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The two-proton overlap functions for tHéO(e,e’ pp)*“C reaction are calculated on the basis of a two-body
density matrix obtained within the Jastrow correlation method which incorporates short-range correlations. The
resulting overlap functions are applied to calculate cross sections df@{e,e’ pp)*“C reactions leading to
the 0" ground and the 1 (11.3-Me\) excited states of the residual nucleus. The results are compared with the
cross sections calculated with different theoretical treatments of the two-nucleon overlap functions.
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[. INTRODUCTION one to write the cross section in terms of the two-hole spec-
tral function[2]. The TOF's and their properties are widely
Since a long time, electromagnetically induced two-reviewed, e.g., in Ref23]. In an inclusive reaction, integrat-
nucleon knockout has been devised as the most direct tool iag the spectral function over the whole energy spectrum
study the properties of nucleon pairs within nuclei at shortproduces the two-body density matikDM).
distance and thus the dynamical short-range correlations In Ref. [8], the TOF’s for the®O(e,e’pp)*“C reaction
(SRO in a nucleuq1,2]. Correlations in the nuclear wave are given by the product of a coupled and fully antisymme-
function beyond the mean-field approximation are very im-trized pair function of the shell model and a Jastrow-type
portant to describe the properties of nuclear strucfaré). correlation function which incorporates SRC. Only the cen-
Two nucleons can be naturally ejected by two-body cur4ral term of the correlation function is retained in the calcu-
rents, which effectively take into account the influence oflation.
subnuclear degrees of freedom such as mesons and isobars. A more sophisticated treatment is used in Ref, where
Direct insight into SRC can be obtained from the processhe TOF's are obtained from an explicit calculation of the
where the real or virtual photon hits, through a one-bodytwo-proton spectral function of®0 [24], which includes,
current, either nucleon of a correlated pair and both nucleonwith some approximations but consistently, both SRC and
are then ejected from the nucleus. The role and relevance édng-range correlationdRC). The numerical predictions of
these two competing processes can be different in differerthis model are in reasonable and in some cases in good
reactions and kinematics. It is thus possible to envisage sitiagreement with datpl9—-22.
ations where either process is dominant and various specific Although satisfactory, these first comparisons with data
effects can be disentangled and separately investigated. have also raised problems that require further theoretical in-
Various theoretical models for cross-section calculationyestigation and a more refined treatment of nuclear structure
have been developed in recent years in order to explore th&spects in the calculation of the spectral function. The study
effects of ground-statd N correlations on¢,e’NN) [5-10]  of the two-hole spectral functions including different types of
and (y,NN) [11-17 knockout reactions. It appears from correlations, however, requires substantial efforts in compu-
these studies that the most promising tool for investigatingational many-body physics and represents a very difficult
SRC in nuclei is represented by thes €’ pp) reaction, where task.
the effect of the two-body currents is less dominant as com- A different method to calculate the TOF’'s has been sug-
pared to the €,e’pn) and (y,NN) processes. Measurements gested in Ref[25] using the established general relationships
of the exclusive'®O(e,e’ pp)“C reaction performed at NI- connecting the TOF’s with the ground-state TDM. The pro-
KHEF in Amsterdan{18-20 and MAMI in Mainz[21,22  cedure is based on the asymptotic properties of the TOF's in
have confirmed, in comparison with the theoretical resultsgoordinate space, when the distance between two of the par-
the validity of the direct knockout mechanism for transitionsticles and the center of mass of the remaining core becomes
to low-lying states of the residual nucleus and have giververy large. This procedure can be considered as an extension
clear evidence of SRC for the transition to the ground state@f the method suggested in RE26], where the relationship
of 4C. This result opens up good perspectives that furthebetween the one-body density matrix and the one-nucleon
theoretical and experimental efforts on the two-nucleornoverlap function is established. The latter has been applied
knockout will be able to determine SRC. [27-35 to calculate the one-nucleon overlap functions,
One of the main ingredients in the transition matrix ele-spectroscopic factors and to make consistent the calculations
ments of exclusive two-nucleon knockout reactions is theof the cross sections of different one-nucleon removal reac-
two-nucleon overlap functiofTOF). The TOF contains in- tions, such asg,d), (e,e’p), and (y,p) [27,30—35 on %O
formation on nuclear structure and correlations and allow$31,32,34 and “°Ca[33,34], (p,d) on ?Mg, 2%Si, and %°S
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[35], as well as ¢,e’p) on 2S [35]. Various correlation ) @) A(A—1)
methods, such as the Jastrow method, the Green function Trp :Ef P Xy Xg) dXydXo = 2 2
method, the correlated basis function method, and the gen-
erator coordinate method, have been used to obtain the one- Sincep® is a Hermitian matrix, its eigenstates? form
nucleon overlap functions which are necessary for cross seer complete orthonormal set in terms of whipff) can be
tion calculations. decomposed as

