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Cross sections for the *He(e, e'p) R reaction have been measured for recoil momenta between 225
and 500 MeV/c. We find (1) that in the continuum channel a peak in the missing energy spectrum
appears which shifts with increasing recoil momentum in a predictable way, and (2) that for the
highest recoil momenta (above 300 or 350 MeV/c) overall agreement is obtained with microscopic
calculations in which the scattering on nucleon pairs predominates. These results strongly suggest
that the highest recoil momenta are generated by the scattering on one of a pair of nucleons. This
interpretation is reinforced by an observed continuum momentum distribution which, for high recoil
momenta, resembles the momentum distribution of deuterium. We infer that the high momentum
part of the momentum distribution of a nucleon pair appears unmodified when embedded in a nuclear

medium.
PACS number(s): 21.45.+v, 21.30.+y, 25.30.Fj

I. INTRODUCTION

The independent particle shell model (IPSM) describes
the nucleus as a collection of nucleons moving indepen-
dently in the mean field generated by the other nucleons.
The nucleons fill the resulting shells up to the Fermi en-
ergy. Such a model gives a quite good description of
the one-body properties of nuclei. Experimentalists have
studied these properties rather extensively, initially with
hadronic probes in pickup, stripping, and knockout reac-
tions where the cross sections are relatively large [1], and
more recently with electromagnetic probes for which the
reaction dynamics are more straightforward [2]. For in-
stance the momentum distribution in the different shells
have been measured, giving direct evidence for the valid-
ity of the independent particle shell model.

However, the IPSM is only a first order description,
the nucleons are not fully independent, there are nucleon-
nucleon correlations in the nuclear wave function, and the
nucleus cannot be totally described by one-body prop-
erties. Considerable theoretical effort was involved in
describing the two-body properties, but as yet there is
little experimental information available on these prop-
erties and what exists so far is rather indirect. This is the
case with (e, e'p) experiments which attempted to mea-
sure occupation numbers, i.e., how much of the IPSM
shell is actually filled. Orbitals of “closed shell” nuclei
were found which did not appear to be completely filled,
a result attributable to nucleon-nucleon correlations in
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the nuclear ground states.

The existence of multibody effects has been cited in
the so-called “dip” region between the quasielastic peak
and the A-resonance peak of inclusive (e, e’) experiments.
Such experiments showed an anomalously large trans-
verse cross section, not explained in terms of indepen-
dent nucleon processes alone. This region can be probed
more meticulously with (e,e’'p) experiments. When the
cross section for the 12C(e,e'p) reaction was measured
in the quasielastic region [3] it could be well explained
in terms of proton (one-body) knockout from the 1p or
1s shells only. In contrast, in the dip region it showed
additional contributions up to the highest missing ener-
gies measured, 150 MeV [4]. A separation of the trans-
verse (magnetic) and longitudinal (Coulomb) parts of the
(e, €'p) cross section was also made [5]. The longitudinal
part could be explained in terms of one-body knockout
alone. However, the transverse part showed an excess
yield above the two-particle emission threshold. Summa-
rizing, a contribution which is not one body is observed
[4,5]; it is present only in the transverse part of the cross
section and then is probably due to the complex reaction
mechanism involved rather than to the intrinsic ground
state properties of the nuclei. Similar results have also
been observed in real photon (transverse) experiments
[6].

Inclusive (e, e’) experiments can in principle give rather
model independent information about the two-body
properties of the nuclear wave function (7, 8]. More pre-
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cisely one can extract the proton-proton correlation func-
tion which is defined in terms of the p and p; one-body
and two-body density functions

0(2)(q) — /eiq'(r—r')[pz(r’rl) _ p(l‘)p(l")]dl‘dl" . (1)

The point is that the integral of the longitudinal response
R;, above the inelastic threshold is related to this corre-
lation function through the so-called (inelastic) Coulomb
sum rule [9]
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q and w are the electron momentum and energy transfer
to the nucleus and Q? = q® — w?. G%(Q?) and Fg(Q?)
are the electric form factors, respectively, of the proton
and the nucleus, normalized to 1 at Q?=0. In the Q2
range of interest (below 0.5 GeV?2/c?) these form factors
are known with an accuracy of a few percent. By deter-
mining the Coulomb sum integral one can then extract
the proton-proton correlation function. This has been
attempted [10] with (e,e’) data on *He [11,12]. However
there are limitations which compromise the analysis: (1)
The experimental error bars are such that there is actu-
ally little information; (2) the integral of the Coulomb
sum can be measured up to a maximum energy transfer
only; one must then use some extrapolation—for instance
an exponential tail—of the integrand to fully evaluate the
integral; (3) relativistic corrections should be added [9];
and (4) experimentally the Coulomb sum rule for heavy
and medium nuclei has a deficit which, even after correc-
tions of types (2) and (3), is too large to be attributed
solely to correlations [13, 14]. It therefore seems possi-
ble that there are ill-understood features of the sum rule
pertaining even to such light nuclei as 3He which prevent
the interpretation in terms of correlations.

