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Calculations of thé®0O(e,e’p N) cross sections to the ground state and first excited levels df€hand*N
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. *f¢e,e’ pp) reaction is found to be sensitive to short-
range correlations, in agreement with previous results. *fiée,e’ pn) cross section to "1final states is
dominated by theA 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 (e,e’pN) reactions to the final state can be used to probe correlations also beyond short-range
effects.
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I. INTRODUCTION out in Refs[8,9]. In particular, it has been demonstrated that
, . _the transition to the ground state fC is dominated by the
Among the various processes that characterize atomic Nresence of SRC whenever the two protons are emitted back-
clei, short-range correlation§SRQ play a very important  to_pack with small total momenta. Therefore, the high ex-
role in the study of nuclear structure. It is now understoodserimental cross section observed for this transition at small

that the repulsive core of the nuclear interaction, at smali,issing momenta can be considered a clear signature of SRC
distances, has a decisive influence on the spectral distributi 9]. Further measurements have been carried out at the

of nucleons and on the binding properties of both finite an AMI-facility in Mainz for the %0(e,e’pp) [11] reaction
infinite nuclear system§l—4]. Photo-induced two-nucleon o4 proposed for th&0O(e, e'pn) case[21]. The resolution

. ) ,
knockout reactlo.ns I'ké_V'NN) and(e,e’NN) appear .to be a . achieved in these new experiments allows the separation of
powerful tool to investigate two-body correlations in nuclei. specific excited states in the residual nucleus.

Indeed, the probability that a real or virtual photon is ab- = A recent (e,e'p) experiment[22,23 performed at JLab
sorbed by a pair should be a direct measure of the correlatioy \/as aimed at the direct observations of high-momentum
between the two nucleons. The measurements of these Crogg,ong in the nucleus, another clear signature of SRC. These

sections fhav% only Ibe(t:omeb poss;blelllltr) recsetn'ijy {E_B]Ff)q Y measurements are expected to produce new and detailed in-
means of modern electron beam faciiiies. studies formation on the one-body spectral distribution. However,

and*’C targets have been carried out at the AmPS-facility afy - I - :
o ) ue to the high missing energies and momenta required to
NIKHEF-Amsterdam [5-9], the MAMI-facility in Mainz 9 9 g d

[10-17 and the SAL in Saskatchewd3]. These have in observe this consequence of SRC, one is forced to work in a

spired a number of recent theoretical investigat 2q kinematic region where the effects of the final-state interac-
. . m. 5-20. tion tend to overwhelm the direct sign@2,24. The advan-
The comparison of the NIKHEF data with theoretical calcu- grk 9

. . -~ tage of two-nucleon emission lies in the possibility of eject-
1 ’
lations[14,15 for the *°O(e, e’ pp) reaction has been carried 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
*Electronic  address:  barbieri@triumf.ca; URL: http:// pair. On the other hand, several studjé$,16,2Q suggest

www.triumf.ca/people/barbieri that details of the two-nucleon emission cross sections are
"Electronic address: giusti@pv.infn.it sensitive not only to SRC. Indeed long-range correlations
*Electronic address: pacati@pv.infn.it (LRC), at low energy, and the reaction mechanism are also
SElectronic address: wimd@wuphys.wustl.edu; URL: http:// important. Moreover, which of these effects is predominant
www.physics.wustl.edivimd depends on the particular choice of the kinematics and on the
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final state of the residual nucleus, in particular its angulato compare the emission of both @p and apn pair by

momentum and parity. The latter quantities therefore act as avaluating them within the same description of the nuclear
filter for the study of various reaction processes. Clearlystructure effects. Furthermore, the description of nuclear
while this richness of details complicates the extraction ofstructure effects related to the description of the fragmenta-
information related to SRC, it also identifies two-nucleontion of the single-particle strength has been improved by
emission reactions as a unique tool to probe different aspecigplying a Faddeev technique to the description of the inter-
of two-body correlations in finite systems. _ nal propagators in the nucleon self-enef§4,35. This de-

The model of the reaction mechanism employed in Refyq|opment provides an additional incentive to study the re-

[15] was discussed in Ref25]. In this work the excitation g ,5ing consequences for the description of two-nucleon
process includes the contribution of the usual one-body . a| reactions. In the present work we pursue these aims

terms as well as those two-body currents which involve the-b : .
) . o g y employing thenhh-DRPA approach of Ref§15,33 while
intermediate excitation of thA-isobar. In the present work improving on the computation of the defect functions, in

the improved treatment of the nuclear currents, given in . o
Refs.[sz—ZQ will be employed. The treatment of thg final- order to obtain a description of SRC comparable to the one

state interaction accounts for the distorting effect of theirﬁ”c Ref. [16]. Welthen apply this model to study both the
%0(e,e’pp) and*®O(e, e’ pn) reactions.