The first aim of the present paper is to app:llg/ the proce-
dure suggested in Rd25] to calculate TOF's for°O usin ., .,
the TDl\%%alcuIated in Ref.36] with the Jastrow correlatign PE(x1Xzix1,X5) = ; NP (1 x2) YD (%1 X))
method (JCM), which incorporates the nucleon-nucleon 3)
SRC. As a second aim, the resulting two-proton overlap
functions are used to calculate the cross section of th&he eigenfunctionsbf)(xl,xz) are called natural geminals
'%0(e, e’ pp) reaction for the transition to the’0ground and  and the associated real eigenvalué® are called natural
the 1" excited at 11.3-MeV states dfC. The cross sections geminal occupation numbefd0]. As a consequence of the
are calculated on the basis of the theoretical approach deveintisymmetry of the nuclear ground state, the eigenvalues

oped in Refs[5,8,9. A obey the inequalities
The reliability of the TOF's obtained in our method de-
pends strongly on the availability of realistic TDM’s. We use os)\f)s(A— 1)/2 for A odd,
the Jastrow TDM, though incorporating only SR&hd using
harmonic-oscillator single-particle wave functions in the 0=<\P=<Ai2 for A even. (4)
Slater determinant Our choice is determined by the conve-
nience of its analytical form obtained in RB6], which The upper bound in Eq4) is actually reached only for

makes practically possible the calculations of the TOF'ssystems which are maximally correlated, as, e.g., the occu-
There exist more sophisticated methods aiming at calculatingation number of zero-coupled pairs in the seniority formal-
realistic TDM including not only SRG4,37-39. So far, ism in the limit of large shell degeneracy.
however, it is a difficult task to obtain explicit forms of these  Of direct physical interest is the decomposition of the
TDM'’s and, consequently, to use them for calculations of theTDM in terms of the overlap functions between the
TOF's. So, the usage in our work of the Jastrow TDM mustA-particle ground state and the eigenstates of the
be considered as a first attempt to use an approach whigqii\— 2)-particle systems, since the TOF's can be probed in
fulfills the general necessity of the TOF's to be extractedexclusive knockout reactions.
from the TDM and to apply them to cross-section calcula- The TOF'’s are defined as the overlap between the ground
tions of the two-nucleon knockout reactions. state of the target nuclenB™® and a specific stat& ") of

The method to calculate the TOF’s on the basis of thghe residual nucleus (€A-2) [23]:
TDM is briefly outlined in Sec. Il. The results of the calcu-

lations of the TOF's and the cross sections of the D ,(x1,%) =(¥ P lalxy)a(xp) [T H). (5
180(e, e’ pp)*4C reaction are presented and discussed in Sec.
[ll. Some conclusions are drawn in Sec. V. Inserting a complete set ofA2) eigenstateqa(A

—2)) into Eqg. (1), one gets

II. TWO-BODY DENSITY MATRIX AND OVERLAP .
FUNCTIONS P(z)(X1-X2;X1'X2):E q)ﬁ(xl,xz)‘ba(xi-xé)- (6)
(23

In this section, we present shortly the definitions and Th f the two-bod lap functi defi th
some properties of the TDM and related quantities in both € norm of the two-body overlap functions defines the
natural orbital (gemina) and overlap function representa- Spectroscopic factors
tions. The method to extract the TOF's from the TO)Rb|
used in this work is also given.

The TDM is defined in coordinate space as

SP=(D,|D,). (7

As in the case of the single-particle spectroscopic factors,
where the latter cannot exceed the maximal natural occupa-
PO 014, x3) = (WP al(xp)al )alxg alxp [ W), tion number(26], one can find thas < \awe

(1) A procedure for obtaining the TOF's on the basis of the
TDM has been suggested in RER5]. It is due to the par-
ticular asymptotic properties of the TOF’s and is similar to
where | W) is the antisymmetricA-fermion ground-state the one suggested in Ref26] for deriving the one-body
wave function normalized to unity araf (x), a(x) are cre- overlap functions from the one-body density matrix.
ation and annihilation operators at positiarirhe coordinate In the case when two like nucleofiseutrons or protons
x includes the spatial coordinateand spin and isospin vari- unbound to the rest of the system are simultaneously trans-
ables. The TDMp®) is trace normalized to the number of ferred, the following hyperspherical type of asymptotics is
pairs of particles: valid for the two-body overlap functior23,41,42:
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d(r,R)—Nexpy — 2 (R +Zr )
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AJS’\IflILR(O'liO'Z;F’ﬁ):{{YLR(ﬁ)@’YI(F)}LML
® Xsm(01,02) M - (14)