The most direct measurement of two-body proper-
ties will hopefully be provided by threefold coincidence
(e,€’2N) experiments [15,16]. Such experiments will be
performed at the new large duty cycle accelerator facili-
ties (Mainz, NIKHEF, MIT/Bates, CEBAF). It is, how-
ever, possible to study two-body properties using (e, e'p)
experiments: Since the highest momentum components
of the nuclear wave function are generated by correlations
[7], by measuring them one can study the interaction of
two nucleons with small internucleon separations inside
a nucleus.

Let us consider the process in which an electron scat-
ters on a proton belonging to a pair of close nucleons
(17, 18]. We do not mean that this pair has particularly
strong binding or correlation, but just that the scatter-
ing occurs at a moment when the two nucleons are close
together. In their center of momentum, due to their prox-
imity, these nucleons have large equal and opposite mo-
menta, and to a first approximation we can neglect the
momentum of the pair relative to the remaining nucleons.
The struck proton is ejected and detected in coincidence
with the scattered electron, while the other nucleon of the
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pair, of mass My moves off with the recoil momentum
of the reaction, p,; the A—2 “spectator” nucleons are at
rest. These nucleons, together with the undetected nu-
cleon of the pair, constitute the recoiling system, whose
mass is given by

2
N | st 3)

This expression shows that the recoil mass M,,
and consequently the missing energy E,, = M,+
M, — My, are only functions of the recoil momentum
(M, is the proton mass, M, is the target nucleus mass,
and M4 _; is the mass of A—2 spectator nucleon system).
In this approximation, therefore, and for a given p,., this
process leads to a discrete peak in the continuum missing
energy spectrum of the (e, e’p) reaction. When the total
momentum of the pair relative to the rest of the nucleus
is taken into account, the discrete peak acquires a width
and the continuum shows a peak around the previously
fixed value of missing energy. The width of this nucleon-
nucleon (N-N) peak will reflect the (initial) momentum
distribution of the pair relative to the rest of the nucleus.
Its amplitude will reflect the relative wave function of the
two nucleons; more precisely the integral over the contin-
uum will give the momentum distribution of the proton
in the pair.

We then expect this integral to be compatible with a
typical proton momentum distribution (e.g., the nucleon
momentum distribution in the deuteron). This can rule
out the possibility that the observed structure was gen-
erated by a final state interaction (FSI): The correlation
that we described between the missing energy and the
recoil momentum only signals that the reaction has in-
volved two nucleons while the other nucleons were spec-
tators; such a correlation could then be generated by
a FSI (but not with the same amplitude). Specifically
the struck nucleon could undergo a final state interac-
tion with one of the other nucleons while the A—2 last
nucleons are spectators.

This simple picture has already been successfully
tested at Saclay on the 3He nucleus [19], for recoil mo-
menta between 290 and 515 MeV/c. The expected N-N
peak was observed at the predicted value of the missing
energy and the extracted momentum distribution closely
resembled that of deuterium. Of course, the fact that
an electron can scatter on a pair of nucleons at the mo-
ment when they are close together without interacting
with the remaining nucleus seems rather natural in 3He.
This is a loosely bound system, the pair is on average
rather distant from the third nucleon (three nucleons for
a charge radius of 1.95 fm), and the rescattering should
be relatively small, since the A — 2 system is that of a
single nucleon. A question to be answered is whether
this description is still valid for more complex and bound
nuclei with shorter internucleonic distances.

To settle this question, an experiment on a more dense
nucleus is required. To first order in p2 /Mg the correla-
tion peak is expected at a missing energy

A-2\ p?
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where Ei,, is the missing energy corresp-
onding to the continuum threshold. The factor

(A—2)/(A—1)is 1/2 for 3He, 2/3 for *He, and nearly
1 for medium or heavy nuclei. The contribution of the
scattering on a nucleon pair appears at a higher missing
energy for the medium and heavy nuclei than for light
nuclei, and can overlap real pion production processes.

