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Two-proton overlap functions in the Jastrow correlation method and cross section
of the 16O„e,e8pp…14C reaction
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The two-proton overlap functions for the16O(e,e8pp)14C reaction are calculated on the basis of a two-body
density matrix obtained within the Jastrow correlation method which incorporates short-range correlations. The
resulting overlap functions are applied to calculate cross sections of the16O(e,e8pp)14C reactions leading to
the 01 ground and the 11 ~11.3-MeV! excited states of the residual nucleus. The results are compared with the
cross sections calculated with different theoretical treatments of the two-nucleon overlap functions.
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I. INTRODUCTION

Since a long time, electromagnetically induced tw
nucleon knockout has been devised as the most direct to
study the properties of nucleon pairs within nuclei at sh
distance and thus the dynamical short-range correlat
~SRC! in a nucleus@1,2#. Correlations in the nuclear wav
function beyond the mean-field approximation are very i
portant to describe the properties of nuclear structure@3,4#.

Two nucleons can be naturally ejected by two-body c
rents, which effectively take into account the influence
subnuclear degrees of freedom such as mesons and iso
Direct insight into SRC can be obtained from the proc
where the real or virtual photon hits, through a one-bo
current, either nucleon of a correlated pair and both nucle
are then ejected from the nucleus. The role and relevanc
these two competing processes can be different in diffe
reactions and kinematics. It is thus possible to envisage s
ations where either process is dominant and various spe
effects can be disentangled and separately investigated.

Various theoretical models for cross-section calculatio
have been developed in recent years in order to explore
effects of ground-stateNN correlations on (e,e8NN) @5–10#
and (g,NN) @11–17# knockout reactions. It appears from
these studies that the most promising tool for investigat
SRC in nuclei is represented by the (e,e8pp) reaction, where
the effect of the two-body currents is less dominant as co
pared to the (e,e8pn) and (g,NN) processes. Measuremen
of the exclusive16O(e,e8pp)14C reaction performed at NI
KHEF in Amsterdam@18–20# and MAMI in Mainz @21,22#
have confirmed, in comparison with the theoretical resu
the validity of the direct knockout mechanism for transitio
to low-lying states of the residual nucleus and have giv
clear evidence of SRC for the transition to the ground s
of 14C. This result opens up good perspectives that furt
theoretical and experimental efforts on the two-nucle
knockout will be able to determine SRC.

One of the main ingredients in the transition matrix e
ments of exclusive two-nucleon knockout reactions is
two-nucleon overlap function~TOF!. The TOF contains in-
formation on nuclear structure and correlations and allo
0556-2813/2003/68~1!/014617~10!/$20.00 68 0146
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one to write the cross section in terms of the two-hole sp
tral function @2#. The TOF’s and their properties are wide
reviewed, e.g., in Ref.@23#. In an inclusive reaction, integrat
ing the spectral function over the whole energy spectr
produces the two-body density matrix~TDM!.

In Ref. @8#, the TOF’s for the16O(e,e8pp)14C reaction
are given by the product of a coupled and fully antisymm
trized pair function of the shell model and a Jastrow-ty
correlation function which incorporates SRC. Only the ce
tral term of the correlation function is retained in the calc
lation.

A more sophisticated treatment is used in Ref.@9#, where
the TOF’s are obtained from an explicit calculation of t
two-proton spectral function of16O @24#, which includes,
with some approximations but consistently, both SRC a
long-range correlations~LRC!. The numerical predictions o
this model are in reasonable and in some cases in g
agreement with data@19–22#.

Although satisfactory, these first comparisons with d
have also raised problems that require further theoretica
vestigation and a more refined treatment of nuclear struc
aspects in the calculation of the spectral function. The st
of the two-hole spectral functions including different types
correlations, however, requires substantial efforts in com
tational many-body physics and represents a very diffic
task.

A different method to calculate the TOF’s has been s
gested in Ref.@25# using the established general relationsh
connecting the TOF’s with the ground-state TDM. The pr
cedure is based on the asymptotic properties of the TOF’
coordinate space, when the distance between two of the
ticles and the center of mass of the remaining core beco
very large. This procedure can be considered as an exten
of the method suggested in Ref.@26#, where the relationship
between the one-body density matrix and the one-nucl
overlap function is established. The latter has been app
@27–35# to calculate the one-nucleon overlap function
spectroscopic factors and to make consistent the calculat
of the cross sections of different one-nucleon removal re
tions, such as (p,d), (e,e8p), and (g,p) @27,30–35# on 16O
@31,32,34# and 40Ca @33,34#, (p,d) on 24Mg, 28Si, and 32S
©2003 The American Physical Society17-1
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KADREV, IVANOV, ANTONOV, GIUSTI, AND PACATI PHYSICAL REVIEW C 68, 014617 ~2003!
@35#, as well as (e,e8p) on 32S @35#. Various correlation
methods, such as the Jastrow method, the Green func
method, the correlated basis function method, and the g
erator coordinate method, have been used to obtain the
nucleon overlap functions which are necessary for cross
tion calculations.