We will consider the diagonal part of the radial TDM in
Eqg. (13):

wherer andR are the magnitudes of the relative and center-

of-mass(c.m, coordinates,r=r;—r, and R=(r{+r5,)/2,

respectivelym is the nucleon mass, arfl=E®» —E© s

the two-nucleon separation energy.
For a target nucleus witd,, =07, the TOF in Eq.(5)
can be written in the form

(I)VJM(leXZ):LZS {1P5s(r1,r2)®xs(o1,02)famy (9)

where v is the number of the state of the residual nucleus

with a given total momentun,

Xsmg(01,02) ={x1A01) ® X1/ T2) }smg

= >

mg m
S1 S,

1 1
Emslzmsz| S MS

X X1/am (01) Xasom, (072), (10

and @VJLSML(rl,rZ) is the spatially dependent part of the
overlap function. Performing a decomposition into angular

PSZS)ULR(V-RW/,R'): EV PTasLig(HRIP st R).
(15

For larger’=a andR’=b a single term withv, corre-
sponding to the smallest two-nucleon separation energy, will
dominate the sum on the right-hand side of Etp). Then,
according to Egq. (8), the radial part of the TOF
@VOJS,_“_R(r,R) can be expressed in terms of the TDM as
@, 5sLi(rR)

P (1. R:a,b)

@, ssLi(ab)
PSR (1. R:a,b)
N exﬂ—km}(bq %az)—s/z'
wherek=(4m|E|/#2)Y? is constrained by the experimental

values of the two-nucleon separation enekgy
The relationship obtained in E¢L6) makes it possible to

(16)

momentd =1, andLg (L=I+Lg) corresponding to the rela- extract TOF’s with quantum numbedSLIL; from a given

tive and c.m. coordinates, one obtains
q)VJSLML(rvR):%: CDVJSLILR(raR){YLR(ﬁ)®YI(F)}LML-
R
(11
Then the TDM can be written as

P (%1%, 1X1,X3)

=2 > X pSZS)LILRS’L’I'Lé(rvR;r,yR’)

IMLSU'S' ILgl' L,

JM=% el JM , ) a, B
XASL|LR(011021r1R)AS/Lr|rL/(a']_,Uz,r,,R,),
R

(12)
where the radial part of the density matrix is
P.(JZS)LILRS’L’I’L”Q(r!R;r,!RI):zV st R)
XD g (r',RY)
(13

and the spin-angular function is

TDM. The coefficientN and the constank can be deter-
mined from the asymptotics quZS)L“_R(r,R;r,R).

Ill. RESULTS
A. The two-proton overlap functions

The procedure described in Sec. Il has been applied to
calculate the two-proton overlap functions in tH® nucleus
for the transition to the 0 ground and the 1 state of'C, at
11.3 MeV excitation energy. The TDM obtained in REg6]
in the framework of the low-order approximatighOA) of
the Jastrow correlation method has been used. The latter in-
corporates the nucleon-nucleon SRC in terms of the wave-
function ansat£43]:

WA(ryrg, o =(C 2 I f(|r=rj])
1<i<j<A
Xq)éD(rllr21 ---vrA)r (17)

where C, is a normalization constant antig,, is a single
Slater determinant wave function built from harmonic-
oscillator (HO) single-particle wave functions which depend
on the oscillator parameter,s., having the same value for
both protons and neutrons. Only central correlations are in-
cluded in the correlation factdi(r), which is state indepen-
dent and has a simple Gaussian form
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FIG. 1. The'S, two-proton overlap functions
for the nucleus!®O leading to the 0 ground
state of 1“C extracted from the JCMleft) and
uncorrelatedright) two-body density matrices.

