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Calculations of the16Ose,e8p Nd cross sections to the ground state and first excited levels of the14C and14N
nuclei are presented. The effects of nuclear fragmentation have been obtained in a self-consistent approach and
are accounted for in the determination of the two-nucleon removal amplitudes. The Hilbert space is partitioned
in order to compute the contribution of both long- and short-range effects in a separate way. Both the two-
proton and the proton-neutron emission cross sections have been computed within the same model for the
nuclear structure as well as the same treatment of the reaction mechanism, with the aim of better comparing the
differences between the two physical processes. The16Ose,e8 ppd reaction is found to be sensitive to short-
range correlations, in agreement with previous results. The16Ose,e8 pnd cross section to 1+ final states is
dominated by theD current and tensor correlations. For both reactions, the interplay between collective
(long-range) effects and short-range and tensor correlations plays an important role. This suggests that the
selectivity of se,e8pNd reactions to the final state can be used to probe correlations also beyond short-range
effects.
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I. INTRODUCTION

Among the various processes that characterize atomic nu-
clei, short-range correlations(SRC) play a very important
role in the study of nuclear structure. It is now understood
that the repulsive core of the nuclear interaction, at small
distances, has a decisive influence on the spectral distribution
of nucleons and on the binding properties of both finite and
infinite nuclear systems[1–4]. Photo-induced two-nucleon
knockout reactions likesg ,NNd andse,e8NNd appear to be a
powerful tool to investigate two-body correlations in nuclei.
Indeed, the probability that a real or virtual photon is ab-
sorbed by a pair should be a direct measure of the correlation
between the two nucleons. The measurements of these cross
sections have only become possible in recent years[7] by
means of modern electron beam facilities. Studies with16O
and12C targets have been carried out at the AmPS-facility at
NIKHEF-Amsterdam [5–9], the MAMI-facility in Mainz
[10–12] and the SAL in Saskatchewan[13]. These have in-
spired a number of recent theoretical investigations[14–20].
The comparison of the NIKHEF data with theoretical calcu-
lations[14,15] for the 16Ose,e8 ppd reaction has been carried

out in Refs.[8,9]. In particular, it has been demonstrated that
the transition to the ground state of14C is dominated by the
presence of SRC whenever the two protons are emitted back-
to-back with small total momenta. Therefore, the high ex-
perimental cross section observed for this transition at small
missing momenta can be considered a clear signature of SRC
[8,9]. Further measurements have been carried out at the
MAMI-facility in Mainz for the 16Ose,e8ppd [11] reaction
and proposed for the16Ose,e8pnd case[21]. The resolution
achieved in these new experiments allows the separation of
specific excited states in the residual nucleus.

A recent se,e8pd experiment[22,23] performed at JLab
also was aimed at the direct observations of high-momentum
protons in the nucleus, another clear signature of SRC. These
measurements are expected to produce new and detailed in-
formation on the one-body spectral distribution. However,
due to the high missing energies and momenta required to
observe this consequence of SRC, one is forced to work in a
kinematic region where the effects of the final-state interac-
tion tend to overwhelm the direct signal[22,24]. The advan-
tage of two-nucleon emission lies in the possibility of eject-
ing the correlated pair as a whole, thus seeing the effects of
SRC even at small missing energies and momenta but corre-
sponding to large values of the relative momentum of the
pair. On the other hand, several studies[15,16,20] suggest
that details of the two-nucleon emission cross sections are
sensitive not only to SRC. Indeed long-range correlations
(LRC), at low energy, and the reaction mechanism are also
important. Moreover, which of these effects is predominant
depends on the particular choice of the kinematics and on the
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final state of the residual nucleus, in particular its angular
momentum and parity. The latter quantities therefore act as a
filter for the study of various reaction processes. Clearly,
while this richness of details complicates the extraction of
information related to SRC, it also identifies two-nucleon
emission reactions as a unique tool to probe different aspects
of two-body correlations in finite systems.

The model of the reaction mechanism employed in Ref.
[15] was discussed in Ref.[25]. In this work the excitation
process includes the contribution of the usual one-body
terms as well as those two-body currents which involve the
intermediate excitation of theD-isobar. In the present work
the improved treatment of the nuclear currents, given in
Refs.[26–28] will be employed. The treatment of the final-
state interaction accounts for the distorting effect of their
interaction with the remaining nucleons in terms of an opti-
cal potential. As in previous works, the mutual interaction
between the two outgoing nucleons will be neglected here.
This approximation has been adopted in the past by noting
that the pair of protons will leave the nucleus largely back to
back, making this type of final-state interaction less impor-
tant. However, recent perturbative calculations on the
se,e8ppd process[29–31] show that this effect can produce a
significant increase of the experimental yield. Work is in
progress to include these contributions completely[32].
Since higher-order effects in such a complete treatment may
lead to different conclusions, we consider this issue beyond
the scope of the present investigation.

An important element in the calculation of the cross sec-
tion is the two-body overlap(or removal) amplitude, which
contains the information on the correlations between the pair
of nucleons inside the system. These amplitudes were com-
puted in Ref.[33] for two protons by partitioning the full
Hilbert space to obtain a model space large enough to ac-
count for the most relevant LRC. This is based on the as-
sumption that the effects of SRC concern high relative mo-
mentum states(at high energy) and that these are sufficiently
decoupled from the collective motion at low energy. The
LRC were then obtained by solving the two-hole dressed
random phase approximation(hh-DRPA) inside the model
space, while the distortion due to SRC was included by add-
ing appropriate defect functions, computed for the specifi-
cally excluded space. In Ref.[33], the nonlocality of the
Pauli operator was neglected, resulting in a set of only few
defect functions that were essentially independent of the
center-of-mass(c.m.) motion of the pair. The resulting two-
nucleon spectral function was then employed in the calcula-
tion of the 16Ose,e8ppd cross section in Ref.[15]. A similar
approach was followed in Ref.[16] for the 16Ose,e8pnd case
also by employing the same model[25–27] of the reaction
mechanism. In this work the two-hole spectral function for a
proton-neutron pair was obtained by employing a coupled-
cluster approach. TheS2 approximation employed in Ref.
[16] is quite similar to the evaluation of the short-range part
of the two-body spectral function in terms of a BruecknerG
matrix, as employed in Ref.[33], but does not account analo-
gously well for the effects of LRC. However, a full set of
defect functions, including their dependence on the c.m. of
the pair, is obtained naturally in this approach. Given the
differences between the above calculations, it is interesting

