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Overlap functions in correlation methods and quasifree nucleon knockout from*®0
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The cross sections of the,e’N) and (y,p) reactions on'®0O are calculated, for the transitions to the 1/2
ground state and the first 3/2excited state of the residual nucleus, using single-particle overlap functions
obtained on the basis of one-body density matrices within different correlation methods. The electron-induced
one-nucleon knockout reaction is treated within a nonrelativistic distorted wave impulse approximation frame-
work. The theoretical treatment of they,p) reaction includes both contributions of the direct knockout
mechanism and of meson-exchange currents. The results are sensitive to details of the different overlap
functions. The consistent analysis of the reaction cross sections and the comparison with the experimental data
make it possible to study the nucleon-nucleon correlation effects.

PACS numbsd(s): 24.10.Cn, 25.20:%, 25.30.Dh, 27.20:n

I. INTRODUCTION in which the emitted nucleon is experimentally detected, is
reflected theoretically in a transition amplitude which can be
Quasifree ¢,e’p) knockout reactions have proved to be a expressed in terms of the s.p. function representing the over-
powerful tool for nuclear structure investigations. The largelap between the target and residual nucleus states. In stan-
amount of data from these processes now availgble’/]  dard DWIA calculations phenomenological s.p. bound state
gives detailed information on single-partickep) aspects of wave functions are usually adopted, which do not include
nuclear structure, revealing the properties of the nucleoneorrelations. The normalization of the wave function, which
hole states contained in the hole spectral function. In thiss identified with the spectroscopic factor, is fitted to the
way, it is possible to point out the validity and limits of the data. Its deviation from the predictions of the MFA is usually
s.p. description of nuclei. interpreted as evidence for the presence of correlations.
The knowledge of the hole spectral function provides in- Explicit calculations of the hole spectral function and the
formation on the spectroscopic factors for the removal proassociated fully correlated overlap functions for complex nu-
cess and on the momentum distribution of transitions to diselei are very difficult. Only very recently the first successful
crete final states of the residual nucleus. The spectroscopjzarameter-free comparison of experiment and theory includ-
factors obtained from the data exhibit a remarkable fragmening the absolute normalization pshell nuclei has been per-
tation over final states, thus indicating that nucleon-nucleoriormed for the’Li( e,e’p) reaction[13]. For heavier nuclei,
(NN) correlations are not negligiblg3,8,9]. The nucleon the effects of a spectral function containing short-range and
momentum distributions extracted for a variety of nucleitensor correlations on thé®O(e,e’p) reaction have been
show unambiguosly the existence of high-momentum cominvestigated in Ref[14]. The effects of a spectral function
ponentd 10] which is not the case in the mean-field approxi- containing long-range correlations on the same reaction have
mation (MFA). They are caused by the short-range and tenbeen investigated in RefL5]. In both cases a fair agreement
sor NN correlations in nuclei which originate from specific with the shape of the experimental momentum distributions
peculiarities of the nucleon-nucleon forces at small disds obtained, but the size of the experimental cross section is
tances. overestimated and the spectroscopic factors determined by a
Along with the experimental studies, a precise theoreticafit to the data are thus lower than those predicted by the
treatment is also needed, taking into account correctly altalculation of the spectral function. A calculation able to
main ingredients of the cross sections and regulating variouaccount for effects of both short-ran@@RQ and long-range
approximations. Only in this way is a proper comparisoncorrelations(LRC) is extremely difficult, since it requires
with experimental data possible and can reliable nucleaexcessively large model space. A method to deal with SRC
structure information be extracted. The experimental moand LRC consistently has been proposed and applied to cal-
mentum distributions are reproduced, with a good degree afulate the spectroscopic factors for one-nucleon knockout
accuracy, in a wide range of nuclei and in different kinemat-from %0 [16].
ics, by a nonrelativistic treatment based on the distorted It has been shown recently that absolute spectroscopic
wave impulse approximatiofDWIA), where also spin de- factors and overlap functions for one-nucleon removal reac-
pendence in the final-state interactiof®<Sl) and Coulomb tions can be extracted from the one-body density matrix
distortion of electron waves are taken into accolmi1]. (OBDM) of the target nucleu§l7]. The advantage of this
Similar approaches based on a fully relativistic DWIA treat- procedure is that it avoids the complicated task of calculating
ment are also availablel2]. the total nuclear spectral function. The procedure for extract-
The exclusive nature of the quasifree knockout reactioning bound-state overlap functions has been apglies-22
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to OBDM emerging from various correlation methods suchwhich was able to give a good description of thee p)
as the Jastrow correlation meth@CM) [23], the correlated experimental momentum distributions, for transitions to dif-
basis function{CBF) theory[19,24] and the Green’s function ferent final states, in a wide range of nuclei and in different
method(GFM) [25]. It has been shown that these functionskinematics(see, e.g., Ref.2] and, more specifically for the
are of particular importance, since they contain nucleon coranalysis of the'®O(e,e’p) reaction, Ref[4]). The calcula-
relations which are accounted for to different extent in thetion is based on a nonrelativistic DWIA description of the
various theoretical methods considered. On the other handyasifree nucleon knockout process and accounts for both
their reliability for analyzing quantities which are sensitive g ang Coulomb distortion of the electron waves. The es-
to the NN correfations can be proved. The applicability ofgopiia| features of the formalism are given in this section.
the theoretically calculated overlap functions has been test ore details can be found in Ref2,11]
in the description of the®*O(p,d) pickup reaction{20—22 In th hot h oroximation. th |
and of the*®Ca(p,d) reaction(within the JCM [20]. A good n e one-photon exchange approximation, the genera
xpression of the coincidence unpolarized cross section for

