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Abstract

Two-proton correlations were studied in close to 47 geometry using the reaction 2c(e, e pp). The beam energy was
705MeV, the energy transfer 225MeV, and the three-momentum transfer 412MeV /c. The electrons were observed in a
large-acceptance magnetic spectrometer in coincidence with protons observed in a BGO crystal ball. Missing energy and
momentum, relative momentum and angular distributions were derived and compared with a factorized two-nucleon
emission model. Soft-core correlation functions are favoured by the data. © 1998 Elsevier Science B.V.
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in which pointlike nucleons move. Already in the
1940's Fermi redlized that this conception is too
naive [1]. Without repulsive short-range forces be-
tween the nucleons any nucleus would just collapse
to a size corresponding to the range of the attractive
nuclear force (about 2fm), even when Pauli-blocking
is taken into account. In the IPM the nucleons are
described by stationary states extending over the
nuclear size (about 5fm for **C). This means that a
nucleon’s mean free path is of the same order. The
strong repulsive nucleon-nucleon interaction in the
nuclear many body system needed to explain this
guantum-gas like behaviour is related to the repul-
sive core seen in nucleon-nucleon (NN) scattering.
Self-consistent Hartree-Fock cal culations making use
of the corresponding NN potentials do not describe
nuclear properties correctly [2]. With the Bethe-
Goldstone equation, on the other hand, the repulsive
part of the NN potential can be accounted for [3,4].
The effects of this repulsion are usualy referred to
as short-range correlations (SRC).

It has been difficult to obtain a clear experimental
signature of SRC in nuclei. Quasi-elastic (e,€p)
measurements gave indirect evidence for the pres-
ence of SRC. It was found that the occupation
probabilities for the valence shells are considerably
smaller than predicted by the IPM [5]. According to
Refs. [6,7], part of the quasi-hole strength is shifted
to high (missing) momenta, well above the Fermi
momentum (about 220MeV /¢ in carbon or oxygen),
and high missing energies. At these energies, back-
ground processes like pion production and proton-
neutron emission following the absorption of a vir-
tual photon on meson exchange currents (MEC)
might dominate the (e,€ p) cross section. This makes
it hard to interpret the (e € p) data at high missing
energies in terms of short-range correlations [8,9].
The (g€ p) reaction is predicted to be rather insensi-
tive to SRC at low missing energies [7]. Nonetheless,
for missing momenta above 500MeV /c low lying
exited states in °N populated in the reaction
®0(e,ep) displayed a nucleon momentum density
one order of magnitude larger than predicted by a
mean field caculation [10]. For (e € p) reactions on
the heavy target nucleus *°®Pb the surplus cross
section at high missing momenta was attributed to
long-range correlations [11].

It is more promising to go beyond (e, € p) experi-

ments and also observe the second (correlated) nu-
cleon in two-nucleon (e,& NN) knockout reactions,
as first proposed by Gottfried [12]. In order to access
small internucleon distances both nucleons should be
in a state with large relative momentum. This one-
body SRC process competes with two-body pro-
cesses. Meson exchange currents and the excitation
of the A resonance with a subsequent decay AN —
NN may also lead to the emission of two high energy
nucleons. In order to suppress these background
contributions we chose the reaction (e, € pp) where
MEC do not contribute to first (non-relativistic) or-
der. Moreover, the contribution of the A resonance
in the channel pp —» A p — pp is suppressed, if the
two protons are initidly in a relative S state (cf.
Refs. [13,14)).

We performed inclusive (e €) and exclusive
(e,€p) and (e €pp) measurements on >C for en-
ergy transfers ranging from below the quasi-elastic
(QE) nucleon knockout up to and above the quasi-free
excitation of the A resonance. This letter concen-
trates on the so-called “‘dip’’ region inbetween. The
choice was made for three reasons. First, SRC are
expected to play an important role in this energy
transfer region. Calculations including only QE scat-
tering, MEC and pion production underestimate the
measured cross sections significantly [15]. Second,
the probability of exciting the A should be kept
small. Finally, the virtual photon must have enough
energy to put two highly correlated nucleons onto
the mass shell. Thisis difficult at the low energy side
of the QE peak as one would need to sample very
small cross sections at the required high momentum
transfers. The photon should also have a large longi-
tudina polarization because it is the longitudinal
nuclear response function that is predicted to exhibit
a particularly large sensitivity to ground-state corre-
lations [16,17]. SRC are expected to show a typical
angular dependence [18]. It has not yet been deter-
mined by experiment which parts of the two-nucleon
phase space d(2,d(2,dT,dT, are preferentially pop-
ulated by short-range correlations. Therefore we in-
vestigated the reaction C(e,€pp) within a large
angular range, covering close to 44 in solid angle.
Under restricted kinematics, this reaction has been
measured before at NIKHEF [19].