We have chosen to study *He. It is the simplest nucleus
having a binding energy commensurate with heavier nu-
clei. Its central density 0.18 fm~3 is the highest known.
Its density exceeds the central density of heavy nuclei by
50% over 17% of its total volume, and the probability of
finding two nucleons in “He within 0.5 fm of each other
is essentially the same as for heavier nuclei [20]. One
might therefore expect the behavior of nucleon pairs in-
side this nucleus to resemble that inside heavier nuclei. In
fact alphalike correlations have been employed [21-23] in
modeling nuclei. Yet *He is a relatively simple structure,
and realistic calculations of its wave function have be-
come feasible [24-26], although the final continuum state
of the “He(e, €'p) reaction can still be only approximated.
“He therefore marks a transition between two- and three-
body nuclei, for which realistic calculations are possible
in both initial and final states of the (e,e’p) reaction,
and heavier nuclei, where the relevant many-body prob-
lem remains unmanageable at the microscopic level.

The outline of this paper is as follows: The kinematics
are described in Sec. II. Section III presents the experi-
mental setup. The data analysis is outlined in Sec. IV.
Results are presented and discussed in Sec. V, and con-
clusions are drawn in Sec. VL.

II. EXPERIMENTAL SETUP

Our measurements were made at the 720 MeV Lin-
ear Accelerator of Saclay using the two magnetic spec-
trometer setup of the HE1 end station [28). The “600”
spectrometer, of 1073 momentum resolution and 40%
momentum acceptance, was used to detect the outgo-
ing protons, whereas the “900” spectrometer, of greater
resolution (10~%) but smaller (10%) momentum accep-
tance, was used to detect the scattered electrons. The
detection package for both spectrometers, which included
proportional chambers, plastic scintillator trigger coun-
ters, and freon gas Cerenkov counters at atmospheric
pressure, enabled an efficient rejection of pions in the
electron arm. Two independent microprocessors, one for
each spectrometer, read out the wire chamber and the
trigger configuration. The experiment could be triggered
either on singles, or coincidence events, allowing us to
record either type on magnetic tape with little change
in the electronic settings. This feature greatly facilitated
our *He elastic scattering calibrations. It is worth noting
that for coincidence events, a data compression was per-
formed in order to reduce (by a factor of 10) the number
of tapes to be replayed off line.

The target was cold, gaseous “He (pressure 10.0 bars,
temperature 20.5 K). It was contained in a rectangular
box shaped cell (230 mm in the beam direction, 70 mm in
the transverse direction, and 70 mm height). Its 50 um
stainless steel windows were outside the coincidence ac-
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ceptance of the spectrometers. Target temperature and
pressure were read out on line to continuously monitor
the density. The *He density decrease due to beam heat-
ing was at most 8% at the maximum current (8 pA),
and was monitored accurately by recording the proton
singles yields at both low (0.5 #A) and nominal beam
currents. The absolute density was checked repeatedly
by measuring the “He elastic cross section against precise
measurements of Ref. [29] taken with room temperature
targets. In this way we were able to control the (product
of) intrinsic detector efficiency, target density, and solid
angle to an accuracy of 2%.

The beam current was measured with two noninter-
cepting toroid beam monitors and a Faraday cup into
which the beam was dumped. The difference in their
readings, typically 0.5%, set the accuracy of the charge
collection. It was also essential to monitor the position
and direction of the beam at the target. A split-foil posi-
tion monitor, close to the target, controlled steering coils
to maintain a position stability at the target to better
than 0.5 mm.

The extended gas target made it necessary to know the
solid angles of both spectrometers for all possible target
source points. A special study of the spectrometer prop-
erties using a “tracking program” called ORBITE [28] was
performed. It showed that for an extended source, both
the entry slits and the pole tips determined the solid
angle. A parametrization of the relevant cuts applied
to particles trajectories was derived [30] to perform very
fast computations of the solid angles for single and coin-
cidence cross sections. The variation of solid angle with
position along the beam had been checked prior to this
experiment using a thin 2C target that was systemati-
cally displaced along the beam.

III. KINEMATICS

We have measured the cross section of the *He(e, e'p)R
reaction for recoil momenta between 225 and 600 MeV /c
and for missing energies as high as 160 MeV. This range
allows us to encompass the two-body breakup (2bbu)
channel where R=3H and most of the continuum where
R =d+nor p+n+n. Our goal was to measure the
high momentum components of the *He wave function,
which, due to their weakness, required small electron
scattering angles 0., so that the cross sections remain
measurable. Since our maximum electron beam energy
was about 700 MeV, the resulting momentum transfer
was relatively small, typically 300 MeV /c. A high recoil
momentum then imply a large ejected proton momentum
p' [27, p. 44]. This in turns requires that the electron
energy transfer w be large and the Bjorken parameter
zp; = Q?/(2Mpw) be small (zp; <1); such a domain cor-
responds to the dip region of the inclusive (e, e’) response.