S,

o, (r,R) (fm®)

f(r)=1—cexp — Br?), (18) T P2 (1 R = pPhs i (1R =min. (20

where the correlation paramet@ determines the healing The correct determination of these parameters requires a
distance and the parameteaccounts for the strength of the proper definition of the asymptotic region where the trace in
SRC. The LOA keeps all terms up to the second orddr in Eq. (20) has to be minimized. If we denote the point in
=f—1 and up to the first order ig=f2—1 in such a way which pSZS)LILR(r,R) has a maximum With r{;ay, Rma), the
that the normalization of the density matrices is ensured Ol3tarting point of the asymptotic regiomy,R,) is obtained
der by order 44]. looking for a point ry, at R=Ryax for which

The values of the parametess . and 8 have been ob-  (2) (Fo,Rin) < 10% of @ (r Rnw). Whenr, has
tained[45] phenomenologically by fitting the experimental P/StLr" 01" ma PISLILH max: Fmayg o
elastic form factor data fofHe, %0, and “°Ca nuclei. The b(ez?n determined, we IOOk(‘;()’r a poiRf, atr=ro, for which
value of the parameterhas been determind@6] under the ~ PJsLiL,(T0,R0)<10% of pj5i i (ro.Rmad. The length of
additional condition of the relative pair density distribution the asymptotic region over and R is determined by the
requirement to obtain the separation energy which is maxi-
mally close to the experimental one. The asymptotic point
(a,b) is chosen to be that one which gives the minimal least-
squared deviation expressed by E20).
to reproduce at=0 the associated value obtained within the ~ When all the parameters are determined, @) can be
variational Monte Carlo approadi37]. Thus, in the present used to calculate the radial pafEtvOJSULR(r,R). Then, in-
calculations the following values of the parameters are usegyding also the spin-angular part in Eq41) and (9) we
for 0: ays=0.61 fm 1, =1.30 fm !, c=0.77. obtain the TOF's.

o order to obtain the radial part of the TDM,  For a given set of quantum numberSLILg, the TOF is
p(r,R;r',R") of Eq.(13), we use the analytical expression cajculated by minimizing the trace of the corresponding part
for the TDM obtained in Ref|36] substituting the coordi-  of the TDM. Thus, for a particular final stat of the re-
nates of the two particles; andr; by the c.m.R and  sjqual nucleus, different TOF's can independently be calcu-
relative r coordinates. Then, the radial part of EQLS)  |ated using this procedure for each set of quantum numbers,
can be obtained by multiplying the TDM by and each one of them is fully responsible for the two-proton

JM ~ ey A JMF A Si
Agimn (01,021, R)AG mm n(01,05;1",R") and then  knockout process and the transition to the stite
R R

; ; ; 3
integrating over the angles and summing over the spin vari- The TOF's obtalne_d in the JCM for theS, _and Py
ables. states are presented in Figs. 1 and 2, respectively. They are

In order to obtain the values of the parameterand N compared with the uncorrelated TOF'’s obtained by applying
in Eq. (16) simultaneously, we look for such a the same procedure to the uncorrelated TDM, i.e., with
radial contribution o2 rRrR)=d* rR =0 in the correlation factor of Eq18). The notation for the

o p”OJSL'LR(_ ) E’g)JS"'LR( ) partial waves in our case &+, . It differs from the gen-
X®, ysu(r’,R") whose diagonal partp; 5511 (1\R)  erally accepted onéS*1; because we have a different cou-
minimizes the trace pling scheme of spin and angular momenta.

p‘z’(r)=f pA(r,R;r,R)dR (19

FIG. 2. The®P, two-proton overlap functions
for the nucleus*®O leading to the 0 ground
state of *C extracted from the JCMleft) and
uncorrelatedright) two-body density matrices.
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FIG. 3. The two-proton overlap functions for
the nucleus'®0 leading to the 1 excited state of
14C extracted from the JCMleft) and uncorre-
lated (right) TDM’s.