interaction with the remaining nucleons in terms of an opti- ) i )
cal potential. As in previous works, the mutual interaction N Sec. Il of this paper the essential steps in the calcula-
between the two outgoing nucleons will be neglected heretion of the(e,e’pN) cross sections are summarized. The cal-
This approximation has been adopted in the past by notingulation of the two-nucleon removal amplitudes, that de-
that the pair of protons will leave the nucleus largely back toscribe the correlations, is discussed in Sec. lll. There, the
back, making this type of final-state interaction less impor-approach of separating the contributions of long-range
tant. However, recent perturbative calculations on thgLRC) and short-range correlatiogSRO introduced in Ref.
(e,€' pp) procesg29-31 show that this effect can produce a [33] is reviewed and the present calculation of defect func-
significant increase of the experimental yield. Work is intions is described in some detail. Section Ill A also summa-
progress to include these contributions completgd?].  rizes the updated results for the nuclear structure calculation.
Since higher-order effects in such a complete treatment mayhe numerical results dfO(e, e’ pp) and*®O(e, e’ pn) cross

lead to different conclusions, we consider this issue beyondections are presented and discussed in Sec. IV, while con-

the scope of the present investigation. clusions are drawn in Sec. V.
An important element in the calculation of the cross sec-
tion is the tvv_o-body (_)verlapor remova]_amplltude, which _ Il. REACTION MECHANISM OF THE (e,&'pN)
contains the information on the correlations between the pair
N . CROSS SECTIONS
of nucleons inside the system. These amplitudes were com-
puted in Ref.[33] for two protons by partitioning the full The coincidence cross section for the reaction induced by

Hilbert space to obtain a model space large enough to a@an electron with momentunp, and energyE, with E,
count for the most relevant LRC. This is based on the as=|p,|=p,, where two nucleons, with momenpa andp; and
sumption that the effects of SRC concern high relative moenergiesE; and E, are ejected from a nucleus is given, in
mentum state@t high energyand that these are sufficiently the one-photon exchange approximation and after integrating
decoupled from the collective motion at low energy. Theover E}, by [36,37

LRC were then obtained by solving the two-hole dressed

random phase approximatiqihh-DRPA) inside the model d®o
space, while the distortion due to SRC was included by add- dE,dQdE,dQdQ),
ing appropriate defect functions, computed for the specifi-

cally excluded space. In Ref33], the nonlocality of the In Eq. (1) Ej is the energy of the scattered electron with
Pauli operator was neglected, resulting in a set of only feV\fnomentump(’), K:e4p/(2)/4ﬂ2Q4, whereQ?=g?- w?, with
defect functions that were essentially independent of th&EO—E(’) andq=py—p¢, is the four-momentum transfer. The
center-of-masgc.m.) motion of the pair. The resulting two- quantity Q= p;E;psE, is the phase-space factor and integra-
nucleon spectral function was then employed in the calculatgn overE;, produces the recoil factor
tion of the *O(e, e’ pp) cross section in Ref15]. A similar

approach was followed in Reff16] for the %O(e, e’ pn) case ) ESps-pPe
also by employing the same mod@5-27 of the reaction f
mechanism. In this work the two-hole spectral function for a

proton-neutron pair was obtained by employing a coupledwhere E; and pg are the energy and momentum of the re-
cluster approach. Th&, approximation employed in Ref. sjqual nucleus. The cross section is given by the square of
[16] is quite similar to the evaluation of the short-range partthe scalar product of the relativistic electron currghand of

of the two-body spectral function in terms of a Brueck@r the nuclear currend®, which is given by the Fourier trans-
matrix, as employed in Ref33], but does not account analo- form of the transition matrix elements of the charge-current

gously well for the effects of LRC. However, a full set of density operator between initial and final nuclear states
defect functions, including their dependence on the c.m. of

the pair, is obtained naturally in this approach. Given the N _
differences between the above calculations, it is interesting J4(q) = f (W[ 34(r)[W;)€9"dr . 3)

= KforerpJ#F' (1)

"7 Es lpyf

(2)
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If the residual nucleus is left in a discrete eigenstate of iteequation for the two-particle Green’s function. This approach
Hamiltonian, i.e., for an exclusive process, and under thallows to accurately take into account the effects of LRC that
assumption of a direct knockout mechanism, the matrix eleare important at the small missing energies considered in this

ments of Eq(3) can be written a$25,37 work. However, the description of the high-momentum com-
ponents due to SRC requires a large number of basis states,
J4(q) :J‘I’;(flﬂ'l,lefz)J“(f.rlo'lyfzﬂ'z) including configurations up to 1@@ in an harmonic oscil-
lator basig40], which is too large for practical applications.

The guiding principle followed in the present calculation
was presented earlier in R¢B83] and attempts to treat LRC
Equation(4) contains three main ingredients: the final-stateand SRC in a separate but consistent way. This is done by
wave function ¢, the nuclear currentl”, and the two- splitting the complete Hilbert space into a model spate
nucleon overlap integral. large enough to contain the relevant long-range effects, and a

The nuclear current operator is the sum of a one-body andomplementary spac®=1-P. The general formalism of
a two-body part. The one-body part contains the usual chargtine effective interactions considers a number of exact eigen-
operator and the convective and spin currents. The two-bodstates of the systen|¥;), that diagonalize the complete
current is derived from the effective Lagrangian of R88],  Hamiltonian H=T+V with eigenvaluesE;. One then seeks
performing a nonrelativistic reduction of the Iowest-orderfor an effective Hamiltoniam:leﬁ that is defined in the space

Feynman diagrams with one-pion exchange. We therefor and has the same exact eigenval(se= for example Ref.
have currents corresponding to the seagull and pion-in-fligh 41])

diagrams and to the diagrams with intermediatésobar
configurationg27], i.e.,

X\Pi(rlﬂ'l,rzaz)eiq.rdrdrldrzdﬂ'ldﬂ'z. (4)

o PHeP|®)) = E|| ), (6)
J9(r,roy,r =J%%r,r 0,1 +J37(r,ryoq,r _ L
(1.r107,720) i 101,1207) (1,110, 120) whereP is the projection operator onto the spgéeand the
+JI3(r, 1107, 1207). (5)  eigenstates given blgp;))=P|¥;). The complete wave func-
c;.i;ons |¥;), that belong to the full Hilbert space, can be ob-