In order to minimize @, so as to maximize the counting
rate, we detected electrons in the “900” spectrometer,
which could be set at 6. as low as 25°. In the same
vein and to minimize the random coincidence rates, we
chose a duty factor of 1% (20 us pulses at 500 Hz) with a
beam energy of 560 MeV rather than a lower (0.5%) duty
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TABLE I
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Kinematics of the (e, e’p) reaction on *He. Separate values are given for the 2bbu

[*He(e, e'p)*H] and continuum [*He(e,e'p)R, R = d + n or p + n + n] channels. For the continuum
we have tabulated the kinematics corresponding to the missing energy where the peak is expected.
All energies are in MeV and all momenta in MeV/c.

Kinematics 1 2 3 4 5 6
incident energy 559.3 559.3
scattered energy 400 360
scattering angle 25° 25°
momentum transfer 260.7 278.3
energy transfer 159.3 199.3
photon-proton angle 4.2° 11.9° 37.9° 53.9° 69.9° 100.6°
beam-proton angle 45° 45° 71° 87° 103° 133.8°
(i) (nA) 3.5 8.0 8.0 3.0 2.4 2.8
2bbu
proton momentum 507.7 575.8 559.1 542.0 521.9 481.6
recoil momentum 248.5 308.8 379.9 439.7 499.9 599.0
statistics 1539(46) 1510(63) 967(54) 170(27) 115(29) 31.6(15)
continuum
statistics 1947(102) 4222(248) 4921(236) 1544(129) 2035(168)  737(86)

factor at the maximum accelerator energy of 700 MeV.
This moved our kinematics deeper into the dip region
than it would have been at 700 MeV.

The six kinematics settings used in the experiment are
presented in Table I. The electron kinematics was kept
constant. The recoil momentum was increased from 240
to 600 MeV /c by varying the angle between the outgoing
proton and the momentum transfer from 4° to 100°. The
range in missing energy required to cover both the 2bbu
and the continuum channels adequately was provided by
the large acceptance (40%) in the proton momentum p’.
For the kinematics entries 5 and 6 of Table I, this 40%
acceptance was not sufficient to cover the desired range,
and two field settings of the proton spectrometer were
necessitated. Since the recoil momentum is a sensitive
function of p’, a strong correlation between the missing
energy and the recoil momentum appears within the ex-
perimental acceptance; as the missing energy increases,
the recoil momentum decreases.

Table I also gives the beam intensity and the number
of events measured in each channel. The current was
limited to values between 2.4 and 8 uA due to the low
ratio of true coincidences to random coincidences. The
statistical accuracy on the cross sections ranges between
4% and 45% for the 2bbu channel, and between 6% and
12% for the integral of the continuum.

IV. DATA ANALYSIS

The data analysis included the following procedures:

(1) Corrections were made for various counting losses:
(a) proton- and electron-trigger dead time losses (<6%
and <2%, respectively), (b) coincidence trigger losses due
to the fact that only one coincidence trigger per beam
spill could be handled (<8.0%), (c) losses due to the re-
jection of proton triggers separated by less than 470 ns
which the “900” drift chambers could not process prop-
erly (<12%) [losses (b) and (c) were very precisely deter-

mined using dedicated scalers], (d) track-reconstruction
losses from the multiwire proportional chamber system
(£1% and 7% for the proton and electron arms, respec-
tively), and (e) target density losses, determined by com-
paring data taken at low (<0.5 pA) and nominal cur-
rents. The overall counting loss could therefore reach
35%. However, the largest corrections [(b) and (c)] were
essentially error free, and since we believe the other cor-
rections to be accurate at the 5% relative level, we es-
timate the error in the experimental rate nz:,p; to be of
the order of 1%. The various correction factors in the
different kinematics are tabulated in Table II.

(2) Adjusting the random and coincidence windows in
the electron-proton time correlation spectrum. For the
analysis of the 2bbu and the integral of the continuum,
the allowed window was made asymmetric (—3 ns to +6
ns), to include those few percent of correlated events for
which the timing was slightly wrong (due to the presence
of high singles rates in the proton trigger counters).

For the analysis of the continuum in a given missing
energy channel we used a smaller symmetric window (—2
ns to +2 ns) in order to reduce the level of random events.
Then we corrected by the proportion of correlated events
which lie out of the window because their timing was
slightly wrong. This proportion was determined on the
whole continuum, since it depends only on the singles
rates. The systematic error that might be thus intro-
duced was much smaller than the gain in the statistical
error. This improves our knowledge of the shape of the
continuum but does not change the integral.

