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We examine the question of whether the fourth and fifth structure functions (called Wi and
W) defined by the plane wave Born approximation (PWBA) for the reaction (e,e’p) are still
meaningful quantities in the presence of electron Coulomb distortion. For a heavy target (*°®Pb),
the apparent structure functions obtained in the presence of the electron Coulomb distortion have
shapes (in terms of the number of maxima or minima) similar to those defined in PWBA; however,
the magnitudes are changed greatly. For the fourth structure function, the distortion can change the
magnitude, even for '*O, by more than 15%. For proton knockout from (I + %) spin-orbit doublet
states, the changes caused by electron distortion have opposite effects, increasing the magnitude of
the one while decreasing the other. The Coulomb effects on the fifth structure function depend on
the out of plane angle used in the extraction. For a small angle (e.g., 10°), the electron distortion
can be more than 15% in 0. However, for certain kinematic choices, the Coulomb distortion
effects on the fifth structure function can largely be removed. For proton knockout from spin-orbit
doublet states the ratio of the fifth structure functions is of interest. We find that this ratio is
nearly independent of the central part of the proton final state interaction and has the power of
investigating the spin-orbit interaction of optical potentials.
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I. INTRODUCTION

Electron scattering in the quasielastic region provides
an excellent tool for studying nuclear structure and un-
derstanding the dynamics of the nucleon response in nu-
clei as a function of the energy and momentum trans-
fer. In the plane wave Born approximation (PWBA),
in which the electrons are represented by plane waves,
the cross section can be written in terms of structure
functions, which in turn can be related to bilinear com-
binations of the four-current components in momentum
space. Various authors [1,2] have given detailed formu-
las for the decomposition of the PWBA cross section into
products of electron kinematic factors and structure func-
tions using the fact that the potential generated by the
plane wave electrons can be separated into so-called lon-
gitudinal and transverse parts with respect to the mo-
mentum transfer direction. Unfortunately, these two ref-
erences use somewhat different notation and definitions
(involving factors of the square root of 2) for the electron
kinematic factors which lead to corresponding differences
in the structure functions. We give our conventions be-
low, which follow those of Donnelly [1].

Since the structure functions appear in the cross sec-
tion with different electron kinematic factors, one can,
in principle, study them independently. However, when
one tries to separate these structure functions, two pre-
cautions have to be kept in mind. The first is whether or
not the PWBA formalism is valid, since, in the presence
of Coulomb distortion, the structure functions no longer
appear in the formalism. We will discuss this point fur-
ther when we discuss the (e, e’p) reaction. The second is,
even if the PWBA is valid, do the measured cross section
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data contain enough information to allow one to separate
out a particular structure function? We have discussed
elsewhere [3] the difficulties of separation of the longitu-
dinal and transverse structure functions in quasielastic
(e, €') reactions.

Since coincidence experiments select a particular re-
action channel to be measured, exclusive (e, e'p) experi-
ments in the quasielastic region furnish a very clean tool
for studying single-particle properties of the nucleus, and
have provided a testing ground for different nuclear mod-
els [4,5]. High-resolution experiments have been carried
out on a range of nuclei at NIKHEF-K [5-9] in Amster-
dam and at Saclay [10]. Relativistic Hartree bound state
orbitals or other reasonable nonrelativistic wave func-
tions, coupled with appropriate optical potentials for the
continuum proton, furnish a good description of these
experimental data and permit the extraction of spectro-
scopic factors [11-14]. However, different optical poten-
tials, although they fit the elastic scattering observables,
can lead to different spectroscopic factors [12]. Thus
the current analyses do not provide completely unique
spectroscopic factors and do not discriminate one op-
tical potential from another. However, the fourth and
fifth structure functions (corresponding to two different
longitudinal-transverse interference terms) might be used
to provide some discriminatory power especially as the
fifth structure function is known to vanish in the absence
of proton final state interactions [15]. Extraction of the
fifth structure function does require a polarized electron
beam.

