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Longitudinal, transverse, and longitudinal-transverse structure functions for the H(e, e'p) re-
action have been determined. Measurements of the cross sections were made in-plane in nearly
quasielastic kinematics spanning momentum transfers between 200 and 670 MeV/c and recoil mo-
ments between 0 and 150 MeV/c. In addition, cross sections at momentum transfers above 800
MeV/c were measured at backward scattering angles in aligned kinematics where the response is
predominantly transverse. We compared our data with both relativistic and nonrelativistic models.
Our results are not consistently in agreement with any of the calculations based on these models.
The disagreement between our data and these calculations ranges froxn 0% to 30%%uo, on average
it is about 10'%%uo. Notable discrepancies arise in describing relativistic effects for the longitudinal-
transverse structure function, at a momentum transfer of 400 MeV/c as well as for the transverse
structure function at momentuxn transfer above 800 MeV/c.

PACS number(s): 21.45.+v, 25.10.+s, 25.30.Fj

I. INTRODUCTION

Electron scattering has long proved to be a preferred,
technique to probe nuclear structure. The weakness of
electromagnetic forces permits rapidly converging pertu-
bative calculations of the cross sections. The success of
the technique is exemplified by the great accuracy with
which nuclear charge and magnetization densities have
been determined [1].

In inclusive scattering experiments, only the scattered
electrons are detected. Above the peaks corresponding to
elastic scattering and excitation of the giant resonances,
the energy loss spectrum for intermediate beam ener-
gies exhibits a broad feature called the quasielastic (QE)
peak. It is understood to be due to the incoherent scat-
tering of the electrons from individual moving nucleons
of the target nucleus [2]. If these nucleons emerge from
the nucleus, they can be detected in coincidence with
the scattered electrons. In the work reported here, we
have studied those coincidence events in which a proton
emerges. An advantage of such (e, e'p) exclusive mea-
surements is their selectivity; in contrast to the inclusive
reaction where only an average over processes which can
include many nucleons is sensed, the coincidence mea-

surement allows the initial state of the detected proton
inside the target nucleus to be inferred, as long as it is
further assumed that any struck nucleon exits from the
system without further interaction [the so-called plane
wave impulse approximation (PWIA)]. The dynaxnics of
the electron-nucleon interaction and the properties of the
target nucleus can then be checked within the context of
quasielastic reaction models.

The inclusive (e, e') cross section is the sum (if
Coulomb distortion is ignored) of two response functions,
longitudinal (I,) and transverse (T), which correspond to
the different polarization states of the exchanged virtual
photon [3]. Each harbors specific information about the
reaction, the longitudinal response being related to the
charge and the transverse to the magnetic properties of
the nucleus. In recent years, these response functions
have been determined experimentally for a wide variety
of nuclei, from H to 2s U [4—23]. Except for the lightest
nuclei, H, H, and sHe [14—18] and for the recent data
on Ca from Yates et al. [23] which are in disagreement
with the data from Saclay [11—13], a noticeable reduc-
tion of the longitudinal response function relative to the
transverse has been observed [24] in the vicinity of the
quasielastic peak. The reduction varies from 35% in He
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[20] to 60% in Pb [19]. In PWIA calculations, such
reductions are absent: The observed transverse response
at the QE peak is fairly well reproduced, but the longitu-
dinal response is generally overestimated. These effects
are not well understood.

The PWIA calculations have been refined by incorpo-
rating both short and long range nucleon-nucleon corre-
lations [25,26] and relativistic nuclear dynamics [30—34].
These effects tend to succeed in reducing the longitudinal
response function relative to the transverse [24]. Modi-
fications of the nucleon properties in the nucleus, which
change the basic electron-bound nucleon coupling [30—
34], have also been considered as a way to explain the
reduced longitudinal response.

When trying to unravel the various mechanisms in-
volved in the (e, e'p) reaction, much can be learned &om
a structure function decomposition of the cross sections,
paralleling experience with the inclusive reaction where
Rosenbluth separations revealed unsuspected behavior of
the longitudinal and the transverse responses. For exam-
ple, it would seem straightforward, in the context of the
PWIA, to verify whether bound nucleons exhibit mag-
netic and elastic form factors different &om those of free
nucleons. One would simply fix the (e, e'p) kinematics to
maintain nuclear effects constant and measure the mo-
mentum transfer dependence of the structure functions,
as in the standard procedure used in measurements of
the free nucleon electric and magnetic form factors.

In kinematics for which the proton is ejected from the
nucleus in the direction of the exchanged photon (aligned
kinematics), the exclusive (e, e p) cross section is the
sum of longitudinal and transverse structure functions,
as in the inclusive case. The separation of these struc-
ture functions has been achieved for H, Li, and C at
NIKHEF [35—38], for i2C at Bates [39] and for OCa and
He [40—43] at Saclay. For Ca, the longitudinal and

the transverse structure functions revealed a Q2 depen-
dence compatible with that of the free proton. However,
even after model-dependent corrections for rescattering
of the ejected proton by the residual nucleus which affect
the two structure functions differently, the longitudinal
response was still reduced relative to the transverse by
about 30%. This result is consistent with the inclusive
results on this nucleus [13]. To better understand and
to complement these results, we decided to replicate the
experiment on 4He which, with its relatively large den-
sity and binding energy, resembles heavier nuclei. The
structure functions for the 4He(e, e'p) H reaction were
separated in aligned and nearly QE kinematics [42,43].
A 35% suppression of the longitudinal structure func-
tion (normalized to that of the &ee proton) relative to
the (normalized) transverse was observed, similar to the
case of 4oCa. This suppression was reduced to 20% after
model-dependent corrections for final state interactions
were applied.

In view of the unexplained inequality of the normal-
ized (e, e'p) structure functions on 4oCa and 4He, we may
question our fundamental understanding of the (e, e'p)
reaction: (1) How well known are the ground state nu-
clear wave functions? (2) Can we accurately describe the
effects of rescattering, charge exchange, meson exchange,

II. FORMALISM

The simplest description of the (e, e'p) reaction em-

ploys the plane wave impulse approximation (PWIA)
[47]. This approximation assumes that the electron cou-
ples to only one proton of the target nucleus and that
this proton is ejected from the nucleus without further
interacting.

In the PWIA, the (e, e'p) cross section can be factored
into two terms: one representing the elementary electron-
bound. proton cross section a

~ „~ and the other the prob-
ability density S(p, E ) for finding a proton of momen-
tum p = ~p~ and missing energy (or separation energy)
E within the nucleus [48]:

d40-

de'dB dP'dOp
= (r( „)S(p,E ).

The kinematics of the (e, e'p) reaction is defined as fol-
lows: e = (e, e) and e' = (e', e') denote the four-momenta
of the incident and scattered electrons in the limit m
e, e'. P' = (E~,p') is the four-momentum of the ejected
proton and P„= (E„,p, ) is the four-momentum of the
recoiling residual nucleus. In the PWIA, the initial mo-
mentum p of the ejected proton in the target nucleus is
equal and opposite to p„: p = —p, p„ is therefore a key

and isobaric excitations? (3) Do we need to revise the
impulse approximation description of the reaction? (4)
Ought we to use &ee form factors for the bound pro-
tons? (5) How should we account for relativistic effects?
A straightforward way to investigate these questions at
the most fundamental nuclear level is to make similar
measurements on H and He.

