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Abstract

16 Ž X .14The reaction O e,e pp C has been investigated at three values of the transferred energy v. The differential cross
sections were determined as a function of the missing energy and the missing momentum. Evidence for short-range
correlations in 16O has been obtained from the transition to the ground state of 14C. The cross sections for this transition are
well reproduced by two independent parameter-free microscopic calculations. The results of both calculations show that the
reaction is dominated by knockout of a proton pair in a 1S state, driven by short-range-correlations. q 2000 Published by0

Elsevier Science B.V. All rights reserved.

PACS: 25.30.Dh; 21.30.Fe; 21.10.Pc; 27.20.qn

1. Introduction

Recently, it was shown that the two-proton
Ž X .knockout reaction e,e pp is a suitable probe for

1 Present address: University of Illinois at Urbana-Champaign,
1110 West Green Street, Urbana, IL 61801-3080, USA.

Ž .studying short-range correlations SRC in nuclei
w x1–3 . A comparison of the cross sections measured

16 Ž X .14for the reaction O e,e pp C with the results of
calculations, performed within a factorization ap-
proximation of the cross section, led to the conclu-
sion that direct knockout of two protons in a 1S state0

w x w xdominates the reaction 1 . In Ref. 4 , the measured

0370-2693r00r$ - see front matter q 2000 Published by Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 99 01510-5
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cross sections were compared to microscopic calcu-
w xlations performed by Giusti et al. 5 . In particular,

the data for the transition to the ground state are well
reproduced by the calculations. A similar result was

w xobtained by Rosner et al. 6 , who investigated the
16 Ž X .14reaction O e,e pp C at comparable energy and

momentum transfer, but different kinematical condi-
tions for the ejectiles. Both studies provided clear
signatures for a reaction driven by SRC, but other
competing processes are known to contribute to the
cross section as well. In particular, a sizeable contri-
bution from the excitation and subsequent decay of
the D-isobar via a DN™NN reaction cannot be
excluded. Though this reaction is suppressed for
knockout of a proton pair in a Ss0, Ts1 state, a
thorough investigation of the reaction mechanism is
required before strong statements about the role of
SRC can be made. Therefore, we have studied the
16 Ž X .14O e,e pp C reaction at three values of the trans-

Ž .ferred energy v s 180, 210 and 240 MeV , keep-
ing the momentum transfer fixed at q s 300
MeVrc. This implies that the invariant energy of the
virtual photon and the two protons in the initial state
gradually increases. Consequently, the contribution
of intermediate D-excitation to the reaction will also
increase with increasing energy transfer, which al-
lows to experimentally estimate its size.

Nevertheless, to disentangle the contribution of
Ž X .the various processes contributing to the e,e pp

reaction the data have to be compared to model
predictions. In these models approximations are
made. Exact many-body calculations starting from
realistic NN interactions are, at this time, only feasi-

w xble for AF7 7 . For more complex nuclei, the
dynamics of nucleons at close proximity is incorpo-
rated in nuclear structure calculations by means of

w xstate-dependent correlation functions 8 or defect
w xfunctions 9 . The experimental data, presented in

this paper, are compared with the results of two
w xcalculations performed with the models of Ref. 5

w xand Ref. 10 , respectively. Both models treat the
dynamics of the the proton pair in the initial state,
the medium effects of the D, and the final-state
interaction of the ejectiles in a somewhat different
way. By comparing the experimental cross sections
with two independent calculations we aim at mini-
mizing the model dependence in the interpretation of
data.

The paper is organized as follows. In Section 2,
some theoretical aspects and the kinematics of elec-
tron-induced two-nucleon knockout reactions are dis-
cussed. In Section 3, the experiments are briefly
described, and the data are presented and compared
to the results of theoretical calculations. Finally,
conclusions are drawn and an outlook is given in
Section 4.

