inr/2M) o#*q, . The form factors=; andF, are

In the plane wave Born approximation, where electrons orelated to the electric and magnetic Sachs form factérs
positrons are described as Dirac plane waves, the cross seand Gy, by GE:F1+(MTqi/4M )F, and Gy=F;
tion for the inclusive quasielastice(e’) processes can be + utF,, which are assumed to take the following standard

S.p
. "J [Nol?d€2,, 2
p

written as form [27]:
d?o qi 0 0 1 G
= o] £ S(q,0)+| tarf = — —~ |SK(q0) { - = —
dQdw M[q“ SRS g S e ©
1) e

where g’ = w?—q?=—Q? is the four-momentum transfer,

oy is the Mott cross section, ar§l andS; are the longitu-  where the standard value far? is 0.71 (GeVt)2.
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Our standard calculation at lower energies for the inclu- 0.27 (GeV/c)* > Q° (GeV/c)* > 0.23 (GeV/c)*
sive reaction é,e’) is to use a current conserving model 80; “Cle,e) o DV'V_ Tp—dep. ]
where the bound and continuum nucleons move in the real 70 F E=2.02 GeV -~ Pw. Tp—dep.
scalar S(r) and vectorV(r) potentials generated by the ~ [ 0=1 Ve Dw. Const.
TIMORA code[23]. The constanS(r) and V(r) potentials % 60 F - Pw. Const. -
fail as the momentum transfer increases, although they are = | SLAC Data
good at low momentum transfers. Calculations using these = 50f ]
potentials will be labeled “Const.” However, the Ohio State > ; ]
group[24] found in their global fits to proton-nucleus scat- = 40f ]
tering from a range of nuclei that the strengths of the realand ¢ Y B by
imaginary parts of the scalar and vector potentials in the g 30F ) \’00.“0 E
Dirac equation decreased as the proton energy increased. We <. 0 : ' ]
choose to investigate this effect, also considered in an ap- = : ]
proximate way in Ref[28], by using a parametrization of the Lok ]
real part of theS and V strengths as a function of proton . ]
kinetic energy that is consistent upTg=1.5 GeV with the oL N - e S
results of Coopert al. [24]. In particular, we calculated 0 100 <00 300 400
(e,e’) with S(r) andV(r) for protons and neutrons scaled o (MeV)

by the functionsfs=0.97—0.66x+0.28&2 and f,=0.97

_ 2 . . .

O'|91X+E.'30(. ' resDeCtg/.el.)é’ C\INT)ere);] IS thle outgoing with incident electron energy &;=2.02 GeV and electron scatter-
nucteon inetic energy divided by the nucleon mass ( i, angleg=15° as a function of energy transfer compared to ex-
=Tp/M). The results using these weakened potentials foperimental data from SLAC. The cross sections labetedind o,

the outgoing nucleons are labeled;-dep.” Of course, as  add up to the various total cross sections. See text for details of the
noted earlier, having different potentials for the bound andyggels.

continuum nucleons results in current nonconservation. In

our calculations we do not use current conservation to elimi-

nateN,, but rather work in the Lorentz gauge and calculate The calculations with Coulomb distortiofmelevant only

N, directly. For the kinematics we examined, the kinetic en-to Au) and the energy dependent scalar and vector potentials

ergy of the outgoing nucleons is not very large, so the vioagree very well with the quasielastic peak data’f, *Fe,

lation of current conservation is rather small and would onlyand °’Au. Clearly, our “single-particle” relativistic model

change the results by a few percent if we were to Nse provides an excellent description of the quasielastic peak

=—(w/q)No. over a range of nuclei from carbon to gold. A number of
In reviewing the SLAC[26] datasets we found experi- experiments have investigated scaling of the inelastic contri-

ments on three nucle{C, *°Fe, and'®’Au) at kinematics  butions to the inclusive cross sections’ high large momentum

so that the quasielastic peak is well separated from inelastic

FIG. 1. Theoretical quasielastic scattering cross section§@r

processes. The incident electron energy &gs 2.02 GeV, 0.27 (GeV/e)® > @ (GeV/c)® > 0.23 (GeV/c)®
and the electron scattering angle ws 15°. We choose to 380F wpeee) T pw, ITp'*d'e};. '
compare our calculations to these three data sets. [ E=2.02 GeV -—. Pw. Tp—dep.