The first aim of the present paper is to apply the pro
dure suggested in Ref.@25# to calculate TOF’s for16O using
the TDM calculated in Ref.@36# with the Jastrow correlation
method ~JCM!, which incorporates the nucleon-nucleo
SRC. As a second aim, the resulting two-proton over
functions are used to calculate the cross section of
16O(e,e8pp) reaction for the transition to the 01 ground and
the 11 excited at 11.3-MeV states of14C. The cross section
are calculated on the basis of the theoretical approach de
oped in Refs.@5,8,9#.

The reliability of the TOF’s obtained in our method d
pends strongly on the availability of realistic TDM’s. We u
the Jastrow TDM, though incorporating only SRC~and using
harmonic-oscillator single-particle wave functions in t
Slater determinant!. Our choice is determined by the conv
nience of its analytical form obtained in Ref.@36#, which
makes practically possible the calculations of the TOF
There exist more sophisticated methods aiming at calcula
realistic TDM including not only SRC@4,37–39#. So far,
however, it is a difficult task to obtain explicit forms of thes
TDM’s and, consequently, to use them for calculations of
TOF’s. So, the usage in our work of the Jastrow TDM m
be considered as a first attempt to use an approach w
fulfills the general necessity of the TOF’s to be extrac
from the TDM and to apply them to cross-section calcu
tions of the two-nucleon knockout reactions.

The method to calculate the TOF’s on the basis of
TDM is briefly outlined in Sec. II. The results of the calc
lations of the TOF’s and the cross sections of t
16O(e,e8pp)14C reaction are presented and discussed in S
III. Some conclusions are drawn in Sec. IV.

II. TWO-BODY DENSITY MATRIX AND OVERLAP
FUNCTIONS

In this section, we present shortly the definitions a
some properties of the TDM and related quantities in b
natural orbital ~geminal! and overlap function representa
tions. The method to extract the TOF’s from the TDM@25#
used in this work is also given.

The TDM is defined in coordinate space as

r (2)~x1 ,x2 ;x18 ,x28!5^C (A)ua†~x1!a†~x2!a~x28!a~x18!uC (A)&,
~1!

where uC (A)& is the antisymmetricA-fermion ground-state
wave function normalized to unity anda†(x), a(x) are cre-
ation and annihilation operators at positionx. The coordinate
x includes the spatial coordinater and spin and isospin vari
ables. The TDMr (2) is trace normalized to the number o
pairs of particles:
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Tr r (2)5
1

2E r (2)~x1 ,x2!dx1dx25
A~A21!

2
. ~2!

Sincer (2) is a Hermitian matrix, its eigenstatesca
(2) form

a complete orthonormal set in terms of whichr (2) can be
decomposed as

r (2)~x1 ,x2 ;x18 ,x28!5(
a

la
(2)ca

(2)* ~x1 ,x2!ca
(2)~x18 ,x28!.

~3!

The eigenfunctionsca
(2)(x1 ,x2) are called natural geminal

and the associated real eigenvaluesla
(2) are called natural

geminal occupation numbers@40#. As a consequence of th
antisymmetry of the nuclear ground state, the eigenval
la

(2) obey the inequalities

0<la
(2)<~A21!/2 for A odd,

0<la
(2)<A/2 for A even. ~4!

The upper bound in Eq.~4! is actually reached only for
systems which are maximally correlated, as, e.g., the oc
pation number of zero-coupled pairs in the seniority form
ism in the limit of large shell degeneracy.

Of direct physical interest is the decomposition of t
TDM in terms of the overlap functions between th
A-particle ground state and the eigenstates of
(A22)-particle systems, since the TOF’s can be probed
exclusive knockout reactions.

The TOF’s are defined as the overlap between the gro
state of the target nucleusC (A) and a specific stateCa

(C) of
the residual nucleus (C5A22) @23#:

Fa~x1 ,x2!5^Ca
(C)ua~x1!a~x2!uC (A)&. ~5!

Inserting a complete set of (A22) eigenstatesua(A
22)& into Eq. ~1!, one gets

r (2)~x1 ,x2 ;x18 ,x28!5(
a

Fa* ~x1 ,x2!Fa~x18 ,x28!. ~6!

The norm of the two-body overlap functions defines t
spectroscopic factors

Sa
(2)5^FauFa&. ~7!

As in the case of the single-particle spectroscopic facto
where the latter cannot exceed the maximal natural occu
tion number@26#, one can find thatSa

(2)<lmax
(2) .

A procedure for obtaining the TOF’s on the basis of t
TDM has been suggested in Ref.@25#. It is due to the par-
ticular asymptotic properties of the TOF’s and is similar
the one suggested in Ref.@26# for deriving the one-body
overlap functions from the one-body density matrix.

