PHYSICAL REVIEW C

VOLUME 38, NUMBER 2

AUGUST 1988

Inclusive electron scattering from *H, *He, and *He

S. A. Dytman
University of Pittsburgh, Pittsburgh, Pennsylvania 15260

A. M. Bernstein, K. I. Blomgvist,* T. J. Pavel, and B. P. QuinnT
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

R. Altemus, J. S. McCarthy, G. H. Mechtel, T. S. Ueng, and R. R. Whitney1
University of Virginia, Charlottesville, Virginia 22901
(Received 15 April 1988)

We present new results for inclusive electron scattering in H, *He, and “He in order to test the re-
action mechanism for quasielastic scattering as a function of nuclear density. Radiative corrections
are applied to the cross section data and Rosenbluth separations are made for three-momentum
transfer (q) between 300 and 600 MeV/c. The A and g dependencies of the data are discussed for
the quasielastic peak and the region between the quasielastic peak and the A resonance peak (dip re-
gion). Comparisons are shown between the data and models based on a quasielastic reaction mecha-
nism. The models give a reasonable representation of the peak at ¢ ~ 500 MeV/c, but the longitudi-
nal data for the helium isotopes are significantly suppressed with respect to the quasielastic predic-
tions at ¢ <400 MeV/c. None of the calculations predict the rapid rise with ¢ and 4 in the trans-
verse strength in the dip region seen in the data. A significant breakdown of the quasielastic picture

is seen in the data as A4 increases from 2 to 4.

I. INTRODUCTION

The lightest nuclei have been important testing
grounds for our knowledge of nuclear forces because the
small number of interacting particles affords the oppor-
tunity to obtain theoretical results with the fewest ap-
proximations. Electromagnetic interactions have been
especially well suited to provide data that test detailed
models because the interaction with nuclei is relatively
weak and well known.! For example, deuteron threshold
electrodisintegration data have been important in show-
ing the existence of meson currents in nuclei.? Precise
elastic electron-scattering data for the mirror three-body
nuclei’ (*H and *He) have brought out questions about
the relative roles of meson currents and possible signa-
tures of nucleon substructure. Inelastic processes have
been studied much less frequently.

Theoretical models have long been applied to calculat-
ing the ground-state properties (e.g., binding energies and
electromagnetic moments) of ’H, ’H, and *He. The im-
proved reliability of three-body calculations using Fad-
deev and variational techniques has recently led to a
study of three-body forces* in order to explain the bind-
ing energies of *H and *He. For *He, there is a more
severe problem with underbinding in standard calcula-
tions using two-body forces,> but the calculations are not
as well established as for the three-nucleon system. Tech-
niques for calculating realistic wave functions for four in-
teracting nucleons are being developed by the Urbana-
Argonne group.

Inelastic reactions can expand our knowledge because
more varied phenomena can be examined."® For exam-
ple, it is possible to examine single-particle aspects of the
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wave function more closely. However, all excited states
for these nuclei are unbound, and theoretical calculations
in the continuum are more difficult than for elastic reac-
tions. For inelastic reactions in *H below pion produc-
tion threshold, reliable calculations can be made because
there are only two particles in the final state. However,
difficulties with the handling of final state interactions
(FSI) away from threshold have prevented the full appli-
cation of modern three-body techniques to inelastic reac-
tions in *H and *He thus far. The problems met in calcu-
lations for “He require further approximations.

In recent years, coincidence cross sections for (e,e’p)
with quasielastic kinematics have been published for “H
by Saclay,” and for *He by Saclay® and Nationaal Insti-
tuut voor Kernfysica en Hoge-Energiefysica (NIKHEF),’
in order to measure the proton density in momentum
space and study the reaction mechanism. Calculations
using realistic wave functions that assume a quasielastic
reaction mechanism describe that data reasonably well,
but only when final-state interactions among the outgoing
nucleons are taken into account. The FSI change the re-
sults by roughly 20% for 2H at small recoil momentum. '°

Inclusive cross sections are measured by detecting only
the scattered electron in the final state. All kinematically
possible nuclear final states are summed over, including
one or more nucleon knockout and pion production when
the energy is high enough. Thus general properties of the
nucleus are sampled in contrast to the specific kinematics
sampled by an exclusive measurement such as (e,e’p).
There are a number of reasons for studying (e,e’) reac-
tions. First, the quasielastic picture should be more accu-
rate since the lowest-order reaction mechanisms will nor-
mally contribute most heavily in the (e,e’) data. Distor-
tion effects for the electron are calculable and the data
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can be corrected for these effects. Secondly, only one
particle is detected in the final state, so the measurements
take much less beam time. While only carefully selected
ranges of kinematics have been studied in (e,e’p) experi-
ments, a single (e,e’) experiment can collect data at
numerous beam energies and scattering angles. Thus the
radiative corrections and separation of cross sections into
longitudinal and transverse response functions can be
done for (e,e’) with minimal model dependence. Finally,
since the total inelastic strength is measured, a compar-
ison of results for both (e,e’) and (e,e’p) can help disen-
tangle questions about reaction mechanisms.

