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Scattering of GeV electrons by light nuclei
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The cross section for inclusive scattering of high-energy electrons by *H, *He, and *He with momen-
tum transfer |q| ~2 GeV/c is calculated using realistic spectral functions. The final-state interaction
effects are treated with the correlated Glauber approximation, and the possible occurrence of color
transparency is considered. The results are in fair agreement with the SLAC data and confirm the pres-
ence of high-momentum components in the deuteron wave function. The final-state interaction effects
are significant in *He and “He, and there seem to be systematic differences between theory and experi-

ment at large o in “He.

PACS number(s): 21.45.+v, 25.30.Fj

I. INTRODUCTION

During the past decade, inclusive electron-nucleus
scattering experiments have provided important informa-
tion on both the structure and the electromagnetic in-
teractions of nuclei (for recent reviews see Ref. [1]). Of
particular relevance are the measurements carried out us-
ing multi-GeV electrons, since the high momentum
transfers attainable give access to the short interparticle
distance behavior of the nuclear wave function, whose
knowledge may provide a deeper understanding of nuclei.
The pioneering (e,e’) experiments in this kinematical re-
gime have been performed using *H [2] and *He [3] tar-
gets. More recently, a systematic experimental study has
been carried out for a variety of heavier systems, ranging
from “He to *’Au [4], and from the analysis of the mass
dependence of the data, the inclusive cross section for
infinite nuclear matter has been extracted [5]. The few
nucleon systems (A <4) and infinite nuclear matter are
best suited for a significant comparison between theoreti-
cal predictions and experimental data, since accurate cal-
culations are feasible.

The behavior of the (e,e’) cross section at fixed
momentum transfer q, as a function of the electron ener-
gy loss w, is characterized by a wide peak centered at
o~V q*+m?*—m, m being the nucleon mass, produced
by quasielastic single nucleon processes. As the momen-
tum transfer q increases, however, the quasielastic peak is
obscured by the contributions coming from inelastic pro-
cesses, such as excitation of nucleon resonances and deep
inelastic scattering, leading to complex hadronic final
states. These gross features are fairly well reproduced by
the theoretical calculations carried out for *He [6] and
infinite nuclear matter [7] using the plane-wave impulse
approximation (PWIA) and nuclear spectral functions
obtained from microscopic calculations. However, a siz-
able disagreement between PWIA predictions and experi-
ments occurs in the low-energy loss region, where the cal-
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culated cross sections consistently underestimate the
data.

The quantitative understanding of the low o tail of the
inclusive cross section, where the inelastic contributions
are negligible, is particularly relevant. According to the
PWIA picture, the dominant reaction mechanism in this
region is the scattering of the electron by a strongly
correlated nucleon of high initial momentum. This
feature was pointed out in the 1960s by Czyz and
Gottfried [8], who argued that the (e,e’) cross section at
high momentum transfer and low energy loss measures
the high-momentum components of the target wave func-
tion, thus providing important information on short-
range nucleon-nucleon (NN) correlations. The analysis
of the available data in terms of the scaling variable y
[4,9,10], however, clearly shows that in the low-energy
loss region, corresponding to y <<O0, significant scaling
violations occur, indicating the breakdown of PWIA due
to the final-state interactions (FSI) between the struck nu-
cleon and the residual nucleus. It appears that momen-
tum transfers <3 GeV/c are not high enough, and the
kinematical regime in which the (e,e’) cross section can
simply be expressed in terms of the elementary electron-
nucleon cross section and the nuclear spectral function
P(k,E), giving the probability of removing a nucleon of
momentum k from the target by transferring energy E to
the residual system, has not been reached.

In Ref. [7] the effect of the FSI on the inclusive cross
section for nuclear matter (NM) has been evaluated with
a generalization of the Glauber theory [11] suitable to de-
scribe the motion of the struck nucleon through the nu-
clear medium. The modification of the FSI coming from
the possible occurrence of the phenomenon generally re-
ferred to as color transparency [12,13] has also been in-
vestigated. The FSI redistribute the strength predicted
by PWIA; the quasifree peak is slightly reduced and the
low o tail of the cross section is greatly enhanced. The
theoretical results of Ref. [7] are in good agreement with
the data over a range of momentum transfer 1.5
GeV/c$qg 52.5GeV/c.