In the case when two like nucleons~neutrons or protons!
unbound to the rest of the system are simultaneously tra
ferred, the following hyperspherical type of asymptotics
valid for the two-body overlap functions@23,41,42#:
7-2
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TWO-PROTON OVERLAP FUNCTIONS IN THE JASTROW . . . PHYSICAL REVIEW C68, 014617 ~2003!
F~r ,R!→NexpH 2A4muEu

\2 S R21
1

4
r 2D J

3S R21
1

4
r 2D 25/2

, ~8!

wherer andR are the magnitudes of the relative and cent
of-mass ~c.m.! coordinates,r5r12r2 and R5(r11r2)/2,
respectively,m is the nucleon mass, andE5E(A)2E(C) is
the two-nucleon separation energy.

For a target nucleus withJtar
p 501, the TOF in Eq.~5!

can be written in the form

FnJM~x1 ,x2!5(
LS

$FnJLS~r1 ,r2! ^ xS~s1 ,s2!%JM , ~9!

wheren is the number of the state of the residual nucle
with a given total momentumJ,

xSMS
~s1 ,s2!5$x1/2~s1! ^ x1/2~s2!%SMS

5 (
ms1

ms2

S 1

2
ms1

1

2
ms2

uSMSD
3x1/2ms1

~s1!x1/2ms2
~s2!, ~10!

and FnJLSML
(r1 ,r2) is the spatially dependent part of th

overlap function. Performing a decomposition into angu
momental5 lr andLR (L5 l1LR) corresponding to the rela
tive and c.m. coordinates, one obtains

FnJSLML
~r ,R!5(

lL R

FnJSLlLR
~r ,R!$YLR

~R̂! ^ Yl~ r̂ !%LML
.

~11!

Then the TDM can be written as

r (2)~x1 ,x2 ;x18 ,x28!

5(
JM

(
LSL8S8

(
lL Rl 8LR8

rJSLlLR

(2)
S8L8 l 8L

R8
~r ,R;r 8,R8!

3ASLlLR

JM* ~s1 ,s2 ; r̂ ,R̂!AS8L8 l 8L
R8

JM
~s18 ,s28 ; r̂ 8,R̂8!,

~12!

where the radial part of the density matrix is

rJSLlLR

(2)
S8L8 l 8L

R8
~r ,R;r 8,R8!5(

n
FnJSLlLR

* ~r ,R!

3FnJS8L8 l 8L
R8
~r 8,R8!

~13!

and the spin-angular function is
01461
-

s

r

ASLlLR

JM ~s1 ,s2 ; r̂ ,R̂!5$$YLR
~R̂! ^ Yl~ r̂ !%LML

^ xSMS
~s1 ,s2!%JM . ~14!

We will consider the diagonal part of the radial TDM i
Eq. ~13!:

rJSLlLR

(2) ~r ,R;r 8,R8!5(
n

FnJSLlLR
* ~r ,R!FnJSLlLR

~r 8,R8!.

~15!

For larger 85a andR85b a single term withn0, corre-
sponding to the smallest two-nucleon separation energy,
dominate the sum on the right-hand side of Eq.~15!. Then,
according to Eq. ~8!, the radial part of the TOF
Fn0JSLlLR

(r ,R) can be expressed in terms of the TDM as

Fn0JSLlLR
~r ,R!

5

rJSLlLR

(2) ~r ,R;a,b!

Fn0JSLlLR
~a,b!

5

rJSLlLR

(2) ~r ,R;a,b!

N exp$2kA~b21 1
4 a2!%~b21 1

4 a2!25/2
, ~16!

wherek5(4muEu/\2)1/2 is constrained by the experiment
values of the two-nucleon separation energyE.

The relationship obtained in Eq.~16! makes it possible to
extract TOF’s with quantum numbersJSLlLR from a given
TDM. The coefficientN and the constantk can be deter-
mined from the asymptotics ofrJSLlLR

(2) (r ,R;r ,R).

III. RESULTS

A. The two-proton overlap functions

The procedure described in Sec. II has been applied
calculate the two-proton overlap functions in the16O nucleus
for the transition to the 01 ground and the 11 state of14C, at
11.3 MeV excitation energy. The TDM obtained in Ref.@36#
in the framework of the low-order approximation~LOA! of
the Jastrow correlation method has been used. The latte
corporates the nucleon-nucleon SRC in terms of the wa
function ansatz@43#:

C (A)~r1 ,r2 , . . . ,rA!5~CA!21/2 )
1< i , j <A

f ~ ur i2r j u!

3FSD
A ~r1 ,r2 , . . . ,rA!, ~17!

whereCA is a normalization constant andFSD
A is a single

Slater determinant wave function built from harmoni
oscillator~HO! single-particle wave functions which depen
on the oscillator parameteraosc, having the same value fo
both protons and neutrons. Only central correlations are
cluded in the correlation factorf (r ), which is state indepen
dent and has a simple Gaussian form
7-3
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FIG. 1. The1S0 two-proton overlap functions
for the nucleus16O leading to the 01 ground
state of 14C extracted from the JCM~left! and
uncorrelated~right! two-body density matrices.
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f ~r !512c exp~2b2r 2!, ~18!

where the correlation parameterb determines the healing
distance and the parameterc accounts for the strength of th
SRC. The LOA keeps all terms up to the second order ih
5 f 21 and up to the first order ing5 f 221 in such a way
that the normalization of the density matrices is ensured
der by order@44#.