For electron beams in the energy range of this experi-
ment, the spectrum of inelastically scattered electrons has
the features shown in Fig. 1. There, we show the inelas-
tic spectrum (the elastic peak and its radiative tail have
been subtracted) for a *He target taken with a beam ener-
gy of 510.2 MeV and the spectrometer set at 60° lab-
scattering angle. The prominant peak in the spectrum
comes about largely through single-nucleon knockout
processes (the peak cross section occurs at energy loss
close to that for an electron recoiling from a free nucleon,
109.1 MeV in this case) and is thus called the quasielastic
peak. At energy losses higher than those considered in
this experiment, a second peak is populated by quasielas-
tic A(1232) production. The region between the peaks is
called the dip.

Inclusive electron-scattering data have been published
for a variety of nuclei in the range of momentum
transfers of 300—600 MeV/c. Rosenbluth separations of
longitudinal and transverse contributions were first ac-
complished in the 1980s for '2C, “*Ca, **Ca, Fe, and U at
Bates!! and Saclay.!'? Attempts to describe the data with
purely quasielastic models met with mixed success. Rela-
tivistic Fermi-gas calculations!> which match cross-
section data at kinematics near the quasielastic peak, typ-

[ T ® Bates data, 5102 MeV
= O Saclay data, 499 9 MeV
%] L
= L
a3
Nt
o) |-
= L
~ -
= 2
- “[

S [
FO +
~

Nb L
- [

0 |
0 100 200 300 400
w (MeV)

FIG. 1. Fully corrected inelastic cross-section data for a *He
target from this experiment (solid circles) at a beam energy (E,)
of 510.2 MeV and a scattering angle (0) of 60°. These are com-
pared with data from the Saclay *He experiment (Ref. 24) (open
squares) at E;=499.9 MeV and the same angle. The shift in
peak position of about 4 MeV can be accounted for by the
difference in beam energy.
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ically overestimate the longitudinal response function and
underestimate the transverse response function. This was
surprising since the region near the peak should be
predominantly populated by quasielastic processes. A
number of explanations have been offered to explain the
suppression of the longitudinal strength in nuclei, includ-
ing final-state interactions, '* relativistic effects, !> and nu-
clear medium modifications of single-nucleon proper-
ties.'® The strength in the dip is largely transverse and
much greater than is expected with a purely quasielastic
reaction mechanism. This strength has usually been at-
tributed to multinucleon mechanisms. Since much more
severe approximations are required to get quantitative
solutions using specific models for medium weight and
heavy nuclei, a study of very light nuclei is expected to
have great value in examining these effects. In particular,
the range of densities is quite large in the nuclei studied
here; many-body effects can be expected to be much more
important in “He than in 2H.

The amount of inclusive (e,e’) data with radiative
corrections published for these light nuclei is nevertheless
small. For “H, unseparated data from Mainz!’ are avail-
able for a beam energy of 298.8 MeV at two angles.
Purely transverse data at energies of 220, 270, and 320
MeV have been published by the University of Mas-
sachusetts. '® For the kinematic region examined in these
experiments, effects involving nucleon degrees of freedom
might be expected to dominate and they can be included
consistently. For example, nucleon-nucleon FSI effects
can be generated with the same potential that is used for
the ground-state wave function. Quite detailed theoreti-
cal calculations by Laget,!” and Leidemann and
Arenhovel® are available. Although the Leidemann and
Arenhovel predictions are in excellent agreement with
the Mainz cross-section data,!” the calculations are
5-10% larger than the University of Massachusetts
transverse data. '8

Single inelastic spectra were published for *He and “He
at 500 MeV incident energy and 60° scattering angle by
McCarthy et al.?! in 1976. No calculations have been
published for the “He data, and quasielastic calcula-
tions?>2* with Faddeev wave functions for the *He data
achieve only qualitative agreement. In particular, the
strength at the quasielastic peak is overestimated by
about 15%.