In this paper the approach developed in Ref. [7] is ex-
tended to the study of the inclusive cross section of 2H,
3He, and *He at momentum transfer qg~2 GeV/c. For
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the two- and three-body systems we have employed the
full spectral functions obtained from microscopic calcula-
tions, whereas the P (k, E) for “He has been approximated
assuming that the one- and two-body terms give the dom-
inant contributions. In Sec. II we briefly recall the struc-
ture of the (e,e’) cross section within PWIA, whereas in
Sec. III the spectral functions employed in the calcula-
tions are described. Section IV is devoted to the discus-
sion of the correlated Glauber approximation (CGA)
used to include FSI effects and in Sec. V the theoretical
results are discussed and compared with the data.

II. THE (e,e’) CROSS SECTION WITHIN PWIA

The differential cross section for the process
e + A—e'+anything, in which an electron of initial
four-momentum k =(¢g,k) scatters off a nuclear target to
a state of four-momentum k'=(e’,k’), the target final
state being undetected, can be written in Born approxi-
mation as [14]
dZU — Ei ELL vaA
dQde Q% ¢ pv
where Q =k —k’'=(w,q) is the four-momentum transfer
and «a is the fine structure constant. The leptonic tensor
L* is completely determined by the electron momenta k
and k', whereas all the information on the target struc-
ture is embedded in the nuclear tensor W;v, whose
definition involves the initial and final nuclear states |0)
and |N ), with four-momenta p, and py, as well as the
nuclear current operator J ,f:

(2.1)

Wa(qo)=T (07 N)NJ0)8(po+Q—py) -
N

(2.2)

Calculations of W;‘V for moderate momentum transfers
(g 0.5 GeV/c) can be carried out within the nuclear
many-body theory (NMBT) using nonrelativistic wave
functions to describe the nuclear initial and final states,
and expanding the current operator in powers of (¢ /m)
(see, e.g., Refs. [15,16]). At the higher values of g corre-
sponding to multi-GeV incident electrons, however, the
description of the final states [N ) in terms of nonrela-
tivistic nucleons is no longer possible, and some simplify-
ing assumptions have to be made in order to take into ac-
count the relativistic motion of the struck particle and
the occurrence of inelastic electron-nucleon scattering
processes, leading to the appearance of excited hadronic
states, mesons, etc.

A reasonable approximation scheme to describe the
high momentum transfer region is based on the following
assumptions. First is that the nuclear current operator
J j can be approximated by a sum of one-nucleon
currents, and the second is that the spectral function of
the target can be estimated with the nonrelativistic
NMBT, so that only the motion of the struck nucleon has
to be treated relativistically. The simplest possible im-
plementation of this picture of electron-nucleus scatter-
ing is provided by the PWIA, in which the struck nu-
cleon propagates freely through the residual (A4 —1)-
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nucleon state. The resulting expression for the nuclear
tensor is

WA 1a(q0)= [ dkdE[ZPP(k,E)W?,(q,0,k,E)
+(4 —Z)P"k,E)W,,(q,0,k,E)],
2.3)

where P? (") (k,E) denotes the proton (neutron) spectral
function and wa(”) is the electromagnetic tensor of a
bound proton (neutron).

The difference between W,uv and the corresponding
quantity for a free nucleon, W,“,, comes from the fact
that, when the electron scatters off a bound nucleon of
momentum k, part of the energy loss @ goes into the
spectator system. In Ref. [17] de Forest proposed to
write Wuv’ for quasielastic scattering using the free nu-
cleon spinors and current operators. This leads to the
following definition of the energy transfer to the struck

nucleon, @:

»=V(k+q)+m’>—Vk*+m?

=0—E—(Vk*+m?—m) . (2.4)
The requirement of gauge invariance,
QWH=W,Q"=0, (2.5)

is also fulfilled within the prescription of Ref. [17]. The
time components of Wuv are assumed to be the same as
those of W,,(q,®) and the longitudinal components are
expressed in terms of the time components according to
Eq. (2.5). Taking the z axis along the direction of q, the
following relations are obtained:

W,(q,0,k E)=W,,(q,®), foru and/or v=0,
(2.6)

W.(q,0.k E)= |

WOM(q,(T)) .