It can be seen from the figures that SRC affect both siz@rescription allows us to combine, with some approxima-
and shape of the TOF's. Their role, however, is different intions, the different radial components in Eg1).
the two states and, as it was already found in previous and The results for the'S, and 3P, partial components have
different calculationgsee, e.g., Ref§9,24)), is much more a similar behavior as in Figs. 1 and 2, the main difference is
important when the two protons are in tH&, than in the that they are somewhat reduced in magnitude. The reduction
3p, state. is determined by the contribution of each component to the
The spectroscopic factors corresponding to tisg and  total TOF. The spectroscopic factor corresponding to the to-
3P, overlap functions are 0.958 and 0.957, respectivelytal TOF is equal to unity in the uncorrelated case and 0.965
Also the D wave can contribute for the transition to thé 0 in the Jastrow case.
ground state of“C, but the corresponding TOF is very small  The Jastrow TDM(including only SRQ is not “rich”
and is not considered in the present study. enough to be able to explain realistically transitions to all the
As a next step, we derive the total TGF,;(x,X) in  excited states of*C. Therefore, only the transition to the 1
terms of a sum over all possible partial components, i.e., state is considered in the present paper as an example of the
applicability of the method. e
_ M A In the case of the transition to the Zexcited state o
(DVJ'V'(X’X)_L;R Poastitg("RIAsLIL(1,02:T.R). at 11.3 MeV, pp pairs in the 3P4, and 'D; states can
(21)  contribute to the process. Th#P,, 3P,, and 'D; TOF’s,
however, are very small and their contributions to the cross
We integrate the squared modulus of the total TOF in Egsections were found to be negligible, so that the total TOF
(21) over the angles and sum over the spin variables. Th@ractically coincides with théP; TOF.
result can be written in the forrtfor the smallest value of In our method, the radial TOF generally depends)@md
V= 1) M. In the 1" case, however, the results with differeit
practically coincide: foM =+ 1 they are exactly the same
1. (x.X)2=|d 2_ (2) and very close results are obtained fdr=0. The Jastrow
a0 O [®om(r,R)| Lg.R PiLsig(1R). (22 and the uncorrelated TOF’s, averaged oMerare presented
in Fig. 3. They are similar to those displayed in Fig. 2 for the
where the bar denotes the integration over the angles angb, TOF for the transition to the 0 ground state of*“C.
summation over the spin variables, aitdy(r,R) is the ra- The shapes of the correlated and uncorrelated TOF's are
dial part of the total TOF obtained after the integration andsimilar and the magnitude of the result with correlations at
summation. Using the asymptotics df;y(r,R) at r—a, the maximum is lower than that in the uncorrelated case. The
R—Db one can write value of the spectroscopic factor is 0.967 in the Jastrow case
and unity in the uncorrelated one.

R (r.R;ab)
Lg_R PsLiLg B. The %0(e,e’pp)“C reaction

[ ' The TOF’s obtained from the TDM within the Jastrow
_ 2 1.2 2 1 ,2\-5/2
N exp{—kV(b%+ 3a%)}(b"+ za%) (23 correlation method have been used to calculate the cross sec-

tion of the *%0(e,e’ pp)*“C knockout reaction.

The parameters\, k, a, b in Eq. (23) can be redetermined The coincidence cross section for the reaction induced by
e an electron, with momenturp, and energyE, with E,

from the asymptotics of . (r,R;r,R) using the
ymp LSILgPILSiLg( ) 9 =|pol=po, Where two nucleons, with momengg and p,

procedure already explained in the first part of this section, d ‘&’ andE. . df | .
Then, each partial radial componetbys,_(r,R) in Eq. and energie§; andE;, are ejected from a nucleus is given,

) in the one-photon exchange approximation and after integrat-
(21) can be separately calculated from E@6) using for

ing overE,, by[2,5
each one of them the same coefficieisk, a, b which 9 2, by[2,9]

D yy(r,R)=

correspond to the asymptotics of the total TOF. The déo
asymptotic point §,b) determines the individual contribu- - ————— =K} fre(JjMJ“|2. (24
tion of each partial overlap function to the total TOF. This dEydQdE;dQ;dQ;
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FIG. 4. The differential cross section of th8O(e,e’ pp) reaction as a function of the recoil momenty for the transition to the 0
ground state of“C in the superparallel kinematics wikh, =855 MeV, w=215 MeV, andy=316 MeV/c. Positive(negative values ofpg
refer to situations wherpg is parallel(antiparalle) to . The curves are obtained with different treatments of the T&3(dashed lingand
3P, (dotted ling as “independent” TOF’s in the JCMi.e., those drawn in the left panel of Figs. 1 and 2, respectivelihe left panel and
as partial componentsee the explanations given in Sec. Il & the right panel, the total TOFsolid line), the TOF from the spectral

function (SP [9,24] (dot-dashed ling the product of a pair function of the shell model and the correlation function oflBpy(SM+CORR
(dot-dot-dashed line

In Eqg. (24), E; is the energy of the scattered electron with .

momentump),, K=e*p(2/472Q * whereQ?=q?— w?, with ‘]M(Q):J P (X1,X2) (1, X1, X2) Pi(X1,X2)
w=Ey—Ej andq=py—p{, is the four-momentum transfer. i