overall agreement between the calculated and the empiric tion induced b lect ith d
cross sections has been found. It has been pointed out al ¢ reaction induced by an electron, wi momenmn
with Ey=|po|=po, Where a nucleon, with mo-

that acceptable spectroscopic factors can be obtained wiff'€"9Y Eo. 1= Po..
the method proposed. Considering the role of the short-rang@entump’ and energyE’, is ejected from a nucleus, can be
and tensor correlations, it has been concluded that the LR®/itten in terms of four structure functiond;, as[2]
corresponding to collective degrees of freedom have to be 3 5

taken into account also in order to achieve a better agreement  d”o _ EF Qf o €, W, +W.

with the (p,d) data. The LRC can have sizable effects onthe ggrq0/da’ 29 Y flred €LYV WVT

spectroscopic factors, on the shape of the overlap function,

and, as a consequence, on the cross sections. + eWC0S 2p+ Ve (1+ €)Wy, cosp],
In the present work the s.p. overlap functions obtained in
different correlation methods mentioned above, as well as (1)

within the approacth8,9,26 based on the generator coordi- ) .

nate methodGCM) are used first to calculate the cross sec-Wheree’/4m=1/137,E, is the energy of the scattered elec-
tions of the°O(e,e’ p) and X°0(e,e’n) knockout reactions. ~tron, with momentunpg, and ¢ is the angle between the
The aim of this investigation is to clarify the importance of plane of the electrons and the plane containing the momen-
the effects of various types of correlations on the reactiodfum transferg andp’. The quantity

cross sections also in comparison with empiricale( p)

data. The calculation of the cross sections is based on the 207 g\ "
same nonrelativistic DWIA treatmefil] already used for e=|1- _2tanz§ )
the analysis of many experimental data. Second, the s.p. A

OVGTS‘F’ functions are used to calculat(_e the cross section %easures the polarization of the virtual photon exchanged by
the *°O(y,p) reaction. For the photon-induced reaction we
the electron scattered at an anglend

have adopted the theoretical treatment of R&%], where

the contributions of the direct knockout mechanidkO) 5
and of meson-exchange curreflEC) are evaluated con- €L=— q_ﬂe 3)
sistently. The comparison of calculations, with consistent o '

theoretical ingredients and constrained parameters, for the

(e,e’p) and (y,p) cross sections can enable us to check, irwhereqi=w2—q2, with o=E,—Eg, andgq=p,—py is the
comparison with data, the consistency of the theoretical defour-momentum transfer. The factor

scription of the two reactions. Moreover, it allows us to in-

vestigate the behavior of overlap functions from different e Epq 1
correlation methods in a wide range of momenta, in particu- FV:_g E 2 ._1° 4
87 Eo q, € 1

lar at the large values that can be sampled in thep)
reaction and where correlation effects are expected to b
more sizable.

The theoretical framework for the calculation of the
(e,e’'N) and (y,p) cross sections is presented in Sec. ll,
together with the procedure to extract the s.p. overlap func- f-1=1

8 the flux of virtual photons();=p’'E’ is the phase-space
factor and

_. E'p-ps
tions from the OBDM of the target nucleus. A short descrip- e Eg p?

tion of the correlation methods used is also given. The results . . )
of the calculations are presented and discussed in Sec. li§ the inverse of the recoil factor. The quantiy is the total

©)

The concluding remarks are given in Sec. IV. relativistic energy of the residual nucleus with momentum
Pe=0—p'.
Il. THEORETICAL APPROACH The structure functions represent the response of the

nucleus to the longitudinal (L) and transverse (T) compo-

nents of the electromagnetic interaction. They are obtained
The cross sections of th€O(e,e’p) and °O(e,e’n) re-  from suitable combinations of the components of the hadron

actions have been calculated with the cameeepy [11], tensor{2] and are thus given by bilinear combinations of the