Details of the nuclear current components and the values af .
gamed from the latter by means of

the parameters used in the calculations are given in Ref:
[26-28.
Equation(4) involves bound and scattering statesand

¢, which should consistently be obtained from an energy- . - -
dependent non-Hermitian Feshbach-type Hamiltonian for th&/here the correlation operatdf=QAP converts the compo-

considered final state of the residual nucleus. They are eigeff€nt inside the model space into the corresponding part that
functions of this Hamiltonian at negative and positive energyP€ongs to the spac@. The latter,| X;), are usually referred
eigenvalues, respective[i36,37. In practice, it is not pos- (0 @s “defect functions.” _ o
sible to achieve this consistency and the treatment of initial " the present case, the nuclear correlations that lie in the
and final state correlations proceeds separately with differerfiP2ce< are those due to SRC. For the case of two nucleons
approximations. in free space the tvyo-body corrglatlons can be accounted.for
The final-state wave functiog; includes the interaction Ccompletely by solving the following equation for the transi-

of each one of the two outgoing nucleons with the residuation matrix R

nucleus. The mutual interaction between the two outgoing

nucleons has been studied in R&9] in nuclear matter and, IEZ(w) “V+V 1 ﬁ{(w) (8)
more recently, in two-nucleon knockout froMO in Refs. w—:r+i7; ’

[30,3] within a perturbative treatment. This contribution is . .

neglected in the calculation of the present paper, which isvhereV and T are theNN potential and the kinetic energy,
aimed at investigating the effects of a consistent treatment aiespectively, andv is the energy of the correlated pair. A
SRC and LRC in the initial statg;. Therefore, the scattering good approximation of the effective interaction, E6), that
state is here given by the product of two uncoupled singletakes into account the effects of short-range distortion, is
particle distorted wave functions, eigenfunctions of a com-piained by replacing the barN interactionV with the G

plex phenomenological optical potent[@9] which contains  4¢rix obtained by solving the Bethe-Goldstone equation
a central, a Coulomb, and a spin-orbit term. The two-nucleon

W) = (1 + )| Dp)=|D)) + | X, (7)

overlap integraly; contains the information on nuclear struc- R -~ A Q ~
ture and correlations. These have been obtained using the Glw)=V+V———F—G(v). 9)
same many-body approach for bagip and pn knockout, as w-QTQ+i7

described in the next section. Equation(9) accounts for the short-range effects in a way

completely analogous to E@8) except that the projection
operatorQ now allows the intermediate propagation of the
two particles only within the spac@ (therefore excluding
Following Ref.[15], the two-nucleon overlap integralk the correlations within the model spaB®. The G matrix (9)
[see Eq.(4)] has been computed by solving th&-DRPA  plays the role of a transition matrix within the model space:

Ill. STRUCTURE AMPLITUDES
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G|®) = V|w), (10 Gup(@) = (@) + 2 g (03 (0)gsplw)  (12)
yé

where|®) represents the two-body wave function within the

spaceP and |[¥) is the fully correlated one that takes into to obtain the one-nucleon removal spectroscopic factors for
account the distortion due to SRC. The latter regularizes theéhe low-energy final states #N [35,48. In these works, the
otherwise large matrix elements \¢fthat would be generated depletion of filled orbits by SRC is also incorporated in the
by its repulsive core at small interparticle distances. The corshell-model space calculation by including the energy depen-
related wave function is obtained in terms of the uncorrelatedience of theG matrix interaction, which yields an energy-

one|®) as dependent Hartree-Fock term in the self-engdfi]. In Ref.
[35], the collectivepp(hh) and ph motion was studied at the
W)= |¢>++é(w)|¢>’ (11) level of the dressed RPA approximation by taking into ac-
w-QTQ+in count the fragmentation of the one-body spectral function.

The propagator resulting from E@L2) was then substituted
which generalizes the Lippmann-Schwinger equation for tWayack into the calculation of the collective surface modes and
particles in the vacuum and gives an expression for the colin the Faddeev equations. This whole procedure was iterated
relation operatort’ of Eq. (7). until full self-consistency was obtained. The resulting de-

It should be noted that the separation between long-ranggcription of the sp strength and corresponding two-hole
(inside the model spagand short-range degrees of freedom states therefore represents an improvement of the description
(outside the model spagdepends on the specific choice of of LRC as compared to the work of R¢83]. Nevertheless,

P and Q. Moreover, tensor correlations also induce highthere are still features of the two-hole spectrum that cannot
momentum components that belong to the complementaryet be described by the present method.