This procedure, which has been followed in Ref. [7] and
in the present work, is manifestly not unique. However,
it has been shown that, at high momentum transfer, the
PWIA cross section for *He obtained with a different off-
shell extrapolation, in which Eq. (2.5) is used to eliminate
the dependence upon the time components of Ww, are
very close to those evaluated according to the de Forest
prescription [6].

III. THE SPECTRAL FUNCTIONS
OF THE FEW-NUCLEON SYSTEMS

The spectral function, i.e., the probability distribution
of removing a particle of momentum k from the nuclear
ground state leaving the residual system with an energy
E,+E, can be written as

P(k,E)=3 |(nla,|0)|*8(E+E,—E,), (3.1)
n

where |0) is the nuclear ground state, with energy E,,

whereas |n ) and E, are the eigenstates and energies of

the (A4 —1)-nucleon system, respectively. The state |n )

has momentum —k, and its energy E, include the recoil
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kinetic energy k?/2Mp, where My is the mass of |n ). In
literature P(k,E) has also been defined with
S(E+E,—(E,—k?*/2My)) in place of the § function in
Eq. (3.1).

It clearly appears from Eq. (3.1) that the spectral func-
tion of the deuteron can be readily expressed in terms of
the momentum distribution ny(k) of nucleons in the
deuteron:

P(k,E)=ny(k)S(E +E;—k*/2m) , (3.2)

E, being the deuteron energy. The present calculations
for 2H have been carried out using the momentum distri-
bution calculated with the Argonne NN interaction [18].
In order to study the magnitude of the effect of relativis-
tic correction to the energy of the recoiling nucleon, we
have also used the spectral function:

Prr(k,E)=ny(k)8(E +E;—Vk>+m?>+m)  (3.3)

for the deuteron. The P(k,E) and Pig(k,E) give rather
similar results as discussed in Sec. V.

In the case of the three-nucleon system one has to in-
clude in Eq. (3.1) the states |n) corresponding to the
deuteron with momentum —k and continuum two-
nucleon states with momentum —k. In PWIA these
states, respectively, give the two- and three-body breakup
channels. Microscopic calculations of P (k,E) have been
carried out within a variational approach, in which the
three-nucleon bound state wave function is expanded in a
series of harmonic-oscillator states [19], as well as using
the solution of the Faddeev equation in momentum space
[20]. The results discussed in Sec. V have been obtained
using the spectral function of Ref. [20], corresponding to
the Paris NN interaction [21], as well as with an approxi-
mate P (k,E) described below.

The P(k,E) of *He has been studied by Morita and
Suzuki [22] by the ATMS (amalgamation of the two-body
correlation into the multiple scattering process) method.
In the present work we have used an approximate
method of the type discussed in Ref. [23]. This method
uses the available results of the momentum distribution
of the nucleons [n(k)], *He+n and *H-+p states
[n3,,(k)] and that of the d-d state [ngy (k)] in “He. The
contribution P,(k,E) of the states |n) corresponding to
3H or ’He with momentum —k is directly given by
ny (k)

P(k,E)=n3(k)8(E +E,—E;—k*/2m;),  (3.4)

where E, is the energy of “He and E, is the energy of ‘H
(He) for proton (neutron) P,(k,E). The remaining
Pg(k,E) is defined as

Pr(k,E)=P(k,E)—P,(k,E) (3.5)

and

[ Pr(k,E)VAE =n(k)—ns (k) . (3.6)

The Pg(k,E) provides ~20% of the normalization of
P(k,E), coming mostly from large values of k. It
represents the contribution from the a; in P(k,E) of Eq.
(3.1) annihilating one of a correlated pair of nucleons. If
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FIG. 1. The PWIA cross section for quasielastic scattering of
0.954 GeV electrons by 8° off *He. The full and dashed curves
re obtained with the Hannover [20] and the approximate spec-
-al functions.

we neglect the total momentum of the correlated pair,
then the resulting three-body final state has a nucleon
with momentum —k and a leftover pair of nucleons with
zero total momentum. In this approximation

Pp(k,E)=[n(k)—ns (k)]8(E +E,—k*/2m) , 3.7

assuming that the leftover pair has negligible energy.