The data from a recent Saclay experiment published by
Marchand et al.?* for *He agrees well with the McCarthy
et al. data and greatly extends the range of kinematics
studied. The data are presented as longitudinal and
transverse response functions at constant four-
momentum transfer, qi =—-0.1, —0.15, —0.25, and
—0.3 (GeV/c)?%, and have significant overlap with the ki-
nematic region studied in this experiment. Their data are
compared with calculations by Laget.?® These calcula-
tions are the first to include all of the known contributing
reaction mechanisms for *He. Nucleon FSI and meson
exchange current effects are included in a semiempirical
way; pion production is added in a quasielastic formal-
ism. The dip is a complicated combination of all these
effects. The calculations are in good agreement with the
data only in certain situations. For the data at high
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momentum transfer (where higher order effects should be
less important), R; is reproduced well, but the R calcu-
lation is too large at the quasielastic peak and too small
in the threshold region. At lower momentum transfers,
the FSI produce a good description of the threshold data,
but the height of the quasielastic peak (and the summed
strength) is too large in the calculation of both R; and
R ;. In the dip, the data for R; are quite small in magni-
tude and the calculations are inside the error bars. On
the other hand, the calculations for R, underestimate the
magnitude of the data by roughly 30-40 %. This short-
fall in the dip is similar to that obtained for '2C data.!?
Thus the interpretation of inclusive (e,e’) data for very
light nuclei at present displays difficulties similar to those
seen in the heavier nuclei. At least part of the trouble
can be attributed to a lack of comprehensive data for a
variety of nuclei. The purpose of this experiment was to
provide data for a broad range of kinematics and a num-
ber of targets (°H, 3He, and “He). Here we present and
discuss cross section and separated response function
data for all targets for momentum transfers in the range
of about 270-500 MeV/c. We will emphasize the A4
dependence data in the quasielastic peak and dip kine-
matic regions. Although all these nuclei are very light
compared to typical nuclei, the number of interacting nu-
cleons and the nucleon density increase rapidly between
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R, (g,») results from the absorption of longitudinally
polarized virtual photons and R;(q,®) from transverse
polarized virtual photons. A Rosenbluth separation into
R, and R can be made by taking data at the same ¢ and
o, but different E; and 6. In inclusive scattering mea-
surements, all possible final states are summed; thus, the
only kinematic restrictions are that w®<g? in (e,e’) and
that target recoil determines the minimum o for a given
E,, 0, and target. The data sample a triangular region in
the @ vs g plane as shown in Fig. 2. To obtain separated
response functions across the quasielastic peak
(0~ 1q,| 2/2My; My=nucleon mass) for 300
MeV/c <q <500 MeV/c, data were taken at 60° for five
beam energies from 292.8 to 596.8 MeV, and at 134.5° for
six beam energies from 174.3 to 444.2 MeV. As a check,
data were also taken at 90° scattering angle for 223.8 and
287.8 MeV beams.

III. EXPERIMENT

A brief description of our experimental methods will
be given here. The reader is directed to Refs. 26 and 27
for a more complete discussion.

The experiment was done at the Bates Linear Accelera-

’H and *He. A key issue is whether the data display a
corresponding increase in the complexity of the reaction.
The 2H data are discussed further in a separate paper?®
because these data can be compared with more detailed
calculations.

II. KINEMATICS

The cross section for inclusive electron scattering at
beam energy, E,, scattering angle, 6, and scattered ener-
gy, E', is described in terms of the energy loss,
wo=E,—E’, and the three-momentum transfer (ignoring
the mass of the electron)

|q|*=E3+E'*~2EyE'cosf .

The mass of the virtual photon (or four-momentum
transfer) is

g% =—4E,E'sinX(6/2)=0’— | q| .

We will also use the symbol g for the three-vector
momentum transfer. As with elastic electron scattering,
the Born approximation cross section can be written in
terms of the Mott cross section, 0,,, and two response
functions that depend only on g and .
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FIG. 2. Kinematics for this experiment. The locus of points
covered at the various beam energies and scattering angles is
shown in terms of the energy loss (w) and momentum transfer
(q). Forward-angle kinematics (60°) are shown as diamonds
and back-angle kinematics (134.5°) are shown as boxes joined
by solid lines. The solid line cutting across these lines shows the
kinematics for elastic electron-nucleon scattering. The diagonal
line shows the real photon limit, g = w.



tor Center using the ELSSY spectrometer to detect the
scattered electrons. Separate cylindrical gas target cells
were filled with 'H, ?H, *He, and *He to a pressure of
about 100 atm at room temperature, and sealed. Along
with an evacuated cell, all target cells were placed on a
target ladder and cooled to liquid-nitrogen temperatures.
Thus the target geometry and radiator configurations
were the same for all data presented here. Target win-
dows were 0.51 mm thick # 304 stainless steel, except for
the endcaps which were 0.25 mm. Small areas (~6.4
mm diameter) of the endcaps where the main beam passes
through, were electropolated with 0.05 mm copper to im-
prove the thermal conductivity of the material the beam
heats directly. The remainder of the endcaps were coated
with 0.25 mm copper. Two sets of horizontal slits ensure
that none of the electrons scattered in the gas hit the
spectrometer pole faces, and that none of the electrons
scattered in the end caps have a direct path into the spec-
trometer.

The beam was tuned to a circular spot with a diameter
of about 2.4 mm. Data were taken at thirteen different
energies (174-597 MeV) divided among three spectrome-
ter angels (60°, 90°, and 134.5°). At each energy-angle
combination, the inelastic spectrum was scanned by the
spectrometer (6% momentum bites) down to about 80
MeV scattered electron energy. Depending on the beam
energy, from ten to fifteen spectrometer settings were re-
quired. At each setting, data was taken with each of the
four gas targets and with the empty target cell.

There are numerous potential sources of background in
inclusive experiments. In general, the problems are easy
to overcome near the quasielastic peak where the energy
loss is relatively small and the true cross sections are
large. However, in the “dip” region, more energy is
available for background processes and the true cross sec-
tions are smaller. Pions and muons passing through the
spectrometer were vetoed by requiring a signal in an
aerogel Cerenkov detector (n =1.05). Most electrons
from double scattering processes (e.g., hard bremsstrah-
lung in the window followed by scattering in the side of
the target) were measured in the data taken with the
empty target and then subtracted from the raw data. In
the direction along the beam line, it was possible to accu-
rately determine the source of each event. This proved to
be a very effective means of detecting and subtracting any
remaining backgrounds.