The experiment was carried out at the electron
scattering facility [20] at the 100% duty cycle Mainz
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Microtron MAMI. The beam energy was 705MeV,
the beam current ranged from 30 to 300nA. 2c
targets of 1 and 10mg,/cm? thickness were used.
The luminosity was held constant at about
10% nucleons- cm~2 - s71. The large acceptance,
high resolution spectrometer A was positioned at a
scattering angle of 6, = —34.5°. The corresponding
virtual photon’s direction was 6, = 41.3°, its polar-
ization £=0.78 (¢=1 corresponds to maximum
longitudinal polarization). The transferred four-
momentum Q = [w,|g]] amounted to [(225 +
55)MeV, (412 + 58)MeV /c)].

The protons were detected in coincidence with the
scattered electrons with the LAMPF BGO crystal
ball surrounding the target. The BGO ball is de-
scribed in [21]. The full ball consists of 30 equa
solid angle detectors covering polar angles from 19°
to 161°. For this experiment, two downstream detec-
tors in the direction of the spectrometer were re-
moved. These covered polar angles from 19° to
about 60° and azimuthal angles from about 108° to
252°. The three remaining downstream detectors were
moved out 3cm to reduce the rate of low energy
electrons, giving a forward angle limit of 26°. Each
detector consists of a 5.6cm thick BGO crystal with
a 3mm NE102A plastic scintillator optically coupled
to the front face, allowing particle identification to
be done as described in Ref. [21]. Each crystal was
energy calibrated using the reaction H(e,€p). The
calibration was monitored with a N, laser during the
data taking. The energy resolution (FWHM) for a
single detector was about 5% for proton kinetic
energies up to 185MeV at which energy the protons
passed through the BGO crystal. The energy thresh-
old for detecting protons was 30MeV taking into
account electronic thresholds and the material in
front of the detector.

The low-energy electron background from atomic
scattering processes was suppressed by a mini-orange
mounted around the 1cm wide beampipe right
downstream of the target. The mini-orange consisted
of six wedge-shaped NdFeB permanent magnets of
1.2T magnetization. Each magnet covered polar an-
gles from less than 19° to 90° and had an azimuthal
angular width of 30°, thus covering one half of the
solid angle for polar angles less than 90°. NE102A
plastic scintillators of 3 mm thickness were mounted
radially on top of each of the magnets in order to

veto high energy protons or pions passing the mag-
net. The mini-orange decreased the background rate
by a factor of 20 down to a maximum of 140kHz
per crystal. In total, the ball was operated at a singles
count rate of 1.3MHz above electronic threshold.
The coincidence time resolution was 1ns. The ran-
dom coincidence rate in the proton exit channels was
negligible.

The luminosity in the >C(e, € pp) experiment was
determined from scaled down C(e,€) singles, si-
multaneously accepted in spectrometer A. These were
normalized to a set of precision inclusive (e, €)
measurements taken under identical kinematic condi-
tions. For these measurements, we used a high beam
current of 31.2 uA and a target of well determined
thickness (65mg,/cm?). The beam current was mea-
sured on an absolute scale with a DC current trans-
former (Forster probe) to a precision of -+ 100nA.
Since proton singles were not allowed to pass the
trigger electronics, the computer deadtime could be
kept below 10%. The data were corrected for the
corresponding loss in count rate. The loss of protons
via hadronic interactions in the material in front of
the detectors and in the BGO crystals themselves
was calculated and corrected for by using the pro-
gram GEANT. It amounted to 5% at the most proba
ble proton kinetic energy of 80MeV for the proton-
proton coincidences investigated in this paper. The
missing energy spectra of the reaction *C(e,€ pp)
were corrected for radiative losses according to Ref.
[22]. They amounted to less than 20% for missing
energies up to 70MeV. The (e €pp) spectra were
divided by the integrated luminosity and normalized
bin by bin to the acceptance of the set-up, which was
calculated with a Monte Carlo program. As a resullt,
one obtains 9-fold differential cross sections. These
cross sections subsequently were averaged over the
(small) acceptance of the electron spectrometer and
the (large) acceptance of the BGO crystal ball. The
total systematic error of the cross sections is esti-
mated to be 5%.