2. Electron-induced two-nucleon knockout

Ž .The missing energy E and the missing momen-m
Ž . Ž X .tum p for the e,e NN reaction are defined as:m

E svyT X yT X yT 1Ž .m 1 2 Ay2

p sqypX ypX 2Ž .m 1 2

X Ž X . Ž X .where T p and T p are the kinetic1,2 1,2 Ay2 Ay2
Ž .energies momenta of the knocked-out nucleons and

the Ay2 nucleus. The excitation energy of the
Ay2 nucleus is given by E sE yS , wherex m NN

S is the two-nucleon separation energy. Further-NN

more, the missing momentum p is equal to them

momentum of the recoiling nucleus p . In aAy2

quasi-free knockout process, where the Ay2 nu-
cleus acts as spectator, p is equal in size andAy2

opposite in direction to the momentum of the nu-
cleon pair in the initial state: p sp syP.m Ay2

Hence, in quasi-free two-nucleon knockout, discard-
ing the interactions in the final state, the cross sec-
tion as a function of p reflects the centre-of-massm

motion of the pair in the initial state. This motion is
characterized by an angular momentum L. Contrary
to single-nucleon knockout from a target nucleus
with Js0, this angular momentum is not uniquely
determined for a transition to a selected state in the
residual nucleus; the total angular momentum of the
two protons in the initial state Js j q j can gener-1 2

ally be composed in more than one way from the
angular momenta associated with the relative motion
l and the center of mass motion of the pair L, i.e.
Js lqLqS. Nevertheless, the cross section as a
function of p already contains valuable informationm

on the reaction, as is discussed in Section 3.
More interesting information on the processes

contributing to the knockout reaction is contained in
the distribution of the cross section as a function of
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Ž X .Fig. 1. Examples of the momentum transfer in an e,e pp reac-
tion; in the left figure q is transferred to p , the proton emitted in2

the backward direction, and in the right figure to p , the proton1

that is emitted in the forward direction.

the relative momentum of the nucleons in the initial
1 Ž .state, which is defined as ps p yp ; p and p1 2 1 22

are the nucleon momenta in the initial state. The part
of the cross section stemming from SRC is directly
related to this momentum. This is illustrated in a
simple factorization approximation of the cross sec-

w xtion 1,11,12 . Assuming quasi-free knockout of two
protons, the cross section can be approximated by:

d9s
sKs p F E, P 3Ž . Ž . Ž .e p pdV

with dVsdE X dV X dE X dV X dE X dV X . In this ex-e e p p p p1 1 2 2

Ž .pression F E, P represents the probability of find-
ing a proton pair in the target nucleus, with energy E
and center of mass momentum Psp qp , and K1 2

is a kinematical factor. The dynamics of the knock-
Ž .out process is contained in s p , which accountse p p

for the probability that the virtual photon is absorbed
by a proton pair with relative momentum p. Unfor-
tunately, the cross section as a function of p cannot
be determined unambiguously from the measured
proton momenta, because q can either be transferred
to one of the nucleons, or shared by both. The
former preferably occurs when the reaction is driven
by SRC. If the reaction proceeds by meson exchange
Ž .MEC or by excitation of the D-isobar, q is shared
by both nucleons. For example, if the virtual photon
is absorbed by the proton emitted in the forward

direction, the momenta of both protons in the final
state are pX sp qq and pX sp , respectively.1 1 2 2

By exchanging the indices 1 and 2 one obtains the
momenta in the final state for a reaction, in which q
is transferred to the proton that is emitted in the
backward direction. Fig. 1 shows that, for given
values of v and q, the relative momenta of the two
protons in the initial state are much larger in the
second case than in the first one. Reversibly, the
initial momenta p and p can be deduced from the1 2

measured ones pX and pX only if assumptions about1 2

the momentum transfer are made. Note that the
relative momentum in the initial state probed in the
Ž X .e,e NN reaction increases at increasing value of v

Ž . < <cf. Fig. 2 . Moreover, the range for p covered in
Ž X . Xan e,e pp experiment depends on the ranges in p1

and pX spanned by the proton detectors. Assuming2
< <Ps0, and taking constant values of v and q , the

relative momenta in the initial state probed in the
reaction increase at increasing value of g , i.e. the1