spaceQ. This separation scheme is based on the assumption For the particular case of the two-hole motion, one solves
of decoupling between the two types of correlations. Still, itthe Bethe-Salpeter equatioj#9,50 for the two-nucleon

is important to treat those contributions in a consistent wayropagatorG' within the shell-model space. In the present
and to avoid any kind of double counting. This is an impor-hh-DRPA approach this reduces to

tant merit of the present approa83]. The solution of the

Bethe-Goldstone equation yields the residual interaction oG'C[ﬁ Yot tata ty)

the nucleons inside the model space as well as the defect

functions needed to obtain the complete wave function, asin i[9ay(t ~ t3)9p5(ta = ta) = Gas(ts ~ ta) G, (12 ~ t3)]
Eq (7) - ! ’ ! ! ’ ’
- | dtjdtjdtidt) > [Gep(ts — t)9p, (1o — t5)]
A. Two-nucleon overlap inside the spaceP - pn )
The effects of LRC have been determined by performing X (|Gt bt t) N Gyt tarta ), (13

a nuclear structure calculation within the same shell-model Vo e
space as employed in Ref85,42, based on harmonic os- Wher.e<.’w|G(tl.’tz’t3't4)|K)\> denote the elements qf e
cillator single-particlgsp) states with an oscillator parameter matrix interaction. From ,fhe Lehma_nn representation of _the
b=1.76 fm (corresponding tdiw=13.4 Me\). The spaceP two-nucleon propagato&" one obtains the reduced matrix
was chosen to contain all the first four major shéftem 0s elements of the two-nucleon removal tensor operators
to 1p0f) plus the @y, orbital. The results of Ref§42—-4§, [49,51,52

suggest that this is large enough to properly account for the DAL A

relevant low-energy collective states. The effective interac- ans= (V5" (caea)al[ Vo), (14

tion (G matrix) was derived from the Bonn-C model of the

NN potential\7 [47]. Equation(9) was solved according to
the method of Ref[40] by first computing the real reaction

matrix associated withR, Eqg. (8), in momentum space as a
reference interaction. A correction term was then computeq)f
to account for the effects of the Pauli operator, which wasg;
treated in angle-averaged approximation.

The fragmentation of one-nucleon removal strength is de
scribed by the coupling of the fully dressed sp propagator t
both two-particle(pp), two-hole(hh), and particle-holéph)
excitations of the nuclear mediufi35]. The simultaneous
inclusion of all these collective modes into the nucleon self-

where the Latin subscripts denote the basis states without the
magnetic quantum number,a={n,,l,,j.}, and @
={n,.l,.j.—M,} corresponds to the time reverse af

In Eq. (14), the quantitiesX,,,; represent the components
the two-nucleon overlap integral of E¢4) in the basis

ates 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
Qiscrete final stateof the (A-2)-nucleon system, with angu-

lar momentum quantum numbei#, one obtains

energys’ is computationally intensive and requires the so- ®i(ry0,120) = E CrisintRL(R) (1)

lution of a set of Faddeev equations for the two-particle-one— NISIN

hole and two-hole—one-particle motiori84]. This self- X[Js(Q,, 0, 0) Y (QR TV, (15)
energy has been used to solve the Dyson equation for the

one-body propagator where
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TABLE I. Two-proton removal amplitudes from®O to the TABLE II. Proton-neutron removal amplitudeg,,; from %0 to
ground state oft“C, given in terms of a c.m. and relative motion the first two states of*N. The numbers in the upper part of the
expansion. The numbers in the left column are based on the Dresséable refer to thenh-DRPA results obtained in this work. For com-
RPA calculations described in R€f33], while those on the right parison, we give the analogous results obtained in the coupled clus-
account for the self-consistency in the nuclear self-energy obtaineter calculations of Ref{16] (lower par). The normalization of the
in Ref. [35]. The quantum number corresponds to the total num- two-hole amplitudes is higher in the present work than what was
ber of harmonic oscillator quanta of the pap=2n+I+2N+L assumed in Ref.16].

(lower case for relative and upper case for c.m. motiéior in-

stancep=4 indicates contributions from two holes in tedshell. ~ J7  (0pg)™2  (0p32,0p12)t  (Opyp) ™2 (0dsjp, 0dgy) ™t
This work and  This work and Ref[35]:
%0(e,e'pn)’Cqs. N N p Refs.[15,33 Ref. [35] 13 0.033 -0.347 0.699 0.067
1 1; 0.264 —-0.680 -0.323 0.189
S, L=0 0O 1 2 -0.416 -0.410 Ref. [16]:
é 8 é :83;? :gg;g 1{ 0.070 —-0.455 0.607
’ ' 1; 0.271 —-0.544 -0.460
1 1 4 —-0.069 -0.073
0 2 4 +0.049 —-0.006 . . .
a slight enhancement of the collectivity of tA8, contribu-
2 0 4 +0.050 +0.113 . . i I .
tion. Accordingly, theX;,, principal components obtained for
1 26 +0.016 +0.017 the pp case are essentially the same as those of [R&f. In
2 1 6 -0.017 -0.017 the calculation of Ref[35], the spectroscopic factors for the
3p,;L=1 0 0 2 +0.507 +0.513 removal of one nucleon from the;, and ps, orbital of 160
0 1 4 +0.024 +0.076 turned out to be reduced, respectively, by a factor of 0.72 and
1 0 4 ~0.025 +0.019 0.76 as compared with the independent-particle shell model.
This is still about 10% larger than the facte10.65 deduced
D,y;L=2 0 0 4 +0.016 +0.015 . : :
2 from the experiment§s4-5§. 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-
ri+r; ; . .
r=r;-r, R=——° (16) troscopic factors will correspondingly reduce the two-
2 nucleon emission cross sections. Therefore, as in previous