The quantityQ=p’E;p;E, is the phase-space factor and xexpliq-r)drdx,dx,. (27

integration ovelE, produces the recoil factor

The TOF's extracted from the TDM have been used for

E,p5-Ps the calculation of the radial part of the two-nucleon overlap
e (25  function®;. The other theoretical ingredients of the integral
B [Pl in Eq.(27) have been calculated within the theoretical frame-

work of Refs.[5,8,9). Therefore, the nuclear current operator
whereEg andpg are the energy and momentum of the re- j« is the sum of a one-body and a two-body part. The one-

sidual nucleus. The cross section is given by the square qfody part contains a Coulomb, a convective, and a spin term.
of the nuclear currend”, which is given by the Fourier contributions of non charge-exchange processes with inter-

transform of the transition matrix elements of the chargemediate A-isobar configurationd9,16]. In the final-state
current density operator between initial and final nucleakyaye function®;, the mutual interaction between the two

states, outgoing nucleons is neglected and the scattering state is
given by the product of two uncoupled single-particle dis-
_ A . torted wave functions, eigenfunctions of a complex phenom-
‘]ﬂ(q)_f (W J*(r)[¥pexpliq-rydr. (26) enological optical potential which contains a central, a Cou-
lomb, and a spin-orbit terf¥6].
If the residual nucleus is left in a discrete eigenstate of its The differential cross sections calculated for the transition
Hamiltonian, i.e., for an exclusive process, and under théo the 0" ground state of“C are shown in Figs. 4 and 5 for
assumption of a direct knockout mechanism, &6) can be  two kinematical settings considered in the experiments per-