However, as we mentioned as our first precaution, elec-
tron Coulomb distortion destroys the precise relation-
ship of these structure functions to the cross section.
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In this paper, we examine the consequences of follow-
ing the PWBA prescription for separating the structure
functions in the presence of electron Coulomb distortion.
Are the apparent structure functions so obtained still
meaningful quantities? In particular, we are interested
in examining the fourth and the fifth structure functions,
which embody left-right and up-down asymmetries of the
cross section measured with respect to the momentum
transfer direction (g).

In Sec. II we briefly introduce the theoretical model
used for the calculation and compare the PWBA formal-
ism for (e, ’p) with a distorted wave Born approximation
(DWBA) formalism for (e, ¢’p); we introduce the distinc-
tion between the structure functions and the apparent
structure functions. In Sec. III, we consider Coulomb
effects on the fourth structure function and consider sim-
ilarly, in Sec. IV, the fifth structure function. In Sec. V,
we discuss how to use these left-right and up-down asym-
metries of the nuclear response to study the final state
interaction, namely the optical potentials used for the
knocked-out proton. And finally we will give our conclu-
sion in Sec. VI. Throughout we use 60, “°Ca and 2°¢Pb
as sample target nuclei.

II. THEORETICAL MODEL

We choose to work in the laboratory frame of refer-
ence in which the target nucleus is at the origin of the
coordinate system. The incoming electron with four-
momentum k* = (ko, E) and the scattered electron with
k'* = (kj, k') define the scattering plane (z-z plane). The
knocked-out proton with p# = (E,p) [described by the
polar angles (0,,¢,)] and the four-momentum transfer
q* = k* — k'* = (w,q) define the reaction plane. Fol-
lowing the PWBA convention, we choose Z along the ¢
direction and in this case the angle between the scatter-
ing plane and the reaction plane is just ¢,. Throughout
we use units such that (A=c=1).

In the plane wave Born approximation (PWBA), the
cross section for (€, e'p) can be written as

i K(uLW, W Wrr cos 2
., (v Wi + v Wy + vprWrr cos 2¢,
+vrr Wi cos ¢p + hvpp Wi sin ¢p) (1)

where h is the incident electron helicityy, K =
Epomott/(2m)3, and the factors vz, vr, etc, depend only
on electron kinematics. In this paper we are only con-
cerned with the so-called fourth and fifth structure func-
tions Wy and Wirp:. The electron kinematic factors for
these are given by

1
1 (4N (-4 AW
vpr = ﬁ (qT) (qT + tan 3] (2)

1 (-4 ]
vLT = \/2_ ( é", ) tan2. (3)

The fourth structure function can be written as

Wir = —V2Re[J} ], (4)

where J# = (Jo,J) is the Fourier transform of the tran-
sition current. Thus Wit is the interference between the
transition charge Jy and the transverse component of the
transition current in the scattering plane J,. The fifth
structure function is defined by

Wir = —V2Re[J3 J,)] (5)

which looks like the fourth structure function except the
component of the transition current involved is in the
direction perpendicular to the scattering plane. The def-
initions of the other kinematic factors and structure func-
tions are given in Ref. [1].

From Eq. (1) we can see that the fourth structure
function Wrr could be obtained experimentally by sub-
tracting the cross sections with ¢, = 0 and ¢, = 7 while
keeping other electron and proton kinematic variables the
same. We will call a quantity so determined the apparent
structure function. This amounts to looking at protons
coming out in the (e, e’) scattering plane and determin-
ing left-right asymmetry with respect to the momentum
transfer direction. Thus

(6)

where L (left) indicates the ¢, = 0 case and R (right)
indicates ¢, = 7. The superscript d is to indicate
that the apparent structure function W, includes elec-
tron Coulomb distortion. If one can ignore the electron
Coulomb distortion, then Wg, = Wi, the plane wave
result. Similarly, if the incident electron beam is polar-
ized (say, h=1), one can compare the cross section for
0 < ¢, < 7 [above the plane or “up” (U)] and the cross
section at —¢, [below the plane or “down” (D)] while
keeping all other kinematical variables the same. The
apparent fifth structure function is then

O'U —UD

wée, = — —
LT . ’
2Kvrr sin ¢,

()
which reflects the up-down asymmetry of the measured
cross section with respect to the scattering plane, and
clearly requires out of plane measurements.