to compare the emission of both app and a pn pair by
evaluating them within the same description of the nuclear
structure effects. Furthermore, the description of nuclear
structure effects related to the description of the fragmenta-
tion of the single-particle strength has been improved by
applying a Faddeev technique to the description of the inter-
nal propagators in the nucleon self-energy[34,35]. This de-
velopment provides an additional incentive to study the re-
sulting consequences for the description of two-nucleon
removal reactions. In the present work we pursue these aims
by employing thehh-DRPA approach of Refs.[15,33] while
improving on the computation of the defect functions, in
order to obtain a description of SRC comparable to the one
of Ref. [16]. We then apply this model to study both the
16Ose,e8ppd and 16Ose,e8pnd reactions.

In Sec. II of this paper the essential steps in the calcula-
tion of these,e8pNd cross sections are summarized. The cal-
culation of the two-nucleon removal amplitudes, that de-
scribe the correlations, is discussed in Sec. III. There, the
approach of separating the contributions of long-range
(LRC) and short-range correlations(SRC) introduced in Ref.
[33] is reviewed and the present calculation of defect func-
tions is described in some detail. Section III A also summa-
rizes the updated results for the nuclear structure calculation.
The numerical results of16Ose,e8ppd and16Ose,e8pnd cross
sections are presented and discussed in Sec. IV, while con-
clusions are drawn in Sec. V.

II. REACTION MECHANISM OF THE „e,e8pN…
CROSS SECTIONS

The coincidence cross section for the reaction induced by
an electron with momentump0 and energyE0, with E0
= up0u =p0, where two nucleons, with momentap18 andp28 and
energiesE18 and E28, are ejected from a nucleus is given, in
the one-photon exchange approximation and after integrating
over E28, by [36,37]

d8s

dE08dVdE18dV18dV28
= KV f f recu jmJmu2. s1d

In Eq. (1) E08 is the energy of the scattered electron with
momentump08, K=e4p80

2/4p2Q4, whereQ2=q2−v2, with v
=E0−E08 andq=p0−p08, is the four-momentum transfer. The
quantityV f =p18E18p28E28 is the phase-space factor and integra-
tion overE28 produces the recoil factor

f rec
−1 = 1 −

E28

EB

p28 ·pB

up28u
2 , s2d

whereEB and pB are the energy and momentum of the re-
sidual nucleus. The cross section is given by the square of
the scalar product of the relativistic electron currentjm and of
the nuclear currentJm, which is given by the Fourier trans-
form of the transition matrix elements of the charge-current
density operator between initial and final nuclear states

Jmsqd =E kC fuĴmsrduCileiq·rdr . s3d
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If the residual nucleus is left in a discrete eigenstate of its
Hamiltonian, i.e., for an exclusive process, and under the
assumption of a direct knockout mechanism, the matrix ele-
ments of Eq.(3) can be written as[25,37]

Jmsqd =E C f
*sr1s1,r2s2dJmsr,r1s1,r2s2d

3Cisr1s1,r2s2deiq·rdrdr1dr2ds1ds2. s4d

Equation(4) contains three main ingredients: the final-state
wave function c f, the nuclear currentJm, and the two-
nucleon overlap integralci.

The nuclear current operator is the sum of a one-body and
a two-body part. The one-body part contains the usual charge
operator and the convective and spin currents. The two-body
current is derived from the effective Lagrangian of Ref.[38],
performing a nonrelativistic reduction of the lowest-order
Feynman diagrams with one-pion exchange. We therefore
have currents corresponding to the seagull and pion-in-flight
diagrams and to the diagrams with intermediateD-isobar
configurations[27], i.e.,

Js2dsr,r1s1,r2s2d = Jseasr,r1s1,r2s2d + Jpsr,r1s1,r2s2d

+ JDsr,r1s1,r2s2d. s5d

Details of the nuclear current components and the values of
the parameters used in the calculations are given in Refs.
[26–28].

Equation(4) involves bound and scattering states,ci and
c f, which should consistently be obtained from an energy-
dependent non-Hermitian Feshbach-type Hamiltonian for the
considered final state of the residual nucleus. They are eigen-
functions of this Hamiltonian at negative and positive energy
eigenvalues, respectively[36,37]. In practice, it is not pos-
sible to achieve this consistency and the treatment of initial
and final state correlations proceeds separately with different
approximations.

The final-state wave functionc f includes the interaction
of each one of the two outgoing nucleons with the residual
nucleus. The mutual interaction between the two outgoing
nucleons has been studied in Ref.[29] in nuclear matter and,
more recently, in two-nucleon knockout from16O in Refs.
[30,31] within a perturbative treatment. This contribution is
neglected in the calculation of the present paper, which is
aimed at investigating the effects of a consistent treatment of
SRC and LRC in the initial stateci. Therefore, the scattering
state is here given by the product of two uncoupled single-
particle distorted wave functions, eigenfunctions of a com-
plex phenomenological optical potential[39] which contains
a central, a Coulomb, and a spin-orbit term. The two-nucleon
overlap integralci contains the information on nuclear struc-
ture and correlations. These have been obtained using the
same many-body approach for bothpp andpn knockout, as
described in the next section.

