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Final-state-interaction effects in the (e, e'p) reaction
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Particle emission after electroexcitation of a nucleus is studied in the quasielastic region of the
He(e, e'p )'H reaction. The calculations are performed using a meson-exchange potential. The displace-

ment observed in the experimental spectral functions appears to be due to the mean-field scattering
mainly. The rescattering processes lead to the splitting between the longitudinal and transverse spectral
functions in agreement with the trend of the Saclay data. The related damping of the longitudinal spec-
tral function originates from the coupling between (e,e'p) and (e, e'n ) channels.

The (e, e'p) coincidence experiments on nuclei are par-
ticularly well suited for studying various nucleon-nucleon
correlations inside a nucleus. This first originates from
the well-known structure of electromagnetic interactions
and, second, from the possibility of a selective analysis of
various parts of the underlying phase space by proper
kinematical conditions.

The coincidence cross section for the electrodisintegra-
tion of He has been measured at NIKHEF-K [1] for two
values of the momentum transfer q in a broad range of
the missing momenta p =p —q. The data are presented
as the so-called spectral function which, under the as-
sumption of factorization of the cross section [2,3],
represents the momentum distribution of protons in the
He nucleus. The spectral functions derived from the

data are found, however, to depend strongly on the kine-
matics chosen. Even though a sophisticated ground-state
wave function was used, this fact could not be explained
by a factorized distorted-wave impulse approximation
(DWIA). Moreover, a recent analysis [4] of this problem
using the correlated-wave-function method with the glo-
bal optical-model description of the final-state-interaction
effects shows sizable sensitivity of the cross section on the
detailed form of the optical potential. As a consequence,
the cross section and thus the spectral functions seem to
refIect not only the correlations in the ground state, but
also the properties of excited states and, in particular, the
final-state-interaction effects. Therefore, in the following
we concentrate on such effects which may partly be
caused by the scattering in a mean field and partly by
genuine two-nucleon rescattering processes.

The general coincidence cross section in the one-
photon-exchange approximation can be expressed as [3]
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where o.~ is the Mott cross section, the energies and
solid angles of the final electron and proton are denoted
as E„E~ and Q„Q, respectively, and P is the angle be-

tween the electron-scattering plane and the one deter-
mined by the momentum transfer q and the proton
momentum p. The nuclear structure functions R involve
matrix elements of the corresponding current operators
between the initial and final nuclear states, and the
coefficients V are entirely determined by the electron
variables (for details, see Ref. [5]).

When discussing nuclear correlations, one usually
refers [6) to the shell-model concept and possible correla-
tions are also expressed in the basis generated by the un-
derlying mean field. From this point of view, the
random-phase approximation provides the most natural
frame for studying (e, e'p) processes. It also gives the
most promising scheme concerning extensions toward the
heavier systems. Therefore, for the present analysis we
apply the newly developed method [7] to include two-
body rescattering processes directly in the mean-field
continuum. The method is based on an expansion in an
energy-dependent basis of Sturmian function, which al-
lows very efficient treatment of such effects. In particu-
lar, in this way one can make use of finite-range interac-
tions with an explicit inclusion of exchange terms. This
is important for studying higher-momentum-transfer
phenomena. Only the finite-range forces provide the nat-
ural momentum cutoff for rescattering processes, and an
explicit inclusion of the corresponding exchange terms
appears [8] to be necessary because of a nontriv-
ial exchange-momentum transfer dependence of the
particle-hole interaction for the spin-independent modes.
Here the 6 matrix derived [9] from meson-exchange
model is used as a residual interaction. The mean-field
part of the Hamiltonian is specified in terms of a local
Woods-Saxon (WS) potential. Of course, the mean-field
potential alone cannot reproduce the central depression
in the ground-state charge-density distribution. This re-
gion carries, however, a very small fraction of nucleons
which correspond to large values of the missing momen-
ta. Much more important is the reliable description of
the surface and outer parts of the wave function. Since in
the mean-field approach the tail of the wave function is
entirely determined by the separation energy, the depth
of the WS potential is adjusted such as to reproduce also
its experimental value (19.81 MeV for 4 He). The WS po-
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tential parameters are rv="Is 1.7 fm av=aLs 0.6
m Vo 66 37 MeV, and VI.s 3.2 MeV.