(3) Acceptance determination: For a point target and
spectrometers with infinitesimal acceptances in angle and
momentum (i.e., infinitesimal phase space for the reac-
tion studied), it is easy to derive the differential cross sec-
tion d®0 /dE./dE, d*Q. d*Q, from the yield n:’:,p; ; this is
achieved by dividing the yield by the relevant spectrom-
eter solid angles and energy bites and by the luminosity.
This was not quite the case here and the extension of the
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TABLE II. Values of the various correction factors. Refer to Sec. IV in the text for explanation
of these factors.

Kinematics 1 2 3 4 5 6

dead time 600 0.96 0.94 0.97 0.99 0.99 0.995

dead time 900 0.99 0.98 0.98 0.99 0.99 0.994

1 coin/pulse 0.98 0.92 0.96 0.995 0.998 0.996

“900” drift chanbers 0.88 0.91 0.91 0.96 0.98 0.96

track reconstruction 600 0.99 0.99 0.997 0.998 0.998 0.998

track reconstruction 900 0.94 0.93 0.94 0.94 0.94 0.94

target density 0.97 0.92 0.92 0.95 0.96 0.98

total 0.80 0.65 0.71 0.80 0.81 0.88

experimental phase space had to be taken into account
for mainly two reasons:

(a) In the simplest approximation, the plane wave
impulse approximation (PWIA), the cross sections can
be written as d®0 /dE. dEp d*Qed*Qy = koepS(Em, pr),
where o), is the (off-shell) electron proton cross section,
S(Em,pr) is the spectral function, and k is a kinematic
factor. The cross section then depends sensitively on the
recoil momentum p,. Since p, is not a linear function of
the kinematic variables of the detected particles, its av-
erage value may differ significantly from its value at the
center of the kinematic phase space.

(b) The phase space volume was such that for one
kinematics setting, the total p, “bin width” was about
60 MeV /c, allowing nonlinearities of S(p,) to come into
play.

We made a first order analysis by the simple division
rule mentioned above. It provided us with an estimate
of the curvature of the spectral function in this range
of recoil momentum where it had not so far been exper-
imentally measured. We then designed a Monte Carlo
simulation of the coincidence apparatus which allowed
us to integrate a cross section of the type ko, S(En,, pr)
over the full experimental phase space. The previously
determined curvature of S was built in the simulation.
Only one free parameter entered this simulation: the ab-
solute value of S, i.e., the quantity we sought to measure.
This parameter was fixed by requiring the equality of the
simulated and experimental counting rates nﬂﬁ% = n:’;p; .
This led to the experimental result S°*P! or equivalently
d80°*Pt, In the limit of infinitesimal phase space, this pro-
cedure is equivalent to the extraction of the cross section
by the simple division rule.

(4) Radiative corrections: These were made in two
steps. We first treated the 2bbu peak at E,,=19.8 MeV.
With an upper cutoff at FE,, = 19.8 + 4 MeV, the radia-
tive correction factor varied from 1.33 to 1.36 for the var-
ious kinematics; the radiative tail from the 2bbu channel
was calculated and subtracted from the continuum cross
section. In a second step, in order to deconvolute the
continuum, we separated it in several bands in missing
energy and we treated each band as a discrete peak. The
validity of such an approach was confirmed by the fact
that the final result was insensitive to the width of the
bands.

A delicate point arose from the noted correlation be-
tween the recoil momentum and the missing energy

within the acceptance. Without this correlation the ra-
diative tail would decrease smoothly with missing en-
ergy. Here this natural decrease with the missing energy
is compensated by the cross section increase when the
recoil momentum goes down; consequently the 2bbu ra-
diative tail may be more important at large missing en-
ergy than near the 2bbu peak. This is especially true for
kinematics 5, where the radiative tail of the 2bbu peak
amounts to about 30% of the experimental cross section
at the largest values of the missing energy.

Finally the systematic error in the 2bbu channel is
about 3%, i.e., of the same order as the statistical one for
the first two kinematics, and smaller for the other kine-
matics. For the continuum channel the systematic error
is probably slightly larger due to the delicate subtraction
of the radiative tail. However, the counting rates in this
channel are always very low so that the statistical ac-
curacy cannot be excellent; then the systematic remains
negligible relative to the statistical one.

V. RESULTS

Figure 1 presents the radiatively corrected cross sec-
tions as a function of missing energy for our six kinemat-
ics, labeled 1-6. The 2bbu peak appears at 19.8 MeV
missing energy and the continuum channel extends above
the threshold at 26.1 MeV. The numerical values of the
cross sections in order of increasing p, are tabulated in
Table III for the 2bbu and in Table IV for the continuum.
For the 2bbu the average recoil momentum ranges from
248 MeV/c (“Kin. 17) to 597 MeV/c (“Kin. 6”). For the
continuum, as already explained, the average recoil mo-
mentum varies with missing energy. We have indicated
the average recoil momentum of the whole measured con-
tinuum; it ranges from 225 to 487 MeV /c.

