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Coulomb distortion effects for (e,e’p) reactions at high electron energies
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We report a significant improvement of an approximate method of including electron Coulomb distortion in
electron-induced reactions at momentum transfers greater than the inverse of the size of the target nucleus. In
particular, we have found a new parametrization for the elastic electron scattering phase shifts that works well
at all electron energies greater than 300 MeV. As an illustration, we apply the improved approximation to the
(e,e’p) reaction from medium and heavy nuclei. We use a relativistic ““single-particle” modeli@’ p) as
as applied to?®Pb(e,e’p) and to recently measured data at CEBAF '8@(e,e’p) to investigate Coulomb
distortion effects|S0556-28189)06812-(

PACS numbeps): 25.30.Fj, 25.70.Bc

Electron scattering has long been acknowledged as a usistic optical model for an outgoing protdi@] combined with
ful tool for investigating nuclear structure and nuclear prop-the free space relativistic current operatQl*= y*
erties, especially in the quasielastic region. One of the pri-+i(«/2M)o*”d,. Using this model, we compared our
mary attributes of electron scattering as usually presented BWBA calculations with experimental data measured at
the fact that in the electron plane-wave Born approximationyarious laboratories forg(e’) [1,2], and for ,e’p) [3-5]
the cross section can be written as a sum of terms each witind have found excellent agreement with the data. We con-
a characteristic dependence on electron kinematics and codtuded that the relativistic nuclear models are in excellent
taining various bilinear products of the Fourier transform ofagreement with the measured data and do not need to invoke
charge and current matrix elements. That is, various structurgeson exchange effects and other two-body terms in the cur-
functions for the process can be extracted from the measurgdnt that are necessary in a Saflirger description that uses

data by so-called Rosenbluth separation methods. Thg nonrelativistic reduction of the free current operdi®}
trouble with this picture is that when Coulomb distortion of t,arefore  in this Brief Report we will continue to use our

the electron wave functions arising from the static Coulomby | +ivistic “single-particle” model to investigate Coulomb

field of the target nucleus is included exacily by parﬁ""l'\'\""‘ved'stortion effects and to compare to the newly measured data
methods, the structure functions can no longer be extracteﬁf

. ; S om CEBAF.

from the cross section, even in principle. To avoid the numerical difficulties associated with

In the early 1990s, Coulomb distortion for the reactions . .
(e.e’) and (e,e'p) in quasielastic kinematics was treated DWBA aqalysgs at higher electron energies and to look for a
exactly by the Ohio University groufl—5| using partial- W& to still define structure functions, our gro{,10| _de- _
wave wave expansions of the electron wave functions. Such€loPed an approximate treatment of the Coulomb distortion
partial-wave treatments are referred to as the distorted-waJ2sed on the work of Kno[l11] and the work of Lenz and
Born approximatio{DWBA) since the static Coulomb dis- Rosenfelder{12]. We were able to greatly improve some
tortion is included exactly by numerically solving the radial Previous attempts along this liié3,14 where various ad-
Dirac equation containing the Coulomb potential for a finiteditional approximations were made which turned out not to
nuclear charge distribution to obtain the distorted electrorbe valid. We did have the advantage of having the exact
wave functions. While this calculation permits the compari-DWBA calculation available for incident electron energies
son of various nuclear models to measured cross sections ang to 400—-500 MeV for checking our approximations. We
provides an invaluable check on various approximate techeompared our approximate treatment of Coulomb distortion
nigues of including Coulomb distortion effects, it is numeri- to the exact DWBA results for the reactiomr,&'p) and
cally challenging and computation time increases rapidlyfound good agreemeriat about the 1-2 % levehear the
with higher incident electron energy. And, as noted above, ipeaks of cross sections even for heavy nuclei sucH%b.
is not possible to separate the cross section into variouShe agreement was not so good away from the peaks.
terms containing the structure functions and develop insights As discussed in our previous papdf10], one of the
into the role of various terms in the transition charge andngredients of our approximate electron wave function is a
current distributions. parametrization of the elastic scattering phase shifts in terms