A. The DWIA formalism for the (e,e’N) reaction
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Fourier transforms of the transition matrix elements of the In standard DWIA calculations the nucleon scattering
nuclear charge-current density operator taken between initigtate is an eigenfunction of a phenomenological local spin-
and final nuclear states dependent optical potential, determined through a fit to elas-
tic nucleon-nucleus scattering data including cross sections

- Q. and polarizations. The nonlocality of the original Feshbach

= f (el (n)etdr. ©) Hamiritonian is taken into account)i/n the disto?ted wave func-

tion by means of the Perey fact[#2].
These integrals represent the basic ingredients of the calcu- In previous calculations phenomenological bound-state

lation. wave functions were usually adopted for the overlap func-
The DWIA treatment of the matrix elements in E@) is tions. In the analysis of data these functions were calculated
based on the following assumption. in a Woods-Saxon well, where the radius and the spectro-
(i) An exclusive process is considered, where the residuaicopic factor were considered as free parameters and were
nucleus is left in a discrete eigenstﬂei(E)) of its Hamil-  determined to reproduce the experimental momentum distri-
tonian, with energ\E and quantum numbers. butions, and the well depth was adjusted to reproduce the

(i) The final nuclear state is projected onto the channeexperimentally observed separation energy of the bound final
subspace spanned by the vectors corresponding to a nucleatate.
at the positionr;, and the residual nucleus in the state In this paper we have used overlap functions deduced
|WB(E)). This assumption is justified by the asymptotic con-from various correlation methods which do not contain any
figuration considered for the final state. free parameters. A short explanation about how these overlap
(iii) The nuclear-current operator does not connect differfunctions have been calculated on the basis of the OBDM is
ent channel subspaces. Thus, also the initial state is projectgiven in Sec. I B.
onto the selected channel subspace. This assumption is the The Coulomb distortion of the electron wave functions

basis of the direct knockout mechanism. has been treated with a high-energy expansion in inverse
Then, the transition matrix elements in E@) can be powers of the electron enerdfl]. For a light nucleus as
written in one-body representation as 160, however, an accurate description of Coulomb distortion

is already given by the simple effective momentum approxi-
(S)k 0 A Vi mation, where the momenta of incoming and outgoing elec-
I = | Xk (r)IE(rr) dea(r)[SL(E)1Y' %" drdri,  tons are changed into effective momefta].

(7) Theoretical results and experimental data are usually pre-
sented, for specific values of the missing enefgy= w
with spin and isospin indices omitted for simplicity. —T'—Tg=E+E,, whereT’ andTg are the kinetic ener-
In Eq. (7) the s.p. distorted wave function of the ejectile gies of the outgoing nucleon and of the residual nucleus,
reads respectivelyE; is the nucleon separation energy at threshold
) B and E, is the excitation energy of the residual nucleus, in
Xeo (1) =(V (BE)|a(r)|¥p), (8)  terms of reduced cross sections, defined by
wherea(r;) is an annihilation operator for a nucleon with 4 1
coordinater; while the overlap function P(pm):f i dE,,, (10)
AE, dEGAQ Q" Koen
[SalE)1¥?pea(r) = (¥ a(E)alry)|¥)) )

) ) , as a function of the missing momentupp,=|p,,|, which is
describes the residual nucleus as a hole state in the targege magnitude of the recoil momentum of the residual

The spectroscopic streng8)(E) is the norm of the overlap 1y cleuspg. In Eq. (10), K = Q,f .. andoeyis the elementary

integral in the right-hand side of E(P) and gives the prob- st shell electron-nucleon scattering cross section taken on

ability of removing from the target a nucleon gtleaving  tne pase of the ccl prescription of RE33].

the residual nucleus in the stafef(E.ry). _ Thus, the information contained in the differential cross
The scattering state in E¢B) and the normalized bound section is reduced to a twofold function Bf, andp,,. In the

state ¢g,(r1) in Eqg. (9) are consistently derived from an ejaboration of the experimental data, the integral in @@)

energy-dependent optical model Feshbach Hamiltonian angk taken over the energy intervAEE,, that contains the peak

therefore, they are not orthogonal. The use of the effectivgf the transition under study. Calculations are usually per-

one-body operatods; in Eq. (7) removes the orthogonality formed for a single kinematics, corresponding to a central

defect of the model wave functions and takes into accountalue of the phase-space volume in the region of the peak.