III. STRUCTURE AMPLITUDES

Following Ref. [15], the two-nucleon overlap integralci
[see Eq.(4)] has been computed by solving thehh-DRPA

equation for the two-particle Green’s function. This approach
allows to accurately take into account the effects of LRC that
are important at the small missing energies considered in this
work. However, the description of the high-momentum com-
ponents due to SRC requires a large number of basis states,
including configurations up to 100"v in an harmonic oscil-
lator basis[40], which is too large for practical applications.

The guiding principle followed in the present calculation
was presented earlier in Ref.[33] and attempts to treat LRC
and SRC in a separate but consistent way. This is done by
splitting the complete Hilbert space into a model spaceP,
large enough to contain the relevant long-range effects, and a
complementary spaceQ=1−P. The general formalism of
the effective interactions considers a number of exact eigen-
states of the system,uCil, that diagonalize the complete

Hamiltonian Ĥ=T̂+V̂ with eigenvaluesEi. One then seeks

for an effective HamiltonianĤeff that is defined in the space
P and has the same exact eigenvalues(see for example Ref.
[41]),

PĤeffPuFil = EiuFil, s6d

whereP is the projection operator onto the spaceP and the
eigenstates given byuFil=PuCil. The complete wave func-
tions uCil, that belong to the full Hilbert space, can be ob-
tained from the latter by means of

uCil = s1 + X̂duFil=uFil + uXil, s7d

where the correlation operatorX̂=QX̂P converts the compo-
nent inside the model space into the corresponding part that
belongs to the spaceQ. The latter,uXil, are usually referred
to as “defect functions.”

In the present case, the nuclear correlations that lie in the
spaceQ are those due to SRC. For the case of two nucleons
in free space the two-body correlations can be accounted for
completely by solving the following equation for the transi-

tion matrix R̂:

R̂svd = V̂ + V̂
1

v − T̂ + ih
R̂svd, s8d

whereV̂ and T̂ are theNN potential and the kinetic energy,
respectively, andv is the energy of the correlated pair. A
good approximation of the effective interaction, Eq.(6), that
takes into account the effects of short-range distortion, is

obtained by replacing the bareNN interactionV̂ with the G
matrix, obtained by solving the Bethe-Goldstone equation

Ĝsvd = V̂ + V̂
Q

v − QT̂Q + ih
Ĝsvd. s9d

Equation(9) accounts for the short-range effects in a way
completely analogous to Eq.(8) except that the projection
operatorQ now allows the intermediate propagation of the
two particles only within the spaceQ (therefore excluding
the correlations within the model spaceP). TheG matrix (9)
plays the role of a transition matrix within the model space:
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ĜuFl = V̂uCl, s10d

whereuFl represents the two-body wave function within the
spaceP and uCl is the fully correlated one that takes into
account the distortion due to SRC. The latter regularizes the

otherwise large matrix elements ofV̂ that would be generated
by its repulsive core at small interparticle distances. The cor-
related wave function is obtained in terms of the uncorrelated
one uFl as

uCl = uFl +
Q

v − QT̂Q + ih
ĜsvduFl, s11d

which generalizes the Lippmann-Schwinger equation for two
particles in the vacuum and gives an expression for the cor-

relation operatorX̂ of Eq. (7).
It should be noted that the separation between long-range

(inside the model space) and short-range degrees of freedom
(outside the model space) depends on the specific choice of
P and Q. Moreover, tensor correlations also induce high
momentum components that belong to the complementary
spaceQ. This separation scheme is based on the assumption
of decoupling between the two types of correlations. Still, it
is important to treat those contributions in a consistent way
and to avoid any kind of double counting. This is an impor-
tant merit of the present approach[33]. The solution of the
Bethe-Goldstone equation yields the residual interaction of
the nucleons inside the model space as well as the defect
functions needed to obtain the complete wave function, as in
Eq. (7).

A. Two-nucleon overlap inside the spaceP
The effects of LRC have been determined by performing

a nuclear structure calculation within the same shell-model
space as employed in Refs.[35,42], based on harmonic os-
cillator single-particle(sp) states with an oscillator parameter
b=1.76 fm (corresponding to"v=13.4 MeV). The spaceP
was chosen to contain all the first four major shells(from 0s
to 1p0f) plus the 0g9/2 orbital. The results of Refs.[42–46],
suggest that this is large enough to properly account for the
relevant low-energy collective states. The effective interac-
tion (G matrix) was derived from the Bonn-C model of the

NN potential V̂ [47]. Equation(9) was solved according to
the method of Ref.[40] by first computing the real reaction

matrix associated withR̂, Eq. (8), in momentum space as a
reference interaction. A correction term was then computed
to account for the effects of the Pauli operator, which was
treated in angle-averaged approximation.

The fragmentation of one-nucleon removal strength is de-
scribed by the coupling of the fully dressed sp propagator to
both two-particlesppd, two-holeshhd, and particle-holesphd
excitations of the nuclear medium[35]. The simultaneous
inclusion of all these collective modes into the nucleon self-
energyS* is computationally intensive and requires the so-
lution of a set of Faddeev equations for the two-particle-one–
hole and two-hole–one-particle motions[34]. This self-
energy has been used to solve the Dyson equation for the
one-body propagator

gabsvd = gab
0 svd + o

gd

gag
0 svdSgd

* svdgdbsvd s12d

to obtain the one-nucleon removal spectroscopic factors for
the low-energy final states in15N [35,48]. In these works, the
depletion of filled orbits by SRC is also incorporated in the
shell-model space calculation by including the energy depen-
dence of theG matrix interaction, which yields an energy-
dependent Hartree-Fock term in the self-energy[48]. In Ref.
[35], the collectiveppshhd andph motion was studied at the
level of the dressed RPA approximation by taking into ac-
count the fragmentation of the one-body spectral function.
The propagator resulting from Eq.(12) was then substituted
back into the calculation of the collective surface modes and
in the Faddeev equations. This whole procedure was iterated
until full self-consistency was obtained. The resulting de-
scription of the sp strength and corresponding two-hole
states therefore represents an improvement of the description
of LRC as compared to the work of Ref.[33]. Nevertheless,
there are still features of the two-hole spectrum that cannot
yet be described by the present method.