In case one includes electron Coulomb distortion, the
actual fourth and fifth structure functions are still de-
fined by Eqgs. (4) and (5), but one can determine from
experiment, or a DWBA calculation, only the left-right
asymmetry and up-down asymmetry given in Egs. (6)
and (7) and hence the apparent structure functions. For
a given nuclear model the expressions of Egs. (4) and (5)
and Egs. (6) and (7) can be calculated and their differ-
ences reflect the effect of the electron Coulomb distortion,
which is one of the primary subjects of this paper.

In distorted wave Born approximation (DWBA) calcu-
lations, we use Coulomb distorted waves for the electrons,

and the differential cross section takes on a different form
from Eq. (1):

d3o 2
dnda, = 2ere D 1, 8)
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where the summation is over the final states with an aver-
age over the initial states, p., pp are the density of states
for electron and proton, respectively, and H; is the tran-
sition matrix element,

H; = —47r/j,,(r)G(r, ) JH(r"Yd3rd3r'. (9)

This matrix element is composed of the electron current
Ju = 1Z’f'7#¢i (10)

evaluated using distorted waves 1; and vy which are so-
lutions to the Dirac equation with the static Coulomb
potential of the target nucleus included and are given in
terms of partial wave expansions. The nuclear current J#
is also expressed as a partial wave decomposition. Here
the current is understood to be in configuration space
rather than momentum space as in Egs. (4) and (5) but
is otherwise the same quantity. The Green’s function for
the electromagnetic field is denoted by G(r,r'). To pro-
ceed further we must adopt a specific model for J#. We
take the free nucleon current operator and write

B — () u .Z,Ll«_p i .
J <‘I’f|Fl7 +F22Mo q;1| 1>a (11)

where F; and F, are the Dirac and Pauli nucleon form
factors. The detailed description of the conventions and
notation is given in Ref. [11]. The wave function we
use for the bound state ¥; is from a relativistic Hartree
model. The final state wave function ¥; we use is ob-
tained by solving the Dirac equation with an optical po-
tential which comes from the analysis of elastic proton
scattering data. We can also use nonrelativistic optical
potential models through the relativistic UT transforma-
tion [16].

One should notice that the apparent fourth and fifth
structure functions [Egs. (6), (7)] may be expected to de-
pend on the specifics of the electron kinematics as com-
pared with the actual structure functions [Egs. (2), (3)],
which depend on energy and momentum transfer only.

This point is important because when one tries to com-
pare a DWBA calculation with the experimental data,
one should use the same electron kinematics as used in
the experiment.

III. THE LEFT-RIGHT ASYMMETRY OF THE
NUCLEAR RESPONSE

The apparent fourth structure function Wg, defined
in Eq. (6) is a measure of the left-right asymmetry of
the nuclear response with respect to the ¢ direction. An-
other measure might be just the ratio of the left and right
reduced cross sections; we will discuss the advantage of
this choice at the end of this section.

To look at Coulomb distortion effects on the fourth
structure function, we choose three cases in which the
protons are knocked out from the outer orbitals of 160,
40Ca, and 2°8Pb. Initially we examine the P1/2, d3/2, and
3512, orbitals, respectively. The incident electron energy
is 500 MeV, the proton kinetic energy is T, = 100 MeV,
and we choose kinematics such that the outgoing proton
momentum p is equal to the momentum transfer g.

It has been suggested [4] that the electron Coulomb
distortion effect is of the order of 3% for %0, 7% for
40Ca, and 30% for 298Pb. These estimates may be real-
istic for the cross sections, but the fourth structure func-
tion involves the subtraction of two values of the cross
section which are not too different in size. The Coulomb
distortion correction may be different, possibly even hav-
ing the opposite sign for the two points in question, and
can be a significant part of the difference. To examine
this point, the apparent fourth structure functions for
the three cases considered are shown in Fig. 1, and we
can see that indeed the effect of Coulomb distortion on
the fourth structure function does not obey this simple
estimate. For 160, Coulomb distortion can change the
plane wave result by more than 15%, and by more than
a factor of 2 for 2°8Pb. From these calculations we learn
two things: (1) Coulomb distortion has a much larger
effect on the fourth structure function than on the cor-

'°0(e,e’p), Pisz

Wi (fm?)