The spectral function has been obtained in an analo-
gous way as the experimental one, i.e., by dividing the
general coincidence cross section by the off-shell
electron-proton cross section calculated according to the
current-conserving prescription [10]
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using the standard dipole parametrization for the nucleon
form factor both when calculating the electron-nucleus
and electron-nucleon cross sections.

For such a light nucleus as the alpha particle it is
necessary to account for the recoil correction. The easi-
est way is to replace the laboratory angle by its counter-
part in the recoiled system and to perform the transfor-
mation of solid angles. In this connection the ultrarela-
tivistic kinematics for the electron and the nonrelativistic
one for the hadrons has been applied.

Figure 1 shows the calculated spectral functions for
both kinematics compared with the experimental data.
Neglecting the recoil correction and the final-state in-
teractions, the spectral functions are independent of the
particular kinematics chosen (dash-dotted lines). The
inhuence of mean-field distortions, measured as a
difference between the dotted and dashed lines, depends
on the kinematics. A major effect is found for q =250
MeV/c. This can be understood in terms of the following
simple arguments. The longitudinal structure function
RL can be written as

100 200 300 0 100 200 300 400
p ( MeV/c )

FIG. 1. Spectral function S(p ) from He (e,e'p) H reaction
for two kinematics: left-hand side 0, =70' (q =431 MeV/c),
and right-hand side, 0, =36' (q =250 MeV/c). Both the experi-
mental data [1] and theoretical results are presented. The dot-
ted line represents the plane-wave approximation result with the
recoil correction and dot-dashed without. Dashed line includes
mean-field distortions, and the solid line includes also rescatter-
ing effects. The upper insertion illustrates the q dependence of
the function defined by Eq. (4). The dotted line there discards
any final-state interaction, and the dashed line includes it on the
mean-field level.

with AI J denoting a combination of Clebsch-Gordan
coefIicients and spherical harmonics and

F& J(q) .= f r dr jJ(qr)+&~*(r)@,'"/ (r), (4)

where @, and 4f are the radial parts of the initial and
final single-particle wave functions of a knocked-out nu-
cleon. Without any final-state interaction, @f is simply
the Bessel function jI. This leads to a resonant q depen-
dence of the function FI J with a maximum at around

q =p. The corresponding behavior is illustrated in the in-
set of Fig. 1 (dotted line) for l=2, j =—'„and J=2.
Switching on the attractive mean field, the wavelength in
the interior of the nucleus becomes shorter and the max-
imum of F& J is shifted to higher q (dashed line). The
cross section is thus reduced for lower and enhanced for
higher q values. A similar argument applies to the trans-
verse struction function.

The other important effect seen in Fig. 1 is due to the
two-body rescattering. One observes a systematic reduc-
tion of the spectral function as compared to the mean-
field result. The effect is again stronger for kinematics 2,
consistent with the lower transferred momenta. One
should also note a very good agreement of the theoretical
results with experimental data for smaller missing mo-
menta. Adjustment of the mean-field potential to repro-
duce the separation energy is of crucial importance in
this connection. At larger missing momenta the calculat-
ed spectral function underestimates the data. This sig-
nals an importance of two-body correlations and meson-
exchange currents, which are not included here. The
room left for such effects is compatible with the results of
Ref. [4].