For the particular case of the two-hole motion, one solves
the Bethe-Salpeter equation[49,50] for the two-nucleon
propagatorGII within the shell-model space. In the present
hh-DRPA approach this reduces to

Gab,gd
II st1,t2,t3,t4d

= ifgagst1 − t3dgbdst2 − t4d − gadst1 − t4dgbgst2 − t3dg

−E
−`

`

dt18dt28dt38dt48 o
mn,kl

fgamst1 − t18dgbnst2 − t28dg

3kmnuGst18,t28,t38,t48dukllGkl,gd
II st38,t48,t3,t4d, s13d

where kmn uGst18 ,t28 ,t38 ,t48dukll denote the elements of theG
matrix interaction. From the Lehmann representation of the
two-nucleon propagatorGII one obtains the reduced matrix
elements of the two-nucleon removal tensor operators
[49,51,52]

XabJ
i = kCJ

i,A−2iscb̃cādJiC0
Al, s14d

where the Latin subscripts denote the basis states without the
magnetic quantum number,a=hna , la , jaj, and ã
=hna , la , ja ,−maj corresponds to the time reverse ofa.

In Eq. (14), the quantitiesXabJ
i represent the components

of the two-nucleon overlap integral of Eq.(4) in the basis
states of the model space. These can be expanded in terms of
harmonic oscillator wave functions and transformed to a rep-
resentation in terms of the relative and c.m. motion. For a
discrete final statei of the sA-2d-nucleon system, with angu-
lar momentum quantum numbersJM, one obtains

Fisr1s1,r2s2d = o
nlSjNL

cnlSjNL
i RNLsRdfnlsrd

3fIlS
j sVr,s1,s2dYLsVRdgJM, s15d

where
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r = r1 − r2, R =
r1 + r2

2
s16d

correspond to the relative and c.m. variables in coordinate
space. Note that we follow the convention that denotes lower
case for relative and upper case for c.m. coordinate quantum
numbers. The brackets in Eq.(15) indicate angular momen-
tum coupling of the angular and spin wave functionI of
relative motion with the spherical harmonic of the c.m. co-
ordinate to the total angular momentum quantum numbers
JM. The radial wave functions of the c.m. and relative mo-
tion are denoted byRNL andfnl, respectively, and correspond
to harmonic oscillators with parametersb/Î2 andÎ2b [53].
In Eq. (15), the nuclear structure information represented by
the amplitudesXabJ

i has been included in the coefficients

cnlSjNL
i = o

abPP
o
l

s− dL+l+j+S

Î2
s2l + 1d ĵ Ŝĵ aĵb5 la lb l

sa sb S

ja jb J
6

3knlNLlunalanblbllHL l l

S J j
JXabJ

i , s17d

where the notationĵ =Î2j +1 was used and the factor 1/Î2
has been inserted to be consistent with the normalization
assumed in Eq.(4).

The most important amplitudes for the case of the transi-
tion to the ground state of14C are listed in Table I. These
amplitudes are compared with the numbers in the left col-
umn, that refer to the calculation of Ref.[33]. The inclusion
of the self-consistency effects in[35] (right column) does not
substantially alter the results for these amplitudes, except for

a slight enhancement of the collectivity of the1S0 contribu-
tion. Accordingly, theXabJ

i principal components obtained for
the pp case are essentially the same as those of Ref.[33]. In
the calculation of Ref.[35], the spectroscopic factors for the
removal of one nucleon from thep1/2 andp3/2 orbital of 16O
turned out to be reduced, respectively, by a factor of 0.72 and
0.76 as compared with the independent-particle shell model.
This is still about 10% larger than the factor,0.65 deduced
from the experiments[54–56]. Given the competing effects
of fragmentation and of the screening of the nuclear interac-
tion, it is not cleara priori whether a reduction of the spec-
troscopic factors will correspondingly reduce the two-
nucleon emission cross sections. Therefore, as in previous
work [15], we decided not to replace the calculated spectro-
scopic factors by the experimental ones in the present calcu-
lation.

The most relevant amplitudesXabJ
i obtained for the emis-

sion of apn pair are given in Table II, where they are com-
pared with the analogous quantities from Ref.[16]. The re-
sults indicate that the mixing of the principal hole states is
qualitatively similar in both calculations, although the
hh-DRPA approach tends to favor thes0p1/2d−2 and
s0p3/2,0p1/2d−1 components in the g.s. and first excited state
of 14N, respectively. The most important difference is that
the present calculation predicts a sizable contribution for the
emission of two nucleons from particle orbitals above the
Fermi level. These components were not included in the ap-
proach of Ref.[16]. The sum of the squared amplitudes of
Table II for the transition to the 11

+ and 12
+ states is 0.61 and

0.67, respectively, in the present approach and was 0.58 for
both states in the coupled cluster calculation. The latter num-
ber was imposed in Ref.[16] by normalizing the amplitudes
to the available DPRA results for thepp case [33]. The
present calculation confirms this result for thepp channel but
generates a higher normalization for thepn amplitudes. The
above features introduced in the nuclear structure calculation
generate important differences between the cross sections of
Ref. [16] and the results discussed in Sec. IV B.

B. Calculation of the defect functions

In Eq. (17), the first sum runs over the sp statesa andb
that belong to the spaceP. Thus the expansion in Eq.(15) is

TABLE I. Two-proton removal amplitudes from16O to the
ground state of14C, given in terms of a c.m. and relative motion
expansion. The numbers in the left column are based on the Dressed
RPA calculations described in Ref.[33], while those on the right
account for the self-consistency in the nuclear self-energy obtained
in Ref. [35]. The quantum numberr corresponds to the total num-
ber of harmonic oscillator quanta of the pair:r=2n+ l +2N+L
(lower case for relative and upper case for c.m. motion). For in-
stancer=4 indicates contributions from two holes in thesd shell.