The values of the parametersaosc and b have been ob-
tained @45# phenomenologically by fitting the experiment
elastic form factor data for4He, 16O, and 40Ca nuclei. The
value of the parameterc has been determined@36# under the
additional condition of the relative pair density distributio

r (2)~r !5E r (2)~r ,R;r ,R!dR ~19!

to reproduce atr 50 the associated value obtained within t
variational Monte Carlo approach@37#. Thus, in the presen
calculations the following values of the parameters are u
for 16O: aosc50.61 fm21, b51.30 fm21, c50.77.

In order to obtain the radial part of the TDM
r (2)(r ,R;r 8,R8) of Eq. ~13!, we use the analytical expressio
for the TDM obtained in Ref.@36# substituting the coordi-
nates of the two particlesr1 and r2 by the c.m.R and
relative r coordinates. Then, the radial part of Eq.~15!
can be obtained by multiplying the TDM b
AS9L9 l 9L

R98
JM

(s1 ,s2 ; r̂ ,R̂)AS-L- l-L
R-

JM*
(s18 ,s28 ; r̂ 8,R̂8) and then

integrating over the angles and summing over the spin v
ables.

In order to obtain the values of the parametersk and N
in Eq. ~16! simultaneously, we look for such
radial contribution rn0JSLlLR

(2) (r ,R;r 8,R8)5Fn0JSLlLR
* (r ,R)

3Fn0JSLlLR
(r 8,R8) whose diagonal partrn0JSLlLR

(2) (r ,R)

minimizes the trace
01461
r-
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Tr$@rJSLlLR

(2) ~r ,R!2rn0JSLlLR

(2) ~r ,R!#2%5min. ~20!

The correct determination of these parameters require
proper definition of the asymptotic region where the trace
Eq. ~20! has to be minimized. If we denote the point
which rJSLlLR

(2) (r ,R) has a maximum with (r max,Rmax), the

starting point of the asymptotic region (r 0 ,R0) is obtained
looking for a point r 0, at R5Rmax, for which
rJSLlLR

(2) (r 0 ,Rmax)<10% ofrJSLlLR

(2) (r max,Rmax). Whenr 0 has

been determined, we look for a pointR0, at r 5r 0, for which
rJSLlLR

(2) (r 0 ,R0)<10% of rJSLlLR

(2) (r 0 ,Rmax). The length of

the asymptotic region overr and R is determined by the
requirement to obtain the separation energy which is ma
mally close to the experimental one. The asymptotic po
(a,b) is chosen to be that one which gives the minimal lea
squared deviation expressed by Eq.~20!.

When all the parameters are determined, Eq.~16! can be
used to calculate the radial partFn0JSLlLR

(r ,R). Then, in-
cluding also the spin-angular part in Eqs.~11! and ~9! we
obtain the TOF’s.

For a given set of quantum numbersJSLlLR , the TOF is
calculated by minimizing the trace of the corresponding p
of the TDM. Thus, for a particular final stateJp of the re-
sidual nucleus, different TOF’s can independently be cal
lated using this procedure for each set of quantum numb
and each one of them is fully responsible for the two-pro
knockout process and the transition to the stateJp.

The TOF’s obtained in the JCM for the1S0 and 3P1
states are presented in Figs. 1 and 2, respectively. They
compared with the uncorrelated TOF’s obtained by apply
the same procedure to the uncorrelated TDM, i.e., withc
50 in the correlation factor of Eq.~18!. The notation for the
partial waves in our case is2S11l L . It differs from the gen-
erally accepted one2S11l j because we have a different co
pling scheme of spin and angular momenta.
FIG. 2. The3P1 two-proton overlap functions
for the nucleus16O leading to the 01 ground
state of 14C extracted from the JCM~left! and
uncorrelated~right! two-body density matrices.
7-4
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FIG. 3. The two-proton overlap functions fo
the nucleus16O leading to the 11 excited state of
14C extracted from the JCM~left! and uncorre-
lated ~right! TDM’s.
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It can be seen from the figures that SRC affect both s
and shape of the TOF’s. Their role, however, is different
the two states and, as it was already found in previous
different calculations~see, e.g., Refs.@9,24#!, is much more
important when the two protons are in the1S0 than in the
3P1 state.

The spectroscopic factors corresponding to the1S0 and
3P1 overlap functions are 0.958 and 0.957, respectiv
Also theD wave can contribute for the transition to the 01

ground state of14C, but the corresponding TOF is very sma
and is not considered in the present study.