space truncation effecte?8]. The orthogonality defect is Then, the reduced cross sectid®) is written as[2]

however negligible in the usual kinematics for thed’ p)

reaction, and in actual DWIA calculationy is generally P"(Pm) = SeNu(Prm), (13)

replaced by the bare nuclear electromagnetic current opera-

tor. Two-body currents were also included in different theo-wheren,(p,,) is assumed as independent on the energy in

retical approaches, but they do not give a relevant contributhe intervalA E,,, and the spectroscopic factor of the involved

tion to the calculated cross sectidr9—31]. hole is
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ematical complications arise due to an additional long-range
S.= LE So(Em)dE,. (120 part originating from the Coulomb interaction, but the gen-
m eral conclusions of the consideration remain the same. The

In the plane wave impulse approximatiGPWIA), where asymptotic behavior of the radial part of the corresponding

FSI are neglected,, is equal to the opposite of the initial Proton overlap functions reads
momentum of the emitted nucleon in the nucleus, the cross
&n1j(1)— Cpijexd —Knjr — 7 In(2kpr) /v, (17)

section is factorized as
e where is the Coulomk{ior Sommerfeld parameter anéd,y;
o .
—KonS 2 13 (16) contains the mass of the proton. '
dE,dQ4dQ Ten “Z. | (P (13 The lowesin= n, neutron bound-statg -overlap function
is determined by the asymptotic behavior of the associated
and the reduced cross section is the squared Fourier trangartial radial contribution of the one-body density matrix
form of the overlap function of E¢9). pij(r,r') (r'=a—=) and Egs.(14) and (15 lead to the
In DWIA, the distortion of the electron and outgoing pro- expression
ton waves destroys the factorization, but it is still useful to

define the reduced cross section of Ef0), which can be _ pij(r,a) 18
regarded as the nucleon momentum distribution modified by d’”o'i(r)_ CnoljeXP(—knoua)/a’ (18)
distortion and kinematics. This is the quantity that is pre-

sented is Sec. Ill A. where the constant€, ;; and k, ; are completely deter-

mined byp,;(a,a). In this way the separation ener
B. The overlap functions and their relationship yp“( ) Y P &

with the one-body density matrix ﬁzkﬁ i
. . —=A-1 A_ 0
The quantities related to thé\(- 1)-particle system, such €nylj =Enolj —Eo= 2m, (19

as the overlap functions, the separation energies, and the

sp_ectro.scop'lc factors for its bound states can be .fully deteryng the spectroscopic factsﬁolj can be determined as well.
mlneddmt ptrlnc;rilﬁé\by t?'el one-?odyl;ier_;_shl'ty matrix folr the As shown in Ref[17], the procedure also yields in principle
ground s'ate o -particle systenj17]. This unique rela- all bound-state overlap functions with the same multipolar-

thnsh|p _h_olds generally for quantum many-body systems. y, if they exist. For instance, the overlap function for the
with sufficiently short-range forces between the particles an ext bound| state f=n,=n,+1) is
=N;=Ng
e_

is based on the exact representation of the ground-state on

body density matrix17]. The latter can be expressed in (r.a)— (r (a

terms of the overlap function®) in the form o) P1j(1,@) = ¢n1j (1) dn (@)
1

20
Cn1|jeXF(_knl|ja)/a ( )

r — * ’
p(rr)= Ea: Sabalr) Palr). (14) The applicability of this theoretical scheme has been dem-
onstrated in Refs[18,19,37. A simple but effective ap-

In the case of a target nucleus wili=0", each of the proach accounting for the SRC within the Jastrow correlation
bound-state overlap functiort9) is characterized by the set method in its low-order approximation has been used to ob-
of quantum numbera=nlj, with n being the number of the tain the OBDM[23] and to calculate the s.p. overlap func-
state with given multipolarity, and total angular momentum tions [18]. Another type of overlap function has been ob-
j. It is also known[34] that the overlap functions associated tained[19] within the framework of the CBF theory using
with the bound states of théA(- 1)- or (A+1)-nucleon sys- the cluster expansion and correlation functions from varia-
tem are eigenstates of a s.p. Salinger equation in which tional Monte Carlo calculations with the Argonne potential.
the mass operator plays the role of a potential. Due to itéh Refs. [21,22] calculations of overlap functions corre-
finite range, the asymptotic behavior of the radial part of thesponding to the OBDM24] obtained within a model treating
neutron overlap functions for the bound states of tie ( correlations independent on the isospin up to the first order
—1)-system is given bj17,35,34 in the cluster expansion and using the Fermi hypernetted