16Ose,e8pnd14Cg.s. n N r Refs.[15,33]
This work and

Ref. [35]

1S0;L=0 0 1 2 −0.416 −0.410

1 0 2 +0.415 +0.416

0 0 0 +0.057 +0.039

1 1 4 −0.069 −0.073

0 2 4 +0.049 −0.006

2 0 4 +0.050 +0.113

1 2 6 +0.016 +0.017

2 1 6 −0.017 −0.017
3P1;L=1 0 0 2 +0.507 +0.513

0 1 4 +0.024 +0.076

1 0 4 −0.025 +0.019
1D2;L=2 0 0 4 +0.016 +0.015

TABLE II. Proton-neutron removal amplitudesXabJ
i from 16O to

the first two states of14N. The numbers in the upper part of the
table refer to thehh-DRPA results obtained in this work. For com-
parison, we give the analogous results obtained in the coupled clus-
ter calculations of Ref.[16] (lower part). The normalization of the
two-hole amplitudes is higher in the present work than what was
assumed in Ref.[16].

Jp s0p3/2d−2 s0p3/2,0p1/2d−1 s0p1/2d−2 s0d5/2,0d3/2d−1

This work and Ref.[35]:

11
+ 0.033 −0.347 0.699 0.067

12
+ 0.264 −0.680 −0.323 0.189

Ref. [16]:

11
+ 0.070 −0.455 0.607

12
+ 0.271 −0.544 −0.460
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limited to configurations within this model space of two ma-
jor shells above and two major shells below the Fermi level.
The effects of correlations on the overlap integral involving
Ci induced by the degrees of freedom outside the spaceP
can be included as in Eq.(7) [see also Eq.(11)]. The effects
of SRC are due to close encounters of two nucleons, which
mainly depend on the nuclear density and are not sensitive to
the details of the long-range structure. Therefore we can as-
sume that these processes are decoupled from each other.
Since short-range effects involve high-momentum compo-
nents, they pertain to the degrees of freedom in the spaceQ
which are described equivalently well by both theR andG
matrices(since they differ mainly for their behavior inside

the spaceP). Therefore we substitute forĜ in Eq. (11) the
corresponding contribution generated by the standard

Lippmann-Schwinger equation forR̂ [see Eq.(8)]. In the
present work, we follow this prescription and compute the
defect functions according to

uXil = QH 1

v − T̂ + ih
R̂svdJuFil, s18d

where ufil is given by Eq.(15) and the operatorQ ensures
that all the correlations insideP (generated by the term in
curly brackets) are removed, thus avoiding any double count-
ing. The operatorR in Eq. (18) acts only on the radial part
fnl of Eq. (15) leaving the contributions fromRNL un-
touched. The operatorQ is computed exactly and in general
can mix the quantum numbers of the relative and c.m. mo-
tion, however, without altering the form of the expansion
(15). Thus the two-nucleon overlap amplitudeCi appearing
in Eq. (4) can be written as

Cisr1s1,r2s2d = o
lSjNL

RNLsRdClSjNL
i srd

3fIlS
j sVr,s1,s2dYLsVRdgJM, s19d

where the complete radial components

ClSjNL
i srd = o

n

cnlSjNL
i fnlsrd + X lSjNL

i srd s20d

now include both the effects of LRC and SRC.
The defect functions employed in Ref.[15] were obtained

by solving the Bethe-Goldstone equation only for specific
partial waves in the relative motion and disregarding the de-
pendence on the c.m. quantum numbers. This simplification
also involves at least an angle-averaging approximation of
the Pauli operatorQ [40]. The approach followed here to
compute exactly the operatorQ in Eq. (18) allows to keep
track of the dependence ofX lSjNL

i on the c.m. degrees of
freedom. Noting that the present interest concerns the high-
momentum

components due to SRC, it is natural to consider Eq.(18) as
an improvement with respect to the approach of Ref.[15].

IV. RESULTS FOR PROTON-NUCLEON KNOCKOUT
CROSS SECTIONS

In this section numerical results are presented for the
cross sections of the reactions16Ose,e8ppd14C and
16Ose,e8pnd14N to the lowest-lying discrete states in the re-
sidual nucleus that are expected to be strongly populated by
direct knockout of two nucleons. The main aim of this study
is to investigate the role of correlations, that are included
with the same model in the two-nucleon overlap amplitudes
for the proton-proton and the proton-neutron emission pro-
cesses. Also interesting is the comparison with these,e8ppd
results of Ref.[15], as the present approach represents an
improvement, and with these,e8pnd results of Ref.[16],
where the proton-nucleon overlap amplitudes were calcu-
lated with a different model.

A. The 16O„e,e8pp…14C reaction

Calculations have been performed for three low-lying
positive parity states of14C: the 0+ ground state, the 1+ state
at 11.3 MeV, and the 2+ state at 7.67 MeV, which corre-
sponds to the two 2+ states at 7.01 and 8.32 in the experi-
mental spectrum[57]. These states can be separated in high-
resolution experiments[7–9,11].

We have considered the so-called super-parallel kinemat-
ics [37], where the knocked-out nucleons are detected paral-
lel and antiparallel to the transferred momentumq. In this
kinematics, for a fixed value of the energy and momentum
transfer it is possible to explore, for different values of the
kinetic energies of the outgoing nucleons, all possible values
of the recoil momentum.

In the super-parallel kinematics only two structure func-
tions, the longitudinal and transverse ones, contribute to the
cross section and can in principle be separated by a Rosen-
bluth plot in a way analogous to the inclusive electron scat-
tering [37]. This kinematical setting is also favorable from
the experimental point of view. It has been realized in a
recent16Ose,e8ppd 14C experiment at MAMI[11] and has
been proposed for the first experimental study of the
16Ose,e8pnd 14N reaction[21]. The choice of the same kine-
matics for proton-proton and proton-neutron emission is of
particular interest for the comparison of cross sections and
reaction mechanisms and for the investigation of correlations
and of their contributions in the two processes.