As a next step, we derive the total TOFFnJM(x,X) in
terms of a sum over all possible partial components, i.e.

FnJM~x,X!5 (
LSlLR

FnJSLlLR
~r ,R!ASLlLR

JM ~s1 ,s2 ; r̂ ,R̂!.

~21!

We integrate the squared modulus of the total TOF in
~21! over the angles and sum over the spin variables.
result can be written in the form~for the smallest value o
n5n0)

uFJM~x,X!u2[uF̃JM~r ,R!u25 (
LSlLR

rJLSlLR

(2) ~r ,R!, ~22!

where the bar denotes the integration over the angles
summation over the spin variables, andF̃JM(r ,R) is the ra-
dial part of the total TOF obtained after the integration a
summation. Using the asymptotics ofF̃JM(r ,R) at r→a,
R→b one can write

F̃JM~r ,R!5

(
LSlLR

rJSLlLR

(2) ~r ,R;a,b!

N exp$2kA~b21 1
4 a2!%~b21 1

4 a2!25/2
.

~23!

The parametersN, k, a, b in Eq. ~23! can be redetermined
from the asymptotics of(LSlLR

rJLSlLR

(2) (r ,R;r ,R) using the

procedure already explained in the first part of this secti
Then, each partial radial componentFJSLlLR

(r ,R) in Eq.
~21! can be separately calculated from Eq.~16! using for
each one of them the same coefficientsN, k, a, b which
correspond to the asymptotics of the total TOF. T
asymptotic point (a,b) determines the individual contribu
tion of each partial overlap function to the total TOF. Th
01461
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prescription allows us to combine, with some approxim
tions, the different radial components in Eq.~21!.

The results for the1S0 and 3P1 partial components have
a similar behavior as in Figs. 1 and 2, the main difference
that they are somewhat reduced in magnitude. The reduc
is determined by the contribution of each component to
total TOF. The spectroscopic factor corresponding to the
tal TOF is equal to unity in the uncorrelated case and 0.9
in the Jastrow case.

The Jastrow TDM~including only SRC! is not ‘‘rich’’
enough to be able to explain realistically transitions to all
excited states of14C. Therefore, only the transition to the 11

state is considered in the present paper as an example o
applicability of the method.

In the case of the transition to the 11 excited state of14C
at 11.3 MeV, pp pairs in the 3P0,1,2 and 1D1 states can
contribute to the process. The3P0 , 3P2, and 1D1 TOF’s,
however, are very small and their contributions to the cr
sections were found to be negligible, so that the total T
practically coincides with the3P1 TOF.

In our method, the radial TOF generally depends onJ and
M. In the 11 case, however, the results with differentM
practically coincide: forM561 they are exactly the sam
and very close results are obtained forM50. The Jastrow
and the uncorrelated TOF’s, averaged overM, are presented
in Fig. 3. They are similar to those displayed in Fig. 2 for t
3P1 TOF for the transition to the 01 ground state of14C.
The shapes of the correlated and uncorrelated TOF’s
similar and the magnitude of the result with correlations
the maximum is lower than that in the uncorrelated case.
value of the spectroscopic factor is 0.967 in the Jastrow c
and unity in the uncorrelated one.

B. The 16O„e,e8pp…14C reaction

The TOF’s obtained from the TDM within the Jastro
correlation method have been used to calculate the cross
tion of the 16O(e,e8pp)14C knockout reaction.

The coincidence cross section for the reaction induced
an electron, with momentump0 and energyE0 with E0

5up0u5p0, where two nucleons, with momentap18 and p28
and energiesE18 andE28 , are ejected from a nucleus is give
in the one-photon exchange approximation and after integ
ing overE28 , by @2,5#

d8s

dE08dVdE18dV18dV28
5KV f f recu j mJmu2. ~24!
7-5
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FIG. 4. The differential cross section of the16O(e,e8pp) reaction as a function of the recoil momentumpB for the transition to the 01

ground state of14C in the superparallel kinematics withE05855 MeV, v5215 MeV, andq5316 MeV/c. Positive~negative! values ofpB

refer to situations wherepB is parallel~antiparallel! to q. The curves are obtained with different treatments of the TOF:1S0 ~dashed line! and
3P1 ~dotted line! as ‘‘independent’’ TOF’s in the JCM~i.e., those drawn in the left panel of Figs. 1 and 2, respectively! in the left panel and
as partial components~see the explanations given in Sec. III A! in the right panel, the total TOF~solid line!, the TOF from the spectra
function~SF! @9,24# ~dot-dashed line!, the product of a pair function of the shell model and the correlation function of Eq.~18! ~SM1CORR!
~dot-dot-dashed line!.
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In Eq. ~24!, E08 is the energy of the scattered electron w
momentump08 , K5e4p08

2/4p2Q 4 whereQ25q22v2, with
v5E02E08 andq5p02p08 , is the four-momentum transfe
The quantityV f5p18E18p28E28 is the phase-space factor an
integration overE28 produces the recoil factor

f rec
21512

E28

EB

p28•pB

up28u
2

, ~25!

whereEB and pB are the energy and momentum of the r
sidual nucleus. The cross section is given by the squar
the scalar product of the relativistic electron currentj m and
of the nuclear currentJm, which is given by the Fourier
transform of the transition matrix elements of the char
current density operator between initial and final nucl
states,

Jm~q!5E ^C fuĴm~r !uC i&exp~ iq•r !dr . ~26!

