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The orthonormal-correlated-states method is used to study the *He(e,e'p)°H reaction. The effects of
short-range correlations, orthogonality corrections, p+ *H interaction in the final states, and two-body
charge and current operators brings the theoretical predictions into fair agreement with the NIKHEF

and Saclay data.

PACS numbers: 25.30.Fj, 21.40.+d, 25.10.+s, 27.10.+h

In the past decade single- and double-coincidence
electron-scattering experiments performed on few-body
nuclei'”” have clearly proven the inadequacy, at inter-
mediate energies, of a theoretical description of the qua-
sielastic nucleon-knockout process based on the plane-
wave impulse approximation (PWIA). For example,
PWIA calculations of the *H, *He, and “He longitudinal
and transverse response functions measured in (e,e') re-
actions'™® predict more strength than is experimentally
observed in the quasielastic peak region,®® particularly
for the longitudinal response at low momentum transfer,
not surprisingly so since the Coulomb sum rule is violat-
ed in the PWIA.'°

Progress beyond the PWIA has been made in the
description of three-nucleon scattering states at the rela-
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where oy is the Mott cross section, E.;,E and Q.,Q are
the energies and solid angles of the final electron and
proton, and ¢ is the angle between the electron-scattering
plane and that specified by the electron three-momentum
transfer k and the proton momentum p. The coefficients
V, are defined in terms of the electron variables, while
the structure functions R, involve matrix elements of the
charge and current operators between the initial #i and
final “ _”f +p nuclear states and depend on the mo-
menta k and p, the angle 6 between them, and the elec-
tron energy transfer . In the reaction under considera-
tion the required matrix elements are given by

(=Xp+3H;pps,003/0. (k) |*He)

where |*He) is the *He ground state, O; r(k) are the
charge (L) and current (T) operators, |p+*H;pps,
o037 is the p+3H ingoing scattering state, p; =k —p
is the *H momentum (it is related to the missing
momentum p,, by p» = —p3), and o and o3 are the p
and *He spin projections, respectively.

Correlated-basis functions (CBF) for the 143 states
are written as

(-)
Voo, (1+3)
=1 X (=)PSIFyFaFulnés? ()¢, kD)
p

© 1990 The American Physical Society

tively high excitation energies of interest in studying the
electromagnetic response either by solving the Faddeev
equations in the continuum with simple interaction mod-
els,'! or by approximately including some of the final-
state interactions affecting the knocked-out nucleon. '?

The objective of the present work is to extend the
orthonormal-correlated-states  (OCS)  approach,'%!3
which has recently been shown to provide a reasonable
description of the *He and *H inclusive data,'®'* to the
four-nucleon system, and to report on a microscopic cal-
culation of the “He(e,e'p) *H cross section in the specific
kinematic setups of the NIKHEF ® and Saclay’ experi-
ments.

In the one-photon-exchange approximation
4i(e,e'p) ™V f cross section is expressed as'®