H and He have average densities and binding energies
several times smaller than He. Their wave functions can
be precisely computed even in the final continuum state,
in contrast to 4He. Experimentally, no significant differ-
ences between the longitudinal and transverse response
functions have been observed for the inclusive reaction
on H and He, suggesting that these reactions are more
prototypically quasielastic.

In the simplest case, deuterium, calculational uncer-
tainties ought to be minimal: (1) The nonrelativistic
wave function can be computed precisely &om realistic
nucleon-nucleon potentials; (2) the proton in deuterium
is weakly bound (E&=2.2 MeV), implying a minimal am-
biguity in the off-shell nature of the electron-nucleon cou-
pling; and (3) reaction mechanism effects supplementary
to the PWIA can be accounted for with relatively good
accuracy.

At Saclay, we have completed (e, e'p) experiments on
both 2H and sHe [44—46]. This paper concerns our re-
sults on deuterium. Its outline is as follows: In Sec.
II, the formalism necessary to describe the reaction is
given. In Sec. III, the experimental apparatus, the sys-
tematic errors, and the kinematics of the measurements
are discussed. In Sec. IV, our results are presented and
compared to theoretical models and to other 2H(e, e'p)
experiments. Conclusions are stated in Sec. V.
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parameter of (e, e'p) reactions, for it is measurable, and
it reBects the initial momentum of the struck nucleon.
Q = (u, q) is the momentum transfer four-vector, and
Q = q2 —u2 gives its magnitude.E, the missing energy, is defined as

E = Mp+ M„* —M~, (2)

where M„, M„', and M~ are the proton, residual nucleus
(possibly excited, indicated by the asterisk), and target
nucleus masses, respectively. For the ~H(e, e'p)n reac-
tion, M„ is the neutron mass and E =2.2 MeV.

S(p, E ) is directly related to the nuclear wave func-
tion. In the PWIA, it contains all the nuclear structure
information that can be extracted from (e, e'p) cross sec-
tions. As already implied, the knockout of an individ-
ual nucleon which exits the nucleus unimpeded is only
an approximation; in reality, more complicated reaction
mechanisms are involved. To take these into account,
the factorization of Eq. (1) is abandoned and the (e, e'p)
reaction is considered in the more general framework of
the Born approximation (BA) where the only assump-
tion made is that energy and momentum are transferred
&om the electron to the nucleus by the exchange of a
single virtual photon. In particular, nothing is assumed
about the structure of the electromagnetic nuclear cur-
rent, whereas in the PWIA this current is a sum of plane
waves.

In the BA, the (e, e'p) cross section can be decom-
posed in terms related to the polarization states of the
exchanged photon. The expression for the cross section
can be written [49]

d4cr

de'dO, t dp'dO&1

terms [in (Zo.)2] which represent the distortion of the
electron wave function in the Coulomb 6eld of the tar-
get nucleus [50,51]. For light nuclei (Z &2), these terms
amount to about 2%%uo of the BA cross section. However,
the present cross sections were corrected for Coulomb
distortion during the data analysis.

In aligned kinematics, where q and p' are parallel
(8„~ = 0), the interference structure functions O.T I, and

azT vanish. The (e, e'p) cross section then reduces to
two structure function terms which can be separated us-
ing the Rosenbluth method [52] by measuring two cross
sections at constant q, ur, and ~p'~: one at a high inci-
dent energy and a forward electron scattering angle where

0.5—0.8, the other at a lower energy and a backward
angle where e 0.1—0.2. In the general case (8„~ g 0),
the four structure functions can be determined with in-
dependent measurements of the cross sections at difFer-
ent values of P and e, again maintaining q, ur, p', and
8„~~ constant: This necessitates out-of-plane (P g O, n)
proton detection. However, the oT L, interference struc-
ture function can be extracted by in-plane measurements
alone (P = 0, m). cr2 7 can be determined only by out-of-
plane measurements [53], but since for small values of 8~ ~
its contribution is small, its effect on the determination
of the other structure functions can be approximated us-
ing a simple PWIA model. The three structure functions
o.T, o.L„and O.T L, can then be separated with two forward
angle measurements, at P = 0 and at P = vr, and a single
backward angle measurement.

If we apply the BA to the elementary electron-bound
proton cross section, we can expand u(, „) in terms re-
lated to the polarization states of the exchanged photon,
just as for the (e, e'p) cross section, giving rise to four ele-
mentary structure functions 0~, } (a = L, T, TL, TT).
Then, having determined the nuclear structure functions
0 and using a model for o'(, „), we may de6ne four ex-
perimental spectrnl functions by the ratios

The subscripts L and T refer to the longitudinal (along q)
and the transverse (orthogonal to q) polarization states
of the photon. In Eq. (3), the cr, n = L, T, TL, TT
are the (e, e'p) structure functions; they depend only on
q = ]q~, u, ~p'], and 8„v, the angle between p' and q.
0.T L, and crz g arise &om the interference of the longitudi-
nal and the transverse components of the nuclear current
operator. P is the angle between the electron scattering
plane and the plane de6ned by p' and p„. The longitu-
dinal polarization of the virtual photon is given by

n e']qf 1
2n.2 e Q2 1 —e (5)

Formula (3) is valid only when Zo. « 1, Z being the
charge number of the target nucleus and a the 6ne struc-
ture constant. It does not take into account second order

q' (8, l1+ 2 tan k2)
e lies between 0 and 1. The fiux of virtual photons in the
laboratory kame is given by

gexpt

(e-p)
(6)

In the PWIA, the 0 factorize and all the spectral
functions are the same:

SL, ——ST'," —— ——S(&,E ).
The PWIA does not provide the most accurate descrip-

tion of (e, e'p) reactions. One has to take into account
the fact that the proton is not &ee in the initial state and
that multibody contributions in the electromagnetic nu-
clear current operator such as meson exchange currents
(MEC's) may not be negligible. Moreover, final state
interactions such as charge exchange and nucleon rescat-
tering after the absorption of the virtual photon may be
important [54]. The structure functions embed differ-
ent components of the electromagnetic nuclear currents
and have different sensitivities to various (e, e'p) reaction
mechanisms. They then depend on E, p„, q, and u in
a nonfactorizable way. The result is that they may in-
duce a q and u dependence onto the S "~ and break the
equality between the S'" that occurs in the PWIA [Eq.
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The goal of the present 2H(e, e'p) experiment has been
to study the possible dependence of the S "I' on p„, q,
and u near the QE peak in a kinematical range as wide as
possible. To compute these experimental spectral func-
tions from the (e, e'p) structure functions, we have chosen
the cc1 prescription of de Forest for 0~, p) because it is
gauge invariant and uses relativistic kinematics [55]. In
this model of the electron-bound proton cross section,
the free proton form factors are used.

III. SACLAY H(e, e'p) EXPERIMENT

A. Experimental setup

This experiment was performed at the linear acceler-
ator of Saclay (A.L.S.), in the HE1 end station. The
A.L.S. provided electron beams of energy between 100
and 720 MeV, with a duty cycle of 0.5% above 400 MeV
and 2% below 400 MeV.

The HE1 end station is equipped with two high res-
olution magnetic dipole spectrometers, the 600 and the
900, the names referring to the maximum momentum in
MeV/c which they can accept. The properties of these
spectrometers and other information about HE1 are de-
scribed in other references [56—59] and will not be de-
tailed here.

We used a liquid deuterium target, similar to one de-
scribed in [60]. This target is cooled, through a heat
exchanger by a primary circuit of liquid hydrogen at 20
K. The deuterium target proper consists of a cylinder of
35 mm high and 15 mm in diameter and forms part of
the secondary cryogenic circuit.