correspond to the relative and c.m. variables in coordinat(‘-,’-"ork_[ls]’ we decided not to replace the_calculated spectro-
space. Note that we follow the convention that denotes Iowe;;(_)p'c factors by the experimental ones in the present calcu-
case for relative and upper case for c.m. coordinate quantu _ . ) _
numbers. The brackets in E(L5) indicate angular momen- 1 he most relevant amplitudes,,, obtained for the emis-
tum coupling of the angular and spin wave functisnof sion of apn pair are given in Tab_lg Il, where they are com-
relative motion with the spherical harmonic of the c.m. co-Pared with the analogous quantities from Réf]. The re-
ordinate to the total angular momentum quantum number§UItS, |nQ|cate t.ha.t the_ mixing of the pr!nC|paI hole states is
JM. The radial wave functions of the c.m. and relative mo-dualitatively similar in both - calculations, alth_<)2ugh the
tion are denoted bRy, and ¢y, respectively, and correspond hi-DRPA a_eproach tends to favor thé€Op,;;)™ and

to harmonic oscillators with parametds$y2 and2b [53]. (OpﬂZ'Opl/Z) components in the g.s. and first excited state
In Eq. (15), the nuclear structure information represented byof N, respectively. The most important difference is that

the amplitudeX., ; has been included in the coefficients the present calculation predicts a sizable contribution for the
a emission of two nucleons from particle orbitals above the

(= )Lasiss A la 1 A Fermi level. These components were not included in the ap-
CimstLz > > — =2\ + DiSaplsa S S proach of Ref[16]. The sum of+the squared amplitudes of
abeP A V2 : Table Il for the transition to thejland T states is 0.61 and

Ja o 0.67, respectively, in the present approach and was 0.58 for

Ny both states in the coupled cluster calculation. The latter num-
><<nINL)\|naIaanb>\>{S 3 j}xabJ’ (17 per was imposed in Ref16] by normalizing the amplitudes
P _ to the available DPRA results for thep case[33]. The
where the notatio=v2j+1 was used and the factorv2 present calculation confirms this result for thechannel but
has been inserted to be consistent with the normalizatiogenerates a higher normalization for e amplitudes. The
assumed in Eq4). above features introduced in the nuclear structure calculation
The most important amplitudes for the case of the transigenerate important differences between the cross sections of
tion to the ground state of‘C are listed in Table I. These Ref.[16] and the results discussed in Sec. IV B.
amplitudes are compared with the numbers in the left col- ) )
umn, that refer to the calculation of R¢83]. The inclusion B. Calculation of the defect functions
of the self-consistency effects jB5] (right column does not In EqQ. (17), the first sum runs over the sp statesndb
substantially alter the results for these amplitudes, except fahat belong to the spad@. Thus the expansion in E(L5) is
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limited to configurations within this model space of two ma- components due to SRC, it is natural to consider (#8) as
jor shells above and two major shells below the Fermi levelan improvement with respect to the approach of RE5).
The effects of correlations on the overlap integral involving
WV, induced by the degrees of freedom outside the sfgace
can be included as in E@7) [see also Eq11)]. The effects

of SRC are due to close encounters of two nucleons, which
mainly depend on the nuclear density and are not sensitive to In this section numerical results are presented for the
the details of the long-range structure. Therefore we can asross sections of the reactiond®O(e,e’pp)t“C and
sume that these processes are decoupled from each oth&O(e,e'pn)!“N to the lowest-lying discrete states in the re-
Since short-range effects involve high-momentum composidual nucleus that are expected to be strongly populated by
nents, they pertain to the degrees of freedom in the sphce direct knockout of two nucleons. The main aim of this study
which are described equivalently well by both tReandG s to investigate the role of correlations, that are included
matrices(since they differ mainly for their behavior inside with the same model in the two-nucleon overlap amplitudes
the spaceP). Therefore we substitute fa® in Eq. (11) the  for the proton-proton and the proton-neutron emission pro-
corresponding contribution generated by the standargesses. Also interesting is the comparison with (@’ pp)
Lippmann-Schwinger equation fdR [see Eq.(8)]. In the  results of Ref[15], as the present approach represents an

present work, we follow this prescription and compute thelmprovement, and with the¢e,e’pn) results of Ref.[16],
defect functions according to where the proton-nucleon overlap amplitudes were calcu-

lated with a different model.

IV. RESULTS FOR PROTON-NUCLEON KNOCKOUT
CROSS SECTIONS

|x) = Q{A;ﬁ(w)}@i), (18) A. The 0(e,e’pp)*“C reaction

w-T+in Calculations have been performed for three low-lying
positive parity states ofC: the 0 ground state, the*istate
at 11.3 MeV, and the 2state at 7.67 MeV, which corre-
sponds to the two 2states at 7.01 and 8.32 in the experi-
mental spectruni57]. These states can be separated in high-
resolution experimentg/—9,117.

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 momentgmin 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-
X[Jls(Qr, 0,0 YLQRTY, (19 tering [37]. This kinematical setting is also favorable from
the experimental point of view. It has been realized in a
recent'®O(e,e’pp) “C experiment at MAMI[11] and has
been proposed for the first experimental study of the
180(e, e’ pn) N 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.
now include both the effects of LRC and SRC. The calculated differential cross sections of the reaction