In our DWBA investigations of €,e’) and (e,e’'p) reac- of the angular momentum. In this paper, we briefly review
tions in the quasielastic region, we used a relativistic treatour previous approximation of the Coulomb distorted elec-
ment based on the-o model for the nucleons involved. In tron wave function and present a greatly improved param-
particular, for the ¢,e’p) reaction we use a relativistic Har- etrization of the phase shifts which works well at all incident
tree single-particle model for a bound stffé and a relativ-  electron energies greater than 300 MeV. In addition, we will
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compare our relativistic “single-particle” model to new ex- —0.05 '
perimental data from CEBAF.

Our approximate method of including the static Coulomb ~0.10§
distortion in the electron wave functions is to write the wave
functions in a plane-wave-like forfriLO] —0.15F%.

’ “
V()= P p()r) eti&(Lz) gld gip'(n)r U, (1) _0.20

where the phase factei(L?) is a function of the square of —0.25
the orbital angular momentum operatog, denotes the Dirac
spinor, and the local effective momentysh(r) is given in 0-300 S
terms of the Coulomb potential of the target nucleus by - &

1(r R FIG. 1. The comparison between the exact;dependent, and
p'(nN=| p- FJ' V(r)dr |p. (2)  new phases M0 for kma=100 and energf = 2441 MeV. The
0 diamonds are the exact phases, the dashed curve ig’tfie and

We refer to thig-dependent momentum as the local electronthe solid curve is the new phase shift parametrization.

momentum approximatioril.EMA). The ad hoc term A like to avoid calculating all of the elastic phase shifts, par-

=a[p’'(r)-r]L? denotes a small higher order correction to ticylarly the very high values. A reasonable solution is to
the electron wave number which we have written in terms of,ake use of the fact that the higherphase shifts approach
the parametea=— Z[(16 MeV/c)/p]*. The value of 16  the point Coulomb phases which have a simple analytical
MeV/c was determined by comparison with the exact radiakqy,m at high energy. At the other extreme, the lavphases
wave functions in a partial wave expansion. corresponding to orbitals which penetrate the nucleus are lin-
The basic idea of our approximation is to calculate thegyr in 2 which was the basis for our initial parametrization.
elastic scattering phases and fit them to a function of therne gifficult phases to fit correspond kovalues of ordepR
square of the Dirac quantum numberused to label the \hich from a classical point of view, correspond to scatter-
phase shifts. We then replace the discrete values’afith g from the nuclear surface region and are known to make
the total angular momentum operatd which we subse- |arge contributions to the cross section. Thus, we decided to
quently replace by the orbital angular momemtum operatogeek a parametrization of the elastic scattering phases shifts
L2 since the low terms where the difference betweleand i terms of «2 which has the correct large? behavior and
| is significant contribute very little to the cross section. Thepacomes linear inc? at low angular momentum. Since we
removal of any spin dependence apart from what is in th§,aye the correct large behavior, we need only calculate the
D|rac_ spinoru,, is crucial for defining modified structure gyact scattering phase shifts fervalues of up to ordepr.
functions. _ _ _ The largex and smallx behavior are quite different, so we
Based on earlier work by others we fitted the elastic scatgpose o write the expression for the phase shift as the sum of
tering phases shifts to a power seriesxfi up to second o terms with an exponential factor which suppresses one
order: of the terms at smalk values and the other at largevalues.
B 2 4 After some experimentation, we find that the following pa-
9= botbor"+byx”, 3) rametrization of elastic scattering phase shift describes the

where the coefficientd)y, b,, b, are extracted from a best exact phase shifts very well

fit for « values up to about BR where R is the nuclear 5

radius. Note that this procedure requires calculating the elas- 8(x)= K

tic scattering phase shifts for the incident and outgoing elec- (pR)?