1-10 [—

“Ca(e,e’p), dy,

4P (e,e'p), Si/e

’

-20 }

—— DWBA —— DWBA —— DWBA
------ PWBA <o PWBA --- DWBA1
....... W'
-9 n -15 — -30 PWBA
0 100 200 O 100 200 O 100 200
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FIG. 1. The apparent fourth structure function Rpr for outer orbitals from 0,*°Ca, and ?°®Pb as a function of missing
momentum p,. The electron incident energy is 500 MeV. Proton kinetic energy is 100 MeV. The momentum transfer ¢ = p
where p is the outgoing proton momentum. The solid lines are DWBA calculations and the dotted lines are PWBA calculations.
The dashed line for the 2°®Pb case is the DWBA calculation with Z = 1.
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FIG. 2. The apparent fourth structure function compared
for a proton knockout from spin-orbit doublet states p; /2, ps /2
of 0. Kinematics are the same as in Fig. 1.

responding cross section and the sign of the correction is
sometimes positive and sometimes negative (see below);
(2) the basic shape generated by the DWBA calculation
is roughly the same as the PWBA calculation in terms
of number of maxima and minima. It appears that these
shapes are mainly determined by the physics involved;
i.e., on which parts of the transition current and transi-
tion density are involved. Thus with the use of suitable
scale factors it might be possible to reconstruct the true
structure function from the apparent one.

We also did a p3/, proton knockout calculation for €0,
and together with the p;/; calculation we show the re-
sults in Fig. 2. We can see that the electron Coulomb
distortion has a different effect on each of the [ + % spin-
orbit doublet states. It increases the magnitude of the
! + 3 proton knockout but decreases that of the I — 1
proton knockout. This explains the different effects for

1.5 — T T T 2.5 T T T

P1/2 and d3/; orbitals as compared to the s, /, orbital in
Fig. 1.

Fourth structure function separation extractions for
160 have been published by the Saclay group [10]. We
intend to make a detailed analysis of this experiment and
recently reported O data from NIKHEF [5] at a later
time. In Figs. 3 and 4 we show our DWBA and PWBA
calculations for the kinematics of the Saclay experiment.
A best fit of the DWBA cross section (Fig. 3) for the two
orbitals leads to spectroscopic factors of 0.54 (for p, ;)
and 0.57 (for p3/2). These are to be compared with 0.64
and 0.71 obtained in the original analysis. In our calcula-
tion we just used bound state orbitals from a relativistic
Hartree calculation and made no attempt to adjust the
effective single-particle wave function to fit the cross sec-
tion, other than to scale the overall result by a spectro-
scopic factor. In Fig. 4 we show the apparent (DWBA)
and true (PWBA) structure functions extracted from the
cross section as compared to the values extracted from
the experimental measurement in Ref. [10]. The calcu-
lated curves are scaled by the spectroscopic factors of
0.54 and 0.57, respectively. One of the conclusions of
Ref. [10] was that theoretical calculations for the fourth
structure function and for the cross section need differ-
ent scale factors (spectroscopic factors) in order to bring
both into agreement with data. On the other hand, we
find reasonable agreement between our calculation and
the extracted structure function; however, based on the
data provided in Ref. [10], we believe that the extracted
Wi may not be too well determined and note that the
error bars shown (in Fig. 4) are from our own estimate.
In addition, Coulomb distortion affects this conclusion
significantly since it is evident that the Coulomb effect
on the peaks of the cross section is of order 3-4 % while
it is of order 12-15% for the structure functions.