chain technique have been performed. Overlap functions
&nij(r)— Cpjjexp( —Knr/r, (15  have been obtainel®@1,27 also on the basis of the realistic
OBDM constructed within the GFM25]. Finally, in this
where work we calculate overlap functions within the approach
[26,8,9 based on the GCM using SKeffective forceg38]
knljzl[zmn(Eﬁ\l}l_Eé\)]l/Z' (16) and Slater determinant gener_ating f_unction _built up with
h Woods-Saxon s.p. wave functions with the diffuseness pa-
rameter as a generator coordinate. Using the systematic
In Eq. (16) m, is the neutron mas£yg is the ground state analysis of s.p. overlap functions obtained from realistic den-
energy of the targeA-nucleus, anclE’n*,Jfl is the energy of the  sity matrices just mentioned one can distinguish between the
nlj-state of the A—1) nucleus. For protons some math- effects of different types of correlations on quantities such as
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overlap functions and spectroscopic factors of quasiholeontribution of DKO is much more relevant. Nonrelativistic
states. In the present paper all these overlap functions a@WIA calculations, based on the same approach presented in
explored for the analysis of the quasifree nucleon knockousSec. Il A for the €,e’N) reaction[40], and more recent rela-
from the *°O nucleus. tivistic calculations, also based on the DKO mechariidfy,

It has been shown in Reff21,22 that due to the inclu-  are able to give a fair description of data. The results, how-
sion of short-range as well as tensor correlations the overlagyer, are very sensitive to the theoretical ingredients adopted
functions are peaked at smaller distance in the interior regiofy; pound and scattering states. On the other hand, various
of the nucleus in comparison with the Hartree-Fock wavec|cylations in different theoretical approaches indicate that

functions. In the momentum space this leads to a slight r'eIEC plav a brominent role also in the reaction
distribution of the strength from the low- to the high-(gﬂ 4Zp y ap 120

momentum region. Considering the role of both central an

tensor correlations it is found that the correlation effects o

the spectroscopic factors of the hole states are dominated r%y'p) reaction have been calculated in Fhe theoretical frame-
the tensor channel of the interaction ork of Ref.[27], where photoabsorption occurs, through

The s.p. overlap functions have been used also as forrﬂne'bOdy and two-body currents, on a pair of correlated
factors for the description ofO(p,d) [20-27 and nucleons: only one of them is then emitted, while the other

49Ca(p,d) [20] pickup reactions. It was shown, as an impor- "€ .is reabso'rbed in the residual nucleus. In this model MEC
tant result from the analysis, that it is not necessary to nor@'€ included in the framework of the DKO model with FSI
malize the angular distributions obtained theoretically byand thus the size and the relative weight of DKO and MEC
means of spectroscopic factors because the latter are alrea@§n be evaluated consistently.

included in the overlap functions. Thus having the procedure In the calculations of Re{27] the correlated wave func-
for calculating such important quantities as the overlap function of the pair was given by the product of shell-model s.p.
tions and the spectroscopic factors it is desirable to applypound state wave functions and of a central Jastrow type
them also for a consistent study of one-nucleon knockoucorrelation function, which takes into account SRC. Here we
reactions induced by electrons and photons, which is the aithave adopted one-nucleon overlap functions obtained, as is

Therefore in this paper the cross sections of the exclusive

of the present paper. explained in Sec. II B, from different realistic one-body den-
sity matrices and that already include SRC. The calculated
C. The theoretical framework for the (y,p) reaction cross section is thus the sum of two terms: the direct contri-

The differential cross section for the reaction induced by abutlon of the one-body current, which corresponds to the

photon, with energyE.,. where a nucleon, with momentum guasifree DKO considered in Sec. Il A, and the exchange
0 is ejected from a rw’ucleus can be wrijcten[a}s contribution of the two-body current. In this model MEC are

explicitly taken into account in a microscopic and unfactor-

do  me2 ized calculation. Moreover, a consistent analysis, with con-
Qf W5, (21)  sistent ingredients, i.e., overlap functions, spectroscopic fac-
tors, and optical model parameters, can be performed of

. ) (e,e'p) and (y,p) reaction cross sections.
where(ly, frec, andWr have the same expressions as in EQ. |, grder to reduce the complexity of the calculation, we

(1). In contrast to the case of the electron-induced reactioq,lave adopted the same approximations as in R&l. Only
where both Iong|tud|nalland transverse components of thﬁwe contribution of the two-body current due to the seagull
nuclear response contribute, here only the transverse "Siagrams has been included. Currents due to the pion-in-

spg_r;]see E)Li/r\]/fgotr:/(\a/;t(r)ncecr?trsp;resente din Sec. 1A can be ap_flight diagrams give a contribution much smaller than that
. due to the seagull diagrams and currents corresponding to

plied also to ¢/,N) reactions. Photon-induced nucleon emis- . ih i diatd isob fi . b
sion appears of particular interest for our purposes, since tH2grams with intermediata isobar configurations become

dQ’ 2E,

cross sections are expected to be very sensitive to details 8pPortant only for photon energies above the pion-
the overlap functions and to effects of SRC. In fact, in thisProduction thrt_—:'shold. Th_us, the.seggull current, considered
case,w=|q=E,, and the mismatch between the momen-heret should give the main contribution of the tlwo-body cur-
tum transfer and the momentum of the outgoing nucleon igent in the photon-energy range above the giant resonance
quite large. Thus, if the reaction proceeds through a DKCand below the pion production threshold.