In Figs. 1-3 we compare four calculations to the experi- —~ 300 b oo=150 ] Dw. Const. |
mental data. The calculations are separated into two classes % [ o ngg%n;tté
labeled Dw and Pw. The Dw curves include electron Cou- = *°0f ]
lomb distortion and the Pw curves use Dirac plane waves for . [
the electrons. As noted earlier, at these high electron ener- % =00 ! ]
gies, Coulomb distortion is quite small but not insignificant Gl ;
for a heavy nucleus like Au. The solid curves labeled “Dw. c 180 =, . ++++ ]
Tp-dep.” use weakened scalar and vector potentials for the E f 2T, N
outgoing nucleons and at the peak of the quasielastic peak <. 100} ) ’ ]
exceed the results using the bound state energy potentials by E ;
about 5—-8 %. More significantly, on the high energy side of 50 7
the quasielastic peak, the weakened scalar and vector poten- :
tials result in a much sharper dropoff of the quasielastic peak Lo L O
than the bound state potentials. This suggests that most of the 0 100 . ?1(\)4[2\7) 300 400

cross section above the quasielastic peak is due to inelastic
processes. Note further that we show the longitudinal and g 2. Theoretical quasielastic scattering cross sections for
transverse contributions predicted by our model for eact¥sre with incident electron energy & =2.02 GeV and electron
cross section curve, and that while the transverse pOftiOI’] Cgcattering anglé®=15° as a function of energy transfer compared
the cross section is larger than the longitudinal portion, theo experimental data from SLAC. The cross sections labelednd
longitudinal contribution is quite significant, being approxi- o, add up to the various total cross sections. See text for details of
mately 45% of the total. the models.
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FIG. 3. Theoretical quasielastic scattering cross sections for FIG. 4. The quasielastic cross section and longitudinal and
17%Au with incident electron energy df;=2.02 GeV and electron transverse contributions fdr°Au with incident electron energy of
scattering angle@=15° as a function of energy transfer compared E;=2.02 GeV and electron scattering angle 15° are calculated
to experimental data from SLAC. The cross sections labelednd ~ with our treatment of Coulomb effects and compared to a simple
o add up to the various total cross sections. See text for details ginergy or angle shift in the structure functions as discussed in the
the models. text.

transfer, but the quasielastic response does not obey simpf@argeZe is given byE.=aZ/R, and the effective energy
scaling laws. So our excellent description of the quasielastifor electrons near the nucleus is increased by this amount.
response which contains no free parameters suggests that dn@f convenience, we use the simple formRa 1.2A" fm
could use this model to construct pseudodata by subtractin®@ calculate the Coulomb energy. Using this, one can do a
out the quasielastic peak contributions at kinematics wherglane wave calculation of the structure functions with ener-
the inelastic contributions are much larger, e.g., at forward@ies E'=E+E. in the structure functions. Of course, one
electron angles at higher electron energies as measured GRuld also shift the scattering angle and not change the ef-
JLAB [25]. This would allow one to examine the approach tofective energies in the expression for the three momentum
scaling of the inelastic contributions more cleanly. squared. Since is not affected by the shift in the initial and
Unfortunately, the SLAC experiments did not have a suf-final electron energies, for small Coulomb effecis,
ficient range of kinematic data to extract the longitudinal and=2(\E{ E{/E;E;—1)tan(./2). In Fig. 4 we show the
transverse cross sections using a Rosenbluth separation, goasielastic peak fot®’Au calculated with the Coulomb dis-
we cannot separately compare our calculations to the experierted electron waves, electron plane waves, and plane-wave
mentally extracted results. However, as noted above, the lorcalculations with the energy shifted or the angle shifted.
gitudinal and transverse contributions at these kinematics are Clearly, either of these shiftéout not both at the same
comparable in our model. It would appear that if somethingtime) result in a “plane-wave” result that approximates quite
were to suppress the longitudinal response in @dsrange  well the Coulomb distorted result, although there are small
[0.23-0.29 (GeW)?], there would need to be an approxi- discrepancies in the wings of the quasielastic peak and the
mately equal enhancement of the transverse response.  longitudinal and transverse responses are not equally well
As noted earlier, at these high electron energies, Coulombdescribed. However, at these energies the percentage of these
distortion effects are quite small. It is tempting to look for a effects is small and should be even smaller at higher ener-
simple shift of energy or angle that would incorporate thegies. Note that we have made these shifts in calculating the
Coulomb distortion effects. We know that this does not workFourier transforms of the transition current components and
for the case of large distortion effects, but it might work athave not modified the Mott cross section in Ef). Thus, to
these energies. Since the most important element of our appply either of these shifts to experimental data, the ex-
proximate treatment of Coulomb distortion is the radial de-tracted cross sections should be divided dyy before the
pendence of the three momentum transfer since this enteshift is applied.
into the Fourier transform of the current, one could try to fix  In conclusion, we find that our “single-particle” relativis-
the three-momentum transfer at a value corresponding to thi& model where the bound and continuum nucleons move in
nuclear surface and examine the consequences. The thrageal scalar and vector potentials of thew model provides
momentum transfer squared is given bg?=w?  an excellent description of thee’) data in the quasielastic
+4E,E¢sin’(642), where we have neglected the electronpeak from light to heavy nucleit{C, 5°Fe, and'®’Au). We
mass. The Coulomb potential energy for an electrom at suggest that our model can be used to subtract out the quasi-
=R for a uniformly charged sphere of radil® with net  elastic contributions ind,e’) reactions at higher momentum
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transfers in order to investigate scaling of the inelastic re- This work was partially supported by KOSEErant No.
sponse. In addition, we have confirmed that a rather simpl&01-2001-00386-0002002 and 2000-2-11100-004}4and
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