As noted in Ref. [10], another quantity that can be
used to represent the left-right asymmetry is the ratio

LR= ———f- (12)
P(Pm)

The reduced cross section p(p,,) is the five-fold differ-

'%0(e,e’p), Pi/2 180(e,e’p), Ps/2

d%c (nb/MeV sr?)
)

°©
o

1 " n

OO 1 1 \' 1 1

FIG. 3. The DWBA and PWBA calcula-
tions of the cross section for the two p states
compared with the experimental data [10].
The curves are scaled by 0.54 for p,/; and
0.57 for P3/2-

. 0.0
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FIG. 4. The apparent fourth structure
4 9t ] function (DWBA) and the actual fourth
g structure function (PWBA) for the two p
= states is compared to the experimentally ex-
Sz 6 1 tracted values [10]. The curves are scaled by
0.54 for p, /> and 0.57 for p3/,. Note that the
data points of Ref. [10] have been multiplied
0r 3r — DWBA 1 by 0.707 to match our convention for Wr.
....... PWBA
—— Saclay
_2 1 L 1 1 O = 1 N 1 L
0 50 100 150 200 250 O 50 100 150 200 250
Pm (MeV/c) Pn (MeV/c)

ential cross section divided by the electron-proton cross
section ngc,l [17]; this quantity is traditionally written in
terms of the missing momentum P,, = 7 — ¢. In taking
the ratio of the reduced cross section on the left of § with
that on the right of ¢ much information about the tar-
get nucleus gets canceled out, including the spectroscopic
factor. However, the electron Coulomb distortion and
the proton final state interaction do effect Ry r. With-
out electron Coulomb distortion and proton final state
interaction we have Rpr =~ 1. The ratio Rpr uses the
same aspects of the cross section as the fourth structure
function, but has the advantage that it depends little on
the nuclear structure but is sensitive to the final state
interaction. We suggest it might be used to investigate
the effect of different optical potentials.

In Fig. 5, we show calculations of this ratio for the two
outermost orbitals of *0. We should mention that Fig.
2 and Fig. 5 result from the same cross section calcula-
tions, but they single out different information from the
cross sections. The dotted lines are PWBA calculations

1.5 T T

'%0(e,e’p)

0.5

100
P (MeV/c)
FIG. 5. The same calculation as Fig. 2, but the asymme-

try is represented by the ratio of the reduced cross sections
measured at the left and right sides of the § direction.

(electron plane waves) where the final state interaction
of the knocked-out proton is retained. The solid lines are
DWBA calculations. The difference between the dotted
and solid lines represents the effect of the electron dis-
tortion. While there is no experimental way to separate
the electron Coulomb distortion from the proton final
state interaction, we can use the fact that the interac-
tion of the electron is well known and can be calculated
to any required accuracy knowing only electron elastic
scattering. Hence the electron distortion can always be
accounted for, and in this sense we can say the only un-
known contribution to Ry g is from the proton final state
interaction.

IV. THE UP-DOWN ASYMMETRY OF THE
NUCLEAR RESPONSE

Using a polarized electron beam and detecting protons
ejected out of the (e,e’) scattering plane allows the ex-
traction of the fifth structure function Wy which is a
measure of the up-down asymmetry of the nuclear re-
sponse. In PWBA, the fifth structure function has a
nonzero value only when one includes the final state inter-
action [15]. It is hoped that measurement of this quantity
can provide additional information on the optical poten-
tial as well as nuclear structure. However, as mentioned
in the Introduction, one has to make sure the electron dis-
tortion effect does not destroy the PWBA picture. We
again choose three cases in which the protons are knocked
out from the outermost states for 160, 4°Ca, and 2°%Pb,
i.e., from p, /3, d3/2, and 3sy /2, respectively. The incident
electron energy is again 500 MeV, the proton kinetic en-
ergy is T, = 100 MeV, and p equals g.

We first look at Coulomb distortion effects on the mea-
surement of the fifth structure function for the case of
160Q. In PWBA, the fifth structure function does not de-
pend on the angle ¢,; however, electron distortion de-
stroys this independence. In Fig. 6, we show the DWBA
calculations of the apparent fifth structure function at
two ¢, angles (20°,40°). The solid lines represent the
distorted wave calculations or apparent structure func-
tion and the dotted line represents the plane wave calcu-
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FIG. 6. The apparent fifth structure function Wpz: for
quasielastic scattering from the ds/2,ds/2 states of 40Ca. The
Coulomb effect has destroyed the ¢, independence of the
PWBA description. The DWBA calculations are done using
two out of scattering plane angles, ¢, = 20°,40°.