The correlations are strongest in the 77=0 S =1 deu-
teronlike states. Hence it is probably more accurate to
approximate the momentum distribution of the correlat-
ed pairs by that of deuterons in “He, than to neglect it
completely. In this case we obtain

Pr(k,E)~c (k) [ dk,ny([k— 1k, ngq(k,)8
ky  (k—k,)?

X |E+E,—E;—
¢ omy, 2m

, (3.8)

and the constant c (k) is determined from Eq. (3.6).

In the present work we have employed the approxima-
tions (3.7) and (3.8) to estimate the “He spectral function
using the deuteron momentum distribution of Ref. [18]
and n (k), ny (k), and n4,(k) resulting from the Monte
Carlo calculations of Ref. [24], with the Argonne
v14 +Urbana VIII interactions.

A test of the validity of the approximations implied in
the calculation of P (k,E) of “He has been made using the
procedure described in Egs. (3.5) and (3.8) to evaluate the
3He spectral function from the 7 (k) and n, (k) [24] in
3He. The quasielastic PWIA cross sections obtained with
the approximate P (k,E) are very close to those with the
spectral function of Ref. [20] as can be seen in Fig. 1 for
the case of incident electron energy €=10.954 GeV and
scattering angle 6=8".

IV. THE CORRELATED GLAUBER APPROXIMATION
FOR FINAL-STATE INTERACTION

The approximation scheme called CGA, employed to
improve upon PWIA for nuclear matter [7], can be better
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understood by rewriting the nuclear tensor of Eq. (2) in
the form

"(0lJ 2e ~HT Al0)

4 _ . dt ie+E
W,W(q,cu)—fTe 0

4.1)

and taking into account quasielastic electron-nucleon
processes only. In the kinematical regime discussed in
the present paper, the inelastic contributions are very
J

4 dt i(w+E
WA =3 o
(@) =1 f 27re

where R={r,,...,r } denotes the set of coordinates
specifying the configuration of the target and ¥, is the
ground-state wave function. The price paid for eliminat-
ing the sum over the final states from the definition of the
nuclear tensor is the introduction of the propagator

U(R,R';t)=(Rl|e H|R") , 4.3)

describing the evolution of the interacting A4-particle sys-
tem from the configuration R’ to the configuration R
during the time interval z.

The PWIA form of the nuclear tensor, given by Eq.
(2.3), can be obtained from Eq. (4.2) by considering

H=H,_,+H,, (4.4)

where H ,_; and H, are the Hamiltonians of the in-
teracting spectator system and of a free nucleon, respec-
tively. With the Hamiltonian (4.4) the propagator
reduces to the factorized form

Upwia(R,R";t)=U 4 _(R,R";t)Uy(xr;13;8) ,  (4.5)

v!here we have taken /=1 for convenience, and
R={r,,...,r }. Using the spectral representations,
~ —iE, 1

Uy (R,R0)=T3 @,(R)P}R")e ) (4.6)
n

where @, are the eigenstates of the (4 —1)-particle sys-

tem with energies E,, and

Uo(rl,r',;t)=fdpe EplePnT) , 4.7
where E, =V p?+m?*—m, Eq. (2.3) can be recovered.
The simplest possible improvement upon PWIA im-
plies the inclusion in Eq. (4.4) of a one-body potential V'
describing the interaction of the struck particle with the
spectator system. This improvement obviously preserves
the factorization property of the A-particle propagator,
however, the U, in Eq. (4.7) must be replaced by

—i(H,+ V)t
D

U,(r,r3;t)={r1;le (4.8)

The evaluation of this U, in general involves a path in-
tegration in the space of the functions r(7) satisfying the
boundary conditions r(0)=r} and r(¢)=r,. For large
momentum transfer, however, one can make the hy-
pothesis, as in the standard Glauber theory of scattering

"[ar dr'e " WE(R)LU (R, R0 ¥R
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small in the low-energy loss region, where FSI effects are
important, and hence it is reasonable to treat them with
PWIA.