IV. DATA ANALYSIS

The thirteen separate spectra for each target gas were
handled in the same way. The energy spectrum at each
spectrometer setting was divided into three double-
differential cross-section bins except in cases where statis-
tics were low and only one bin was used. The blank tar-
get data were scaled and subtracted, channel by channel.
The radiation tail from elastic scattering was calculated
and subtracted from each spectrum.?’ At a number of
beam energies, spectra were also measured with the spec-
trometer set for positive particles. Since the aerogel
Cerenkov detector vetoed all particles heavier than elec-
trons, these spectra contain only pair-produced positrons
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and nontarget-related background. In previous experi-
ments, '"1? these events have been subtracted from the
electron spectra, assuming an equal number of pair-
produced electrons. Pair-production cross sections® are
proportional to Z2+Z and are thus a much smaller con-
tribution in these experiments on light nuclei than has
been the case in most inclusive data. Our calculations us-
ing the formulas in Ref. 29 predict a negligible number of
true pair-production events in our spectra, and so no sub-
traction was made. Unfortunately, these calculations
could not be verified with the positive data. Using ray-
tracing methods, it was established that few of the ac-
cepted events had the characteristics of valid events and
cross sections could not be reliably extracted.

The correction methods for bremsstrahlung processes
followed the work of Mo and Tsai.?® A full account is
given in Refs. 26 and 27. To subtract radiative tails from
an inelastic spectrum, cross sections must be known for
all lower beam energies that can contribute at each value
of w. For these data, cross sections were interpolated to
other beam energies by y-scaling (with phenomenological
modification of y) at the quasielastic peak and by con-
stant recoil mass above the pion production threshold.
All the data for each target, except 'H, were corrected
iteratively at each angle until a stable approximation to
the true cross sections was obtained. Typical corrections
for data at the quasielastic peak were about 30%. An im-
portant check on the calculation of radiative corrections
was available in comparisons with the 'H inelastic spec-
tra. For o less than the minimum energy required for
pion production, the contribution from bremsstrahlung
processes in the elastic channel can be both measured (a
range of ~ 150 MeV) and independently calculated®® be-
cause elastic scattering is the only open channel. These
parameter-free calculations achieved good agreement
with all the hydrogen data (see Refs. 26 and 27 for exam-
ples). (This is also a good verification of proper back-
ground subtraction, because it is highly unlikely that un-
detected background could make up for any deficiencies
in the radiation tail calculations in all thirteen hydrogen
spectra measured.)

The absolute normalization of these data is well estab-
lished. Elastic data for all targets were taken at most
beam energies and are consistently about 6% less than
smooth fits to existing elastic data.?® All cross sections
were multiplied by 1.06 and a 3% systematic error was
folded into each estimated error to account for possible
errors in absolute normalization. ?’

With the resulting double-differential cross sections, a
comparison can be made between this experiment and the
Saclay *He experiment.?* In Fig. 1, we show fully
corrected inelastic energy spectra at 60° from Saclay at
499.9 MeV beam energy and from this experiment at
510.2 MeV. There is a systematic shift in the position of
the quasielastic peak of about 4 MeV, consistent with the
difference in energy loss for elastic electron-nucleon
scattering between the two beam energies. Outside of
this known effect, the agreement of the two sets is very
good.

Figures 3-5 show the cross sections for all targets at
three beam energies (596.8, 465.3, and 292.8 MeV) for the



804 S. A. DYTMAN et al. 38

forward angle (60°). The data points include both ran-
dom and systematic errors. All spectra are dominated by
the quasielastic peak. The peak of the cross section is
symmetric and is centered at values of w close to where
the hydrogen elastic-scattering peak would occur except
for “He at low g; the width of the peak grows with 4,
reflecting the increase in average nucleon momentum in
the nuclear ground state. For *He at low g (e.g., Fig. 5),
the peak is shifted to lower energy loss and is quite asym-
metric. These effects could be due to an enhancement in
these spectra from FSI or excitation of the broad inelastic
states in “He between 20 and 30 MeV excitation energy.
The summed inelastic cross section in the peak at each
energy grows roughly linearly with A at the back angle,
reflecting dominance of the transverse channel and the
incoherent nature of the basic reaction. Although the be-
ginning of the A quasielastic peak can be seen in some of
the spectra, none of the spectra obtained in this experi-
ment show the full A peak. In the dip, the data are large-
ly transverse and grow rapidly with both 4 and ¢g. The
dependence of R in the dip on g and 4 for all three tar-
gets is roughly given by a power law, Ry ~g'*4"7. For
both the g and A4 dependence, the data for heavier nu-
clei'? increase much less rapidly (roughly linearly) than is
seen for these light nuclei. At 444.2 MeV and 134.5°, the
dip cross section is almost as large as at the quasielastic
peak for “He.