The defect functions employed in R¢L5] were obtained  %O(e,e’pp) to the three final states are displayed in Fig. 1.
by solving the Bethe-Goldstone equation only for specificThe separate contributions of the one-body and the two-body
partial waves in the relative motion and disregarding the deA current are also shown in the figure. The seagull and pion-
pendence on the c.m. quantum numbers. This simplificatiom-flight meson-exchange currents do not contribute in
also involves at least an angle-averaging approximation ofroton-proton emission, at least in the nonrelativistic limit
the Pauli operatoQ [40]. The approach followed here to considered here.
compute exactly the operat@ in Eq. (18) allows to keep It was discussed in previous studig@s15] how resolution
track of the dependence ofg;, on the c.m. degrees of of discrete final states may provide a tool to discriminate
freedom. Noting that the present interest concerns the highbetween contributions from one-body currents, due to SRC,
momentum and two-body currents. The results in Fig. 1 confirm the se-

where|¢;) is given by Eq.(15) and the operato® ensures
that all the correlations insid® (generated by the term in
curly bracketgare removed, thus avoiding any double count-
ing. The operatoR in Eqg. (18) acts only on the radial part
¢ Of Eg. (15) leaving the contributions fronRy, un-
touched. The operatd 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 amplitudg appearing

in Eq. (4) can be written as

Vi(ryoy,1000) = 2, RNL(R)\I}:SjNL(r)
ISiNL

where the complete radial components

iSjNL(r) => Cin|3jN|_¢n|(f) + XiSjNL(r) (20)
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FIG. 1. The differential cross section of the reaction
160(e, e’ pp) to the low-lying states of*C: the 0" ground state, the
1" state at 11.31 MeV, and the 2tate at 7.67 MeV. A super par-
allel kinematics is considered with,=855 MeV, w=215 MeV, q
=316 MeV/c. Different values of the recoil momentupg are ob-
tained changing the kinetic energies of the outgoing protons. Pos
tive (negativg values of the recoil momentum refer to situations
wherepg is parallel(antiparalle) to g. Separate contributions of the
one-body and the two-bodi current are shown by the dotted and
dashed lines, respectively. The solid curves give the final result.

lectivity of the 1°0O(e,e’'pp) 4C reaction involving discrete

PHYSICAL REVIEW C 70, 014606(2004)

-
c)I
=)

-
OI
~
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0 200 400 0 200 400
pe IMeV /¢l ps [MeV/cl

FIG. 2. The differential cross section of the reaction
180(e, e’ pp) Y4C for transitions to the Dand T states oft“C 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 F&gf.

predominantly by the removal ofS, pairs, whose wave
functions are strongly affected by SRC. In contrast, the 1
state is reached by the removal3f pairs, where SRC only
have a minor effect.

These results do not change the qualitative features of the
cross section calculated in R¢L5]. The quantitative differ-
ences are displayed in Fig. 2 for thé @nd I' states of'“C.
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 REE5] by the con-
tribution from the minonc'nISjNL 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 E@l7), 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 1%0(e,e’pn)*N reaction

Calculations have been performed for the two lowest-
lying discrete states in the residual nuclédsl, both with
positive parity andr=0: the I ground state and the} State

final states which are differently affected by the two reactionat 3.95 MeV.
processes. The one-body current represents the main contri- The differential cross sections of the reaction

bution for the transitions to the*Gand 2 states, while the
transition to the 1 state is dominated by th& current. This
result is due to the fact that thé @nd 2 states are reached

180(e,e’pn) N to the two final states in the same super-
parallel kinematics already considered in Fig. 1 for the reac-
tion 1%0(e, e’ pn)1“C are displayed in Fig. 3. Separate contri-
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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 theurrent dominates
the reaction to the Jlstate. In contrast, for thejlstate the
main contribution was given in Refl6] by the one-body
and seagull currents up fi;=100 MeV/c and by the com-

g g bined effect of these two terms with thecurrent at higher
S T s momenta.
0 200 0 200 The large differences between the results produced by the
Ps [Mev/c) P MeV/c] two models are due to the different treatment of all the con-
. . . . tributions to the two-nucleon overlap integral. The enhance-
. FIG. 3. The differential cross section of the reaction nant of the cross sections in the present calculations is in
*O(e,e’pn) to the I ground state and the; state(at 3.95 Me\j ’;Fart understood by considering the sum of the squared am-

[(fr)*(sr)™

CROSS SECTION

of 1N in the same super-parallel kinematics as in Fig. 1. The proto litudes in Table II, which in Ref[16] were normalized to
is emitted parallel and the neutron antiparallel to the momentu he hh-DRPA results for thepp case. The difference in the
transfer. Separate contributions of the one-body, seagull, pion-ingj)ahe of the cross sections should instead be considered as a
flight and A current are shown by the dotted, short-dashed, dOttedfesult of the different mixing of configurations in the two
dashed, and Ior_lg-dashed lines, respectively. The solid line gives th(?ases and the fact that théxDRPA description considered
total cross section. here allows for pair removal also from particle states. More-
over, the inclusion of fragmentation generates many other
butions of the different terms of the nuclear current are als@efficients, besides those included in Table Il, that were
shown in the figure. For both final states thecurrent gives  accounted for in the calculations. Obviously, the small in-
the most important contribution: it is dominant over the crease of the normalization of the amplitudds, is not the
whole momentum distribution shown in the figure for the 1 sole responsible for the enhancement of the cross sections. A
state and for recoil-momentum values up to abouiconsiderable contribution comes from the defect functions
100 MeV/c for the ground state. At higher values jpf the  that account for the effects of short-range and tensor corre-
contribution of the one-body current becomes forcdmpa-  |ations. The defect functions are not only mixed differently
rable and therefore competitive with the one of theurrent.  py the new amplitudeX., ; but somewhat different models
The contributions of the seagull and pion-in-flight terms areare ysed to generate them in the two calculations, as well as
very small and generally much smaller than the one of thejifferentNN interactions: Bonn-G47] here and Argonney,
one-body current. [58] in Ref.[16].