tron energies up ta values of order BR, which for high

electron energies can be quite demanding computationally. _ a—z(l—e"‘z/(pR)z)ln(1+K2) (4)

We refer to these phases as thedependence phases. This 2 '

fit to the phases worked very well farvalues up to approxi-

mately k= 3pR~ 35 at medium or low energy, but did not fit wherep is the electron momentum and we take the nuclear

the exact phases shifts very well for higher energies wheréadius to be given br=1.2AY3—0.86A3. We fit the two

x=3pR=50 or more. Since we were primarily looking at constantsa, and a, to two of the elastic scattering phase

electron energies in the 300—600 MeV range in our previoushifts[ k=1 andx=Int(pR)+5]. To a very good approxi-

work, this discrepancy did not present a significant problemmation, a,=4(1) and a,=446(Int(pR) +5)+ aZ In(2pR),
However, with CEBAF-type energies we need a fit to thewhere IntpR) replacespR by the integer just less thgnR.

phases that will work at any incident energy where the overNote that this parametrization only requires the value of the

all approximation can be used, that is, for incident electrorexact scattering phase shift fer=1 and«=Int(pR) +5. As

energies greater than about 300 MeV and processes witthown in Fig. 1, thex?>-dependence phase parametrization

momentum transfers greater than abolR.1We would also  breaks down for high« values and has large deviations for

—1.4%1(pR)?

ap+a, e
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midrangex values. The new phase parametrization fits the 1000 -
exact phases very well for electron energyesf 2400 MeV

on %0, although the new phase parametrization does still
show some small deviations from the exact phasesxfor
values around 20-30 which is in the surface region. Clearly
additional terms could be added to the parametrization to
obatin a better fit. However, as we shall see below, the
simple fit that we have used reproduces the cross section 1ok
quite well.
Using the new phase shift parametrization and the local /\

“Pb(e,e'p)

3812

100

P(p.)(Gev™)

effective momentum approximation we construct plane-

wave-like wave functions for the incoming and outgoing e bl

electrons. Since the only spinor dependence is in the Dirac pa(MeV/c)

spinor, all of the Dirac algebra goes through as usual and we

end up with a Mgller-like potential which contains an  FIG. 2. The reduced cross section f8fPb for the 3, orbit

r-dependent momentum transfer. It is then straightforward tavith perpendicular kinematics. The kinematics &e=412 MeV,

calculate the €,e’p) cross sections and modified structure @nd proton kinetic energyp=100 MeV. The solid line is the full

functions. See our previous papé®s10] for details. DWBA result, .the dashed.llng is the approximate .DW.BA using thel
In most ,e'p) experiments, there is sufficient energy new phase shift parametrization, and the dotted line is the approxi-

H 2
resolution that protons knocked out of different shells can b&"ate DWBA with thex"-dependent phases.
examined. It is common to report the experimental results in . )
terms of the reduced cross sectigp as a function of miss- DWBA 3], th? da_shed curve is the result W't.h the new pha_se
ing momenturmp,,, which is defined by sr21|ft parametrization, and tr_le dotted curve is the result with
k“-dependence phase shift parametrization. The dashed

1 d3c curve obtained by using the new phases clearly reproduces
Pm(Pm)= PE , (5)  the exact result much better than the previgésiependence

pG'ep dEfdede . . .

phase parametrization over the whole region.

where the missing momentum is determined by the kinemat- /& @IS0 apply the new phase shift parametrization for the

ics pm=P—q whereP is the outgoing proton momentum and Egse of high energy electron scattering on the light nucleus

g is the asymptotic momentum transfer from the eIectronThO v_vh(_a(;e protlons are remove_d;ﬁr? g’f\’ﬁ a\?dp'ﬁz cr:rbits.
defined byq=p;—ps . For the off-shell electron-proton cross ' ¢ N¢l ent electron energgi_— -6 MeV and the out-
sectiono.p We use the form “ccl1” given by de Foreft5). going proton kinetic energy,=427 MeV as shown Fig. 3.