the

= O'MPE(VLRL +VrRr+ VR rcoso+VrrRrr COSZ¢) y

where the symmetrized product SIF;;jFixFi] describes
short-range correlations between the spectator nucleon i
in spin-isospin state ot and the bound cluster of nucleons
jkl in spin-isospin state o373, and q is the relative
momentum between i and jk/. The sum over permuta-
tions p ensures the antisymmetry of the CBF wave func-
tion. The pair-correlation operator Fj; contains central,
spin, isospin, and tensor correlations, and satisfies the
healing requirement F;;(r;;=d) =1 (d=1.9 fm). It is
determined from the NN interaction with the method
discussed in Ref. 10. The “He and three-nucleon bound
states are represented by variational wave functions ob-
tained for the Argonne'® two-nucleon and Urbana-VII
three-nucleon'” interaction models. The quality of these
wave functions has previously been assessed by quantita-
tively successful predictions for the binding energies,!’
elastic electromagnetic form factors,'®!? and asymptotic
D/S ratios in the d +n, d +p, and d +d breakup chan-
nels of *H, 3He, and “He, respectively. The spectator
wave function né;,) is taken to be the scattering solution
of a Schrodinger equation containing a complex energy-
dependent optical-potential of the form
Vo(r;T,) =V(r;T)+V(riT))t 13,
where T, is the relative energy between the clusters i and
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jkl. The term V(r;Tq) has central, spin-orbit, and /-
dependent components, and was determined by van Oers
et al.®® from an analysis of p+°He elastic-scattering
data in the energy range 7T,=117-450 MeV. 1
parametrized the charge-exchange term V*(r;T,) with a
complex Woods-Saxon potential whose real and imagi-
nary parts have depths linearly dependent on T,,
v +vk T, (MeV), with vg,vf =—30.4,—3.57 MeV,
and vf,vf =0.175,0.0134, radii Rg,R;=1.2,1.8 fm, and
diffusenesses ag,a; =0.15,0.20 fm, and obtained the
values for these parameters by fitting the available
p+°3H elastic and charge-exchange data at T,=43
(Ref. 21) and 117 MeV.?? It should be noted that the
p+ °H relative energy in the NIKHEF and Saclay kine-
matics covers the range 26-168 MeV. In the results
presented below I have included all partial waves in né;)
with full account of interaction effects in those with
/=<5, and have explicitly verified for the NIKHEF
kinematical setup denoted I (for which the p+ *H rela-
tive energy is 75 MeV) that the numerical importance of
final-state interactions in higher partial waves is small.

The CBF states have correct energies; however, they
are not orthogonal. The OCS basis is obtained by ortho-
normalizing the CBF states by a combination of Schmidt
and Lowden transformations designed to preserve their
energies. '*!?

In the lowest order of correlated-basis theory, the
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FIG. 1. Fivefold differential cross sections obtained for kine-
matics I in the PWIA and in the approximations OCS,
OCS+FSI, and TOT.
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p+>*H OCS states are used to calculate the amplitudes.
The electroexcitation operator O; r(k) contains one- and
two-body currents. The one-body current operators have
the standard impulse-approximation expressions (with
inclusion, however, of the Darwin-Foldy and spin-orbit
corrections to the single-nucleon charge operator). The
two-body charge and current operators consist of a
“model-independent” part, which is constructed from the
NN interaction with the methods described in Refs. 18
and 19, and a “model-dependent” part of far less numer-
ical importance associated with n- and p-exchange exci-
tation of an intermediate A33 resonance, and the pry and
wry mechanisms.'® The Hohler parametrization®® is
used for the electromagnetic form factors of the nucleon.
Since the corrections due to the Lowdin transformation
are expected to be small,'® only the Schmidt orthogonali-
zation of the p+ H states to the ground state is retained
in the calculation of the amplitudes, which is then car-
ried out without further approximations with the Monte
Carlo integration techniques developed in Refs. 10 and
18.

In Figs. 1 and 2 the predicted values for the cross sec-
tion are compared with those measured at NIKHEF © in
two different kinematic setups denoted as I and II, for
both of which the p + *H relative energy is 75 MeV. The
cross-section values obtained by including the effects of
short-range correlations, orthogonality corrections,
final-state interactions (FSI), and two-body charge and
current operators are displayed by the solid curves, and
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FIG. 2. Same as in Fig. 1, but for kinematics II.
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are in fair agreement with the data. The results calcu-
lated in the PWIA and in the approximations denoted as
OCS and OCS+FSI, in which the orthogonality correc-
tions and short-range correlations induced by the Fi;’s
are retained, but the spectator wave function is either a
plane wave or a scattering solution corresponding to the
optical potential ¥, are also shown. The contributions
due to two-body charge operators are found to be negli-
gible (for example, at p, =150 MeV/c in kinematics I
they reduce to R; by only 2%); however, those associat-
ed with two-body current operators are important in
both kinematics, particularly for p, =200 MeV/c,
where they increase the OCS+ FSI predictions by more
than 50%. It should be noted that these kinematics cor-
respond to different regions of the inclusive w spectrum:
I is slightly off the top of the quasielastic peak, whereas
II is in the so-called “dip” region between the quasielas-
tic and delta production peaks. The present results rein-
force the findings of Ref. 24, in which an analysis of the
“He(e,e') transverse data’ based on the non-energy- and
energy-weighted sum rules showed that two-body mecha-
nisms could significantly enhance the inclusive transverse
response, even in the quasielastic regime. Final-state in-
teractions play a dominant role by substantially reducing
the OCS cross-section values. However, neglecting the
isospin-exchange term in ¥ has a small effect in the p,,
range where kinematics I and II overlap (for example, at
pm =170 MeV/c it leads to an increase of 3% in kine-
matics I and to a reduction of 13% in kinematics II of
the full cross section), which indicates that corrections
due to two-step processes (e,e’,n)(n,p) are not impor-
tant.®