If the residual nucleus is left in a discrete eigenstate of
Hamiltonian, i.e., for an exclusive process, and under
assumption of a direct knockout mechanism, Eq.~26! can be
written as@5,8#
01461
-
of

-
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s
e

Jm~q!5E F f* ~x1 ,x2!Jm~r ,x1 ,x2!F i~x1 ,x2!

3exp~ iq•r !drdx1dx2 . ~27!

The TOF’s extracted from the TDM have been used
the calculation of the radial part of the two-nucleon overl
functionF i . The other theoretical ingredients of the integr
in Eq. ~27! have been calculated within the theoretical fram
work of Refs.@5,8,9#. Therefore, the nuclear current operat
Jm is the sum of a one-body and a two-body part. The o
body part contains a Coulomb, a convective, and a spin te
For thepp knockout, the two-body current contains only th
contributions of non charge-exchange processes with in
mediate D-isobar configurations@9,16#. In the final-state
wave functionF f , the mutual interaction between the tw
outgoing nucleons is neglected and the scattering stat
given by the product of two uncoupled single-particle d
torted wave functions, eigenfunctions of a complex pheno
enological optical potential which contains a central, a Co
lomb, and a spin-orbit term@46#.

The differential cross sections calculated for the transit
to the 01 ground state of14C are shown in Figs. 4 and 5 fo
two kinematical settings considered in the experiments p
formed at NIKHEF@18–20# and MAMI @21,22#. In Fig. 4,
e
e

t-
m

FIG. 5. The differential cross section of th
16O(e,e8pp) reaction as a function of the angl
g2 for the transition to the 01 ground state of14C
in a kinematics with E05584 MeV, v
5212 MeV, q5300 MeV/c, T185137 MeV,
and g15230°, on the opposite side of the ou
going electron with respect to the momentu
transfer. Line convention as in Fig. 4.
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the cross section is calculated in the superparallel kinema
of the MAMI experiment, where the two nucleons a
ejected parallel and antiparallel to the momentum tran
and, for a fixed value ofv andq, it is possible to explore, for
different values of the kinetic energies of the outgoing nuc
ons, all the possible values ofpB . In the calculations, the
incident electron energy is fixed atE05855 MeV, v
5215 MeV, andq5316 MeV/c. In Fig. 5, a specific kine-
matical setting included in the experiments carried out
NIKHEF is considered, withE05584 MeV, v5212 MeV,
andq5300 MeV/c. The kinetic energy of the first outgoin
proton T18 is 137 MeV and the angleg1, between the first
outgoing proton andq, is 30° on the opposite side of th
outgoing electron with respect to the momentum trans
Changing the angleg2, between the second outgoing proto
and q, on the other side, different values of the recoil m
mentum pB are explored in the range between2250 and
300 MeV/c, including the zero values atg2.120°.

The cross sections calculated with the1S0 and 3P1 TOF’s
as independent and fully responsible for the knockout p
cess presented above in Figs. 1 and 2 are displayed in th
panels of Figs. 4 and 5. In the right panels, the cross sect
obtained with the total TOF, Eq.~23!, from the Jastrow TDM
are plotted and compared with the contributions given by
1S0 and 3P1 partial components, i.e., calculated using E
~16!.

These results are compared in the figures with the c
sections already shown in Ref.@9#, where the TOF is taken
from a calculation of the two-proton spectral function~SF!
@24#, where a two-step procedure has been adopted to inc
both SRC and LRC. LRC are calculated in a shell-mo
space large enough to incorporate the corresponding co
tive features which influence the pair removal amplitud
The single-particle propagators used for this dressed ran
phase approximation~RPA! description of the two-particle
propagator also include the effect of both LRC and SRC
the second step, that part of the pair removal amplitud
which describes the relative motion of the pair, is supp
mented by defect functions obtained from the sameG matrix
which is also used as the effective interaction in the R
calculation. Different defect functions are produced by d
ferent realisticNN potentials. The results shown in Figs.
and 5 are obtained with the Bonn-A potential. The explicit
expression of the TOF’s is given in a form of the same k
as in Eq.~21!, in terms of a combination of the c.m. an
relative wave functions. The1S0 and 3P1 relative waves
give the main contribution for the transition to the 01 ground
state, while only a negligible contribution is given by theD
wave. The results of this model are able to give a pro
description of available data@19–22#.