This target features thin walls (0.02 mm thick stain-
less steel) and high stability. The wall thickness in ra-
diation lengths, 1.14 x 10, was equivalent to that of
the half transversal (radius) of the liquid deuterium tar-
get. Only 10% of the total proton energy loss occurred
in traversing the wall. Luminosities between 5 x 10 and
5 x 10 cm s could be tolerated without incurring
excessive radiative corrections (see below) to the exper-
imental counting rates. The variations of target density
from beam heating were less than 0.3%/pA, due to the
relatively good thermal conductivity of the liquid deu-
terium and the quality of the target heat exchanger. We
could then take data with average beam currents as high
as 12 pA.

Crucial to this experiment was the accuracy with which
we could determine the recoil momentum p„. Because of
the steep slope of the spectral function, the H(e, e'p)
cross section depends strongly on p„as

elastic scattering events are characterized by E = 0 and
p„= 0 and were used to calibrate the reconstruction of
p„. They were within the experimental acceptance when
the detection system was tuned on low recoil momentum
deuterium kinematics. Since E =2.2 MeV for H(e, e'p),
we could distinguish the two reactions experimentally in
a missing energy spectrum (see Fig. 1) by parametrizing
the left side of the two-body breakup (in the following
designated as 2BBU) peak with a Gaussian curve and
subtracting it from the experimental histogram; the dif-
ference was attributed to iH(e, e'p) events. Once these
events were selected, the associated energy losses of the
particles in the deuterium and the target and spectrom-
eter windows were calculated to obtain the vertex ener-
gies. The recoil momentum hp„of the H(e, e'p) events,
reconstructed using the vertex momenta in the equation

bp„= e —e —p
I I

then gives a measure of the accuracy in p, achievable in
the kinematics reconstruction.

In our experiment, outgoing proton momenta ranged
from 300 to 800 MeV/c. At p'=300 MeV/c, the protons
lost approximately 10 MeV/c in traversing half of the
deuterium target (7.5 mm). In order to accurately correct
for the energy losses in the target material, we controlled
the beam position at the target with a beam monitoring
system consisting of two beam position monitors, one
10 cm and the other 8 m downstream from the target
center. A feedback loop &om the monitor nearest the
target ensured that the beam always passed through its
center. Information on the centroid of the beam &om
the more downstream (beam profile) monitor [61] allowed
us to determine the beam direction and position at the
target. Knowledge of the incident beam direction was
also important in enabling us to reconstruct p„. An error
b0 in the direction of the incident beam induces an error
8p„= eb8 on the recoil momentum [Eq. (9)]. A 1 cm
shift of the 700 MeV beam observed on the beam profile
monitor corresponded to a transverse shift of the beam
at the target center of 0.13 mm (thus negligible in terms
of energy loss) and to an error in the recoil momentum
of 0.8 MeV/c. During the experiment, we readjusted
the beam steering whenever it deviated by more than 0.5
cm on the beam monitor.

H(e, e'p)

= 2 —4%/(MeV/c),
+(e,e'p) p~

the precise value depending on the magnitude of the re-
coil momentum. In order to accurately reconstruct p„
from the measured variables, we were led to add a small
amount of hydrogen, around 0.5% (in mass), to the liquid
deuterium; we could then monitor in situ the kinematical
variables through the H(e, e'p) reaction. The hydrogen

1
H(e, e'

I

2.2 E (MeV)

FIG. 1. Typical missing energy spectrum of our H(e, e'p)
experiment.
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B. Data analysis

Accidental events were subtracted &om beneath the
peak of (e, e'p) events by histogramming the time dif-
ference of all proton-electron coincidence events. This
histogram, after corrections for electron-proton time of
Hight differences, consisted of the peak of time-correlated
events, 1.5 ns in width [full width at half maximum
(FWHM)], and a constant background of uncorrelated
events [43]. The accidental contribution to the coin-
cidence peak was determined &om this constant back-
ground on both sides of the coincidence peak, and could
be easily subtracted to obtain the true event rate.

The counting rates were corrected for electronics dead
time and ineKciencies. The associated losses were less
than 25'%%up of the counting rate and were determined with
fast scalers at different points in the electronics to an
absolute accuracy of 1%. We corrected for the beam-
induced variations of the target density by using the pro-
ton trigger rate in the 900 spectrometer as a monitor.
This was feasible by the very low level of background
in this trigger; every trigger signal in the 900 originated
&om the target. Thus, the 900 trigger rate, normalized
to the average beam current, was proportional to the real
density. The target density variations with the beam cur-
rent were less than 0.3%/pA. Once corrected, they con-
tribute negligible systematic error on the determination
of the (e, e'p) cross sections [61].

As in every electron scattering experiment, radiative
corrections had to be taken into account. These cor-
rections are of two kinds. They may come fnst &om
bremsstrahlung and multiple scattering in the target liq-
uid, in the windows of the spectrometers, and the walls
of the cryotarget (external corrections). These correc-
tions depend on the target thickness and induce energy
losses which modify the kinematics of the vertex. They
may as well originate &om the renormalization of quan-
tum electrodynamics vertices and propagators or &om
the emission of real photons by the incident (the out-
going) electron in the electromagnetic field of the target
nucleus (internal corrections, which do not depend on the
target thickness). The former processes cause no change
in the kinematics at the vertex whereas the second do.
All these processes have two effects on the experimental
data: They diminish the counting rate and they create a
tail in the missing energy spectrum of the (e, e'p) events
(see in Fig. 1 the radiative tail on the right of the 2BBU
peak). We have adapted the (e, e') formulas of [62] to the
case of (e, e'p) reactions [59]. The radiative corrections
amount to around 30% for our chosen integration inter-
val of the counting rates of 4 MeV in missing energy on
the right of the 2BBU peak.

C. Accuracy of the experiment

The statistical precision of our cross-section data was
better than 1% (except for the p„=150 MeV/c points,
whose statistical precision was 2'%%up or 3%%up). Data acquisi-
tion times were between a few minutes and 24 h.

The main systematic uncertainties of our measure-

ments came from the beam charge, the detector (spec-
trometer) acceptance, the deuterium target thickness,
the intrinsic detector eKciencies, and, as discussed in Sec.
III A, the accuracy in determining p„, the recoil momen-
tum. The absolute uncertainty in the beam energy had
been measured previously to be approximately 200 keV
[63] and could be neglected.

We distinguish differential from normalization errors:
Differential errors inHuenced the forward and the back-
ward measurements differently and affected the coinci-
dence cross-section ratio a Fw, /o Bw, . Normalization(e,e'p) (e,e'p) '

errors jnQuenced the measurements of g, and 0(e,e'p) (e,e'p)
proportionally. They led to an absolute normalization er-
ror in the experimental cross sections.

The differential errors reflected instabilities in the
beam charge measurement, in the detector efBciencies,
and in the target density. It also included the uncertain-
ties in the recoil momentum. The errors in the absolute
detector efBciencies and the absolute value of the target
density affected cr(, ,ip) proportionally at all angles and
energies and contribute to the error in the overall nor-
malization of the cross sections.

Three independevt devices were used to measure the
beam charge; two were nonintercepting ferrite torroids
upstream of the target. The third was a downstream
beam stopping Faraday cup, located in a shielded area
behind HE1. A systematic and constant difference of
0.5% was observed between the beam charge measured
by the torroids and that measured with the Faraday cup.
This contributed a normalization error of 0.5%, but no
differential error to the cross sections.