Recently, the Saclay group has published results [11]
on the separation of the He(e, e'p) H cross section into
longitudinal and transverse components. While the
transverse response agrees with the theoretical predic-
tions [12], the longitudinal one remains low with respect
to the theory. The resulting splitting is particularly intri-
guing because essentially no missing strength in the sense
of Coulomb sum rule is observed in the He longitudinal
response measured [13] in (e, e') inclusive experiments.
This suggests that the suppression of the longitudinal
component of the exclusive cross section cannot be linked
to higher-order configuration mixing effects, as is the case
in heavier nuclei [14]. In exclusive experiments one may
expect some reduction of the (e, e'p) cross section due to
non-negligible contribution of the (e, e'n) channel which
couples to the first one via a charge-exchange reaction.
In the inclusive (e, e') cross section, these two channels
are, of course, indistinguishable and are simply summed
up. That this is really an important effect is demonstrat-
ed in Fig. 2 for kinematics 1, where the nucleus is probed
in a broader range of p . The longitudinal SL(p ) and
transverse ST(p ) spectral functions shown in the upper
part of the figure are calculated in an analogous way as
S(p ) i.e., replacing the total differential cross section in
Eq. (2) by its longitudinal/transverse part and similarly
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for o-',&'"'". The reduction of the longitudinal spectral
function (solid line) with respect to the mean-field result
(dashed line) is almost entirely caused by the proton-
neutron coupling. As displayed in the lower part of Fig.
2, this simultaneously creates the (e, e'n) longitudinal
cross section which is vanishing at the mean-field level.
The corresponding transverse part is little infIuenced by
such effects.

In this context it is interesting to make such a separa-
tion for kinematical configurations closer to the Saclay
experiment [11]. Figure 3 shows the q dependence of
the longitudinal and transverse spectral functions for two
different energy transfers of 98 MeV (left-hand side) and
62 MeV (right-hand side) at a fixed missing momentum of
90 MeV/c. Since the related experimental data corre-
spond to parallel kinematics, one pair of such points can
be assigned to each of the transferred energies. The cal-
culated longitudinal spectral function is strongly
suppressed with respect to the transverse one, consistent

with the tendency seen in the experimental data. This
suppression originates mostly from the proton-neutron
rescattering process, and because of this, it decreases with
increasing q, which is seen when looking at the ratio be-
tween the two spectral functions. The splitting, seen in
Fig. 3 for higher excitation energy, already at the mean-
field level, comes from the division by the off-shell
electron-nucleon cross section [10] as is done in Ref. [11].
If one divides by the on-shell cross section as in Ref. [4],
this splitting is much smaller. It is also interesting to
note that in Ref. [4] essentially no such splitting is ob-
served without meson-exchange current contributions.

Summarizing, it appears necessary to investigate ex-
plicitly and carefully the final-state-interaction effects in
order to properly interpret the (e, e'p) data. The mean-
field distortions are responsible for the displacement be-
tween kienmatics 1 and 2 seen in the NIKHEF-K data.
The most interesting effect of the two-body rescattering
processes is a sizable suppression of the longitudinal com-
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FIG. 2. Upper part: Missing momentum dependence of the longitudinal (left-hand side) and transverse (right-hand side) spectral
functions for 0, =70'. The mean-field result is represented by the dashed line, and the full RPA result by the solid line. The dotted
line ignores the proton-neutron coupling in the two-body interaction. Lower part: (e, e'n) vs (e, e'p) cross sections for the same kine-
matics separated into the longitudinal and transverse parts.
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FIG. 3. Momentum-transfer dependence of the separated spectral functions for two different energy transfers co. Dashed lines
represent the mean-field result, and the solid ones include rescattering effects. The existing experimental data [11]are denoted by the
open squares for the longitudinal and solid ones for the transverse spectral functions.

ponent in the (e, e'p) cross section. This simultaneously
gives rise to the longitudinal (e, e n) contribution. This
effect, seen in experiment as a splitting between the longi-
tudinal and transverse spectral functions, can provide
valuable information about the dynamics of m. and p
mesons because these two determine the relevant part of
the nucleon-nucleon interaction. It would, of course, be

ideal to measure directly the longitudinal component in
the (e, e'n) cross section as a function of the momentum
transfer.
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