In the figures are also shown for a comparison the res
obtained with a simpler approach, where the two-nucle
wave function is given by the product of the pair function
the shell model and of a Jastrow-type central and st
independent correlation function. In this approach~SM
1CORR!, the ground state of14C is described as a pur
(1p1/2)

22 hole in 16O. In order to allow a more direct an
clear comparison with the TOF’s from the Jastrow TDM, H
single-particle wave functions and the same correlation fu
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tion as in Eq.~18!, with the same parameters as in the c
culation of the TDM, have been adopted.

The shape of the calculated cross sections is determ
by the value of the c.m. orbital angular momentumLR , that
is, LR50 for 1S0, which gives the major contribution a
lower values, andLR51 for 3P1, which dominates at highe
values of the recoil momentum.

SRC are quite strong and even dominant for the1S0 state
and much weaker for the3P1 state. The role of the isoba
current is strongly reduced for the1S0 pp knockout, since
there the magnetic dipoleNN↔ND transition is suppresse
@17,47#. As a consequence, in the figures, the1S0 results are
dominated by the one-body current and thus by SRC, w
the D current gives the main contribution to the3P1 pp
knockout.

One of the main results of the previous theoretical inv
tigations, which has been clearly confirmed in comparis
with data, is the dominance of the1S0 pp knockout in the
16O(e,e8pp)14Cg.s. reaction. It can be seen from Fig. 4 th
the cross section calculated with the Jastrow TOF for the1S0
state is close to the SF and also to the SM1CORR results at
low values ofpB , up to ;150–200 MeV/c, that is, just in
the region where the1S0 contribution is dominant. ForpB
>200 MeV/c, the 3P1 knockout becomes dominant with a
the different treatments of the TOF. The results with the3P1
TOF from the Jastrow TDM are however, much larger th
the SF result and also larger than the SM1CORR cross sec-
tion. It can be noted that even the1S0 curve in Fig. 4 is, at
large values of the momentum, higher that the SF result. T
is an indication that SRC in the JCM produce a stron
enhancement of the high-momentum components.

The behavior of the pure1S0 result in the left panel of
Fig. 5 is somewhat similar to that of the SF and SM1CORR
cross sections, which appear driven by the1S0 contribution.
There are anyhow significant differences in the shape
large differences in the size of the various results.

The cross sections calculated with the total TOF, obtain
from the combination of the1S0 and 3P1 partial compo-
nents, are shown in the right panels of Figs. 4 and 5. In b
kinematical settings, the1S0 component dominates at low
values ofpB , while the 3P1 component produces a stron
enhancement at high momenta. The contributions of the
tial components are reduced with respect to the results in
left panels, where each one of them is fully responsible
the knockout process. Thus, the cross sections calcul
with the total TOF from the Jastrow TDM are somewh
reduced at low recoil momenta. The contribution of the3P1
component to the total TOF is much more relevant than w
the other theoretical treatments and the enhancement at
momenta turns out to be much larger. Thus, the shape of
cross sections with the total TOF from the JCM is flatter th
that with the SF and SM1CORR results.

In the right panels of Figs. 4 and 5, the cross sections w
the Jastrow TOF are lower at low recoil momenta and mu
larger at high momenta than the SF calculations. This re
is due to the larger contribution of the3P1 component in the
Jastrow TOF. The SM1CORR cross sections are higher th
the other results at low recoil momenta. This is an indicat
of a stronger contribution of SRC in this calculation. Th
7-7
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contribution, however, depends on the particular expres
adopted for the correlation functions, which in the calcu
tions of Figs. 4 and 5 is exactly the same as in the calcula
of the TDM. At high momenta, the SM1CORR cross sec
tions remain always higher than the SF results, but gener
lower than the results given by the TOF from the JCM.

Although obtained from a calculation of the TDM withi
the JCM where only SRC are included, the TOF’s used
our calculations are able to reproduce the main qualita
features which were found in previous theoretical investi
tions. This means that the procedure suggested in Ref.@25# to
calculate the TOF’s from the TDM can be applied and e
ploited in the study of the two-nucleon knockout reaction

The large differences found in Figs. 4 and 5 indicate t
the calculated cross sections are very sensitive to the di
ent approaches used and to the theoretical treatmen
nuclear structure and correlations in the TOF. It would
interesting to apply the procedure used in this work for
calculation of the TOF’s to more refined treatments of
TDM @4,37–39#.

The differential cross sections calculated for the transit
to the 11 state of 14C, at 11.3 MeV excitation energy, ar
shown in Figs. 6 and 7 in the same kinematical settings
ready considered for the 01 state in Figs. 4 and 5. In bot
kinematics, large differences in the size and also in the sh
of the calculated cross sections are given by the differ
treatments of the TOF. With respect to the other results,
Jastrow TOF produces in the superparallel kinematic
strong enhancement at high momenta, which makes
shape of the cross sections larger and flatter than that
the SF and SM1CORR TOF’s. A similar effect is found also
in the kinematics of Fig. 7. In this case, however, larg
differences are produced by the three different TOF’s in
maximum region, where the cross section calculated with

FIG. 6. The differential cross section of the16O(e,e8pp) reac-
tion as a function of the recoil momentumpB for the transition to
the 11 excited state of14C in the same kinematics as in Fig. 4. Th
results are obtained with the Jastrow TOF~solid line!, the TOF from
the spectral function~SF! ~dot-dashed line! and the product of a pai
function of the shell model and the correlation function of Eq.~18!
~SM1CORR! ~dot-dot-dashed line!.
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Jastrow TOF is much lower than the other results. This re
is presumably due to the simple two-body density, used a
first step to test the validity of the method.