One can see that as p, increases the ratio of the 2bbu
strength to the integral of the continuum strength de-
creases; for the larger values of the recoil momentum the
continuum clearly dominates the cross section. For point
1 the continuum cross section decreases smoothly with
missing energy. For the next two points, a plateau ap-
pears, and for the three highest p, points we observe an
increasingly structured shape. We have indicated by an
arrow the position where a peak is expected if the cross
section were actually dominated by the scattering on a
pair of nucleons (N-N peak; see the Introduction). For
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energy (2bbu). Errors are statistical only.
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Experimental cross sections for the *He(e,e'p)*H channel at 19.8 MeV missing

Oeer Oepr e ? Pr Ez‘_%sﬁ:—d‘
(MeV) (MeV) (MeV) (pb)
45° 400 508 248 1777 (56)
45° 360 576 309 469 (20)
71° 360 559 379 187 (11)
25° 87° 360 542 438 58.7 (9.4)
103° 360 522 498 18.6 (4.7)
133.8° 360 482 597 7.7 (3.9)

points 4-6 (p, > 350 MeV/c), a peak appears, and fair
agreement is observed between the predicted N-N peak
and the centroid of the experimental strength. For points
2 and 3 there is less structure. A likely explanation is
that, for these smaller momenta (p, =~ 300 MeV/c), the
scattering on a pair is not fully dominant; other con-
tributions to the strength fill in the low missing energy
part of the spectrum and change the expected peak into
a plateau.

In Fig. 1, we also show the results of a microscopic
calculation of the continuum cross section [31]. This cal-

culation is based on a diagrammatic expansion of the
cross section and utilizes a variational wave function [25]
calculated with the Argonne potential [32]. It includes
final state interactions (FSI’s) and meson exchange cur-
rent (MEC) contributions. The difference between this
calculation and one in plane wave impulse approximation
(PWIA) is small. The calculation predicts the scattering
on a pair of nucleons to be indeed the dominant process;
the contribution of MEC never exceeds 25%.

The calculation for points 4-6 of Fig. 1 agrees well

with the data. For point 3 it predicts a cross section

FIG.1. Radiatively corrected experimen-
tal cross section versus missing energy. The
arrow indicates where the N-N peak is ex-
pected. The curves are the result of a micro-
scopic calculation based on a diagrammatic
expansion of the cross section [31].
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approaching zero at the continuum threshold. This is
not consistent with the data and the discrepancy cannot
be attributed to insufficient missing energy resolution;
the latter, measured on the 2bbu peak, is =~ 0.5 MeV,
much smaller than the 6 MeV which separates the 2bbu
from the continuum threshold. A similar remark holds
for point 2, but here we also note that the theory con-
siderably exceeds the data. For point 1 the discrepancy
appears even larger. The calculation appears to be suc-
cessful for high recoil momentum where the cross section
is dominated by the scattering on nucleon pairs. For in-
termediate recoil momentum this process is probably no

J. M. LE GOFF et al.

350

longer dominant, and it can be the reason for the large
discrepancies with the data.

In the PWIA one can extract the momentum distri-
bution of the continuum by dividing the cross section by
the elementary off-shell proton cross section Oep, and in-
tegrating over the missing energy acceptance. In order
to account for reaction mechanism effects not included in
the PWIA we multiply the momentum distribution ex-
tracted assuming the PWIA by a correction factor. This
factor is the ratio of the integral of the theoretical cross
sections calculated in the PWIA to the same integral for
the full (PWIA+FSI+MEC) calculation:

TABLE IV. Experimental cross sections for the continuum channel, *He(e, e’p)R. Errors are

statistical only.