X < <angle of p with respect to q .1

Theoretically, the dependence of the cross section
on the momenta of the nucleons in the initial state is
expressed in the transition matrix elements for the
nuclear charge-current density operators. The one-
body part of this operator describes the coupling of
the virtual photon to either of the two nucleons. In

w xthe Pavia-model 5 , the two-proton transition ampli-

Fig. 2. The solid curve shows the defect function for a 1S proton0
16 w xpair in O according to Ref. 9 , whereas the dot-dashed curve is

obtained from a Fourier transform of the correlation function of
w xRef. 14 . The arrows indicate the ranges in relative momenta,

probed at the three values of the transferred energy. Details are
given in the text.
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tude, linking the initial state to a specific final state,
is obtained through the calculation of the spectral
density function in a harmonic oscillator basis, and

w xwithin a large configuration space 9 . This wave
function is converted to wave functions for the cen-
ter-of-mass motion and the relative motion of the
pair. SRC are implemented by adding the defect

Ž . w xfunctions D r 13 to the wave functions of thelSj

relative motion, according to:

C r sF r qD r 4Ž . Ž . Ž . Ž .nlSj nl lSj

Ž .where r is the inter-nucleon distance, and F r arenl

harmonic oscillator wave functions.
These defect functions depend only on the quan-

tum state of the relative motion. SRC are strongest
for a pair in a 1S state. In Fig. 2, the defect function0

for a proton pair in a 1S state calculated with the0

Bonn-A potential is shown for a relative momentum
p in the range 200–600 MeVrc. This defect func-
tion and the one for the 3P state are used for the1

calculations presented here.
w xIn the Gent-model 10 single-particle wave func-

tions obtained from Hartree–Fock calculations are
used. Therefore, no formal separation into relative
and center-of-mass coordinates can be made. In this
model the many-body wave function, approximated
to first order in the correlation function, is expressed
as:

C r , . . . rŽ .1 A

A

's 1yg r F r , . . . r r N . 5Ž . Ž . Ž .Ž .Ł i j 1 A
i-js1

Ž Ž ..SRC are contained in the factor 1yg r . In thei j
Ž .absence of correlations g r is zero. N is a normal-i j

isation factor. The results presented in this paper are
Ž .obtained using the correlation function g r of Ref.i j

w x14 . Fig. 2 shows the defect function obtained by
performing a Fourier transform of this correlation
function.

In both calculations, the excitation of the D-reso-
nance and its subsequent decay by exchange of a
pion, which is the dominant process contributing to
the two-body hadronic currents, is derived from an
effective Lagrangian. Medium effects of the D-iso-
bar are, however, included in a different way. This
also holds for the distortion effects in the final state.
In the Pavia-model, the interaction of the outgoing

Fig. 3. Distribution of the invariant energy W X X for the centralp p1 2

values of the transferred energy.

particles with the residual nucleus is accounted for
by means of an optical potential for each of the
outgoing nucleons, whereas in the Gent-model an
A-body wave function for the two ejectiles and the
residual nucleus in a two-hole state is obtained by a
partial wave expansion in terms of the 2 py2h
eigenstates of a mean-field Hamiltonian.

As mentioned before, information on the mecha-
Ž X .nism of the e,e pp reaction can be obtained by

measuring the differential cross section at various
values of the transferred energy and momentum. In
particular, the contribution to the cross section of the
excitation of the D-isobar and its subsequent decay
via a DN™NN reaction strongly depends on the
invariant energy of the virtual photon and the two
protons in the initial state W . In a quasi-freeg p p1 2

knockout reaction this quantity is equal to the invari-
ant energy of the two ejectiles W X X . In Fig. 3 thep p1 2

distribution of W X X , calculated within the detectionp p1 2

volume for the transition to the ground state, is
depicted for the three values of v. This figure
illustrates that the differences in W X X are sufficientp p1 2

to expect a systematic increase of the strength of the
two-body currents in the three measurements. Fur-
thermore, the invariant energy corresponding to the
largest value of v is still well below the mass of the
DN system, which is 2170 MeVrc2.