In Fig. 1, the average nine-fold differential cross
section in the laboratory system is shown as a func-
tion of the missing energy defined as E,,=w—T,
—T,—T,s_,, where w=E,—E, is the energy
transfer, E, is the incident electron energy, E, is
that of the scattered electron. T, and T, are the
kinetic energies of the first and second proton, and
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Fig. 1. Average nine-fold differential cross section (do ) as a
function of missing energy E,,. Cross section units are attobarns,
lab = 107*®*m2 Dots denote data, horizontal bars the E,
integration interval, vertical bars the statistical error only. The
histograms display calculations including either a hard-core (HC,
solid line, Ref. [29]) or a soft-core correlation function (VMC,
dashed line, Ref. [30]). The maxima are due to two-proton knock-
out from the 1p shell and from the 1p and 1s shells, respectively.

T,_, is the kinetic energy of the recoiling (A—2)
system “°Be, calculated from the measured missing
momentum P, =q— p,; — p,, where q=p, — py isS
the 3-momentum transfer. p,, py, p; and p, are the
momenta of the incident electron, the scattered elec-
tron and the two emitted protons, respectively. The
recoil kinetic energy T,_, = phge/(2 Mug,) follows
from puog, = P,,.

Fig. 1 also shows calculations that take into ac-
count nucleon-nucleon correlations and the excita-
tion of the A resonance in afactorized ansatz for the
(e,€pp) cross section according to Refs. [16,23].
Two main assumptions were made. First, a plane
wave description of the outgoing protons was
adopted. Second, it was assumed that the virtual
photon couples to either one of the two protons and
that the two protons resided in a relative S state.
Then the 9-fold differential (e,€pp) cross section
reads as

d%
dwd2,dT,d2,dT,d2,
=B mnE pza'epp( p®, p(z),q) Fhl,hz( En.Pn),
(1)
with the relative momenta per nucleon in the initial

dinucleon system p® =|(p, — ) — p,l/2 or p@ =
|p, — (p, — q)l/2, depending on which one of the

two protons absorbed the virtual photon. E, and E,
denote the total energies of the two emitted protons.
Fp,.h(Em, Pyy) stands for the joint probability to find
a par of nucleons with momentum P, in the
single-particle states (h,,h,) at an energy correspond-
ing to the missing energy. The momentum depen-
dence of F, (E,,P,) is caculated within an har-
monic oscillator model. The missing energy depen-
dence was determined using the procedure outlined
in Ref. [24]. The *‘elementary’’ cross section o,
describes the physics of the absorption of a virtual
photon on a diproton embedded in the target nucleus.
It depends on the photoabsorption mechanisms and
on the relative motion of the two protons within the
pair. As outlined in Ref. [16], o, can be expressed
as a sum of three terms containing longitudinal,
transverse and transverse-transverse interference
structure functions. These structure functions, in turn,
depend on the nuclear one and two body current
operators and on scalar (Jastrow), spin-spin, and
tensor correlation operators. The latter two were
considered only in the longitudinal channel. In Ref.
[16], calculations within this model were compared
with experiment [19] and unfactorized cross sections
using either plane or distorted outgoing proton waves.
It was shown, that the factorized ansatz gives a fair
description of the C(e,€pp) reaction in the dip
region. Integrating the theoretical (e, €pN) cross
section over the second nucleon N (mostly a neu-
tron), one obtains C(e,€p) cross sections [25]
which also agree reasonably well with experimental
ones in the dip [26,27] and A region [28].

The nine-fold differential cross section of Eq. (1)
is used as input to an event-generator for the Monte
Carlo program mentioned above. Thus, the simulated
events are treated in exactly the same way as the
data. Specifically, the averaging procedure is the
same. In this way, a direct comparison of experimen-
tal and theoretical cross sections becomes possible.
The central correlation functions used in our calcula
tions fal into two groups, ‘‘hard-core’’ (HC) and
“‘soft-core’” (SC). An example for the first type is
the 0.6 fm hard-core correlation function of Ref. [29].
The second category contains, first, state dependent
correlation functions from the Argonne v,, potential
applying variationa Monte Carlo methods (VMC,
Ref. [30]). Following the correlated basis function
(CBF) approach, a second SC correlation function
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was obtained in Ref. [31] from a systematic study of
medium-heavy doubly closed shell nuclei using the
Fermi hypernetted chain (FHNC) technique. In this
calculation, the ground-state energy was minimized
in the second order cluster expansion. Finaly, athird
SC correlation function (GM for G-matrix, Ref. [32])
is considered in this paper. It is the result of a
self-consistent nuclear matter calculation that takes
into account the effect of the nuclear medium on
nucleon properties using Green's function methods.
It was obtained from a comparison of the 'S, two-
body density matrix elements describing the relative
motion of dressed nucleons with and without interac-
tion.