The calculated differential cross sections of the reaction
16Ose,e8ppd to the three final states are displayed in Fig. 1.
The separate contributions of the one-body and the two-body
D current are also shown in the figure. The seagull and pion-
in-flight meson-exchange currents do not contribute in
proton-proton emission, at least in the nonrelativistic limit
considered here.

It was discussed in previous studies[7,15] how resolution
of discrete final states may provide a tool to discriminate
between contributions from one-body currents, due to SRC,
and two-body currents. The results in Fig. 1 confirm the se-
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lectivity of the 16Ose,e8ppd 14C reaction involving discrete
final states which are differently affected by the two reaction
processes. The one-body current represents the main contri-
bution for the transitions to the 0+ and 2+ states, while the
transition to the 1+ state is dominated by theD current. This
result is due to the fact that the 0+ and 2+ states are reached

predominantly by the removal of1S0 pairs, whose wave
functions are strongly affected by SRC. In contrast, the 1+

state is reached by the removal of3P pairs, where SRC only
have a minor effect.

These results do not change the qualitative features of the
cross section calculated in Ref.[15]. The quantitative differ-
ences are displayed in Fig. 2 for the 0+ and 1+ states of14C.
These differences are produced by both the detailed treat-
ment of LRC in the removal amplitudes and by the new
calculation of the defect functions, accounting for SRC, in
the present approach. The substantial reduction of the cross
section for the 0+ state at low values of the recoil momentum
is produced by the new defect functions, while the increase
at higher momenta is the result of the combined effect of the
new amplitudes and defects functions. Since the transition to
the 1+ is not very sensitive to SRC, the enhancement of this
cross section is predominantly due to the new removal am-
plitudes. These differ from the ones of Ref.[15] by the con-
tribution from the minorcnlSjNL

i coefficients of Eq.(17).
Although the cross sections calculated in the present ap-

proach do not change the qualitative features of the results
obtained in Ref.[15], the numerical differences confirm that
the cross sections are very sensitive to the treatment of cor-
relations in the two-nucleon overlap amplitude. SRC, which
are included in the defect functions, predominantly affect the
part involving the one-body current. LRC are accounted for
in the removal amplitudes of Eq.(17), which determine the
weight of the different components of relative and c.m. mo-
tion. The shape and size of the cross section as well as the
role of the one-body and two-body currents can thus be af-
fected by both types of correlations. Moreover, it should be
noted that the present treatment of SRC and LRC entails that
the two contributions are not independent.

B. The 16O„e,e8pn…14N reaction

Calculations have been performed for the two lowest-
lying discrete states in the residual nucleus14N, both with
positive parity andT=0: the 11

+ ground state and the 12
+ state

at 3.95 MeV.
The differential cross sections of the reaction

16Ose,e8pnd14N to the two final states in the same super-
parallel kinematics already considered in Fig. 1 for the reac-
tion 16Ose,e8pnd14C are displayed in Fig. 3. Separate contri-

FIG. 1. The differential cross section of the reaction
16Ose,e8ppd to the low-lying states of14C: the 0+ ground state, the
1+ state at 11.31 MeV, and the 2+ state at 7.67 MeV. A super par-
allel kinematics is considered withE0=855 MeV, v=215 MeV,q
=316 MeV/c. Different values of the recoil momentumpB are ob-
tained changing the kinetic energies of the outgoing protons. Posi-
tive (negative) values of the recoil momentum refer to situations
wherepB is parallel(antiparallel) to q. Separate contributions of the
one-body and the two-bodyD current are shown by the dotted and
dashed lines, respectively. The solid curves give the final result.

FIG. 2. The differential cross section of the reaction
16Ose,e8ppd 14C for transitions to the 0+ and 1+ states of14C in the
same kinematics as in Fig. 1. The solid lines are the results of the
present calculation and the dashed lines are the results of Ref.[15].
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butions of the different terms of the nuclear current are also
shown in the figure. For both final states theD current gives
the most important contribution: it is dominant over the
whole momentum distribution shown in the figure for the 12

+

state and for recoil-momentum values up to about
100 MeV/c for the ground state. At higher values ofpB the
contribution of the one-body current becomes for 11

+ compa-
rable and therefore competitive with the one of theD current.
The contributions of the seagull and pion-in-flight terms are
very small and generally much smaller than the one of the
one-body current.

The comparison with the corresponding cross sections
calculated in the approach of Ref.[16] is shown in Fig. 4.
The results of the present approach are always larger than
those of Ref.[16]. For the 11

+ state the differences are within
20% for recoil-momentum values lower than 100 MeV/c
and huge at higher values, where the cross section calculated
in the present approach overshoots by an order of magnitude
the result of Ref.[16]. A different situation is found in the 12

+

state. In this case the present result overshoots by an order of
magnitude the cross section of Ref.[16] for values ofpB up
to .100 MeV/c, while the differences are strongly reduced
at higher momenta.

Therefore, the two models produce cross sections which
differ both in size and shape. Also the contributions of the
various terms in the nuclear current operator can be different
in the two calculations. In both cases theD current dominates
the reaction to the 12

+ state. In contrast, for the 11
+ state the

main contribution was given in Ref.[16] by the one-body
and seagull currents up topB.100 MeV/c and by the com-
bined effect of these two terms with theD current at higher
momenta.