95' 9p/ el pl Em Pr Eﬁjdﬂd:a——dm;
No. Kin. (deg) (deg) (MeV) (MeV/c) (MeV) (MeV/c) (pb MeV ™2 sr72)
400 483 33.5 223 38.2 (2.6)
400 454 48.5 195 30.5 (2.7)
1 25.2 45 400 423 63.5 164 19.8 (2.9)
396 399 78.5 140 20.4 (3.4)
388 383 93.5 123 8.3 (4.9)
360 554 33.5 287 11.8 (1.16)
360 529 485 263 12.3 (1.27)
360 502 63.5 237 13.7 (1.41)
2 25 45 360 474 78.5 210 9.1 (1.54)
360 445 93.5 182 9.7 (1.74)
354 426 108.5 164 8.28 (2.27)
345 413 123.5 153 6.76 (4.16)
360 537 33.5 361 7.26 (0.62)
360 512 485 339 8.31 (0.69)
360 486 63.5 316 8.70 (0.78)
3 25 71 360 458 78.5 293 8.24 (0.86)
360 429 93.5 270 9.82 (1.00)
353 411 108.5 262 4.99 (1.32)
360 520 335 421 3.11 (0.60)
360 495 48.5 400 3.67 (0.69)
360 469 63.5 379 6.47 (0.80)
4 25 87 360 441 78.5 357 5.96 (0.90)
359 414 93.5 337 4.06 (1.01)
353 394 108.5 328 4.29 (1.38)
360 500 335 481 0.85 (0.30)
360 476 485 461 1.88 (0.36)
360 449 63.5 440 3.10 (0.42)
360 422 78.5 418 2.14 (0.49)
5 25 103 360 393 93.5 396 1.65 (0.60)
360 361 108.5 372 2.34 (0.78)
360 326 123.5 348 2.94 (0.93)
359 290 138.5 326 0.06 (1.11)
351 267 153.5 321 0.58 (1.80)
360 460 33.5 580 0.05 (0.20)
360 436 48.5 559 0.49 (0.25)
360 410 63.5 537 1.57 (0.31)
360 383 78.5 513 2.22 (0.36)
6 25 133.8 360 354 93.5 489 1.48 (0.41)
360 323 108.5 464 2.56 (0.47)
359 291 123.5 439 1.16 (0.52)
351 271 138.5 431 0.91 (0.83)




50 SHORT RANGE INTERACTION OF NUCLEONS INSIDE THE . . .

f d6 UPWIA d Em
Tcontinuum (Pr) = f d6 gPWIA+FSI+MEC
g dEm

« / o, . 5)

Oep

For the off-shell proton cross section we chose the
“ccl” prescription by De Forest [33] since it is relativistic
and gauge invariant. Note that this expression implies
that the momentum distribution is normalized so that
f0°° 4np®n(p)dp = Z = 2. Since we believe the contin-
uum cross section to be dominated by the scattering on
a pair of nucleons, this momentum distribution is essen-
tially the momentum distribution of one of the nucleons
of a pair of nucleons inside a “He nucleus. In order to
compare it to its equivalent in the case of a free pair,
i.e., the deuteron momentum distribution, we must di-
vide it by a factor of 3 to account for the fact that there
are three n-p pairs in isospin state 7' = 0 in the *He nu-
cleus. There are actually four n-p pairs, but due to a
combination of selection rules and kinematic arguments
the contributions from the 7" = 1 pairs are negligible in
our kinematics, as is the contribution from the p-p or n-n
pairs [34].

In Fig. 2 we compare the continuum momentum dis-
tributions of *He and 3He (renormalized by the number
of T = 0 pairs) to the deuterium momentum distribution
(the number of pairs in isospin state T' = 0 is 3/2 in 3He).
For the high recoil momenta of this experiment, the three
distributions appear very similar. This feature validates
the hypothesis that the cross section is generated by scat-
tering on the high momentum part of nucleon pairs and
not by FSI’s and it indicates that the wave function of
nucleon pairs is hardly disturbed by the nuclear medium,
even in the case of the relatively dense *He nucleus.

Figure 3 presents our data in the 2bbu channel, again
with Laget’s diagrammatic calculation. The data show a
strong disagreement with the PWIA calculation. FSI and
MEC calculations can explain a part of the discrepancy,
but there remains a factor 3-4 to explain. One may be
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FIG. 2. Momentum distribution after corrections for ex-

tra PWIA reaction mechanisms and normalized to the number
of T = 0 p-n pairs. The continuum of *He (this experiment)
and *He [38,19] are presented together with the 2bbu of deu-
terium [39, 40].
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FIG. 3. Radiatively corrected cross section in the 2bbu

channel. The curves are the result of a microscopic calculation
based on a diagrammatic expansion of the cross section [31].

surprised that the calculation is more successful for the
continuum than the 2bbu channel. This may be under-
stood by noting that the continuum is dominated by a
well-determined process: the plane wave scattering on a
pair of nucleons. On the other hand the 2bbu channel
in the PWIA is purely S wave, with a zero around 450
MeV/c. In this region, large momenta must be generated
by complex mechanisms such as final state interactions
and meson exchanges.