fl=1

rec

written as[5,8] formed at NIKHEF[18-2Q and MAMI [21,22]. In Fig. 4,
AT _ "o@epp)'c | %
E T E FIG. 5. The differential cross section of the
5 /,.//',_:_’_'.:T\\:\ § 60(e,e’pp) reaction as a function of the angle
AT S S\ ;¢ : v, for the transition to the 0 ground state of‘C
g //7’, AR g in a kinematics with E,=584 MeV, o
A ‘%\ N\, =212 MeV, =300 MeVlc, T;=137 MeV,
10°F .. NV and y;=—30°, on the opposite side of the out-
—=-'S,  _e_swscoRR ;o — e — SM+CORR \'\‘ going electron with respect to the momentum
""" ® T e T transfer. Line convention as in Fig. 4.
10 8‘0 1(‘)0 1&0 1:10 1é0 1;30 10° 8‘0 1(‘)0 1;0 14;0 1(‘30 1é0
Y, (deg) v, (deg)
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the cross section is calculated in the superparallel kinematidson as in Eq.(18), with the same parameters as in the cal-
of the MAMI experiment, where the two nucleons are culation of the TDM, have been adopted.
ejected parallel and antiparallel to the momentum transfer The shape of the calculated cross sections is determined
and, for a fixed value ob andgq, it is possible to explore, for by the value of the c.m. orbital angular momentug, that
different values of the kinetic energies of the outgoing nucleis, Lg=0 for S,, which gives the major contribution at
ons, all the possible values @f. In the calculations, the lower values, andlg=1 for *P, which dominates at higher
incident electron energy is fixed d,=855 MeV, w values of the recoil momentum.
=215 MeV, andq=316 MeV/c. In Fig. 5, a specific kine- SRC are quite strong and even dominant for t8g state
matical setting included in the experiments carried out aand much weaker for théP; state. The role of the isobar
NIKHEF is considered, witfE,=584 MeV, =212 MeV,  current is strongly reduced for thkS, pp knockout, since
andq=300 MeV/c. The kinetic energy of the first outgoing there the magnetic dipold N« NA transition is suppressed
proton T} is 137 MeV and the angle;, between the first [17,47]. As a consequence, in the figures, & results are
outgoing proton andy, is 30° on the opposite side of the dominated by the one-body current and thus by SRC, while
outgoing electron with respect to the momentum transferthe A current gives the main contribution to th#, pp
Changing the angle,, between the second outgoing proton knockout.
andq, on the other side, different values of the recoil mo- One of the main results of the previous theoretical inves-
mentumpg are explored in the range between250 and tigations, which has been clearly confirmed in comparison
300 MeV/c, including the zero values at,=120°. with data, is the dominance of thkS, pp knockout in the
The cross sections calculated with th&, and 3P, TOF's  '°O(e,e’pp)*Cy s reaction. It can be seen from Fig. 4 that
as independent and fully responsible for the knockout prothe cross section calculated with the Jastrow TOF for'the
cess presented above in Figs. 1 and 2 are displayed in the lesftate is close to the SF and also to the-S#ORR results at
panels of Figs. 4 and 5. In the right panels, the cross sectiorlew values ofpg, up to ~150-200 MeV¢, that is, just in
obtained with the total TOF, E¢23), from the Jastrow TDM the region where théS, contribution is dominant. Fopg
are plotted and compared with the contributions given by the=200 MeV/c, the 3P, knockout becomes dominant with all
s, and 3P, partial components, i.e., calculated using Eq.the different treatments of the TOF. The results with g
(16). TOF from the Jastrow TDM are however, much larger than
These results are compared in the figures with the crosthe SF result and also larger than the BIORR cross sec-
sections already shown in RéB], where the TOF is taken tion. It can be noted that even tH&, curve in Fig. 4 is, at
from a calculation of the two-proton spectral functit®F) large values of the momentum, higher that the SF result. This
[24], where a two-step procedure has been adopted to include an indication that SRC in the JCM produce a stronger
both SRC and LRC. LRC are calculated in a shell-modelenhancement of the high-momentum components.
space large enough to incorporate the corresponding collec- The behavior of the puréS, result in the left panel of
tive features which influence the pair removal amplitude.Fig. 5 is somewhat similar to that of the SF and SMIORR
The single-particle propagators used for this dressed randouross sections, which appear driven by & contribution.
phase approximatiofRPA) description of the two-particle There are anyhow significant differences in the shape and
propagator also include the effect of both LRC and SRC. Inarge differences in the size of the various results.
the second step, that part of the pair removal amplitudes, The cross sections calculated with the total TOF, obtained
which describes the relative motion of the pair, is supplefrom the combination of the'S, and P, partial compo-
mented by defect functions obtained from the s&nmmatrix  nents, are shown in the right panels of Figs. 4 and 5. In both
which is also used as the effective interaction in the RPAinematical settings, théS, component dominates at low
calculation. Different defect functions are produced by dif-values ofpg, while the *P; component produces a strong
ferent realisticNN potentials. The results shown in Figs. 4 enhancement at high momenta. The contributions of the par-
and 5 are obtained with the Bomapotential. The explicit tial components are reduced with respect to the results in the
expression of the TOF’s is given in a form of the same kindleft panels, where each one of them is fully responsible for
as in Eq.(21), in terms of a combination of the c.m. and the knockout process. Thus, the cross sections calculated
relative wave functions. ThéS, and 3P, relative waves with the total TOF from the Jastrow TDM are somewhat
give the main contribution for the transition to thé §round  reduced at low recoil momenta. The contribution of e,
state, while only a negligible contribution is given by the component to the total TOF is much more relevant than with
wave. The results of this model are able to give a propethe other theoretical treatments and the enhancement at high
description of available dafd9-22. momenta turns out to be much larger. Thus, the shape of the
In the figures are also shown for a comparison the resultsross sections with the total TOF from the JCM is flatter than
obtained with a simpler approach, where the two-nucleorihat with the SF and SMCORR results.
wave function is given by the product of the pair function of  In the right panels of Figs. 4 and 5, the cross sections with
the shell model and of a Jastrow-type central and statethe Jastrow TOF are lower at low recoil momenta and much
independent correlation function. In this approatBM  larger at high momenta than the SF calculations. This result
+CORR), the ground state of“C is described as a pure is due to the larger contribution of th#; component in the
(1p1») 2 hole in 0. In order to allow a more direct and Jastrow TOF. The SMCORR cross sections are higher than
clear comparison with the TOF's from the Jastrow TDM, HO the other results at low recoil momenta. This is an indication
single-particle wave functions and the same correlation funcef a stronger contribution of SRC in this calculation. This
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FIG. 6. The differential cross section of th€O(e,e’pp) reac-
tion as a function of the recoil momentupg for the transition to FIG. 7. The differential cross section of tHéO(e,e’ pp) reac-
the 1" excited state of*C in the same kinematics as in Fig. 4. The tion as a function of the angtg, for the transition to the 1 excited
results are obtained with the Jastrow T@Blid line), the TOF from  state of*“C in the same kinematics as in Fig. 5. Line convention as
the spectral functiofSF (dot-dashed lineand the product of a pair in Fig. 6.
function of the shell model and the correlation function of Ei)

(SM+CORR) (dot-dot-dashed line Jastrow TOF is much lower than the other results. This result
is presumably due to the simple two-body density, used as a
contribution, however, depends on the particular expressiofirst step to test the validity of the method.
adopted for the correlation functions, which in the calcula-
tions of Figs. 4 and 5 is exactly the same as in the calculation
of the TDM. At high momenta, the SMCORR cross sec-
tions remain always higher than the SF results, but generally The results of the present work can be summarized as
lower than the results given by the TOF from the JCM.  follows.