With the method described in Sec. IIIA, the uncer-
tainties in recoil momenta were found to be 0.5 MeV/c.
This led to a 1'%%up uncertainty in the cross section at low
recoil inomenta (( 50 MeV/c) and a 2%%up uncertainty at
higher recoil momenta.

During the experiment, particle detection occurred
over the full extent of the focal planes of both spec-
trometers, and the coincidence events extended over a
phase volume formed by the vector momenta of the coin-
cidence electrons and protons. This phase volume, oth-
erwise called the experimental acceptance, corresponded
to an interval in recoil momentum of between 50 and
100 MeV/c. In this interval, the (e, e'p) cross section
varies nonlinearly over an order of magnitude [Eq. (8)].
Moreover, the solid angles de6ned by the spectrometer
geometry depended on the position of the (e, e'p) reac-
tion vertex along the beam axis [61,64]. This dependence
also had to be taken into account. These two finite ge-
ometry complications led us to use a Monte Carlo cal-
culation to extract the (e, e'p) cross sections from the
raw data [61,64]. This calculation integrated a deuteron
spectral function based on experimental data from [60,65]
over the experimental acceptance of the 600 and the
900 spectrometers and over the target dimensions. It
took account of particle energy losses. These calcula-
tions were calibrated, together with the target thick-
ness and the detection eKciencies, in both spectrome-
ters with the measurements of elastic electron-proton and
electron-deuteron cross sections. Comparing the results
of the Monte Carlo program for these elastic reactions
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(which incorporated the electromagnetic proton [66] and
deuteron [63] form factors, established to l%%uo) with our
measured counting rates, we found agreement on the av-
erage to within 0.5%%uo, for both spectrometers, with vari-
ations of l%%uo (statistic plus systematic) about this value.
The combined contribution of the uncertainties due to
the experimental acceptance, the target density, the ef-
6ciencies of the 600 and the 900 spectrometers, and the
beam charge measurement to the differential and nor
malization errors came to l%%uo and 0.5'%%uo, respectively. A
further check on the consistency of our analysis was pro-
vided by the variation of the counting rates across the
experimental phase space, which was accurately repro-
duced.

After the deuterium runs were over, we measured
(e, e'p) cross sections on hydrogen with a target full of
liquid hydrogen. In this case, the electron-proton coin-
cidences came &om the elastic scattering of electrons by
&ee protons, and the counting rates had to yield the elas-
tic electron-proton cross section. Because of the complete
correlation between the electron and the proton scatter-
ing angles, the coincidence solid angle was given by the
electron solid angle conditioned by the presence of a pro-
ton in the 900 spectrometer. To properly compute this
solid angle, we ran the same Monte Carlo simulation used
to extract the 2H(e, e'p) cross sections. This allowed us
to take into account the eKect of Coulomb multiple scat-
tering (CMS) on the coincidence counting rates. CMS
has a strong efFect on the H(e, e'p) scattering since, as
the scattering angles are completely correlated, CMS can
only destroy this correlation and cause a loss of true
events. The influence of CMS on the H(e, e'p) scat-
tering is less important. In fact, the momentum distri-
bution of the proton inside the nucleus induces a pro-
ton angular distribution of 6nite width around the direc-
tion of the exchanged photon. This distribution is only
slightly deformed by CMS, in contrast to the iH(e, e'p)
case. The hydrogen reaction is therefore more sensitive
to CMS than the deuterium one [61].

We found a discrepancy between the experimental
iH(e, e'p) counting rates and those coinputed by the
Monte Carlo program of 3'%%uo at forward angles and 4%
at backward angles. This 1% difFerence was included in
calculating the differential error. Considering the larger
sensitivity of H(e, e'p) to CMS relative to H(e, e'p), we

decided that instead of applying a renormalization fac-

tor to our measured 2H(e, e'p) cross sections, we enlarged
our normalization error bars of 3'%%uo on both o", and

0~, , ~, that is to say, on the separated structure func-
tions.

The total differential error on the experimental cross
section then became 2.0% for small recoil momentum
kinematics and 2.6'%%uo for recoil momentum above 50
Me V/c.

The total normalization error on the structure func-
tions was the quadratic sum comprising a 3'%%uo uncertainty
due to the results of the H(e, e'p) measurements, a 0.5%
uncertainty on the beam charge measurement, detection
efficiencies, etc. (see above), and the differential error
listed above, amplified in the separation procedure.

The overall error on the separated spectral functions
varied between 3% and 6% for ST"~ and between 4% and
11%%uo for S&"~', and reflected the amplification factor cited
above.

D. Kinernaties
The aim of the experiment was to test our understand-

ing of the (e, e'p) reaction in the QE region by sepa-
rating the longitudinal, transverse, and TI interference
structure functions of the 2H(e, e'p) cross section. The
"QE region" means that the energy transferred to the
nucleus was near the peak of the inclusive reaction, viz. ,
~ = uqE = Q /2M„. Our kinematics encompassed as
wide a range of momentum transfer and recoil momenta
as possible with our experimental setup and were chosen
to investigate the following features of the reaction: the q
dependence of 01, and OT at p„=20 and 100 MeV/c, the
p„dependences of oL„crT, and oTL, at q=400 MeV/c,
and the p„dependence of OT at high (&0.8 GeV/c) mo-
mentum transfer.

The q dependence measurements were made in aligned
kinematics (0~ ~=0). oL, and crl and hence S&" ' and
ST"~ were studied for 200 MeV/c ( q ( 670 MeV/c.
Also measured were SL" and ST"~ at q = 6M MeV/c
and p„= 150 MeV/c; no q dependence could be measured
at this relatively high value of the recoil momentum. For
p, = 100 MeV/c, the cross sections were measured in
both parallel (where ~ ( uqE) and antiparallel (where
~ & cuclE) kinematics. One expects greater contributions
from mesonic and isobar eHects in the latter case than
in the former. Tables I—IV describe these kinematics in
detail.

TABLE I. Parallel kinematics at p„= 20 MeV/e.

Kinematics

1
2

3
4
5
6
7
8
9
10

(MeV)
529.7
186.2
669.7
259.7
669.7
338.6
669.7
422.7
669.7
484.5

(MeV)
486.4
142.9
593.2
183.2
551.6
220.5
502.5
255.5
464.1
278.9

g r

(deg)
34.00
131.02
36.29
128.33
47.12
125.46
59.56
122.47
69.77
120.32

p'

(MeV/c)
280
280
380
380
480
480
580
580
650
650

g„r
(deg)
65.06
21.06
61.39
21.06
53.94
21.06
46.22
21.06
40.54
21.06

(MeV/c)

300
400
400
500

600
600
670
670

(MeV)
43.3
43.3
76.5
76.5
118.1
118.1
167.2
167.2
205.6
205.6
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TABLE II. Parallel kinematics at y = 100 MeV/c.

Kinematics

11
12
13
14
15
16
17
18

e
(MeV)
669.7
246.2
669.7
320.7
669.7
400.5
669.7
459.4

(MeV)
615.4
191.9
580.5
231.5
537.3
268.1
522.6
292.3

g, i

(deg)
36.00
131.49
46.47
129.08
58.39
126.47
65.42
124.56

(MeV/c)
300

400
400
500
500
570
570

g„(
(deg)
64.60
21.06
57.33
21.06
49.70
21.06
45.18
21.Q6

(MeV/c)
400

500
500
6QO

600
670
670

(MeV)
54.3
54.3
89.2
89.2
132.4
132.4
167.2
167.2

TABLE III. Parallel kinematics st p„= 150 MeV/c.