16 ( X )143. The reaction O e,e pp Cgs

The experiments were performed with electrons
extracted from the Amsterdam Pulse Stretcher
Ž .AmPS . The energy of the incident electrons was in
the range 580–585 MeV, and the average beam
current in the range 2–3 mA, with a macroscopic
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duty factor of approximately 70%. A waterfall target,
2 w xwith a thickness of 210 mgrcm was used 15 . The

scattered electrons were detected in a magnetic spec-
trometer of the QDQ type, and the knocked-out
protons in two plastic scintillator arrays, HADRON3

w xand HADRON4 16 . In the forward hemisphere,
protons were detected at angles in the range 38Fg1

F428, and in the backward direction at angles in the
range y1148Gg Gy1738. The detection volume,2

determined by these angular ranges and the energy
acceptances of the HADRON detectors, includes for
the transition to the ground state p values as low asm

50 MeVrc at vs180 MeV, and 25 MeVrc at
vs240 MeV. Details of the experiments and the

w xdata analysis can be found in Ref. 17 . In Fig. 4 the
low energy part of the excitation-energy spectrum
Ž .E F10 MeV , measured for v s 180 MeV, isx

shown. This spectrum includes the transitions to the
ground state and the two lowest 2q states of 14 C.
The strength in the range y4FE F4 MeV can bex

almost exclusively attributed to the ground-state
transition. The average background in this region,
determined from the yield in the range y100FEx

Ž .Fy10 MeV is 4 " 6 % of the peak intensity.
Due to the achieved energy resolution of 4.5 MeV

Fig. 4. Excitation-energy spectrum measured for the reaction
16 Ž X .14O e,e pp C. The cross section in the range y4F E F4x

MeV can be almost exclusively attributed to the ground-state
transition.

Fig. 5. The cross sections for the transition to the ground state in
14 Ž .C y4F E F4 MeV as a function of the missing momentum,x

16 Ž X .14measured for the reaction O e,e pp C at three values of v.
The curves are obtained from calculations with the Pavia-model
Ž . Ž .top and Gent-model bottom . The solid curves represent the
calculated cross sections; the dashed and dotted curves correspond
to the contributions of the one- and two-body hadronic currents,
respectively.

Ž . qFWHM , the contribution of the first 2 to the
ground-state is F5%. This contribution has been
deduced from a fit of three Gausssian functions,
corresponding to the transitions to the ground state
and the two 2q states at excitation energies of 7.0
and 8.3 MeV, to the data.

Fig. 5 shows the cross sections as a function of
the missing momentum for the interval y4FE F4x

MeV at the three values of v. In Section 2, it is
argued that the angular momenta of the two protons
can couple to the angular momentum for the relative
and the center-of-mass motion in various ways. The

Ž .2 Ž .2scheme for coupling a p or p proton-pair1r2 3r2

to total angular momentum Js0, leaving the 14 C
nucleus in the ground state, is as follows. The two
protons can be either in a 1S or in a 3P state. With0 1

a 1S state always Ls0 for the angular momentum0

of the center-of-mass motion is associated, and with
a 3P state always Ls1. From Fig. 5 it is clear that1

for all three values of v the missing-momentum
dependence of the measured cross sections is similar.

w xIn Ref. 1,4 it has been pointed out that such a
momentum distribution reflects an angular momen-
tum Ls0 for the center-of-mass motion of the pair,
and thus suggests a dominant role for the knockout
of a 1S pair driven by SRC. Two-body hadronic0
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Ž .currents intermediate D-excitation contribute
3 w xmainly to the P wave 4,5 .1

A prominent role of two-step processes in the
Ž X . Ž X .e,e pp reaction, including an e,e pn reaction fol-

Ž .lowed by a charge exchange pn, pp reaction, can
be excluded. A calculation performed within the

w xLane model 18 , implying charge exchange between
isobaric analog states shows that the contribution due
to the absorption of a virtual photon by a pn pair in
Ss0, Ts1 state, followed by a charge exchange
Ž .n, p reaction is small. The other contribution stems
from charge exchange after absorption of the virtual
photon by a Ss1, Ts0 pn pair. The strength for
the first step in this process is predicted to be about a
factor 5–10 larger than that for knockout of a Ss
0, Ts1 pair. However, in this case the second step
is a spin-flip transition. The cross section for such
transition is known to be much smaller than that for
a transition between analog states. Hence, also this
process is not expected to contribute strongly to the
Ž X .e,e pp reaction. These theoretical predictions are