Replacing the nuclear current J ; with the sum of the
one-body nucleon currents j L and keeping only the terms
corresponding to incoherent scattering processes, which
are known to be dominant at high momentum transfer,
the matrix elements of Eq. (4.1) can be rewritten in the
coordinate representation as

(4.2)

[11], that the struck nucleon moves along a straight line
with constant velocity v, so that r(7)=r]+vr. As a re-
sult, U, takes the simple eikonal form

U (r,r;8)=Uy(r,r;)U, (ry,1358) (4.9)

with

U, (r,,1}50)= exp[—ifo’dr V(r,4+vr)] . (4.10)

The complex single-particle optical potential ¥ (r;) can
be expressed as a sum of two-body interactions between
the struck particle with momentum ~q and the (4 —1)
particles in the spectator system:

Vir)= 3 w(r—r;).
i=2,4

(4.11)

At the high energies of interest we hope that the NN
interaction w can be directly related to the NN scattering
amplitude f, (k) at laboratory momentum g and momen-
tum transfer k:

. 27T|V| d3k ik-r
w(r)———-q—f Gy ek ker

where g /|v|=V'm?+q?% The imaginary part of w (r) is
dominant at large g; it is obtained from the available [25]
two-parameter fits:

- 49 —B(g)k?
ij(k)"“Z;UNN(q)e B(q)

(4.12)

(4.13)

to the experimental data, and shown in Fig. 2 for two
values of g. The real part of w (7) has little effect on the
inclusive scattering at large g, as discussed in Ref. [7],
and it is neglected here.

In a finite nucleus the ¥V (r}+v7) depends both on the
initial position rj of the struck nucleon and the time 7.
However, the spectral functions P(k,E) are obtained
after spatial integrations, and hence cannot be easily used
with the propagator [(4.9) and (4.10)]. Therefore, we fur-
ther approximate U, (r},r,¢) by averaging over rj in the
V(ri+v7). This gives

Vin= [dRIW(RI*| 3 wir+vr—r)], 414
i=2,A
a(t)=exp [ 'IV(r)d] @.15)
0 ’
U (r,r,)=Uy(ry,ry,ta(e) . (4.16)
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FIG. 2. The imaginary part of w(r) obtained from the two
parameter fits to the NN scattering data at lab momenta of 1.94
and 1.64 GeV/c.

The nuclear tensor obtained with the above U, is given
by the convolution of the PWIA tensor with a folding
function:

Wiqo)= [do'Wi, 1 ,(q,0)F,(0—0), 4.17)
_ © dt iow
F (@)=Re [ “—eia(r) . (4.18)

The V(7) [Eq. (4.14)] for the deuteron can be easily
evaluated from the deuteron wave function, while that
for 3He and *“He is obtained with the Monte Carlo
method, from configurations distributed with probability
|W,(R)|%2. Configurations used in Ref. [24] to study
momentum distributions of nucleons, deuterons, and *H
in *He and “He, with the Argonne model of vy and Ur-
bana Model VIII of Vyyy were used to calculate V(7).
The V(7) in NM has been calculated in Ref. [7] from the
pair distribution functions.

The a(t) calculated for 2H, *He, *“He, and NM at
|q|=1.9 GeV/c are given in Fig. 3. In the finite nuclei

1.0

09:'
Q8i
o 0.7f

osl

0.5}

O'4OIHKI“ |2l |3|‘ 4
fm

FIG. 3. The decay function a(¢) in 2H, *He, *He and NM for
|q|=1.94 GeV/c. The dashed lines show results obtained with
observed w (r) for free nucleons, while the full lines include the
effect of the quenching of FSI due to CT. The dash-dotted line
shows the a(f) obtained from the free space w(r) in NM
without any correlations between nucleons.
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a(t— o) approaches a finite value, while in NM
a(t— )=0. Thus the F, (o) of finite nuclei contain a &
function of strength a(t— o). The [a(t— )] gives
the transparency, i.e., the fraction of struck nucleons that
leaves the nucleus without FSI. The F () are shown in
Figs. 4(a) and 4(b); those for H, 3He, and *“He have the
above-mentioned & function in addition to the F,(0+0).

The validity of the eikonal approximation for the cal-
culation of the one-body propagator has been tested in
Ref. [26], where the full inclusive cross section for “He
has been obtained, within a simplified nonrelativistic
model, using the path integral Monte Carlo method, and
compared to the results using eikonal approximation. It
appears from this comparison that the eikonal approxi-
mation is sufficiently accurate at |q| > 1 GeV/c.