The Rosenbluth separations were performed along the
g-o curves corresponding to constant incident energy for
a scattering angle of 134.5° (see Fig. 2). By choosing in-
cident energies where the back-angle data of this experi-
ment were taken, no interpolation of that data was re-
quired. The forward-angle data had to be interpolated to
the values of ¢ and ® corresponding to the back-angle
data. This was done in the same way as for the radiative
corrections. Errors were propagated into the final results
according to Gaussian statistics. Separated response
functions at the kinematics of the back-angle points are
shown in Figs. 6-8 for beam energies of 233.1, 327.7, and
4442 MeV, respectively. Because of propagation of er-
rors in the interpolations required, the response function
data have somewhat larger error bars than the cross-
section data. At the highest energy where separations are
shown (444.2 MeV), we were unable to take the forward-
angle data required to get both R; and Ry because the
necessary beam energy of 800 MeV was unavailable.
However, the 444.2 MeV back-angle data is almost en-
tirely transverse, so R, can be obtained by using a good
estimate of R; to make the required ~4% correction. In
this case, we used the calculation of the Rome group.*°
Where more than one calculation was available, we
verified that the extracted R, values were independent of
the calculation chosen. In all figures, we show the g vari-
able along the top axis of each figure. Tables of all data
points can be obtained from the authors.

V. COMPARISON WITH
A SIMPLE QUASIELASTIC MODEL

The dominance of the spectra by the quasielastic peak
suggests that it would be instructive to compare the data
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FIG. 3. Cross-section data for all three targets are shown for
E;=596.8 MeV and 8=60°. The data are shown in the order of
’H, *He, and *He from top to bottom. Error bars that include
all random and systematic sources are displayed. Calculations
are shown for >H by Arenhdvel (solid), Laget (dashed), and Ciofi
degli Atti et al. (dot-dash). For *He and *He, the solid line
represents the calculation of Ciofi degli Atti et al. Laget’s pre-
diction (*He only) is shown as a dashed line; the simple quasi-
elastic prediction is shown for all three targets as a dotted line.



with a simple quasielastic model.?! An analysis of this

type tests the importance of a single reaction mechanism
(quasielastic nucleon knockout) and gives a common
ground for discussing the large amount of data reported
here. The most quantitative statements will, of course, be
made with regard to more exact models such as those dis-
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FIG. 4. Cross-section data for all three targets are shown for
E;=465.3 MeV and 6=60°. Calculations are represented in
the same way as Fig. 3.
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cussed in the Introduction, but only models with strong
quasielastic assumptions can presently make predictions
for all few-body targets at the same level of approxima-
tion. To carry out inelastic calculations, technical
difficulties in describing the final state require the use of a
simpler reaction model than is the norm in elastic-
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FIG. 5. Cross-section data for all three targets are shown for
E;=292.8 MeV and 6=60°. Calculations are represented in
the same way as Fig. 3.
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scattering models. The assumptions necessary for a ’H
calculation are much better understood than those re-
quired for “He due to the rapid growth in complexity of
the final state with 4.

We will present results obtained from a model based on
the work of Moniz.3! In that paper, expressions are
given for the cross section and the response functions in
terms of integrals over the nucleon momentum distribu-
tion. The electron-nucleus interaction is taken to be an
incoherent sum of the cross sections for scattering from
each of the bound nucleons. The eN form factors are tak-
en to be the same for bound as for free nucleon (fit 8.2 of
Hohler et al.* is used in the calculations shown here)
but the kinematics take into account the Fermi momen-
tum of the struck nucleon. Pauli blocking for the outgo-
ing nucleon is included. The knowledge of g and w, the
virtual photon momentum and energy, and the require-
ment of a single ejected nucleon fixes the initial com-
ponent of the struck nucleon momentum parallel to gq.
This is a lower bound on the magnitude of the initial nu-
cleon momentum on which the virtual photon can be ab-
sorbed,

20M —q?
2q

k.. =

min

In this model, the peak inelastic cross section occurs at
values of ¢ and » for which a nucleon initially at rest in
the nucleus can be ejected. The width of the quasielastic
peak is determined by the nucleon momentum distribu-
tion in the initial nucleus. For events on the low (high) ©
side of the peak, the struck nucleon was moving toward
(away from) the virtual photon.

These models were originally applied to heavier nuclei
with a Fermi gas model for the nucleon momentum dis-
tribution, but that would be grossly inadequate for such
light nuclei. We have, therefore, used realistic momen-
tum densities calculated by Ciofi degli Atti, Pace, and
Salme,** and by the Urbana-Argonne group.® The calcu-
lations are done at an effective energy loss which is small-
er than the actual value by a fixed energy that can be
thought of as accounting for the average binding energy
of the ejected nucleon. Values for this energy shift pa-
rameter were set at the separation energies 2, 5.5, and
19.8 MeV for 2H, *He, and “He, respectively.

In Fig. 9 we show the predictions for *He at 510 MeV
beam energy and 60° scattering angle compared with
K min» the minimum nucleon momentum that can contrib-
ute to the cross section in this model. In the tails, only
very high momentum nucleons can participate in the re-
action, and the single-nucleon contribution to the cross
section is then quite small. More complicated reaction
mechanisms should be found to be important here.