Kinematics

19
20

(MeV)
689.7
431.1

e'

(MeV)
550.7
292.1

8,
(«g)
62.02
126.91

p'
(MeV/c)

500
500

g„i
(deg)
48.43
21.06

(MeV/c)
650
650

(MeV)
139.0
139.0

TABLE IV. Antiparsllel kinematics st y„= 100 MeV/c.

Kinematics

21
22
23
24
25
26
27
28

e
(MeV)
356.7
140.0
535.7
215.0
669.7
295.7
669.7
381.7

e'

(MeV)
302.4
85.7

446.5
125.8
537.3
163.3
486.7
198.7

g, i

(deg)
34.08
122.99
34.06
121.05
36.68
118.35
48.10
115.30

p'

(MeV/c)
300
300
400
400
500
500
600
600

g i

(«g)
57.91
21.06
56.45
21.06
53.35
21.06
46.43
21.06

(MeV/c)

200
300
300
400
400
500
500

(MeV)
54.3
54.3
89.2
89.2
132.4
132.4
183.0
183.0

TABLE V. Orthogonal kinematics at q = 400 MeV/c.

Kinematics

29
30
31
32
33
34
35
36
37

e
(MeV)
669.7
669.7
259.1
669.7
669.7
262.7
669.7
669.7
268.8

e'

(MeV)
583.2
583.2
172.6
575.6
575.6
168.6
562.9
562.9
162.1

g, i

(deg)
36.41
36.41
134.87
36.49
36.49
134.87
36.59
36.59
134.87

p'

(MeV/c)
403.1
403.1
403.1
412.3
412.3
412.3
427.2
427.2
427.2

g„i
(deg)
52.82
67.07
24.93
44.S1
72.88
31.42
36.47
77.58
37.24

(MeV)
86.5
86.5
86.5
94.1
94.1
94.1
106.8
106.8
106.8

pr
(MeV/c)

50
50
50
100
100
100
150
150
150

(deg) (rad)
7 125 0
7.125 vr

7.125 vr

14.04 0
14.04 x
14.04 7r

20.56 0
20.56 7r

20.56 vr

TABLE VI. "High q" parallel kinematics.

Kinematics

38
39
40
41
42

e
(MeV)
628.7
616.2
597.8
687.5
582.4

(MeV)
328.3
334.0
342.8
372.2
350.8

g I

(deg)
115.46
117.41
120.14
117.35
122.31

p'
(MeV/c)

805
775
725
820
675

g i

(deg)
21.06
21.06
21.06
21.06
21.06

(MeV/c)
825
825
825
920
825

(MeV)
300.4
282.2
255.0
315.3
231.6

pr
(MeV/c)

20
50
100
100
150
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A stringent test of (e, e'p) reaction models is provided
by the TL interference structure function ol L„which can
only be determined in nonaligned kinematics. In such
kinematics (in plane), it is not possible to isolate OL, ,

along with crT and 07 I„only the structure function com-
bination oL, + 0TT can be determined. Fixing the mo-
mentum transfer at q=400 MeV/c, 0.1, + OTT', o'T and
071, were obtained at recoil momenta of 50, 100, and 150
MeV/c (see Table V). Since o'TT was at most 10% of
oL„ it could be reliably subtracted from O.

L, + o.TT to ob-
tain o.

L, . For this purpose, oTT was calculated using the
PWIA; reaction mechanisms not included in the PWIA
modify the transverse structure function OT (and pre-
sumably O'T T) by at most 20%. This implies an error in
our method of subtracting oz T of at most 2'% on OL, .

Our "high q" measurements corresponded to momen-
tum transfers greater than 800 MeV/c and utilized paral-
lel kinematics. To reach these momentum transfers, the
electrons were detected at backward angles (see Table
VI) where the cross sections were mainly transverse, the
longitudinal component xnaking at most a 10% contri-
bution. We therefore needed only to estimate oL, to de-
termine a reliable value of crT . Since the ejected protons
had kinetic energies between 200 and 300 MeV, where the
proton-neutron cross section has a minimum, rescatter-
ing effects should have been less important than at lower

proton energies. Moreover, u ( ugE, so that mesonic
and isobar effects were also minimized. These features
suggest that PWIA calculations may be relatively suc-
cessful in reproducing our high q measurements.

IV. RESULTS

A. Comparison with nonrelativistic models

We have plotted the experimental momentum distri-
butions as functions of q for two values of p„, 20 MeV/c
in Fig. 2, 100 MeV/c in Fig. 3 (parallel kinematics cf.
also Tables VII—XII), and Fig. 4 (antiparallel kinemat-
ics). Differences in the q dependences of Sl"~' and SPP'
are apparent: S&" increases with q at low q, whereas
ST" is essentially constant with q in parallel kinemat-
ics (Figs. 2 and 3). The q dependences of both S&"~

and ST"~' for p„=100 MeV/c difFer markedly in parallel
and antiparallel kinematics (Figs. 3 and 4). For q )500
MeV/c, S&"~' = SI"~' at p, = 100 MeV/c; Sl"P' is about
10% smaller than ST, ~ at p„=20 MeV/c.

The q dependences of S&" and S&"P clearly show that
in our kinematics, processes extrinsic to the PWIA play
an important role in the 2H(e, e'p) reaction and act dif-
ferently between parallel and antiparallel kinematics.

We have compared our data to model calculations
of Arenhovel and co-workers [67—69] (dash-dotted curve
in Figs. 2—6), Laget [70,71] (long-dashed curve), and
Mosconi and co-workers [72—74] (dash-double-dotted
curve). To make the comparison valid, we have divided
their structure functions by the same elementary cc1
structure functions of de Forest used to form our experi-
mental spectral functions. The comparison is then free of
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FIG. 2. Sz" ' and Sr"~' for p„=20 MeV/c
as functions of q. The legend of the curves
is the following: The solid line (Sp,;,) is
the proton momentum distribution given by
the H wave function computed with the
Paris potential and extracted froin (e, e'p)
cross sections with the plane wave impulse
approximation (PWIA); the dash-dotted
curve is the calculation from Arenhovel and
co-workers (H.A. ), the long-dashed curve is
the calculation from Laget (J.M.L.), the
dash-double-dotted curve is the calculation
from Mosconi and co-workers (B.M.), and the
dashed curve is the calculation from Hummel
and Tjon (J.A.T.).
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FIG. 4. SL,
" ' and ST',"~' for p„=100 MeV/c in antiparallei

kinematics as functions of q. The legend of the curves is the
same as in Fig. 2.

any model dependence, other than the assumption of the
one-photon-exchange Born approximation; it is entirely
equivalent to a comparison of the structure functions.
The model calculations all use a nonrelativistic reduction,
in terms of power of q/M„of the electromagnetic current

and density operators. They all incorporate processes
extrinsic to the PWIA such as Bnal state interactions
(FSI's), computed by solving the Schrodinger equation
(or the Lippmann-Schwinger equation in the momentum
space) for the unbound proton+neutron system. Meson

TABLE VII. Results for the p„= 20 MeV/c parallel kinematics. The first error is the statistical
one; the second is the systematical one. The momentum distributions are given in (GeV/c) sr

Kinematics

10

d 0'/de'dA, dA„~

(nb/MeVsr )
436

+3.7+12.2
21.3

+0.18+0.47
259

+2.2+5.7
17.6

+0.15+0.39
98.6

+0.84+2.2
13.9

+0.12+0.31
38.6

+0.33+0.85
9.95

+0.085+0.22
21.2

+0.18+0.47
8.16

+0.069+0.18

gcxpt

968.4
k8.4+22

1169
k9.9+26

1102
+9.4+24

1202
+10+27

1158
+9.8+25

1228
+10+27

1143
+9.7+25

1176
+10+26

1151
+9.8+25

1193
+10+26

0.84

0.09

0.82

0.10

0.71

0.11

0.58

0.12

0.48

0.13

gcxpt
L

916
+19+49

1041
+22+56

1086
+24+63

1085
+29+74

1030
+36+96

gCXPt
T

1259
+25+65

1226
+24+63

1235
+24+63

1171
+23+60

1195
+24+62
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TABLE VIII. Results for the p„= 100 MeV/c parallel kinematics.