To our knowledge there is no other data for the con-
tinuum, but for the 2bbu channel there are data from
NIKHEF [35, 36]. Two sets of kinematics are included
in these data, one for recoil momenta 0-200 MeV/c,
the other for recoil momenta 100-340 MeV/c. Figure 4
presents the momentum distribution extracted in the
PWIA from the NIKHEF data and from our kinematic
points 1-3. If the PWIA were valid, they should be iden-
tical. We first note that in the region of overlap there are

o Nikhef |
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— o this exp.
n: 10' 1
L
S N
S . AN
> 10 E
% DD\ 1
10" DQ ®
]
10* L 5
0 100 400

200
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FIG. 4. 2bbu channel: comparison of our first three kine-
matics with NIKHEF data [35]. The momentum distribution
extracted in the PWIA (cross section divided by the ccl pre-
scription for oep) is presented. The curve is a variational
calculation [25] with the Urbana potential [37].
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important differences between the two NIKHEF (I and
IT) kinematics, indicating that non-PWIA contributions
are important. Our data appear between the NIKHEF-
II data and a PWIA calculation based on a variational
wave function [25] derived with the Urbana potential [37].
The difference between the two sets of data illustrates
again the importance of extra-PWIA effects in the 2bbu
channel for high recoil momenta. The two experiments
were performed at about the same momentum trans-
fer (250 MeV/c at NIKHEF and 280 MeV/c at Saclay)
but the energy transfer was different (102 MeV and 200
MeV, respectively), as was the kinetic energy in the pro-
ton+triton center of mass (75 MeV and 170 MeV). With
our larger energy transfer, our kinematics have smaller
zp; values than those of NIKHEF (zg; = Q%/2M,); they
plunge deeper into the “dip” region where uncertainties
in describing the reaction mechanisms are substantial.

VI. SUMMARY AND CONCLUSION

Our goal was to study the high momentum components
of nucleons in *He, and in particular to test the idea that
they were generated by nucleon pairs, as had been done
in an earlier (e,e’p) experiment [19] for the simpler and
less dense 3He nucleus. To this end we measured the
“He(e, e'p) R cross sections as a function of missing energy
for recoil momenta between 225 and 600 MeV/c. Our
results show that the (e, e’p) reaction at recoil momenta
greater than =~ 350 MeV/c is dominated by the scattering
on a pair of nucleons:

On the one hand, there is kinematic evidence. Our
spectra exhibit a structure which shifts with recoil mo-
mentum and whose centroid appears at a missing energy
consistent with the scattering on such a pair. The promi-
nence of the observed structure increases as the recoil
momentum increases. Its width (at higher missing mo-
menta) reflects the momentum of the center of mass of
the pair relative to the remaining nucleus.

Second, the magnitude of the cross section is a dynami-
cal evidence that we observe scattering from one of a pair
of nucleons and not FSI’s. For recoil momenta above 300
or 350 MeV/c agreement is found between the data and
a microscopic theory which predicts the reaction to occur
predominantly on interacting nucleon-nucleon pairs; on
the other hand, the amplitude is too large to be generated
by FSI’s alone. Furthermore, the continuum momentum
distribution, for the high recoil momenta of this exper-
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iment, appears to be very similar to that of deuterium.
The high momentum part of the wave function of two nu-
cleons seems to be something universal and indepenent
of a possible surrounding nuclear medium.

The characteristics of our yield therefore possess the
signature of the scattering on a one of a pair of nucleons.
Such high momentum components do not exist in an in-
dependent particle shell model. Therefore they can be
said to be induced by nucleon-nucleon correlations, and
at short range since at high momentum.

In contrast the cross section in the 2bbu channel is
considerably underestimated by theory. In the PWIA
there is very little strength in the 2bbu channel and the
actual cross section is dominated by complex reaction
mechanism effects.

These data were taken at low momentum transfer and
at small electron scattering angles, i.e., for predominantly
longitudinal kinematics. For this reason, the contribu-
tion of mesonic effects should be weak. Nevertheless, it
would be interesting to perform this kind of experiment in
other kinematic regions, and especially in the quasielastic
zg;j ~ 1 region where the reaction mechanism is better
understood. At energies below 1 GeV there may be a
small kinematic domain for this; the condition is that
one can detect the electron and the proton on the same
side of the beam line [27, p. 44], which was not the case at
the ALS. At higher energies (a few GeV) there is no kine-
matical limitation for performing the experiment in the
quasielastic region. Note, however, that one will then
probably have to face the complication occurring from
relativistic effects.

Another point is that, at these energies, a decomposi-
tion of the structure functions for the cross section in the
domain of large recoil momenta, missing energies, and
momentum transfers will hopefully be performed. This
should considerably elucidate features of the (e,e’p) re-
action mechanism until now inextricable. As a first step
in this direction we have performed a 7'/L separation of
the 3He(e,e’p) R cross section at 260 MeV /c recoil mo-
mentum; we will report on this experiment elsewhere.
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