The large differences between the results produced by the
two models are due to the different treatment of all the con-
tributions to the two-nucleon overlap integral. The enhance-
ment of the cross sections in the present calculations is in
part understood by considering the sum of the squared am-
plitudes in Table II, which in Ref.[16] were normalized to
the hh-DRPA results for thepp case. The difference in the
shape of the cross sections should instead be considered as a
result of the different mixing of configurations in the two
cases and the fact that thehh-DRPA description considered
here allows for pair removal also from particle states. More-
over, the inclusion of fragmentation generates many other
coefficients, besides those included in Table II, that were
accounted for in the calculations. Obviously, the small in-
crease of the normalization of the amplitudesXabJ

i is not the
sole responsible for the enhancement of the cross sections. A
considerable contribution comes from the defect functions
that account for the effects of short-range and tensor corre-
lations. The defect functions are not only mixed differently
by the new amplitudesXabJ

i but somewhat different models
are used to generate them in the two calculations, as well as
differentNN interactions: Bonn-C[47] here and Argonney14
[58] in Ref. [16].

More insight into the cross sections of Fig. 3 and the
comparison with the results of Ref.[16] can be obtained
from the separate contributions of the partial waves of rela-
tive and c.m. motion which are contained in the two-nucleon
overlap function. For the transition to the two 1+ states there
are the following relative wave functions:3S1, combined
with a c.m.L=0 andL=2, 1P1, combined withL=1, 3D1,
combined withL=0 andL=2, 3D2 and 3D3, both combined
with L=2.

The separate contributions of the different partial waves
of relative motion for the transition to the ground state of14N
are displayed in Fig. 5. These results can be compared with
those shown in Fig. 4 of Ref.[16]. Only a very small con-
tribution is obtained from the1P1,

3D2, and3D3 waves. The
1P1 contribution was practically negligible also in the ap-
proach of Ref.[16], where the3D2 and 3D3 waves were not
included in the calculation. The most important contribution
is given in Fig. 5 by the3D1 component. This partial wave is
dominated by theD current, which enhances the cross sec-
tion by about an order of magnitude at low recoil-momentum
values. The one-body, and also the seagull current, play the
main role in3S1, but the contribution of this partial wave is
significant only at large values of the recoil momentum. This
explains the result in Fig. 4, where theD current is dominant
at low momenta and the one-body current is important only
above 100 MeV/c. In contrast, in Ref.[16] the one-body and
the seagull current were the main terms at low momenta,
where the contribution of3S1 was larger than the one of3D1.

FIG. 3. The differential cross section of the reaction
16Ose,e8pnd to the 11

+ ground state and the 12
+ state(at 3.95 MeV)

of 14N in the same super-parallel kinematics as in Fig. 1. The proton
is emitted parallel and the neutron antiparallel to the momentum
transfer. Separate contributions of the one-body, seagull, pion-in-
flight andD current are shown by the dotted, short-dashed, dotted-
dashed, and long-dashed lines, respectively. The solid line gives the
total cross section.

FIG. 4. The differential cross section of the reaction
16Ose,e8pnd14N for the same transitions and in the same kinematics
as in Fig. 3. The solid lines are the results of the present calculation
and the dashed lines are the results of Ref.[16].
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The shape of the final cross section in Fig. 4 is obtained from
the combination of the c.m. wave functions withL=0 and
L=2. In the present calculation theL=2 components turn out
to be more relevant than in Ref.[16].

For the 12
+ state only the contributions of the most impor-

tant partial waves,3S1 and 3D1, are drawn in Fig. 6. The
one-body current is dominant in3S1 and theD current in
3D1, where it enhances the cross section by about an order of
magnitude. Therefore, the final cross section is dominated by
the D current in the3D1 component. As regards the shape,
the contribution of theL=0 wave functions of the c.m. mo-
tion is larger than in Ref.[16].

A crucial contribution to proton-neutron emission is given
by tensor correlations. These correlations, which are mainly
due to the strong tensor components of the pion-exchange
contribution to theNN interaction, are very important in the
wave function of a proton-neutron pair, while they are much
less important for a proton-proton pair. Tensor correlations
are accounted for in the defect functions and produce corre-
lated wave functions also for channels, i.e., partial waves of

relative motion, for which the uncorrelated wave function
vanishes. In Ref.[16] the effects of tensor correlations were
investigated comparing, for the3D1 relative wave function,
the contribution of the components already present in the
uncorrelated wave function with the one of the components
due to the coupling induced by tensor correlations and which
are not present in the uncorrelated wave function. Likewise
here we have performed a calculation of the cross sections
neglecting the defect functions in those channels for which
the uncorrelated wave function[Eq. (15)] vanishes. This cor-
responds to remove a large part of the high momentum com-
ponents(belonging to the spaceQ) that are generated by
tensor correlations. Although in this way only part of the
contribution of tensor correlations has been neglected, the
comparison with the complete result can give an idea of the
relevance of their effects.

The results for the 11
+ and 12

+ states are displayed in Fig. 7.
A dramatic reduction of the cross section by about one order
of magnitude is obtained, for both transitions, in comparison
with the complete calculations of Fig. 3. This result clearly
indicates the dominant role of tensor correlations in
se,e8pnd. The reduction is large for all the terms of the
nuclear current, but it is huge for theD current, whose con-
tribution is reduced by about one order of magnitude in 11

+

and up to about two orders of magnitude in 12
+. Therefore, the

D current, which dominates the complete result of Fig. 3,

FIG. 5. The differential cross section of the reaction
16Ose,e8pnd to the 11

+ ground state of14N in the same kinematics as
in Fig. 3. Separate contributions of different partial waves of rela-
tive motion are drawn:3S1,

3D1,
1P1,

3D2, and 3D3. The dotted
lines give the separate contribution of the one-body current, the
dotted-dashed lines the sum of the one-body and seagull currents,
the dashed lines the sum of the one-body, seagull, and pion-in-flight
currents and the solid lines the total result, where also the contribu-
tion of theD current is added.

FIG. 6. The differential cross section of the reaction
16Ose,e8pnd to the 12

+ state of14N in the same kinematics as in Fig.
3. Separate contributions of the3S1 and 3D1 partial waves of rela-
tive motion are displayed. Line convention as in Fig. 5.