lation or actual structure function. We can see that (1)
the Coulomb effect is more than 12%, and (2) there is
a clear ¢, dependence in the DWBA calculations. Since
the dependence seems to be mainly a magnitude change,
we calculated the DWBA fifth structure function at the
peak value (6, = 14°) as a function of ¢, which is shown
by the solid line in Fig. 7. We see that at ¢, = 90°
the apparent and true structure functions become equal.
Furthermore, if we average the apparent structure func-

-2 . . — r

%0(e,e’p), pyje Y,=14°

(fm?)

d
LT

------- PWBA
_jol_— = DWBA(z=20)
0 60 120 180
@, (deg)

FIG. 7. The apparent fifth structure function as a function
of reaction-plane angle ¢, for the p, /, state of 1°0. The proton
polar angle 8, = 14°. The dashed line is the same result but
with Z=20.

tion over ¢, it agrees with the actual structure function
to within 1%. Of course, Coulomb distortion for 60
is not so great, so we repeated these calculations for the
same case except we changed the charge seen by the elec-
trons from Z = 8 to Z = 20. This result is the dashed
line in Fig. 7. While the crossing of the apparent and
actual structure functions moved forward from ¢, = 90°
somewhat and the average of the apparent structure func-
tions exceeds the actual structure function by about 5%,
it does appear that measurement at ¢, = 90° or aver-
aging over ¢, largely removes Coulomb distortion effects
from the measured fifth structure function.

In Fig. 8, we show DWBA calculations of the fifth
structure function for 4°Ca and 2°®Pb at fixed reaction-
plane angle ¢, = 40°. These curves show the effect of
increasing the electron Coulomb distortion on the mea-
surement of the fifth structure function. Again, as we
learned from the fourth structure function, the electron
Coulomb distortion does not change the basic shape of
the fifth structure function although the amplitudes are
changed considerably.

One could also use the ratio of the measured cross sec-
tions at up (0 < ¢, < m) and down (—¢,) directions
to study the up-down asymmetry of the reduced cross
section, namely,

L \U
Ryp = P(ﬁm)D_ (13)
p(Pm)

Again, the advantage of this quantity is that it can be
compared directly to single-particle model calculations
since it does not require any spectroscopic factor. It
might provide additional information for studying optical
potential models.

V. OPTICAL POTENTIALS AND UP-DOWN,
LEFT-RIGHT ASYMMETRY

The (e, e'p) process in the quasielastic region provides
a tool for studying optical potentials. It is known that the
optical potential obtained from elastic proton scattering
coupled with a single-particle shell model provide a fairly
good description of the current (e, e’p) experimental cross
section data. However, different optical potentials deter-
mined from elastic proton scattering can differ in the in-
terior of the nucleus since only the phase shifts are used
in calculating scattering observables. The interior part
of the wave function is needed in reaction cross sections,
particularly in the (e,e’p) process. If one could find ex-
perimental observables which distinguish different final
state interactions while being relatively insensitive to de-
tails of the primary reaction, one could obtain much use-
ful information. The left-right asymmetry ratio Ry g and
up-down asymmetry ratio Ryp provide such quantities
because they depend on the proton final state interaction
only. In the following, we will also demonstrate that the
final state spin-orbit interaction might be characterized
by the ratio of the fifth structure functions obtained for
protons from spin-orbit doublet states (7 = { £ 1/2) of
the target nucleus. In this section, we will concentrate
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FIG. 8. Wi, ., for *°Ca and 2°®Pb targets.
The reaction-plane angle is ¢, = 40°.

0 — T T - 10 T T T
"-_' “Ca(e.e’p), ds/2 r 26Pb(e,e’p), 35,2
_2 -
_.4 -
g
=
<5 -6+
_8 -
_10 1
0 10

on the proton final state interaction and use PWBA for
all calculations unless otherwise specified. It should be
understood that, when one wants to compare the calcu-
lations with experimental data, electron Coulomb distor-
tions should be included.