The PWIA cross section is below the data at small o,
in NM (7] as well as in light nuclei, while the cross sec-
tion obtained by folding PWIA results with F (0— ')
[Eq. (4.19)] calculated with the CGA is above the data.
Thus, it appears that the CGA F, (o —w") overestimates
the FSI effects. In Ref. [7] it is shown that the NM re-
sults agree with the data when the NN cross section
[onn(q) in Eq. (4.13)] used for calculating the F,(0—o')

|.50|-“\p~---|v‘..l....
(a)

1.25

1.00

U AR I

]
|

075}

Fy (@) (Gev™)

0.50F

0.25F

LA I I

-
)

0.06 v
0.04

0.02}

Fy (w)(Gev™)

02 04 08 o8 o
w (GeV)

FIG. 4. (a) The folding function F,(®) in *H, *He, *He, and
NM for |w| <0.4 GeV. See the caption of Fig. 3 for notation.
(b) the folding function F,(w) in *H, *He, “He, and NM for
|| >0.2 GeV. See the caption of Fig. 3 for notation.
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FIG. 5. The PWIA cross section for quasielastic scattering of
3.595-GeV electrons by 30° from NM is shown along with the
folded cross sections including FSI effects for |@— '] . =400,
600, and 800 MeV.

is corrected for color transparency (CT) effects [12,13,27].
These effects make the cross section for the scattering of
the struck hadron by the other ( 4 —1) nucleons depend
upon the distance z traveled by the struck hadron. Fol-
lowing Ref. [27] we use

O'(Z)=UNNS(Z) ) (4.19)
2z 9(kz) | 9(ki)

S(z <l,)= ik e o | (4.20)

S(z>1)=1, 4.21)

I,=2E,/AM*, 4.22)

with AM?=0.7 GeV? and (k%)!?=350 MeV. The
effect can be easily included in the CGA by multiplying
the ¥V (7) [Eq. (4.14)] by S(|v|7). The amplitude a (¢) and
the folding function F,(w) obtained after including the
CT effect are shown in Figs. 3 and 4 by full lines. In
these figures we also show the a (#) and F,(w) obtained in
NM after ignoring all correlations in the ground state by
dash-dotted lines. It should be noted that the suppres-
sion of FSI effects by correlation (i.e., the difference be-
tween dash-dotted and dashed curves) is larger than that
by CT.

The integral in Eq. (4.17) has contributions from the
region |0 —w’'| <0.6 GeV in NM as illustrated in Fig. 5.
The cross sections shown in this figure are obtained by
F (o0—w') which are artificially set to zero for

q

|@—@'| > @,y and labeled with w,,,.

V. RESULTS

The calculated (e,e’) cross sections for 2H, 3He, and
*He are compared with the data in Figs. 6-8. The
kinematical conditions correspond to incident electron
energies and scattering angles: €=9.76 GeV, 6=10° for
’H [2], e=10.954 GeV, =8 for *He [3], and £=3.595,
0=30° for “He [4]. The momentum transfers are in the
1.8<|q| $2.1 GeV/c range. The results obtained for

Energy loss w(GeV)

FIG. 6. The experimental and theoretical cross sections for
the scattering of 9.76-GeV electrons by 10° from *H. The dash-
dotted, dashed, and full curves, respectively, show results ob-
tained with PWIA, CGA without and with CT effects. The dot-
ted curve shows PWIA results obtained with the Pyg (&, E).

P R R |

A e b |
1.5 2.0 2.5
energy loss w(GeV)

0.5 1.0

FIG. 7. The experimental and theoretical cross sections for
the scattering of 10.954-GeV electrons by 8 from 3He. The
dash-dotted, dashed, and full curves, respectively, show results
obtained with PWIA, CGA without and with CT effects.
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o0 3
o ]
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FIG. 8. The experimental and theoretical cross sections for
the scattering of 3.595-GeV electrons by 30° from *He. See the
caption of Fig. 7 for notation.
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NM in Ref. [7] for e=3.595 and 6=30° are shown along
with the extrapolated data [5] in Fig. 9 for comparison.
The quasielastic contribution to the PWIA cross section
is calculated using the parametrization of Ref. [28] for
the nucleon form factors. The contribution of the
electron-nucleon inelastic processes is obtained from nu-
cleon structure functions extracted from available
electron-proton and electron-deuteron scattering data in
the resonance and deep inelastic regions [29].