Kinematics

12

13

14

15

16

17

18

d cr/de'dQ, idA~
(nb/MeVsr )

7.27
+0.062+0.20

0.547
+0.0046+0.015

3.30
+0.028+0.092

0.441
+0.0037+0.012

1.41
+0.012+0.039

0.347
+0.0029+0.0097

0.831
+0.007+0.023

0.265
+0.0022+0.0074

gexpt

37.9
+0.32+1.1

45.3
+0.38+1.3

44.1
+0.37+1.2

45.1
+0.38+1.3

45.2
+0.38+1.3

46.3
+0.39+1.3

44.0
+0.37+1.2

43.5
+0.37+1.2

0.82

0.09

0.72

0.10

0.60

0.11

0.53

0.11

SexptI

33.4
+0.6+2.1

43.0
+0.9+2.9

43.3
+1.1+3.7

45.3
+1.3+4.4

gexpt
T

48.3
+0.8+2.5

45.5
+0.7+2.4

46.7
+0.8+2.5

43.3
+0.7+2.3

exchange currents (MEC's) and nucleonic resonance ex-
citations are included as two-body current operators.

These calculations have the following specific features.
(1) Arenhovel and co-workers perform a completely

nonrelativistic calculation, except for the kinematics.
The T matrix involved in the cross section is devel-
oped in electric and magnetic multipoles and the proton-
neutron rescattering is included in these multipoles up
to an order L =6. Plane wave terms are used for
higher order multipoles. MEC's are computed consistent
with the nucleon-nucleon potential used for the deuteron
wave function and nucleonic resonances are introduced
via the addition of supplementary currents: NA, AA,
N'N terms.

(2) Laget introduces corrections of order (q/M„)2 and

(q/M„) (relativistic corrections) in the nonrelativistic re-
duction of the electromagnetic one-body current. The el-

ementary reaction amplitude is developed as a sum of ele-

mentary proton-neutron amplitudes and includes charge
exchange, rescattering, meson exchange, and virtual res-
onance excitation diagrams.

(3) Mosconi and co-workers also employ a multipole
expansion treatment, but which differs Rom that of
Arenhovel and co-workers in including relativistic correc-
tions to the nuclear current of order (q/Mz)

2 and (q/Mz)s
to the nuclear current. These terms re8ect Darwin-Foldy
and spin-orbit corrections in the nucleon one-body cur-
rent, relativistic effects from the distortion of the intrinsic
nuclear wave function by the nuclear motion [75,76] and
pionic corrections to the charge density (in the electric
multipoles up to L =6) using Siegert's theorem [77].

These models use the same deuteron wave function,
given by the Paris nucleon-nucleon potential [78—80].
This means that the differences between the various spec-
tral functions extracted &om the models reflect only dif-
ferences in the computation of reaction mechanism ef-
fects. It is to be noted that the models of Arenhovel and
co-workers and of Laget successfully describe the inclu-
sive 2H(e, e') quasielastic data of Bates [16,17].

Figures 2—4 show that the models reproduce the data
reasonably well, at least at p„=100 MeV/c in parallel
kinexnatics (Fig. 3): The dip of SP~ at low q as well as
the equality of Sl"~ and SP~ above q = 500 MeV/c is
well reproduced. The calculations confirm that the con-
tribution of MEC's is small in our kinematics, even in
the antiparallel configuration (Fig. 4, ~ & urcIE) where
they contribute only 10%%uo of the transverse structure
function. Rescattering effects in the final state explain
most of the difference between the parallel and antipar-
allel kinematics and seem to be therefore well character-
ized.

What is not reproduced by these calculations is the
low q value of S&"~ at p„= 20 MeV/c (Fig. 2, upper) and

p, =100 MeV/c in antiparallel kinematics (Fig. 4, upper)
and the value of S&"P at q & 800 MeV/c (Fig. 3, lower;
note that in this figure four calculations are drawn; the
three discussed here lie above the data). The situation
can be summarized by saying that there is rough agree-
ment between these calculations and the experiment at
the 10% level, but none of these calculations describes
the data consistently to this level of accuracy.

In Fig. 5 we have plotted the ratios S'"i"/Sp „-, (~ =

TABLE IX. Results for the p„= 150 MeV/c parallel kinematics.

Kinematics

19

20

d o'/de'dA dA&

(nb/MeV sr )
0.192

+0.0041+0.0041
0.0593

+0.0013+0.0013

gexpt

9.21
+0.2+0.2

9.94
+0.2+0.2

0.57

Sexpt
L

7.68
+0.83+0.83

gexpt
T

9.86
+0.53+0.53
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TABLE X. Results for the p„= 100 MeV/c antiparallel kinematics.

Kinematics

22

26

28

d o'/de'dA, id'~~
(nb/MeV sr )

21.2
+0.18+0.59

0.653
+0.0055+0.018

14.6
+0.12+0.41

0.656
+0.0056+0.018

8.28
+0.070+0.23

0.575
+0.0049+0.016

3.12
+0.026+0.087

0.453
+0.0038+0.013

Sexpt

18.9
+0.16+0.52

18.6
+0.16+0.52

25.5
+0.22+0.75

26.7
+0.23+0.74

29.6
+0.25+0.82

31.3
+0.27+0.88

33.0
+0.28+0.94

32.83
+0.28+0.96

0.83

0.12

0.83

0.13

0.80

0.14

0.69

0.15

Sexpt
L

19.12
+0.3+1.0

24.99
+0.4+1.4

28.20
+0.5+1.7

33.10
+0.7+2.3

Sexpt
T

19.35
+0.5+1.5

29.23
+0.5+1.8

33.85
+0.6+2.0

33.96
+0.6+2.0

L, T, TL) as functions of p„(Sp „,is the proton momen-
tum distribution given by the Paris potential). These ra-
tios are convenient to consider since they vary at most
by 50'%%up between p„=0 and 150 MeV/c, while Sp „., falls
by two orders of magnitude in this interval. We see in
Fig. 5 that S&"P /Sp „., decreases more rapidly with in-

creasing p„ than do Spp /Sp „,and Sp&~ /Sp „,. These
features are quite well reproduced by the models. How-

ever, we note that the longitudinal structure function
is better described at p„=150 MeV/c by the curves of
Laget and Mosconi and co-workers than by Arenhovel
and co-workers. This would appear to support the ar-
gument of Mosconi and Ricci concerning the relatively
high sensitivity of oL, and oT I, to relativistic corrections
[74]. Unfortunately, OT L, is only well reproduced by the
nonrelativistic curve of Arenhovel and co-workers. Rel-
ativistic corrections appear to raise the theoretical TL

curve, as has been shown by Laget; the relativistic cor-
rection terms (q/M~)2 and (q/Mp)s in the electromag-
netic operator worsen his agreement with our crTL, data
by increasing its prediction for this structure function by
30% [81).