mechanism, only the high-momentum components of the The spin-orbit part of the optical potential has been ne-
nuclear wave function are probed. On the other hand, thglected in the calculations of they(p) cross section, as well
validity of the DKO mechanism, which is clearly stated for as various effects considered in RE39] in the framework
(e,e'p), is much more questionable fory(N) reactions, of the DKO model: charge-exchange FSI, orthogonality be-
where two-nucleon processes, such as those involvingveen initial and final states, antisymmetrization of the out-
meson-exchange currents are expected to be important going particle, and recoil terms. These effects cannot be sim-
even dominant. They are certainly dominant in then( ply applied to the present approach, where also two-body
reaction, where the DKO mechanism, even in its most soeurrents are included. Their evaluation would require a spe-
phisticated versiof39], gives but a small fraction of the cific and consistent treatment. In REB9] the sum of these
experimental cross sections, while for thg |§) reaction the effects turns out to be very important fot,f), while for
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(v,p) it gives a much smaller contribution, which should be ' ' ' ' ' '
further reduced when also the two-body current is added in [
the calculated cross sections.

Thus, although with some approximations, the present
treatment should include all of the most important and essen-
tial ingredients contributing to the cross section of thep(
reaction in the photon-energy range between 50 and 100
MeV.

p(p,) (MeV/c]®)

Ill. RESULTS AND DISCUSSION

A. The ®O(e,e’N) reactions

In this section we discuss results for the reduced cross -3'00-200-100 0 100 200 300
sections of the electron induced nucleon knockout fiS@. p_[MeV/c]
In PWIA, where the effects of the FSI between the outgoing m

nucleon and the residualA¢-1)-nuclear system are ne- FIG. 1. Reduced cross section of th%(e,e’p) reaction as a
glected, the reduced cross sectjip,,), defined in Eq(11),  function of the missing momentupy, for the transition to the 1/2
is the squared Fourier transform of the overlap function. Inground state of'>N in parallel kinematics, witfE,=520.6 MeV
DWIA it can be regarded as the nucleon momentum distri-and an outgoing proton energy of 90 MeV. The optical potential is
bution modified by distortion and kinematics. from Ref.[45] (see Table Il of Ref[4]). Overlap functions are
In standard DWIA calculations the overlap function is derived from the OBDM of GFM25] (solid ling), CBF[19] (long-
generally replaced by a phenomenological s.p. bound-stagashed ling CBF [24] (dot-dashed line JCM [18] (double dot-
wave function which is eigenfunction of a mean-field dashed lingand GCM[26] (short-dashed line The dotted line is
Woods-Saxon potentiaL In the ana'ysis of tmd p) data calculated with the HF WaVe function. The pOSItI(\nEgatlve val-
the well depth is determined to reproduce the separation ees Of P refer to situations wherg|<[p’| (lg/>[p'[). The ex-
ergy values and the radius is adjusted to fit the shape of th;éerlmental.dgta are taken from RE#]. The thgoretlgal results have
momentum distribution. In the present work we have used’een multiplied by the reduction factor given in column Il of
overlap functions derived from different calculations of the Table I.

OBDM. We would like to emphasize that this is the correct : . —
. L sents a suitable example for the present investigation of the
theoretical procedure which in principle has to be used for an

" ; . effects of different overlap functions in quasifree nucleon
accurate description of(e’N) knockout reactions. Our cal- 4 o veactions fromi®0. Calculations performed in dif-
culations are performed by using the s.p. overlap function ' P

. . 6 12 B -
obtained from Eqs(15) and(17) for the neutron and proton ?‘?re.”‘ Kinematics and for thé O(e.e'n) react|on. give a
. . similar dependence of the different overlap functions on the
bound states, respectively. The results for batle(p) and o
: missing momentum and are not presented here.