Ž . Ž .confirmed by the ratios for the g , pp and g , pn
cross sections at small missing energy, measured for

12 w xabsorption of real photons by the nucleus C 19 .
These ratios vary strongly with the proton emission

12 Ž .angle. A strong feeding of the C g , pn reaction to
12 Ž .the C g , pp reaction, for which the measured cross

section is about a factor six smaller than that for the
Ž X .e,e pn reaction, would result in comparable angu-
lar distributions for both reactions. This has led to
the conclusion that both reactions likely proceed via
different mechanisms.

This qualitative interpretation of the data is sup-
ported by the results of the microscopic calculations
performed with the models developed by the Pavia

w x w xgroup 5 and Gent group 10 , which are also shown
in Fig. 5. In these calculations, the transition matrix
elements contain contributions from one-body and
two-body hadronic currents. The two-proton overlap
amplitudes for the transition 16 O™14 C , used ings

Žthe Pavia-model, are taken from DRPA Dressed-
.Random-Phase-Approximation calculations, per-

w xformed within a large configuration space 9 . In the
calculations performed with the Gent-model the
‘‘two-nucleon coefficients of fractional parentage’’
Ž . w xcf.p. of Cohen and Kurath 20 are used. These
coefficients are renormalised by a factor 0.852 to
account for the depletion of the calculated spectro-

scopic strength in the 1 p shell due to long-range1r2
w xcorrelations, according to Ref. 9 . This means that

the spectral amplitude for knockout of two protons
from the 1 p shell is equal in both calculations,1r2

Ž .2but that the amplitude for knockout of a 1 p3r2

pair is a factor 1.8 larger in the calculations with the
Gent-model than in those performed with the Pavia-
model. However, this difference has only a small
effect on the cross section for knockout of a 1S pair0

with angular momentum Ls0 for the centre-of-mass
motion, because this cross section is largely deter-
mined by knockout of a proton pair from the 1 p1r2

shell.
The theoretical cross sections are represented in

Fig. 5 by the solid curves; the contributions of the
one- and two-body currents are given by the dashed
and dotted curves, respectively. The calculated cross
sections agree well with the data at all three values
of v. The curves, representing the contributions of
the one- and two-body currents to the ground-state
transition, indicate that at vs180 and 210 MeV the
reaction is dominated by one-body currents, and that
the contribution of two-body currents increases with
increasing energy transfer. Conceptually both models
are quite similar, and neither of the two contains free
parameters. As discussed in Section 2, SRC are
accounted for in a different way, e.g. by defect
functions in the Pavia-model and a correlation func-
tion in the Gent-model. The Bonn-A and Reid Soft
Core potentials, adopted in the calculations, are both
realistic NN-potentials and successfully used in many
nuclear-structure calculations. Hence, the data agree
with the theoretical results obtained independently
with the two models. Furthermore, both models pre-
dict that the largest contribution to the cross section
stems from one-body hadronic currents driven by
SRC. This justifies the conclusion that evidence is
obtained for SRC.

Note that the experimental as well as the theoreti-
cal cross sections are rather constant as a function of
v. Apparently the increase of the two-body currents,
due to intermediate D-excitation, is compensated by
a decrease of the one-body currents. As pointed out
in Section 2, the contribution of the two-body cur-
rents to the cross section, originating from the excita-
tion and subsequent decay of the D-isobar, increases
with the invariant energy W X X . The observed differ-p p1 2

ences between the theoretical predictions are likely
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due to the assumptions with respect to the D-propa-
gators. The Gent-model accounts explicitly for
medium effects in the D-propagator. Therefore, the
peak of the D-resonance appears at a slightly lower
energy, and its width is somewhat larger in this
model than in the Pavia-model. This explains the
larger contribution of the two-body currents in the
calculations performed with the Gent-model at the
lowest value of v.