Calculations from this simple quasielastic model, using
the Rome momentum densities, are compared with the
data of this experiment in Figs. 3-5. In Fig. 3, data are
shown for the three targets at 597 MeV beam energy, and
60° scattering angle. At this beam energy and scattering
angle, the cross sections due to the longitudinal and
transverse response functions are about equal. The
momentum transfer is about 540 MeV/c at the quasielas-
tic peak. The peak is seen to shift to higher  and be-
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FIG. 6. Transverse response function data (R7) for this ex-
periment at the kinematics corresponding to the back angle
(134.5°) at E;=444.2 MeV. The data are arranged in the order
’H, *He, and *He from top to bottom. Calculations are shown
for 2H by Arenhdvel (solid), Laget (dashed), and Ciofi degli Atti
et al. (dot-dash). For He and *He, the solid line represents the
calculation of Ciofi degli Atti et al. Laget’s prediction (*He
only) is shown as a dashed line and Hajduk (°*He only) is shown
as a dot-dash line.



come wider as the target atomic weight increases, as pre-
dicted by the model based on our knowledge of nucleon
binding energies and momentum distributions. However,
the calculated width of the peak for *He is too small and
the strength in the dip region for all nuclei in this experi-
ment is'underestimated by an amount that grows with A.
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For *He, the discrepancy in the dip is similar to what is
seen for heavier targets. '

At the energy loss where the cross section peaks, the
sensitivity to different momentum distributions is of in-
terest. The differences are the most significant for “He.
In Fig. 9 we show the simple quasielastic calculation for
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FIG. 7. Longitudinal (R, ) and transverse (R ) response function data for this experiment are shown in (a) and (b), respectively, at
the kinematics corresponding to the backangle (134.5°) at E,=327.7 MeV. Calculations are represented by the same symbols as in

Fig. 6.
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the inelastic cross section at 510.2 MeV beam energy and
60° scattering angle using predictions for the momentum
density by the Urbana-Argonne® and Rome*® groups.
The Urbana-Argonne group gives densities calculated
with two prescriptions for the three-body force that give
noticeably different predictions. There is a difference of

233.1 MeV, 134.5°
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about 10% due to momentum density sensitivity.

The simple quasielastic model (and the more quantita-
tive models, also) is much less successful in reproducing
the data at lower momentum transfers. The data for
292.8 MeV beam energy and 60° have g =280 MeV /c at
the quasielastic peak, which is still somewhat larger than
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FIG. 8. Longitudinal (R, ) and transverse (R 1) response function data for this experiment are shown in (a) and (b), respectively, at
the kinematics corresponding to the backangle (134.5°) at E;=233.1 MeV. Calculations are represented by the same symbols as in
Fig. 6.
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FIG. 9. The cross-section data of this experiment at
E,=510.2 MeV and 6=60° is compared with the results of the
simple quasielastic calculation using the momentum distribu-
tions of the Rome group (solid) and the Urbana-Argonne group
(dashed and dot-dashed) corresponding to the momentum distri-
butions shown. We also show the minimum nucleon momen-
tum (dotted line) that is kinematically allowed to contribute to
the cross section in the simple quasielastic model. The scale for
this curve is at the right side.

the average nucleon momentum for these light nuclei.
Although Pauli blocking effects are not expected to be
important, the outgoing nucleon momentum is low
enough that FSI can be influential. A quasielastic peak is
seen for all three nuclei, but the peak has a significant
asymmetry for *He and the calculations predict a magni-
tude that is too large. In Fig. 5 we compare these data
with the simple quasielastic model predictions and the
disagreement is quite significant. A quantitative descrip-
tion of these data will require a significant alteration of
the single nucleon knockout picture.

VI. COMPARISON WITH REALISTIC MODELS

A number of quantitative calculations are shown in
Figs. 3-8. As discussed in previous sections, the
difficulty in performing an accurate and consistent calcu-
lation increases greatly from 2H to *He to “He. Thus the
H calculations include the most complicated reaction
mechanisms in the most consistent manner. Both Laget
and Arenhovel include FSI and meson exchange current
(MEC) effects, and Laget also includes incoherent real
pion production. For 3He, Laget handles the same effects
as in his 2H calculations, but more approximations are re-
quired. Only the Rome group has provided results for all
three nuclei, but they consider only the quasielastic reac-
tion mechanism. Sauer and collaborators have results for
3He only, again with only the quasielastic reaction mech-
anism. The ?H calculations are included in the figures for
completeness, but are only discussed briefly. A more
complete discussion can be found in Ref. 26.