Figure 6 shows our data for ST'", '/Sp „,as a function
of p„at high q ()800 MeV/c). None of the calculations
we have been discussing agree well with the data.

B. Relativistic effects

We have seen that the relativistic corrections of or-
der (q/M„)2 and (q/Mp) to the electromagnetic nuclear
current are ambiguous. On the one hand, they appear to
increase the disagreement between the complete calcula-
tion of Laget and our TL interference structure function

TABLE XI. Results for the q = 400 MeV/c orthogonal kinematics.

Kinematics

29

30

31

36

d o'/de'dA, ~dO~~

(nb/MeVsr )
65.2

+0.55+1.8
77.8

+0.67+2.2
4.59

+0.039+0.13
5.30

+0.045+0.15
8.55

+0.073+0.24
0.498

+0.0042+0.014
0.642

+0.018+0.018
1.52

+0.043+0.043
0.0936

+0.0026+0.0026

Se~pt

296.2
+2.5+8.3

290.9
+2.5+8.1

314.3
+2.7+8.8

26.7
+0.2+0.7

28.4
+0.2+0.8

31.9
+0.3+0.9

3.59
+0.1+0.1

4.55
+0.1+0.1

5.61
+0.2+0.2

0.81

0.81

0.08

0.81

0.81

0.08

0.81

0.81

0.07

Sexpt
L

278.9
+5.3+17.7

25.3
+0.5+1.6

3.39
+0.2+0.2

Sexpt
T

326.7
+6.7+22.2

33.6
+0.7+2.3

6.06
+0.4+0.4

Sexpt
TL

276.4
k8.9+29.8

30.3
+0.7+2.2

5.63
+0.4+0.4



1794 J. E. DUCRET et al. 49

TABLE XII. Results for the "high q" parallel kinematics. 1.50

Kinematics

38

40

41

42

d o'/de'dfl, dA„
(nb/MeVsr )

4.97
+0.042+0.13

1.49
+0.013+0.042

0.169
+0.0029+0.0056

0.124
+0.0042+0.0042

0.0334
+0.0114+0.0114

gexpt
T

1167
+9.9+33

366.7
+3.1+10

43.2
+0.8+1.4

44.2
+1.4+1.4

9.19
+0.3+0.3

0.13

0.14

0.13

0.13

0.12

EjgE

i

~,

0.50
q & 800 Mev/c

50 100
p, (Me V/c)

150

FIG. 6. ST",
' and Sp „., for q=400 MeV/c in antiparallel

kinematics as functions of p„. The legend of the curves is the
same as in Fig. 5.
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FIG. 5. S "~' S/p;„n = I,, T, TL for q = 400 MeV/c in
orthogonal kinematics as functions of p„. The legend of the
curves is the same as in Fig. 2 except that the dotted curve is
a calculation &om Arenhovel and co-workers which includes
relativistic corrections (H.A. RC).

data; on the other hand, they are needed in principle to
account for the first order relativistic effects in the reac-
tion.

Beck and Arenhovel have added relativistic corrections
to their completely nonrelativistic calculation [82]. The
calculation includes correction terms of order (q/M~)
and (q/M~)s consistently in both the electromagnetic
current and the deuteron wave function. The corrections
in the deuteron wave function relate to the modification
of the intrinsic wave function in the nucleonic rest frame
and the Lorentz boost effect between this frame and the
laboratory frame. We compare this model to our orthog-
onal kinematics data in Fig. 5 and to our high q data
in Fig. 6. In both figures, the calculation is represented

by the dotted curve. In Fig. 5, the SL" data are in
slightly better agreement with this curve than with the
curve of the nonrelativistic calculation. In contrast, the

S&T data point at p„=100 MeV/c seems to agree less
well with the relativistic curve. However, the most strik-
ing result, seen in Fig. 6, is the strong disagreement of
the relativistic curve with our high q kinematics data.

What we can conclude, as far as these relativistic cor-
rections are concerned, is not clear. The calculation of
Beck and Arenhovel with relativistic corrections agrees
neither with the calculations of Laget nor Mosconi and
co-workers, both of whom include such corrections in the
nuclear current. Furthermore, none of the relativisti-
cally corrected models are able to reproduce our data
better than the completely nonrelativistic model of Beck
and Arenhovel. These difFerent calculations seem neither
consistent with each other nor consistently adequate to
describe our data.

To further probe the nature of relativistic effects, we
have compared our data to a recent calculation by Hum-
mel and Tjon [83]. This calculation is based on a fully
covariant approach and uses quasipotential equations.
These equations rely on a relativistic one-boson-exchange
(OBE) potential with vr, p, e, u, g, and b terms. This
model was used rather successfully to determine deuteron
elastic form factors [84]. In view of our quasielastic kine-
matics and our relatively small momentum and energy
transfers, MEC's and nucleonic negative energy state
contributions were omitted in this calculation.

We have compared the Hummel- Tjon calculations (the
short-dashed curve in the figures) to all our data. The
small momentum transfer data serve to "calibrate" the
calculations, since relativistic effects are presumably
small there. The high momentum transfer data, where
such effects ought to be appreciable, can serve to evaluate
their importance.

We see in Figs. 2—6 that the Hummel-Tjon model is
as successful as the others, the agreement with the data
being of the order of 10%. As far as crTI, is concerned,
the Hummel-Tjon predictions lie between those of Laget
and Mosconi and co-workers and our data.

The data for the high q ()800 MeV/c) kinematics
would seem particularly relevant in evaluating the dif-
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ferent models, since rescattering corrections are smaller.
We see (Fig. 6) that the value of the ratio S&" /Sp „.,
as a function of p„ is closer to the calculation of Hummel
and Tjon than to other calculations but the highest p„
point is not reproduced by Hummel and Tjon. This has
to be put in parallel with the disagreement between our
data and these calculations for the transverse structure
function of the orthogonal kinematics (see Fig. 5) and
may be due to MEC's, whose contribution increases as

p„ increases, reaching a level of 20% of the PWIA value
at p„=150 MeV/c.

C. Comparison with other *H(e, e'p) experiments

Previous 2H(e, e'p) experiments in the early 80s [60,65]
measured cross sections (structure functions were not ex-
tracted) to test the general validity of the impulse ap-
proximation. The PWIA nucleon momentum density in
deuterium was extracted directly &om those cross sec-
tions. Recoil momenta were in the range 0 ( p„& 500
MeV/c, with q varying inversely between 450 and 280
MeV/c. The experimental momentum distribution was
found to be about 15% less than the Paris potential pre-
diction at low recoil momenta (p, & 50 MeV/c). Better
agreement was obtained for higher momenta. At small
recoil momenta in our present work, we too find (Fig. 2)
that S&"P is less than the PWIA prediction, by 15—20%.
For the kinematics of the early Saclay work, the e pa-
rameter was 0.6—0.7, values for which the longitudinal
component of the cross section is large (eo'L, /o'~ 3).
It is not unreasonable to suggest therefore that the ob-
served low values of the early measurements of S'"~ had
their origin in the low values of the longitudinal response
SL" (since ST',

"
agrees with the Paris potential value,

it tends only to dilute the discrepancy observed in the
earlier Saclay data).