The theory is in very good agreement with the data for
’H and *He. The PWIA results shown by dash-dotted
curves are below the data, while the CGA results without
CT effects, shown by dashed lines, are a little above the
data at low w. Full lines show CGA results with CT
effects. The FSI have little effect on the cross section at
and above the quasi-free peak which is displayed more
clearly in Figs. 10—13 drawn with a linear scale.

The deuteron cross section at X @y has been used in
Refs. [28] and [29] to obtain nucleon form factors and
structure functions. Thus, the agreement between theory
and experiment for deuteron (e,e’) cross sections at
© R g is not surprising. The CGA and CGA + CT re-
sults in Fig. 6 are obtained by the P(k,E) given by Eq.
(3.2), whereas the two PWIA results are obtained by the
P(k,E) and Pggp(k,E) given by Eq. (3.3). The effect of
relativistic correction to the energy of the recoiling nu-
cleon is not very significant. In a deuteron the FSI effects
are rather small, and the cross section at o <w is pri-
marily determined by the momentum distribution n (k).
There is a significant increase in the effect of FSI, on the
cross section at small o, in going from 2H to *He. Thus
the cross sections at & <<wgs of 3He and heavier nuclei
are not primarily determined by their spectral functions.
On the linear scale (Fig. 11) it appears that the quasi-free
peak is observed in *He at a slightly higher energy than
predicted.

In contrast, the agreement between theory and experi-
ment is not that close in “He. At low » the CGA calcula-
tion with CT comes closest to data, but it overestimates
the cross section. At large o the FSI effects are negligi-
ble, and still the “He cross section is underestimated by

(1/8) d% /490w (b /st Gev)
»

o]
T
: .
=
—
>
Lol

U R SRS R
0.5 1.0 1.5 2.0

energy loss w(GeV)

FIG. 9. The experimental and theoretical cross sections for
the scattering of 3.595-GeV electrons by 30° from NM (from
Ref. [7]). See the caption of Fig. 7 for notation.

O. BENHAR AND V. R. PANDHARIPANDE 47

0.10F

o

Q

i
T

d%o /dQdw (Lb/sr GeV)

o

)

N
[

O:‘ ;o N
I 1.5 2

energy loss w (GeV)

FIG. 10. Figure 6 on a linear scale.

~10% as can be clearly seen in Fig. 12. We have also
calculated the cross section for *He at £€=3.595 GeV,
0=25°, which corresponds to a |q| of 1.64 GeV/c at the
quasifree peak. The results are compared with the data
[4] in Figs. 14 and 15, and the differences between theory
and experiment have essentially the same character at
this lower value of |q|.

The most likely cause of the disagreement at » X @ is
the neglect of pair currents in the present work. At lower
values of |q| these give a significant contribution to the
cross section in the dip region between the quasifree and
the A peaks [30]. Even in *He (Fig. 11) a little more cross
section in the dip will improve the agreement with the ex-
perimental data. The theory also appears to underesti-
mate the NM cross section at @ > wg as can be seen in
Fig. 13. However, it is not clear why the disagreement
with the experiment at © > g is much larger in “He than
in *He and NM.

The folding function F,(w—w') takes into account the
FSI of a nucleon with the residual system. For this
reason, only the PWIA quasielastic cross section is folded
with F,. The products of electron-nucleon inelastic
scattering also have FSI, however, these are more difficult
to calculate. The inelastic part of the PWIA cross sec-
tion is rather smooth, and hence it is likely that the FSI

O T 1]

0.4

0.2

4% /dQdw (pb/sr Gev)

L A N R B
0535 | 1.5 2 2.5

energy loss w(GeV)

FIG. 11. Figure 7 on a linear scale.
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FIG. 12. Figure 8 on a linear scale.

do not have a significant effect on it. Nevertheless, we
also calculate the cross section obtained by folding the to-
tal PWIA result with F,. Generally the results of such a
calculation are not significantly different from those
shown. However, in *He at €=3.595 GeV and 6=25°
there is a small perceptible difference at the quasifree
peak, between the two calculations as shown in Fig. 15.