Fig. 1 shows that the calculation using the hard-
core correlation function of Ref. [29] overestimates
the data by a factor of 3 at small missing energies
E,, < 70MeV while the VMC correlation function
reproduces the experimental cross sections reason-
ably well, as do the other two SC correlation func-
tions FHNC and GM (not shown in the figure).
Missing energies below 70MeV correspond to two-
proton knockout from the 1p shell and from the 1p
and 1s shells, asindicated in Fig. 1. The two-proton
knockout from the 1s shell is calculated to lie at
missing energies larger than 70MeV. Its contribution
to the cross section is small. It constitutes the shoul-
der of the calculated 1pls peak in Fig. 1. We do not
consider it here because of the growing contribution
from other processes (three-nucleon emission) at
those missing energies. This energy region will be
addressed in a forthcoming paper.

The missing momentum distributions, shown in
Fig. 2, are also better described by calculations using
the SC correlation functions, with the HC cross
sections being a factor 3 too large at small missing
momenta P,, < 0.5GeV /c. The SC correlations only
dightly overestimate the measured cross section in
this missing momentum region for both E, =<
50MeV, corresponding mainly to two proton knock-
out from the 1p shell (upper panel of Fig. 2) and
E.,<70MeV (lower panel of Fig. 2) which aso
includes knockout from the 1p and 1s shells.

In the present experiment, the high missing mo-
mentum region has been accessed for the first time
in an (e € pp) measurement. Interestingly, the data
deviate strongly from the calculation for momenta
above P, = 0.5GeV /c, around 0.8 GeV /c by about
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Fig. 2. Missing momentum P, distribution for missing energies
E,, < 50MeV (upper panel) and E,, < 70MeV (lower panel). The
dashed curves display calculations using the soft-core variational
Monte Carlo (VMC) correlation function of Ref. [30].

3 orders of magnitude. The experimental distribution
strikingly resembles the two-nucleon momentum dis-
tribution [33] obtained from a so-called ‘‘lowest
order approach’’ to multi-nucleon correlationsin *°0.
This indicates that short-range correlations modify
the pair momentum distribution at high momenta. Of
course, the cross sections are very small at high P,,.
Therefore, the bulk of the data is till well described
by Eqg. (1). Yet, the measurement of missing mo-
menta up to very high values could be a hew way to
investigate the effect of short-range correlations in
nucleon clusters comprising more than two nucleons.

One of the assumptions of the factorized model,
used in this paper, is a plane wave description of the
protons escaping from the residual nucleus. At first
glance, this may seem to be too approximate. There
is growing evidence, however, that fina state inter-
actions in electron or photon-induced two-nucleon
knockout reactions are fairly small as long as low
missing energies are considered. At these energies, it
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Fig. 3. Proton-proton relative momentum p,, distribution for
missing energies E;, < 70MeV. The curves represent calculations
including SRC according to Refs. [29] (HC, thick solid line), [30]
(VMC, dashed line), and [32] (GM, dash-dotted line). The bottom
thin solid curve was obtained under the assumption of no SRC. It
represents the contribution of the A resonance.

is very probable that only two protons participate in
the reaction process, as the missing momentum de-
pendence of the ?C(e,epp) cross section clearly
shows. Fig. 2 illustrates that the data essentialy
follow the proton pair distribution function
Fo h(Em Py @ E, < 70MeV (except for very high
missing momenta P, > 0.5GeV /c). A behaviour of
this type was also observed in the **C(y, pp) reac-
tion [34]. For both **C(y, pp) and *C(y, pn), differ-
ences of only about 20% were found in calculations
with either plane or distorted outgoing nucleon waves
[35]. As in the present experiment, the real photon
studies address a situation in which the two nucleons
are primarily emitted back-to-back and in which a
large part of the phase space is covered.