The comparison with the corresponding cross sections \ore insight into the cross sections of Fig. 3 and the
calculated in the approach of R¢fl6] is shown in Fig. 4. comparison with the results of Refl6] can be obtained
The results of the present approach are always larger thafom the separate contributions of the partial waves of rela-
those of Ref[16]. For the 1 state the differences are within tive and c.m. motion which are contained in the two-nucleon
20% for recoil-momentum values lower than 100 MeV/ gverlap function. For the transition to the twd dtates there
and huge at higher values, where the cross section calculatege the following relative wave functionsS;, combined
in the present approach overshoots by an order of magnitudgith a c.m.L=0 andL=2, 'P;, combined withL=1, 3D,
the result of Ref[16]. A different situation is found in the;l  combined withL =0 andL=2, °D, and®D;, both combined
state. In this case the present result overshoots by an order @fth [ =2.

magnitude the cross section of REE6] for values ofpg up The separate contributions of the different partial waves
to =100 MeV/c, while the differences are strongly reduced of relative motion for the transition to the ground statéf
at higher momenta. are displayed in Fig. 5. These results can be compared with

those shown in Fig. 4 of Refl16]. Only a very small con-
tribution is obtained from théP,, °D,, and®D; waves. The
P, contribution was practically negligible also in the ap-
proach of Ref[16], where the’D, and*D; waves were not
included in the calculation. The most important contribution
E is given in Fig. 5 by théD, component. This partial wave is
N dominated by the\ 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 in3S;, 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 thecurrent is dominant
FIG. 4. The differential cross section of the reaction at low momenta and the one-body current is important only
160(e, e’ pn) N for the same transitions and in the same kinematicsabove 100 MeV¢. In contrast, in Ref{16] the one-body and
as in Fig. 3. The solid lines are the results of the present calculatiothe seagull current were the main terms at low momenta,
and the dashed lines are the results of REf]. where the contribution ofS; was larger than the one éD;.
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3 0L S ;‘7‘; 1%L S 107 e, B
:-g F E .5E _5?// \
= = 10 10 &
g 8 i :
o G 10 E 107k Ny
@ o Yo 5%
§ é’ 10 f_ 10 E_
pe [Mev/c) ps [MeV/c] ps IMeV/cl
E D, FIG. 6. The differential cross section of the reaction
= 160(e, e’pn) to the T state of'“N in the same kinematics as in Fig.
= 3. Separate contributions of 18, and 3D, partial waves of rela-
§ tive motion are displayed. Line convention as in Fig. 5.
] g
é e \/ﬂ\ relative motion, for which the uncorrelated wave function
% 10_1@ L 10_.@ S vanishes. In Ref[16] the effects of tensor correlations were
0 200 0 200 investigated comparing, for th#; relative wave function,
ps [Mev/cl ps (MeV/c] 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
’:’E\ 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
i the uncorrelated wave functigiq. (15)] vanishes. This cor-
a responds to remove a large part of the high momentum com-
g ponents(belonging to the spac®) that are generated by
0 200 tensor correlations. Although in this way only part of the
Pe MeV/c] 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 land T states are displayed in Fig. 7.

FIG. 5. The differential cross section of the reaction
160(e, e’ pn) to the T ground state of*N in the same kinematics as

in Fig. 3. Separate contributions of different partial waves of rela- h . .
tive motion are drawn3S,, 3Dy, 1Py, 3D, and 3Ds. The dotted A dramatic reduction of the cross section by about one order

lines give the separate contribution of the one-body current, th@f Magnitude is obtained, for both transitions, in comparison
dotted-dashed lines the sum of the one-body and seagull current&ith the complete calculations of Fig. 3. This result clearly
the dashed lines the sum of the one-body, seagull, and pion-in-figipdicates the dominant role of tensor correlations in
currents and the solid lines the total result, where also the contribut€,€'Pn). The reduction is large for all the terms of the
tion of the A current is added. nuclear current, but it is huge for the current, whose con-

i o . ) tribution is reduced by about one order of magnitude jn 1
The shape of the final cross section in Fig. 4 is obtained fronynd up to about two orders of magnitude i Therefore, the

the combination of the c.m. wave functions with-0 and A current, which dominates the complete result of Fig. 3,
L=2. In the present calculation tlhe=2 components turn out

to be more relevant than in RfL6]. 167, 10t
For the T state only the contributions of the most impor-

tant partial waves?S, and 3D, are drawn in Fig. 6. The

one-body current is dominant i#8, and theA current in

1.

[(fr)*(sr)™
)

-
o
U L B

. . 10 Lgremms 10
3D, where it enhances the cross section by about an order c_ EN & .
magnitude. Therefore, the final cross section is dominated by8 10'E N, N0 T A
. Q E — . E . .
the A current in the®D,; component. As regards the shape, & _sf—-~. pal ik N _gb e~ N,
. - - = . e » E S * ma
the contribution of thd-=0 wave functions of the c.m. mo- ¢ '° E S : N
tion is larger than in Ref{16]. & 5L IR P r N R R
A crucial contribution to proton-neutron emission is given 0 200 0 200
ps [MeV/c] ps [MeV/c]

by tensor correlations. These correlations, which are mainly
due to the strong tensor components of the pion-exchange g, 7. The differential cross section of the reaction
contribution to theNN interaction, are very important in the 160(e,e’pn)14N for the same transitions, in the same kinematics
wave function of a proton-neutron pair, while they are muchand with the same line convention as in Fig. 3. The defect functions
less important for a proton-proton pair. Tensor correlationsroduced by tensor correlations in those channels for which the
are accounted for in the defect functions and produce corraincorrelated wave function vanishes have been switched off in the
lated wave functions also for channels, i.e., partial waves o€alculations.
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10% 1074 tigate tensor correlations. Such a situation can be realized in
_5§ 1%, _5§ 1%, the (e,e’pn) reaction considered here and can be also ex-
10 = 10 = pected in the(y, pn) 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.