FIG. 7. The differential cross section of the reaction
16Ose,e8pnd14N for the same transitions, in the same kinematics
and with the same line convention as in Fig. 3. The defect functions
produced by tensor correlations in those channels for which the
uncorrelated wave function vanishes have been switched off in the
calculations.
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gives in Fig. 7 a contribution comparable to the one of the
seagull current and the one-body current becomes for both
states the most important term in the cross section. This re-
sult can be seen in more detail in Fig. 8, where the separate
contributions of the most important partial waves,3S1 and
3D1, are displayed in the calculation where the defect func-
tions produced by tensor correlations are neglected. The con-
tribution of 3S1 is practically the same as in Figs. 5 and 6,
while the contribution of3D1, is dramatically reduced. The
reduction is particularly strong, of about two orders of mag-
nitude, for the 12

+ state.
A strong enhancement of the16Ose,e8pnd cross section is

found also in Ref.[17] and was attributed to tensor correla-
tions in the3S1 partial wave. Figure 8, however, suggests that
the main contribution of tensor correlations obtained in this
work comes from the enhancement of theD current in the
3D1 channel. The latter component brings in a stronger com-
ponent with c.m. angular momentaL=0 for the transition to
the ground state. This gives a larger contribution to the total
cross section for this state at small missing momenta, as seen
in Fig. 3. An enhancement of theD-current contribution gen-
erated by tensor correlations was also found in Refs.[59,60],
in the different context of the inclusivese,e8d process.

The present results indicate that tensor correlations domi-
nate these,e8pnd cross section. They affect all the terms of
the nuclear current, but produce a particularly strong en-
hancement of theD-current contribution. This means that
also a situation where the cross section is dominated by theD
current might provide an interesting and useful tool to inves-

tigate tensor correlations. Such a situation can be realized in
the se,e8pnd reaction considered here and can be also ex-
pected in thesg ,pnd reaction, which therefore deserves fur-
ther investigation in the future. Naturally, the ultimate arbi-
tration of these conjectures must be given by the
experimental data.

V. CONCLUSIONS

The 16Ose,e8pNd cross sections have been computed for
the transitions to the ground state, 1+ and 2+ levels of 14C
and to the lowest two isoscalar 1+ states of14N. Both the
emissions of app and a pn pair have been computed by
employing the same model for the nuclear structure, as well
as the same treatment of the reaction mechanism.

The overlap functions have been computed by partition-
ing the Hilbert space, in order to determine the contribution
of LRC and SRC separately. The LRC, describing the col-
lective motion at low energy, are computed within a model
space by solving thehh-DRPA equations were the effects of
fragmentation of the sp strength are taken into account.

The inclusion of SRC and tensor correlations is accom-
plished by determining appropriate defect functions. The
present work, improves the treatment of the defect functions
employed in these,e8ppd calculations of Refs.[15,35] and
applies the same many-body approach to thepn emission.

The 16Ose,e8pnd cross sections are found to be similar to
the results of Ref.[15]. The transitions to the 0+ g.s. and the
2+ state of 14C are shown to be sensitive to the one-body
currents and, therefore, to the effects of SRC. This is in ac-
cordance with previous works. At small recoil momentum,
the reaction rate is found to be lower than the one of Ref.
[15]. This is due to the different treatment of the defect func-
tions employed in this work. At high recoil momentum, in-
stead, all the computed16Ose,e8ppd cross sections show a
slight enhancement due to the interference between the LRC
amplitudes and the new defect functions. However, the main
conclusions of previous studies of this reaction are not
changed, including the sensitivity of the effects of correla-
tions on the choice of the final state.

In contrast, the results for the16Ose,e8pnd reaction are
found to deviate from previous calculations[16]. A drastic
change of the shape and a large enhancement of the size of
the cross section is found. This is partially due the different
many-body approach employed in this work, which accounts
for the possibility of extracting two nucleons from orbitals
above the Fermi energy(which are partially occupied in the
correlated g.s.). Moreover, the normalization of the two-hole
overlap amplitude is higher in thehh-DRPA approach for the
emission of apn pair than for app pair. The different meth-
ods used to compute the defect functions, accounting for
SRC and tensor correlations, are also responsible for the dif-
ferent results.

The present calculations suggest that both the transitions
to the 11

+ and 12
+ states of14N are dominated by the contri-

bution from theD current, except for the 11
+ at high recoil

momentum, where the one-body current is also important.
This situation is different from the results of Ref.[16] show-
ing that the reaction rate depends sensitively on the details in

FIG. 8. The differential cross section of the reaction
16Ose,e8pnd the for the same transitions and in the same kinematics
as in Fig. 3. The defect functions produced by tensor correlations in
those channels for which the uncorrelated wave function vanishes
have been switched off in the calculations. Separate contributions of
the 3S1 and3D1 partial waves of relative motion are displayed. Line
convention as in Fig. 5.
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the treatment of different types of correlations. The present
calculation of LRC appears to be the most complete one
performed for this specific transition. However, more work
on nuclear structure may be required to check the accuracy
of the results obtained. Both the results of this work and of
Ref. [16] suggest that tensor correlations are important for
the pn emission(even dominant in this case) and that they
influence the cross section principally through theD current.
The higher cross section obtained here is a consequence of
the interplay between the details of LRC and of the tensor
correlations included in the defect functions. This feature
could be used to investigate the effects of tensor correlations
by means ofse,e8pnd and sg ,pnd measurements.

In general, all the transitions studied show a strong sensi-
tivity to the details of nuclear structure and confirm that the

importance of different types of correlations and reaction
mechanisms is particular to the chosen final state. While
more work can be done on the theoretical side to improve the
calculation of these cross sections[30,31,42], it appears clear
that two-nucleon emission experiments should be considered
as a very powerful tool to probe various aspects of nuclear
correlations, even beyond the SRC.
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