For the different optical models we will use a relativis-
tic global optical potential [18,19], its UT [16] form which
is a phase-equivalent relativistic potential with some non-
relativistic characteristics, and a nonrelativistic global
optical potential developed by Schwandt and cowork-
ers [20]. These potentials are available for *°Ca which we
choose as our target in the following calculations. The
two global potentials are widely used in the analysis of
the (e, e’p) experimental data, and the UT form is intro-
duced as it has characteristics intermediate between the
conventional relativistic and nonrelativistic potentials.

We first look at the sensitivity of the left-right asymme-
try measurement Ry g to the different optical potentials.
In Fig. 9, the solid line is the calculation, using the rel-

[ T T

“Ca(e,e’p), ds/e

1.2 r

1.0 +
— 90fit2
- - ut J
------- schwandt
0.8 . - +
0 100 200

Pm (MeV/c)

FIG. 9. Calculations of Rpr using different optical poten-
tial models. The curve labeled 90fit2 is a relativistic global
model [18]; the UT model is phase-shift equivalent to 90fit2,
but with a nonrelativistic character [16]; the Schwandt poten-
tial is nonrelativistic [20).

ativistic global optical potential, the dashed line is a UT
model calculation, and the dotted line is a calculation us-
ing the Schwandt potential. The peak of the calculated
cross section is around p,, = 120 MeV/c. The difference
between the dashed line and the solid line shows the effect
of using a relativistic optical potential. We can see that
this effect is about 4% around the peak (of the cross sec-
tion), which would require a high precision experiment to
tell the difference. The difference between the dotted line
and dashed line is very small, which means the quantity
Ry r cannot distinguish between a relativistic UT optical
potential and the nonrelativistic potential. However, as
we will show in the following, some observables can tell
the difference between these two potentials.

We next investigate the fifth structure function for
studying different optical potentials. Although it is well
known that Wi is entirely due to the final state interac-
tion of the knocked-out nucleon with the residual nucleus
[15], it remains to be seen how this function can be used
to distinguish the contributions of different components
in the final state interaction.

Since most of the information about the nuclear struc-
ture is contained in the bound state density or momen-
tum distribution, in order to study the final state inter-
action, one can largely separate out the contribution of
the bound state by using spin-orbit doublet states | £+ %,
since the densities would be approximately the same for
I+ % and [ — % states. This suggests that we use the ratio

Ry = Wrp(L+ L) /Wi (1 - ). (14)

In the following, we demonstrate how this quantity de-
pends on the final state interaction. Notice that in this
comparison we have set both spectroscopic factors equal,
although this would normally not be the case. The fac-
tors would be obtainable directly from comparison of the
measured cross sections and the calculations.

In Fig. 10 we show the results of knocking out a pro-
ton from both the d3,, state (shown by thick curves) and
the ds/, state (thin curves). The optical potential used
is that of Schwandt. The proton energy is 100 MeV and
we have set p = q. We want to examine how the fifth
structure function depends on the different parts of the
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20

ds/z:

Wy (fm?)

FIG. 10. Calculations for knocking out a ds/; proton (thick
curves) and a d3/; proton (thin curves). The target nucleus
is *°Ca. The dotted lines result from using only the central
potential, the dashed lines from using only the spin-orbit po-
tential, and the solid lines result from using the full optical
potential.

optical potential. First, the spin-orbit potential is set to
zero. Wy still takes on a large value when calculated for
the two spin-orbit doublet states, and although it has a
different sign, the magnitudes around the peak are about
the same. This means that if we take the ratio, the value
is about —1 at the peak, which is shown by the dotted
line in Fig. 11. The fact that this ratio is very close

0 T T T T
4°Ca(e,e’p)

\\

=31/ / —— 90fit2
/ _— ut
/ / — — schwandt -
V2 nos—o
—4 L L N L L
7 14 21 28
Y, (deg)

FIG. 11. Calculations of R} as a function of 8, using
different optical potentials. The dotted line (no s-o) omits
the spin-orbit part from the Schwandt potential.