CROSS SECTION [(frn)*(sr)™1

10 10 & TS
’s, o D TN V. CONCLUSIONS
L v 1 gk [ N )
10 0 200 0 200 The *%0(e,e’'pN) cross sections have been computed for
Ps (MeV/c] Ps MeV//] the transitions to the ground state, and 2 levels of 14C
3 ; " and to the lowest two isoscalar” btates of'“N. Both the
-5f 17 -5f 17 emissions of app and apn 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

R v [0 S space by solving theh-DRPA equations were the effects of
0 200 0 200 : .
ps [MeV/c] ps [MeV/c] fragmentatlon of the sp strength are taken into account.

The inclusion of SRC and tensor correlations is accom-

FIG. 8. The differential cross section of the reaction plished by determining appropriate defect functions. The
160(e, e’ pn) the for the same transitions and in the same kinematicpresent work, improves the treatment of the defect functions
as in Fig. 3. The defect functions produced by tensor correlations iemployed in the(e,e’pp) calculations of Refs[15,35 and
those channels for which the uncorrelated wave function vanisheapplies the same many-body approach togheemission.
have been switched off in the calculations. Separate contributions of The lﬁo(e,efpn) cross sections are found to be similar to
the 3S; and®D; partial waves of relative motion are displayed. Line the results of Ref{15]. The transitions to the*0y.s. and the
convention as in Fig. 5. 2* state of}4C are shown to be sensitive to the one-body

currents and, therefore, to the effects of SRC. This is in ac-
gives in Fig. 7 a contribution comparable to the one of thecordance with previous works. At small recoil momentum,
seagull current and the one-body current becomes for botthe reaction rate is found to be lower than the one of Ref.
states the most important term in the cross section. This rg45]. This is due to the different treatment of the defect func-
sult can be seen in more detail in Fig. 8, where the separations employed in this work. At high recoil momentum, in-
contributions of the most important partial wavé§; and  stead, all the computetPO(e,e’pp) cross sections show a
3D, are displayed in the calculation where the defect funcslight enhancement due to the interference between the LRC
tions produced by tensor correlations are neglected. The commplitudes and the new defect functions. However, the main
tribution of 3S is practically the same as in Figs. 5 and 6, conclusions of previous studies of this reaction are not
while the contribution ofD,, is dramatically reduced. The changed, including the sensitivity of the effects of correla-
reduction is particularly strong, of about two orders of mag-tions on the choice of the final state.
nitude, for the ] state. In contrast, the results for th#O(e,e’pn) reaction are

A strong enhancement of tHéO(e, e’ pn) cross section is  found to deviate from previous calculatiofis]. A drastic
found also in Ref[17] and was attributed to tensor correla- change of the shape and a large enhancement of the size of
tions in the®S, partial wave. Figure 8, however, suggests thatthe cross section is found. This is partially due the different
the main contribution of tensor correlations obtained in thismany-body approach employed in this work, which accounts
work comes from the enhancement of thecurrent in the  for the possibility of extracting two nucleons from orbitals
3D, channel. The latter component brings in a stronger comabove the Fermi energyvhich are partially occupied in the
ponent with c.m. angular momenita=0 for the transition to  correlated g.3. Moreover, the normalization of the two-hole
the ground state. This gives a larger contribution to the totabverlap amplitude is higher in tHeh-DRPA approach for the
cross section for this state at small missing momenta, as se@mission of gon pair than for app pair. The different meth-
in Fig. 3. An enhancement of thi-current contribution gen- ods used to compute the defect functions, accounting for
erated by tensor correlations was also found in R&®,6J,  SRC and tensor correlations, are also responsible for the dif-
in the different context of the inclusivie,e’) process. ferent results.

The present results indicate that tensor correlations domi- The present calculations suggest that both the transitions
nate the(e,e’pn) cross section. They affect all the terms of to the I and I states of'*N are dominated by the contri-
the nuclear current, but produce a particularly strong enbution from theA current, except for thejlat high recoil
hancement of the\-current contribution. This means that momentum, where the one-body current is also important.
also a situation where the cross section is dominated b the This situation is different from the results of REL6] show-
current might provide an interesting and useful tool to invesding that the reaction rate depends sensitively on the details in

CROSS SECTION [(frm)*(sr)™
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the treatment of different types of correlations. The presenimportance of different types of correlations and reaction

calculation of LRC appears to be the most complete onenechanisms is particular to the chosen final state. While
performed for this specific transition. However, more workmore work can be done on the theoretical side to improve the
on nuclear structure may be required to check the accuragyalculation of these cross sectiqi3®,31,42, it appears clear

of the results obtained. Both the results of this work and ofhat two-nucleon emission experiments should be considered

Ref. [16] suggest that tensor correlations are important folas a very powerful tool to probe various aspects of nuclear
the pn emission(even dominant in this capand that they  correlations, even beyond the SRC.

influence the cross section principally through theurrent.

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 This work was supported in part by the U.S. National

by means ofe,e’pn) and(y,pn) measurements. Science Foundation under Grant No. PHY-0140316 and in
In general, all the transitions studied show a strong sensipart by the Natural Sciences and Engineering Research
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