P The reduced cross sections for tH©(e,e’p) reaction as

a function of the missing momentum and for the transitions
o the 1/2 ground state and the 3/2xcited state of°N are
displayed in Figs. 1 and 2, respectively. The results obtained
with different overlap functions are compared with those

functions. The application of the latter to the,é'p) reac-
tion can be justified by the fact that the proton and neutro
overlap functions are very similar and the use of the correc
proton one leads to almost identical results in this case.
Our analysis is made for the transitions to the "1/2
ground state and to the first 3/2xcited state of the residual
nucleus[at excitation energf,=6.18 MeV for °0 in the
case of the ¢,e'n) reaction and aE,=6.3 MeV for N in
the case of thed,e’p) reactior], representing a knockout
from the valence f shell of 0. Unfortunately, experi-
ments on the €,e’'n) reactions have not been carried out so
far, due to the difficulties in performing neutron detection in
a coincidence reaction. In contrast, a large number of experi-
ments have been performed over the past years on the
(e,e’'p) reactions[1-7]. We compare here our theoretical
results for the'®O(e,e’p) reaction with the data taken at /
NIKHEF [4] in the so-called parallel kinematics. In this ki- ¢
nematics the momentum of the outgoing nucleon is fixed and
is taken parallel or antiparallel to the momentum transfer.

10 T T T T T T
1P,

i

}
1
3
i
i

-300-200-100 O 100 200 300
Different values of the missing momentum are obtained by p_[MeVic]

varying the electron scattering angle and therefore the mag- "

nitude of the momentum transfer. This kinematics, which has FIG. 2. The same as in Fig. 1 for the transition to the first3/2
been considered in most of the,&'p) experiments, repre- excited state of°N.
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TABLE I. Spectroscopic factors for thé°O(e,e’p) knockout  ered in the experiment, are also listed in Tabledlumn II).
reaction leading to the 172ground state and to the 3/2excited  |n general, a fair agreement with the shape of the experimen-
state of'®N. Column | gives the spectroscopic factors deduced fromig| distribution is achieved. The results, however, are also
the calculations with different OBDM of°0; Column II gives the  senitive to details of the various overlap functions. The best

additional reduction factors determined through a comparison be ;oo ment with the data, for both transitions, is obtained with
tween the €,e’p) data of Ref[4] and the reduced cross sections

calculated in DWIA with the different overlap functions; column Ill the overlap functiong21,22 emerging from the OBDM cal-

gives the total spectroscopic factors obtained from the product o?ma_te_d V.Vlthm _the GFM25]. This is due to the substantial
the factors in columns | and II. realistic inclusion of short-range as well as tensor correla-

tions in the OBDM. The calculations based on the Green’s
function theory[ 21,22 have shown that about 10% of the 1
strength is removed by these correlations. An excellent
OBDM I I 1l | Il i agreement with the data is obtained also by using the overlap
HE 1000 0750 o750 1000 osso osso (Rl B CoE o ecion calouated on the
JCM[18]  0.953 0.825 0.786 0.953 0600 0572 base of the overlap function from R¢f.9] is in accordance
CBF[19] 0.912° 0850 0775 0.909 0.780 0.709 with the data for the 1/2 state, but gives a less satisfactory
CBF[24] ~ 0.981 0.900 0.883 0.981 0600 0589 description of data for 3/2 In contrast, the overlap function
GFM([25  0.905 0.800 0.724 0915 0.625 0572 g, Ref.[18] gives a better description of the experimental
GCM[26] 0.988 0.700 0.692 0.988  0.500 0.494 gistribution for the 3/2 than for the ground state. The shape
of the experimental reduced cross sections can adequately be
described also by the HF wave functions, in particular for
given by the Hartree-FoclHF) wave function, which is cal- p_,<150 MeV/c. Only the overlap function extracted from
culated in a self-consistent way using the Skyrme-Ill inter-the OBDM of Ref.[24] is unable to give an adequate de-
action. Besides the HF wave function, whose norm is equadcription of the experimental momentum distributions of the
to one, all the overlap functions contain a spectroscopic faci/2~ state, while it gives a better agreement for the 3/2
tor. These factors are listed in Tablédolumn ) and were state. In general, the agreement of the calculated reduced
discussed in detail in Ref$21,22. They account for the cross sections with data is somewhat better for thé &i2an
contribution of correlations included in the OBDM which for the 1/2" state.

cause a depletion of the quasihole states. Only short-range We note that even though a fair agreement with the shape
central correlations are included in the OBDM of Refs. of the experimental distributions is generally obtained in the
[18,24,2@, whereas also tensor correlations are taken intgresent calculations, this agreement is not as good as in the
account in Refg[19,25. It was found that correlation effects analysis of Ref[4]. The calculations have been performed in
on the spectroscopic factor of the hole states are dominatdsbth cases with the same DWIA treatment and with the same
by the tensor channel of the interactif?il,22. Indeed the optical potentia[45], but in Ref.[4] a s.p. phenomenological
spectroscopic factors in Table | are lower for the overlapwave function was adopted, with some parameters adjusted
functions including also tensor correlations. These overlago the data. In the present work overlap functions obtained
functions, however, do not include LRC, which should pro-within different correlation methods, which contain approxi-
duce further depletion of the quasihole stdtEs,16]. mations but no free parameters, have been used.