The distribution of the proton-proton relative mo-
mentum is expected to be the quantity most sensitive
to short-range correlations. Fig. 3 displays the distri-
bution of the relative momentum p., =|p; — p,l.
Neglecting relativistic effects, this quantity equals
the relative momentum in the centre-of-mass system
of the two emitted protons. Relative momenta as
high as 1GeV /c were accessible. The 0.6fm hard-
core correlation function overestimates the data by
up to half an order of magnitude for p. >
600MeV /c. The soft-core VMC, GM and FHNC
correlation functions also somewhat overestimate the
experimental cross sections at p,, = 800MeV /c.
The calculation using the FHNC correlation function
gives nearly the same result as the VMC calculation

and is not shown in the figure. The data clearly
favour the soft-core correlation functions, but do not
discriminate between them. The main reason is the
background from the A*p — pp process (thin solid
line in Fig. 3). Even when choosing the two-proton
exit channel at a moderate energy transfer o far
from the A resonance peak, the A contribution to the
cross section does not seem to be sufficiently sup-
pressed.

Given that the excitation of the A resonance is
predicted to be the origin of a considerable fraction
of the detected (e €pp) strength and taking into
account that the (e, €pn) channel is likely to be
stronger than its two-proton counterpart, one may
wonder about the role of (n, p) rescattering possibly
feeding the two-proton channel after the absorption
of avirtua photon on a proton-neutron pair. Theoret-
ica calculations [36] have shown that rescattering
effects contribute little to the (e, € pp) cross section.
The analysis of a “*C(y, pp) experiment performed
a low photon energies (E, < 150MeV) [37] also
supports the assumption that the charge-exchange
contribution to two-proton knockout is small. De-
spite the fact that the ratio of pn to pp knockout at
these small momentum transfers is large (typically
25), the shape and magnitude of the **C(y, pp) cross
sections at low missing energies is consistent with
direct knockout after photoabsorption on a diproton.
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Fig. 4. Proton-proton angular correlation function for missing
energies E,, <70MeV. y denotes the angle between the two
protons where one of the protons was emitted in the direction of
the momentum transfer g. The curves represent calculations using
various SRC functions (see text): HC (thick solid line, Ref. [29]),
GM (dash-dotted, Ref. [32]), VMC (dashed, Ref. [30]) and FHNC
(dotted, Ref. [31]). The thin bottom curve again was obtained by
turning off SRC (cf. Fig. 3).
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The A contribution can be further suppressed by
selecting protons where one of the two is emitted in
the direction of the momentum transfer g. The angu-
lar correlation between these protons is shown in
Fig. 4. Clearly, the contribution from isobaric cur-
rents is greatly reduced. This is particularly true in
super-parallel kinematics where, in addition, the
second proton is detected opposite to the first one
(y=180° in Fig. 4). Under these kinematic condi-
tions, the contribution from resonant pion production
is largely suppressed because the M,. multipole
dominates the excitation of the A in the pair and
does not contribute at y = 180" if one disregards
Fermi motion (see also Ref. [38]). Non-resonant 7 °
production on a proton with subsequent reabsorption
on another proton, a process not considered in our
model, is expected to contribute little in the dip
region.

Super-parallel kinematics also allow a Rosen-
bluth-type separation of the longitudinal and trans-
verse part of the (e €pp) cross section, as first
pointed out in Ref. [18]. In this way, the longitudinal
part of the (e, € pp) cross section, the most sensitive
to SRC, becomes accessible. Therefore, these kine-
matics are an idea choice for studying short-range
NN correlations in more detail in future experiments.
A pilot (e €pp) experiment in super-parald kine-
matics using three high resolution magnetic spec-
trometers was recently performed at MAMI.

The correlation function that reproduces the angu-
lar correlation best is the GM one (dash-dotted curve
in Fig. 4) of Ref. [32]. It is not as soft as VMC and
FHNC, for which the probability of finding two
nucleons at zero relative distance in the nucleus is
finite, whereas it approaches zero for the GM corre-
lation function as the inter-nucleon distance tends to
zero.

In summary, for the first time short-range nu-
cleon-nucleon correlations were studied in electron-
induced two-proton knockout reactions in close to
47 geometry. The energy transfer w in the reaction
2C(e,&pp) was chosen to lie in the dip region.
Missing energies corresponding to two-proton
knockout from the 1p shell and the 1p and 1s shells
were sdlected. The distributions of the missing (or
pair) momentum and of the proton-proton relative
momentum in the final state were measured up to
1GeV /c. It was found that the largest sensitivity

with respect to different NN correlation functions
appears in the proton-proton angular correlation
around super-parallel kinematics. The data favour
soft-core correlation functions, in particular the GM
one, over the 0.6fm hard-core correlation function.

We are indebted to J.P. Schiffer for helpful discus-
sionsin the early phase of the experiment. This work
was supported in part by the Deutsche Forschungs-
gemeinschaft (Sonderforschungsbereich 201), the US
National Science Foundation and the US Department
of Energy.
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