to —1 in a large range around the peak suggests that the
ratio REVT, is nearly independent of the final state central
potential. Next we examine the spin-orbit interaction by
turning off the central potential; we see by the dashed
lines in Fig. 10 that the spin-orbit potential increases
the magnitudes of W7+ by different amounts for the ds/,
and ds/, cases. The solid lines are the calculations using
the full potential. As can be seen, the combined central
and spin-orbit results for d3/; and ds; are very different,
which means the ratio R} will have a value quite differ-
ent from —1, and the difference will depend on the final
state spin-orbit interaction. It appears that R} should
be a good measure of the final state spin-orbit interac-
tion. We have calculated this ratio using various optical
potentials. In Fig. 11 we show three calculations: the
solid line uses the relativistic optical potential, the dot-
ted line uses the Schwandt nonrelativistic potential, and
the dashed line is the UT calculation. Evidently, around
the angle 6, = 15°, which is the peak of Wrz+, one can
distinguish one optical potential from the others.

Another aspect we have investigated is the dependence
of R%’T, on the momentum transfer g. Because the ¢
dependence of the current J,, is determined by the r de-
pendence of the corresponding wave functions, we expect
that the ¢ dependence of R}, can provide some infor-
mation about the r» dependence of the optical potential.
In quasielastic experiments, if one keeps the proton scat-
tering angle 6, and the proton kinetic energy fixed, one
can still vary ¢ (p,, will change) in measuring the cross
section. In Fig. 12, we show calculations corresponding
to such kinematics with a proton kinetic energy of 100
MeV. The proton angle is fixed at 15°, which is roughly
at the peak of the Wiz over the ¢ range chosen. We
see that the differences caused by using different optical
potentials depend on the value of g very sensitively: as
one goes to higher ¢ values, the differences can be quite
large (as much as a factor of 2 as shown here).

0 T T
T,=100 MeV, ¥, = 15°
_.1 - 4
5ol 4
E: 2
-3+ J
— 90fit2
~~~~~~~ schwandt
..4 1 L
250 350 450 550
q(MeV/c)

FIG. 12. Calculations of R}, as a function of ¢ using dif-
ferent optical potentials.
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VI. CONCLUSION

The apparent fourth and fifth structure functions ex-
tracted from experiments can provide additional insight
into nuclear structure and final state interactions. Even
though the procedure prescribed by the plane wave
Born approximation no longer gives rise to a well de-
fined function of nuclear current in the presence of elec-
tron Coulomb distortion, one can still usefully extract
apparent fourth and fifth structure functions from the
experimental data using the PWBA formalism. The
Coulomb distortion of these two structure functions does
not change the shape appreciably. Even for a target
as heavy as 298Pb, the apparent fourth and fifth struc-
ture functions still have the same shapes (in terms of
the number of maxima or minima) as the ones given
by the PWBA; however, the magnitudes are greatly af-
fected by Coulomb distortion. These changes are much
greater than the corresponding changes to the cross sec-
tion. Even for %0, the magnitude change due to elec-
tron Coulomb distortion in the fourth structure function
is more than 15% at the Saclay kinematics. The change
in the magnitude of the fifth structure function depends
on the out of plane angle ¢, used in the extraction pro-
cedure. Extraction of the fifth structure function around
¢p = 90°, or averaging the fifth structure function over
¢p, greatly reduces the Coulomb effect.

Different optical potentials, which describe the same

elastic proton scattering observables, can be very differ-
ent in the interior. While the (e, e’p) cross section anal-
yses have some slight shape dependence on the optical
potential used, the primary effect is on the magnitude
and hence on the value of the spectroscopic factors ex-
tracted. In this paper, we have shown that examination
of subsets of the (e,e’p) cross section data can provide
additional discriminatory power. In particular, we have
shown that Rpp, the ratio of reduced cross sections on
the left as compared to the right of the momentum trans-
fer direction, is sensitive to the optical potential. The
fifth structure function is also sensitive to the optical po-
tential and the ratio of fifth structure functions RJy, for
spin-orbit doublets is very sensitive to the spin-orbit term
in the optical potential. In principle, the quantity Ry
can provide insight as to whether one should use rela-
tivistic or nonrelativistic wave functions, but one needs
high precision experiments.
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