A. Models for *He and “He

The calculations of Ciofi degli Atti, Pace, and Salme*°
(see Figs. 3-8), and Hajduk and Sauer®® (Figs. 6-8),
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make a direct connection with the single-nucleon spectral
function P(k,E) where k and E are the missing momen-
tum and energy for the A(e,e’N)B reaction. In the
plane-wave impulse approximation (PWIA) picture, these
quantities are the momentum and energy of the struck
nucleon in the original nucleus. The spectral function
must be calculated separately for each possible final state.
For 2H, there is only one possibility (pr), while for the
3He, there are two (ppn and pd) and for *He, there are
five final states (ppnn, p°H, n’He, pnd and dd) that
should be considered. The inclusive (e,e’) cross section is
obtained by integrating over both nucleon momentum
and removal energy

-1

2
d’o 0Py kE)

_do [}
dQO,dE, ok

—r 3 [ dE [k dk
N=1

where the ranges of E and k are determined from ¢ and @
and the allowed nuclear states.*® The two possible final
states for 4 =3 nuclei are treated separately.

The calculations by Laget?® explore the role of higher-
order processes for the *He target in a diagrammatic ap-
proach. Faddeev wave functions® are used for the
ground-state wave function and the two possible final
states are treated separately. Interactions between nu-
cleons in the final state are included in terms of the phase
shifts of the lowest partial waves®® and a quasideuteron
model is used for the meson exchange current contribu-
tions. In Ref. 25, Laget compares his purely quasielastic
prediction with the prediction including FSI and MEC at
gi=—-0.2 (GeV/c)?, (corresponding to |q |~460
MeV/c at the quasielastic peak). There, the additional
effects are seen mostly in the tails of the quasielastic peak.
For both R; and Ry, the response is increased near
threshold, as is expected since the outgoing nucleons are
at low relative momentum where they have strong attrac-
tion. The high w side of the quasielastic peak is enhanced
for R, (presumably, the effect of pion MEC). However,
the effects are quite small at the quasielastic peak, result-
ing in a small enhancement for R, and almost no effect
for R;. Thus the combined effect of FSI and MEC is
generally an enhancement. This produces somewhat
better agreement in the tails, but poorer agreement at the
quasielastic peak. Because of poor agreement with the
Saclay *He data?* at the quasielastic peak, a 1/M? rela-
tivistic correction to the transverse current is added in
Laget’s calculations (a 5-15% effect in R;) shown
here.? Although all the calculations are in close agree-
ment at the quasielastic peak, the reasons appear to be
partly due to a cancellation in Laget’s higher-order
effects.

B. 2H

The influence of higher-order effects should rise with
increasing nuclear density and increasing atomic weight.
From both these criteria, 2H data should be easiest to cal-
culate satisfactorily. Calculations with and without FSI
or MEC differ by ~5% in either Laget’s or Arenhovel’s
results, an amount comparable to or smaller than the er-
ror bars of these data. The calculated values are small in
the dip, at most ~15% of the quasielastic peak height,
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typically much smaller. The agreement of the calcula-
tions with data is quite good, except at the lowest
momentum transfers where the height of the quasielastic
peak for R is underestimated by about two standard de-
viations. At the 5-10 % level, these calculations very ac-
curately represent these >H data. The University of Mas-
sachusetts R, data'® are systematically higher than both
these calculations and the data presented here.

C. *He

For the case of *He, Figs. 3-5 show that the Rome cal-
culations®® are much closer to the data at the higher ener-
gies. For 596.8 MeV, 60° (¢ ~540 MeV/c at the peak),
the calculations are a little low at threshold and about
30% low in the dip, but the region near the peak is accu-
rately described. At a beam energy of 292.8 MeV and 60°
(g ~275 MeV/c at the peak), the quasielastic peak in the
calculation has approximately the same shape as the
data, but it is shifted by about 10 MeV and about 30%
larger in magnitude. Separations at comparable momen-
ta are shown in Figs. 6—8 together with both Rome and
Hannover calculations. At E;=327.7 MeV and a
scattering angle of 134.5° (¢ ~500 MeV/c at the peak),
both R; and Ry are reasonably well described except in
the dip. However, at the lowest g (E;,=233.1 MeV,
0=134.5°, Fig. 8) we see that the problems for *He in the
292.8 MeV cross section are largely in R; . Both calcula-
tions are significantly larger than the data in magnitude
for R; and perhaps slightly smaller for R;. Good agree-
ment in both R; and Ry at ¢ ~500 MeV/c presumably
means the single-nucleon effects are being treated accu-
rately in these calculations. No change in the momentum
distributions could decrease the low g data without des-
troying the agreement at high gq.

Laget’s results for He are shown in Figs. 3, 6, and 7.
These figures contain the highest ¢ data, and the good
agreement among the calculations indicates a minor role
for Laget’s many-body effects at these kinematics. It
would be very interesting to see the role of FSI at the
lower momentum transfers. The experimental transverse
response function rises rapidly with g in the dip. Al-
though Laget’s predictions in the dip are larger than
those in either Rome or Hannover, they do not increase
with g as rapidly as the data.

D. “He

Progress in the three-body problem has been spurred
by the Faddeev equations, which offer the possibility of a
fairly exact wave function. There has been substantial
progress in determining the “He wave function with vari-
ational Monte Carlo methods,> but these methods have
not been applied directly to inelastic processes as yet.
Consequently, only the Rome®® and simple quasielastic
calculations are available for the “He data at this time.