The cross sections shown in Figs. 8, 12, 14, and 15 are
with the Pg(k, E) calculated with Eq. (3.8). In Fig. 16 we
compare the results obtained with Py (k,E) given by Eqgs.
(3.7) and (3.8). The PWIA quasielastic cross sections ob-
tained with these two approximations are rather different
at small w particularly because the contribution of
P (k,E) given by Eq. (3.7) has an artificial threshold.
With completely nonrelativistic kinematics it can be easi-
ly verified that the PWIA cross sections obtained with
approximation (3.7) are zero for w <q*/4m —E,. How-
ever, after folding the quasielastic and including the in-
elastic part, the results obtained with the two Pg(k,E)
are rather similar. The artificial structure introduced by
the approximation (3.7) is smoothed out by the FSI fold-
ing function. Thus the final results do not seem to de-
pend significantly on the treatment of the total momen-
tum of the correlated pair responsible for Pg(k,E).
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FIG. 13. Figure 9 on a linear scale.
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FIG. 14. The experimental and theoretical cross sections for
the scattering of 3.595-GeV electrons by 25° from “He. See the
caption of Fig. 6 for notation.
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FIG. 15. The experimental and theoretical cross sections for
the scattering of 3.595-GeV electrons by 25° from “He. The full
lines show folded quasielastic, PWIA inelastic cross sections,
and their sum. The effects of folding the inelastic cross section
are shown by dashed lines.
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sections for the scattering of 3.595-GeV electrons by 30° from
“He, obtained by Eq. (3.7) and (3.8) are shown by dashed and
full lines.
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The “He cross section at small @ comes mostly from
FSI in this calculation. Thus, disagreements with experi-
ment at small w indicate limitations of the CGA folding
functions F,(w—w’). It appears that at |q|~2 GeV/c
the calculated cross sections are reasonable at
© R wgr—400 MeV, suggesting that the CGA F,(0—o")
is reasonable at |w—w’| $400 MeV [Figs. 4(a) and 4(b)].
In *H and 3He the F(o—w') is very small at
lo—w'| 2400 MeV, and there is good agreement with
data. In NM also there is good agreement with data,
however, the “He F,(o—a') appears to be too large at
lo—w'| 2400 MeV. Note from Fig. 4(b) that in the
present calculation the *He F,(0—o') is larger than that
for NM at |w—w’|>400 MeV. It could be that the
averaging over r}, in Eq. (4.14), which is an extra approx-
imation in the calculations for finite nuclei, is partly re-
sponsible for the problems in “He at small w.

Due to the smallness of the FSI in the deuteron two
significant conclusions can be reached from the present
studies. The first concerns the use of momentum distri-
bution instead of spectral function in the PWIA. This is
equivalent to approximating the P (k,E) in Eq. (2.3) by

P(k,E)=n(k)S(E —Eg) , (5.1)

where Ey is an average removal energy. In the deuteron
Er is ~0 as indicated by the position of the quasifree
peak. The cross section for £€=9.76 GeV, 0=10°, calcu-
lated with this approximation, is much too large at small
o (Fig. 17). It thus appears necessary to use the spectral
function P (k, E) in the PWIA.

In the deuteron the cross section at small w is mostly
from PWIA while in the larger nuclei, including 3He, it
appears that FSI dominate the cross sections at small .
Thus, only in the deuteron inclusive electron scattering
data can be used to study the high-momentum com-
ponents without significant FSI corrections. The cross
sections obtained by artificially setting

P(k>1.33 fm™ LE)=0 (5.2)

are shown in Fig. 17. These are significantly below the
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FIG. 17. The experimental and theoretical cross sections for
the scattering of 9.76-GeV electrons by 10° from *H. The full,
dashed, and dash-dotted lines show results obtained with the
full P(k,E), the P(k >1.33 fm~!,E)=0, and with the n (k).

data, and thus the data confirm the existence of high-
momentum components in the deuteron wave function
and suggest that n,(k) predicted with the Argonne model
of vy is reasonable.
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