For distorted outgoing protons, this reduced cross section i this flggre, the solid curves are the app'rox[mate DWBA
just a convenient way of comparing experiment and theor};esults using the new phase shift parametrization, the dotted

since the theory results for the cross section can have thgllves are the PWBA results without Coulomb distortion,

same factors removed. Note that all calculations will be carf’md the datq are newly measured from CEBAF as reported in
ried out in the laboratory systeftarget fixed framg the dissertation of Gad 6]. Note that our exact DWBA code

While there are two experimental kinematic arrangement§annot evaluate such high energy processes without exten-
commonly used ing,e’p) experiments with designations of

parallel kinematics and perpendicular kinematics, in the _ 1o
present work, we consider only perpendicular kinematics. In »  10.00¢ ;
perpendicular kinematics, the momentum transfés held 2 100F “0(e,e'p) 3
fixed along with the magnitude of the momentum of the & ool ® E%2441.6 Mev ]
outgoing proton while the angle betwegrandP is varied. = 001
The calculated reduced cross section is compérgdneans ~400 200 0 200 400
of a linear least squares)fito the similarly reduced experi- 10000 Pa(MeV/c)
mental cross section to extract an overall scale factor which —
is the spectroscopic factor. The spectroscopic factor contains =z 10.00¥ i
two factors, the occupation probability of a proton in a given § 100 “0(e,e'p) 1
orbit and the overlap of the residual nucleus with the 1 =T B 04416 Mev »
nucleons in the target. 0.01

As a test case, we calculate the reduced cross sections -400 -200 0 200 400
with the new phases for a heavy nucled®b. Figure 2 Pa(MeV/c)

shows the reduced cross section as a function of the missing £, 3 The cross sections f3fO from Py, and ps, orbits for

momentumpy, for knocking protons from thes, orbital of  perpendicular kinematics. The kinematics &g=2441.6 MeV,
2%%Pb. The incident electron enerdy=412 MeV, and the  proton kinetic energyTp=427 MeV, and energy transfes=436
outgoing proton kinetic energy i§,=100 MeV. We have MeV. The solid lines are the new approximate DWBA results, the
chosenP=q which corresponds to an electron scatteringdotted lines are the PWBA results, and the data are from CEBAF
angle of ,=74°. The solid line is the result of the full [16].
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sive modification which we have not done. quires the calcuation of only two phase shiffisr k=1, and

As expected, the effect of Coulomb distortion on such aor « equal to IntpR)+5]. We showed that even for
high-energy-electron-induced process is very small excefte,e’p) on 2°%Pb the cross section calculated with our ap-
possibly at large missing momentum. Note that the Coulomlproximation using the improved parametrization of the phase
effects for®0 in the medium energy regidB800 MeV) were  shifts agrees with the exact DWBA result quite well even out
of the order of 3%45]. This fit to the experimental data using beyond the second maxima. This is a significant improve-
our relativistic ““single-particle” model for the nucleon wave ment over our previous approximation for the phase shifts. In
functions results in spectroscopic factors of 61% forphg  addition, we compared our relativistic “single-particle”
orbital and 70% for theg, orbital. In our analysis of Saclay model for (,e’p) from %0 to the recently measured cross
data[17] at lower electron energies using a similar nuclearsection at Thomas Jefferson Laboratory and found excellent
model we found spectroscopic factors of 54% and 57%, reagreement for the removal of a proton from thg, andp;,,
spectively[5]. shells with reasonable spectroscopic factors. In addition, as

In summary, we have improved our previous approximatediscussed in our previous pagég], this “plane-wave-like”
method of including Coulomb distortion effects ie,€'p) approximation permits the extraction of “structure func-
reactions from nuclei. The improvement involves a bettertions” even in the presence of strong Coulomb effects and
parametrization of the elastic scattering phase shifts whiclthus provides a very good tool for looking into the response
has the correct behavior for large angular momenta and resf the nucleus to “longitudinal” and “transverse” photons.
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