Although obtained from a calculation of the TDM within (i) The two-nucleon overlap functiongnd their norms,
the JCM where only SRC are included, the TOF’s used irthe spectroscopic factgrsorresponding to the knockout of
our calculations are able to reproduce the main qualitativéwo protons from the ground state 6fO and the transition
features which were found in previous theoretical investigato the ground and 1 (11.3-Me\) excited states of‘C are
tions. This means that the procedure suggested iN[R&fto  calculated using the recently established relation2pbe-
calculate the TOF's from the TDM can be applied and ex-tween the TOF’s and the TDM. In the calculations, the TDM
ploited in the study of the two-nucleon knockout reactions. obtained within the JCM36] is used. Though only SRC are

The large differences found in Figs. 4 and 5 indicate thaticcounted for in the Jastrow TDM, the results can be consid-
the calculated cross sections are very sensitive to the diffeered as a first attempt to use an approach which fulfills the
ent approaches used and to the theoretical treatment @fneral necessity of the TOF's to be extracted from theoreti-
nuclear structure and correlations in the TOF. It would becally calculated TDM's corresponding to realistic wave func-
interesting to apply the procedure used in this work for thetions of the nuclear states. Of course, the quality of the re-
calculation of the TOF's to more refined treatments of thesults will depend heavily on the availability of a realistic
TDM [4,37-39. TDM incorporating all necessary types NN correlations.

The differential cross sections calculated for the transition (ii) The contributions of the two-proton overlap functions
to the 1 state of 1“C, at 11.3 MeV excitation energy, are leading to the ground state dfC corresponding to the re-
shown in Figs. 6 and 7 in the same kinematical settings almoval of 'S, and *P; pp pairs from 10 are calculated in
ready considered for the*Ostate in Figs. 4 and 5. In both two manners(1) when each one is fully responsible for the
kinematics, large differences in the size and also in the shapgeockout process, an@) when they are partial components
of the calculated cross sections are given by the differenof the total TOF. The'S, and 2P, results obtained in the two
treatments of the TOF. With respect to the other results, thenanners are similar, the main difference being that the partial
Jastrow TOF produces in the superparallel kinematics aomponents in cas@) are reduced in magnitude. The com-
strong enhancement at high momenta, which makes thparison between the results for the TOF's in the correlated
shape of the cross sections larger and flatter than that witfJastrow case and in the uncorrelated case shows that SRC
the SF and SMCORR TOF’s. A similar effect is found also affect both size and shape of th&, and *P; overlap func-
in the kinematics of Fig. 7. In this case, however, largertions. The effects of SRC, however, are much stronger when
differences are produced by the three different TOF’s in thehe two protons are in ahS, state. Only one partial compo-
maximum region, where the cross section calculated with theent *P; gives the main contribution to the transition to the

IV. CONCLUSIONS
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1% excited state of“C. The TOF'’s derived for this state are momentum part of the cross sectionpg=200 MeV/c.

similar to the 3P, TOF’s calculated for the transition to the _(iv) Our method is applied in the present work only to the
0* ground state. 0" ground and the 1 (11.3-Me\) excited states of*C. The

(i) The TOF's extracted from the Jastrow TDM are in- main aim was to chgck the practical application of all steps
cluded in the theoretical approach of Refs,8,9] to calcu- of the method to a given state of the res/lduall nucleus_. There-
late the cross section of th€O(e, e’ pp)*4C knockout reac- fore, the results obtained for th€O(e,e’pp)'C reaction,
tion. Numerical results, in different kinematics, are presented?hich are able to reproduce the main qualitative features of
and compared with the cross sections calculated, within thE'€ Cross sections calculated with different treatments of the
same theoretical model for the reaction mechanism, with dit] OF'S, can serve as an indication of the reliability of the
ferent treatments of the TOF, in particular with the moreMethod, which can be applied to a wider range of situations
refined approach of Ref$9,24], where the TOF's are ob- and, as an alternat_|ve to an epr|C|t_ calculation of the two-
tained from a calculation of the two-proton spectral function10l€ Spectral function, to more refined approaches of the
of %0 where both SRC and LRC are included. The calcu-'PM [4.37-39.
lated cross sections are very sensitive to the theoretical treat-
ment and different results are produced by the different
TOF’s. The cross sections calculated in the present work, One of the authoréD.N.K.) would like to thank the Pavia
where the TOF’s are extracted from the Jastrow TDM, conSection of the INFN for the warm hospitality and for provid-
firm the dominant contribution of théS, pp knockout at  ing support. The work was partly supported by the Bulgarian
low values of recoil momentum, up te 150—200 MeVE. National Science Foundation under Contract Nbs309 and
The 3P, contribution is mainly responsible for the high- ®-905.
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