In parallel kinematics (p parallel to k) the LT and TT
structure functions vanish,' thus allowing us to make a
Rosenbluth separation of the exclusive cross section into
its longitudinal and transverse parts. The ratios
pr=R./(GB)? and pr=02m?*k*)Rr/(GE)?, where GE
and Gf; are the proton electric and magnetic form fac-
tors taken as functions of the four-momentum transfer,
are given in Table I for the specific kinematics investi-
gated at Saclay.” In the PWIA p; and pr are both pro-

portional to the spectral function,?® which for the p+3H
channel only depends upon p,,. The transverse data are
in reasonable agreement with theory, while the longitudi-
nal ones are significantly smaller than the theoretical
predictions. (The present results appear to be in qualita-
tive accord with those obtained by Laget,'? although the
lack of a detailed account of his calculation in Ref. 12
prevents a more thorough comparison.) This quenching
is reminiscent of that observed in the inclusive and ex-
clusive longitudinal data on heavier nuclei, such as
40Ca, 2 which led to the suggestion of a medium-induced
modification of the nucleon electromagnetic structure.?’
However, no missing strength is found in the “He longi-
tudinal response function measured at Bates in (e,e’) ex-
periments.® Indeed, an analysis of the Coulomb sum
rule in this nucleus as well as in 2H, *H, and 3He was
found to be consistent with the free-proton form factor,
a conclusion which is further corroborated by the y-
scaling behavior exhibited by the available electron-
scattering data at very high k (GeV/c) and low .2’ On
the other hand, an important factor of uncertainty is as-
sociated with the sensitivity of the calculated cross sec-
tions to the optical potential V°, which may not be accu-
rate in the energy range relevant to the NIKHEF and
Saclay kinematics. For example, artificially increasing
by 30% the depths of radii of the imaginary central com-
ponents of V° drastically reduces the discrepancy be-
tween the theoretical and empirical values, as is shown in
Table I, although not in the largest k’s (= 650 MeV/c)
considered. In fact, more accurate data in this k range
are needed in order to ascertain whether or not the
presently observed lack of longitudinal and transverse
strength persists (or increases) with increasing momen-
tum transfer, a feature, which if confirmed, could be in
dramatic contrast with theoretical expectations.
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TABLE 1. The experimental ratios (Expt.) p. and pr and those obtained in the PWIA and in the approximations OCS,
OCS+FSI, and TOT. The total results (TOT) obtained by increasing the depths and radii of the imaginary central components of
V° by 30% are listed in parentheses. At k =829 MeV/c only a backward electron angle measurement was made (Ref. 7).

pr [(GeV/c) 3sr 1]

k Pm pL [(GeV/e) T3sr]

(MeV/e) (MeV/c) PWIA OCS OCS+FSI TOT Expt. OCS OCS+FSI TOT Expt.
421 +30 231 217 172 170 (130) 1107 226 175 190 (151) 1678
299 —90 108 98.2 65.2 65.0 (49.3) 44025 103 71.1 77.9 (61.3) 53.8+4.6
380 +90 108 79.7 78.8 77.8 (55.3) 56.5+3.2 98.1 79.8 90.1 (67.1) 84.2+4.2
544 +90 108 104 88.6 86.4 (67.5) 57.7t8.7 108 88.5 99.7 (80.9) 93.8%+3.5
572 +90 108 103 88.4 86.0 (68.3) 70.1+10.6 106 88.3 99.6 (81.9) 90.4+4.7
650 +90 108 105 91.1 88.3 (73.8) 43.2%13.3 106 90.7 102 (87.7) 87.4%4.7
829 +90 108 105 94.5 91.0 (83.5) 107 97.7 109 (100) 65.0%2.0
682 +190 11.5 9.91 9.85 8.60 (6.52) 2.8+3.8 10.3 8.95 11.9 (9.35) 18.4*1.1
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