Our data for “He have poorer statistics than for 2H and
3He, but the disagreements between calculations and data
are more pronounced. For the quasielastic peak, the cal-
culations are closest to the data at high g. At low g, both
the shape and magnitude of the calculations are wrong.

Because of the strong quasielastic assumptions of the
Rome model, the predicted shape of the peak changes
slowly with g, but the data have quite different shape in
the 233.1 MeV separations than at the higher energies.
The peak in the data for both R; and R is significantly
wider and there is more strength at low » than what is
predicted.

VII. DISCUSSION AND CONCLUSIONS

We have presented data for the quasielastic peak and
dip region for momentum transfers from about 300
MeV/c to 600 MeV/c for *H, *He, and *He. The total in-
elastic cross section for each nucleus roughly follows the
average elastic electron-nucleon cross section as a func-
tion of beam energy and scattering angle. The peak cross
section in each spectrum comes at a value of energy loss
close to the value corresponding to elastic scattering from
a free nucleon. The peaks widen and shift to higher ener-
gy loss as 4 and g increase. Much of the A dependence
of the shift and width reflects the average nucleon separa-
tion energy and average nucleon momentum of the target
nuclei, respectively, but higher-order reaction mecha-
nisms also populate the tails and affect these quantities.
For quasielastic nucleon knockout and increasing g, the
virtual photon is less likely to be absorbed on a nucleon
with a very small component of momentum along the
direction of g and more likely to be absorbed on a moving
nucleon. A simple quasielastic’! model reproduces these
qualitative features of the data as do the more realistic
quantitative models.

In the dip, the data is primarily transverse and rises
quite rapidly with both 4 and g, roughly by ¢'*4!7.
The initial nucleon momentum required for the quasielas-
tic reaction mechanism to contribute in the dip is quite
large, and all the quasielastic models significantly un-
derestimate the strength. Thus the data suggest that the
contribution to the cross section due to multinucleon pro-
cesses increases rapidly as the number of target nucleons
increases from two to four. This is in contrast to the situ-
ation for nuclei with 4 > 12, where the 4 dependence is
close to linear. Although the most detailed models for
both 2H (Arenhdvel?® and Laget'®) and *He (Laget?®) are
all too small in the dip region, the discrepancies are
larger for *He.

In the range of momentum transfer of this experiment,
the cross sections at threshold are generally larger than
the predictions of the quasielastic models. For *H, a
shoulder is seen in some of the spectra and is generally
predicted by the models that include nucleon-nucleon
FSI. For 3He, only Laget’s calculations include FSI. The
pure quasielastic calculations are often lower than the
data near the inelastic threshold; for the cases where
Laget’s calculations are available, most of the required
strength has been generated.

The accuracy of the calculations at the quasielastic
peak varies greatly with 4 and q. For each nucleus, all
models reproduce the qualitative features of the data at
high g. However, the gap between the calculations and
the data worsens as the momentum transfer decreases;
the worsening is much more noticeable in R; vs Ry and
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for He and “He vs 2H. In general, the calculations
match the 2H data quite well, while the overall strength
for the helium isotopes is significantly overestimated in
the longitudinal response function (R;) at our lowest
momentum transfers (¢ ~350 MeV/c). The transverse
strength of the calculations is in good agreement with the
data for *He and too small for *He. It is clear that
significant modifications to the quasielastic picture of the
models presented here will be required at the low momen-
tum transfers for the helium isotopes, even where the
cross section is at its maximum in each inelastic spec-
trum. The discrepancies in heavier mass nuclei are simi-
lar, giving evidence that the breakdown of the quasielas-
tic model occurs between 4 =2 and 4 =4. Although es-
timates of higher order effects for *He and *He at lower
momentum transfers will ultimately be more reliable than
for heavier nuclei, none are available at this time.
Important pieces of physics are not included properly
in the quasielastic calculations for the helium isotopes.
First, all of the calculations assume a final state com-
posed of only plane-wave knockout states. Thus elastic
scattering is not accounted for and the calculated inelas-
tic Coulomb sum rule*® (the integrated longitudinal in-
elastic strength) is too large at low momentum transfers.
Secondly, multinucleon effects are not handled con-
sistently. The ArenhGvel and Laget calculations for the
’H data show that these effects are small and accurately
treated for that nucleus, as might be expected for such a

diffuse system. With the small increase in 4 to the heli-
um isotopes (but large increase in average density), these
effects should become more important.

Progress is being made in theoretical calculations.
Schiavilla et al.’” have recently studied inelastic reac-
tions in *He, *H, and *He with a variational Monte Carlo
model. They achieve good agreement for the inelastic
Coulomb sum of *He obtained from the Saclay data®*
down to about 210 MeV /¢, implying that the initial state
effects are being handled correctly. Work is in progress
by the same group®’ on calculations for the response
function, examining the role of correlations in the final
state. On the experimental side, we have recently taken
new data®® for 2H, *H, *He, and *He for a broader range
of momentum transfer. With the new data, we will be
able to examine the issues raised in this paper in greater
detail.
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