IV. CONCLUSIONS

The results of the present work can be summarized
follows.

~i! The two-nucleon overlap functions~and their norms,
the spectroscopic factors! corresponding to the knockout o
two protons from the ground state of16O and the transition
to the ground and 11 ~11.3-MeV! excited states of14C are
calculated using the recently established relationship@25# be-
tween the TOF’s and the TDM. In the calculations, the TD
obtained within the JCM@36# is used. Though only SRC ar
accounted for in the Jastrow TDM, the results can be con
ered as a first attempt to use an approach which fulfills
general necessity of the TOF’s to be extracted from theor
cally calculated TDM’s corresponding to realistic wave fun
tions of the nuclear states. Of course, the quality of the
sults will depend heavily on the availability of a realist
TDM incorporating all necessary types ofNN correlations.

~ii ! The contributions of the two-proton overlap function
leading to the ground state of14C corresponding to the re
moval of 1S0 and 3P1 pp pairs from 16O are calculated in
two manners:~1! when each one is fully responsible for th
knockout process, and~2! when they are partial componen
of the total TOF. The1S0 and 3P1 results obtained in the two
manners are similar, the main difference being that the pa
components in case~2! are reduced in magnitude. The com
parison between the results for the TOF’s in the correla
~Jastrow! case and in the uncorrelated case shows that S
affect both size and shape of the1S0 and 3P1 overlap func-
tions. The effects of SRC, however, are much stronger w
the two protons are in an1S0 state. Only one partial compo
nent 3P1 gives the main contribution to the transition to th

FIG. 7. The differential cross section of the16O(e,e8pp) reac-
tion as a function of the angleg2 for the transition to the 11 excited
state of14C in the same kinematics as in Fig. 5. Line convention
in Fig. 6.
7-8
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11 excited state of14C. The TOF’s derived for this state ar
similar to the 3P1 TOF’s calculated for the transition to th
01 ground state.

~iii ! The TOF’s extracted from the Jastrow TDM are i
cluded in the theoretical approach of Refs.@5,8,9# to calcu-
late the cross section of the16O(e,e8pp)14C knockout reac-
tion. Numerical results, in different kinematics, are presen
and compared with the cross sections calculated, within
same theoretical model for the reaction mechanism, with
ferent treatments of the TOF, in particular with the mo
refined approach of Refs.@9,24#, where the TOF’s are ob
tained from a calculation of the two-proton spectral functi
of 16O where both SRC and LRC are included. The cal
lated cross sections are very sensitive to the theoretical t
ment and different results are produced by the differ
TOF’s. The cross sections calculated in the present w
where the TOF’s are extracted from the Jastrow TDM, c
firm the dominant contribution of the1S0 pp knockout at
low values of recoil momentum, up to.150–200 MeV/c.
The 3P1 contribution is mainly responsible for the high
ro
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momentum part of the cross section atpB>200 MeV/c.
~iv! Our method is applied in the present work only to t

01 ground and the 11 ~11.3-MeV! excited states of14C. The
main aim was to check the practical application of all ste
of the method to a given state of the residual nucleus. Th
fore, the results obtained for the16O(e,e8pp)14C reaction,
which are able to reproduce the main qualitative features
the cross sections calculated with different treatments of
TOF’s, can serve as an indication of the reliability of th
method, which can be applied to a wider range of situatio
and, as an alternative to an explicit calculation of the tw
hole spectral function, to more refined approaches of
TDM @4,37–39#.

ACKNOWLEDGMENTS

One of the authors~D.N.K.! would like to thank the Pavia
Section of the INFN for the warm hospitality and for provid
ing support. The work was partly supported by the Bulgar
National Science Foundation under Contract Nos.F-809 and
F-905.
ron
en-

hys.

,

C

v.

r,

,
Z.

,

,

,

,

.

@1# K. Gottfried, Nucl. Phys.5, 557 ~1958!; Ann. Phys.~N.Y.! 21,
29 ~1963!.

@2# S. Boffi, C. Giusti, F. D. Pacati, and M. Radici,Electromag-
netic Response of Atomic Nuclei, Oxford Studies in Nuclear
Physics Vol. 20~Clarendon, Oxford, 1996!.

@3# A. N. Antonov, P. E. Hodgson, and I. Zh. Petkov,Nucleon
Correlations in Nuclei~Springer-Verlag, Berlin, 1993!.
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