More recently, ~H(e, e'p) measurements have been
made at NIKHEF [35,36]. In aligned kinematics, lon-
gitudinal and transverse structure functions were deter-

TABLE XIII. Comparison between NIKHEF and Saclay
data for the TL interference structure function. The quoted
errors are statistical.

p„(MeV/c)
50
100
150

Saclay (fm)
0.267+0.069

0.0567+0.0042
0.0196+0.0014

NIKHEF (fm)
0.465+0.16
0.064+0.024
0.017+0.024

mined for 40 & p„& 110 MeV/c and q varying from 260
to 500 MeV/c [35]. Most of these measurements were in
the antiparallel con6guration, where we have seen that
SL" and ST',

" agree less with the theory. Other mea-
surements were made in the nonaligned con6guration to
determine the TL interference structure functions [36].

The comparison between NIKHEF data and ours is
shown in Fig. 7 (aligned kinematics) and in Table XIII
(interference structure function). In Fig. 7, the compar-
ison is made in terms of the parameter R~ [35]:

2M~ fT, 2M„|rT
q' fL,

(10)

where the f, a = L, T, TL, TT are defined in [67,68]
and q, is the three-momentum transfer in the center-
of-mass kame of the virtual photon-deuteron system. In
the PWIA, B~ reduces, apart &om o8'-shell effects, to
the proton form factor ratio GPM/GP@ ——2.79. We can see
in Fig. 7 that the Saclay values (squares) and NIKHEF
values (solid circles) largely overlap and have mean values
slightly above the PWIA value.

In Table XIII, we show fT I, for three values of the re-
coil momentum: 50, 100, and 150 MeV/c, extracted from
the data of Saclay and NIKHEF. The NIKHEF values at
these momenta were obtained by interpolating between
the values given in [85] to the right value of the recoil
momentum. The Saclay values were obtained by multi-
plying the experimentally determined TL structure func-
tions by ratios of fT I, from Arenhovel and co-workers [82]

RG=Gm/Ge
o NIKHEF
~ SACLAY

4L

&I~ cii
IP

FIG. 7. Experimental data for B~
g(2M)/q, ,~ )/(oT/o'L, ) as measured at

NIKHEF (solid circles) and Saclay (squares).
Ro = G /G, 2.79 is the value ob-
tained in the PWIA with the approximation

2= 2= gc.m. .

0 250 500

q (MeV/c)
750 1000
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FIG. 8. The ratios Sz"P'/SPP' for the reactions H(e, e'p)
and He(e, e'p) H as functions of q (see [43]).

to adjust our values to the NIKHEF kinematics. These
ratios were computed with both nonrelativistic and rel-
ativistic calculations described in Secs. IV A and IVB.
The differences were of the order 5%. In Table XIII, we
observe that the NIKHEF and Saclay data are in basic
agreement. This is rather surprising since Saclay data
are better described by the nonrelativistic calculation of
Arenhovel and co-workers, whereas the NIKHEF data
are said to be better described by the relativistic model
of Hummel and Tjon. This confused situation will have
to be clarified by new measurements at upcoming elec-
tron facilities. In any case, our attempts to compare the
Saclay and NIKHEF data suffer from the amplification of
the errors due to our interpolation of the NIKHEF data
and the adjustments made to the Saclay data.

D. Comparison with 4He

Longitudinal and transverse (e, e'p) structure functions
(in the two-body break-up channel) have now been deter-
mined at Saclay for 2H, sHe, and 4He [42—46]. In Fig. 8
we show the q dependence of SL"~'/S2," for H (circles)
and He (solid circles) at recoil momenta ranging from 20
to 190 MeV/c. The line at S&"~ /SP~ =1 is the PWIA
value. We observe a marked difference between the two
nuclei. For 2H, Sl"~ /ST',"~ 1 for q & 500 MeV/e, sim-
ilar to what has been measured in He [44], whereas for

He, Sr" /ST" 0.65 throughout the range of momen-
tum transfer.

The distinct difference between these ratios for 2H (and
He), on the one hand, and 4He, on the other hand, can

be attributed to non-PWIA efFects, which are greater in
He than in H and He; attempts to compute these ef-

fects were only partially successful [42,43]. A similar be-
havior was observed in the ratios of the longitudinal and
transverse response functions of the inclusive reaction on
H, He, and 4He [24], which suggests that the problems

in adequately describing the inclusive and exclusive re-
actions are likely to have the same origin.

V. CONCLUSION

H(e, e'p) cross sections have been measured at the lin-
ear electron accelerator of Saclay in order to separate the
longitudinal, transverse, and interference (Tl) structure
functions of the reaction. From these structure functions,
experimental spectral functions Sl", ST", and STL

'
have been defined by dividing the (e, e'p) structure func-
tions by corresponding structure functions taken from the
ccl oH'-shell electron-proton cross section of de Forest.

Unlike the conclusions derived &om the plane wave
impulse approximation (PWIA), S&"~ and ST"~ difFer in
their momentum transfer (q) dependence. In particular,
we find the following: SL,

" ' and ST" '
depend upon q

below 500 MeV/c; no q dependence is evident above 500
MeV/c. S&"~ can diffe &om ST',"~

by up to 10%, even at

q ) 500 MeV/c. The dependence of S&"~ and SP~ on q
differs for parallel (ur & urqE) and antiparallel (ur ) ~qE)
kinematics.

The p„dependences of the structure functions between
0 and 150 MeV/c also differ: At q= 400 MeV/c, S&"~

frills more steeply with p„ than do Sz" or Szz '. For q

above 800 MeV/c, the p„dependence of ST'",
' disagrees

with the PWIA (Paris potential) prediction.
A comparison to various calculations has been made.

Four are fundamentally nonrelativistic, employing the
same NN (Paris) interaction but having difFerent rela-
tivistic corrections in the electromagnetic operators and
nuclear wave function; another is fully relativistic. The
mean disagreement of the calculations with our SL"~' and
SP~ is at the level of 10% for q & 700 MeV/c; commen-
surate diH'erences appear between the calculations. We
can conclude that in this range of momentum and energy
transfer, the basic quasielastic (e, e'p) reaction mecha-
nisms are, at the 10% level, adequately described.

It is difficult to characterize the relative success of
the calculations. Our q ) 800 MeV/c data are best
described by a fully relativistic model of Hummel and
Tjon, whereas the IT interference structure function
data, said to be especially sensitive to relativistic correc-
tions, are best fit by a completely nonrelativistic model
of Arenhovel and co-workers [67—69]. A disconcerting
feature is the spread of the calculations, about 25% for
SL"~' at p„= 20 MeV/c and q= 825 MeV/c. It suggests
that the nature of the relativistic corrections needs to be
clarified, a task appropriate to facilities which can ac-
cess higher momentum components of the nuclear wave

function at higher momentum transfers.
If scattering &om deuterium constitutes a standard to

which calculations in more complex nuclei should be com-
pared, we can at best expect agreement to within 10—
15% between theory and experimental structure func-
tions. From this point of view, it is not surprising that
(e, e'p) structure function data and (e, e') response func-
tion data on nuclei such as 4He and Ca (at least the
data kom Saclay in this last case, as previously men-

tioned), where the nuclear environment is more complex,
are less well explained. From a purely experimental point
of view, in the region q & 700 MeV/c and p„& 100
MeV/c, the behavior of the longitudinal and transverse
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structure functions in the transition from H to He and
heavier targets is striking: 8&" jSP~ = 0.65 in 4He,

similar to what was measured in Ca, whereas it is very
close to unity in H. The similarity of this ratio to what
has been found in the ratio of the longitudinal and trans-
verse scaling functions near the quasielastic peak lends
credence to the notion that a key to understanding the
inclusive channels lies in the behavior of the (e, e'p) struc-
ture functions.
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