Though the relative momenta involved in the
knock-out process cannot be determined unambigu-
ously from the data, the defect functions shown in
Fig. 2 determine the ranges in relative momentum
probed in the reaction and the dependence of the
cross sections on the transferred energy. For exam-
ple, in the calculations performed with the Pavia-
model the strength generated by the one-body cur-
rents decreases with increasing v. This is due to
decrease of the the defect function with an increasing
relative momentum of the protons in the inital state
in the domain 200FpF400 MeVrc. The increase

Ž X .of the relative momentum probed in the e,e pp
reaction at increasing v is a kinematic effect, dis-
cussed in Section 2. Furthermore, the defect function
for the Bonn-A potential, displayed in Fig. 2 is,
within the phase space of this experiment, largest for
vs 180 and 210 MeV when q is transferred to p1
Ž .cf. Fig. 1 . In this case, the ranges in relative
momenta spanned are 220–270 MeVrc and 270–330
MeVrc, respectively. When q is transferred to p ,2

Žthese relative momenta are 480–525 MeVrc v s
. Ž .180 MeV and 515–540 MeVrc v s 210 MeV .

Hence, for these values of the transferred energy, the
transition amplitude is largest when the virtual pho-
ton is absorbed by the proton that is emitted in the
forward direction. At v s 240 MeV, the contribu-
tions of both possible absorption processes to the
one-body currents, including relative momenta in the
ranges 300–360 MeVrc and 540–590 MeVrc, re-
spectively, are comparable in size. The situation is
different for the calculations performed with the
Gent-model. The correlation function adopted in this
model is of shorter range than the defect function
used in the Pavia-model. Correspondingly, the abso-
lute value of the defect function is largest in the

Ždomain of relative momenta 400–600 MeVrc cf.
.Fig. 2 . This implies that the contribution to the cross

section stemming from the transfer of the virtual

photon to the proton that is emitted in the backward
direction is the largest one at all three values of v.
Hence, the momentum dependence of the employed
defectrcorrelation function indicates that the contri-
bution of SRC to the cross section in the Gent-model
is dominated by relative momenta in the range 480–
600 MeVrc, whereas the Pavia-model predicts that
the cross section is largely determined by relative
momenta in the range 220–370 MeVrc. Though the
presented data nicely illustrate the potential of the
Ž X .e,e pp reaction to probe specific ranges of relative
momenta, no formal discrimination between the re-
sults of both calculations can be made yet, and
neither the defect function obtained with the Bonn-A
potential nor the correlation function calculated with
the Reid Soft Core potential can be excluded. Mea-

Ž .surements at complementary values of v,q , thus
probing other domains of relative momenta, could
resolve the observed ambiguity. Furthermore, a more
consistent description of the dynamics of nucleons in
the nuclear medium at small inter-nucleon distances
could reduce the uncertainties in the theoretical re-
sults.

4. Conclusions and outlook

16 Ž X .14The reaction O e,e pp C has been studied atgs

three values of the transferred energy. The depen-
dences of the cross sections on the missing momenta
reflect the characteristic features for knockout of two
protons with an angular momentum of the center-of-
mass motion Ls0. The cross sections are well
reproduced by the results of two independent calcu-
lations. Both calculations predict a relatively small
contribution from intermediate D-resonance excita-
tion to the cross section; the major part is due to
SRC. In that respect we are confident to claim direct
evidence for SRC in the nucleus 16 O.

Within the phase space covered by the experi-
ment, relative momenta between the two protons in
the initial state in the range 220–600 MeVrc are
involved. The data do not allow to determine which
relative momenta predominantly contribute to the
cross sections measured at the three values of v.
They can be either in the range 220–370 MeVrc or
in the range 480–600 MeVrc, depending on the
coupling of the virtual photon to either of the two
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ejectiles. Also the calculations cannot discriminate
between those two possibilities. Due to the differ-
ences in both models with respect to the short-range
part of the relative wave function of the proton-pairs
in the initial state, both models give different predic-
tions with respect to relative momenta that predomi-
nantly determine the cross sections. An improved
description of the nuclear structure and a more de-
tailed study of the final state interaction may provide
insight in this intriguing ambiguity. In addition, a
study of the q dependence of the cross section may
shed light on this issue, because the relative mo-
menta in the initial state, probed experimentally,
depend on q and v in a different way.
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