The calculated reduced cross sections are sensitive to the Only a reduction factor has been applied to the calculated
shape of the various overlap functions used. The differencesross sections to reproduce the data. The fact that our results
are considerable at large valuespf, where the cross sec- overestimate the data may be explained on a theoretical basis
tion is several orders of magnitude lower than in the maxi-by the observation that our overlap functions are deduced
mum region. The deviations of the various results at largdrom calculations including only SRC but not LRC. The re-
values ofp,, are related to different accounting for the short- duction factor can thus be considered as a further spectro-
rangeNN correlations within the correlation methods used.scopic factor reflecting the depletion of the quasihole state
SRC are particularly important in one-nucleon emission aproduced by LRC. Of course, the discrepancy with the data
large missing momenta and eneifdy,43. At high missing can be due also to other effects not included or not ad-
energies, however, other competing processes are algguately described by the theoretical treatment. For instance,
present and a clear identification of SRC can better be made relativistic optical potential increases by about 15% the
by means of two-nucleon knockout reactidd&l]. At low  absorption due to FSI and thus gives a reduction of the cal-
missing-energy values, measurements over an extendedlated cross sectiod2,46. On the other hand, a proper
range of missing momenta, in particular at large valuestreatment of the center-of-mass motion leads to an enhance-
where the SRC effects seem to be more sizable, can test tineent of the spectroscopic factor by about 7%]. Also
various s.p. overlap functions amdN correlations. two-body currents may lead to small variations of the size of

In order to reproduce the size of the experimental crosshe calculated cross sectiof&)|. We note, however, that the
section a reduction factor has been applied to the theoreticaéduction factors applied here to the calculated cross sections
results in Figs. 1 and 2. These factors, which have beeare not the result of a precise theoretical calculation. They
obtained by a fit of the calculated reduced cross sections thave been obtained by a fit to the data and have only an
the data over the whole missing-momentum range considndicative meaning. Small variations within 10—15 % around

1pyp 1psp
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their values would not significantly change the comparisorwhere both SRC and LRC are consistently included and to
with data. In any case the reduction factors should mostly bévestigate their effects on the size and the shape of the cal-
ascribed to LRC, but for the HF wave function, which doesculated cross sections and in comparison with data.
not contain any kind of correlations. For this wave function
the reduction factor accounts for both LRC and SRC. It is B. The O(y,p) reaction
interesting to note that in the calculations with the correlated In this section we present results of calculations for the
overlap functions the reduction factors for the; % state turn 160 . pres . . .
out to be close to the spectroscopic faai@83 obtained in (v,p) reaction and discuss them in comparison with
the theoretical approach of Rdfl5] where only LRC are data. Calculations have been performed within the theoreti-
included. Only for the overlap function from the GCjas] ¢l framework of Ref[27], where one-body and two-body
is the reduction factor somewhat lower. Fquzh, however, ~Currents are included and bo_th contributions of DKO and
all the reduction factors are lower than the spectroscopic fadMEC can be evaluated consistently. The same theoretical
tor (0.85 calculated in the approach of R¢L5]. ingredients, i.e., s.p. overlap functions, spectroscopic factors,
In Table | we give, in addition, in column Il the factor and consistent optical potentials, have been adopted as in the
obtained by the product of the two factors in columns | andcalculations of the €,e’p) cross section. Moreover, the re-
Il. This factor can be considered as a total spectroscopiduction factor determined in comparison with thed p)
factor and can be attributed to the combined effect of SRG@lata has been applied also in the comparison of the calcu-
and LRC. Indeed for fi;,, these factors are in reasonable lated (y,p) cross section with data. Since,) calculations
agreement with the spectroscopic factdr76) calculated in  are extremely sensitive to the theoretical ingredients adopted
Ref. [16], where both SRC and LRC are consistently in-for bound and scattering states, the use of constrained param-
cluded. Also the HF wave function gives a total spectro-eters should allow us to reduce ambiguities in the interpreta-
scopic factor in agreement with the result of Rdf6] and a  tion of the results and to perform a consistent study of the
reasonable description of the shape of the experimental disO(e,e’p) and *%0(y,p) reactions.
tribution in Figs. 1 and 2. This means that in the missing- The aim of our investigation is twofold. On the one hand,
momentum range considered by the experiment, the correlave intend to check the consistency of the theoretical treat-
tion effects are overwhelmed by the dominant quasiholanent for the two reactions. On the other hand, we want to
component already present in the HF approximation. For th@évestigate the sensitivity of the results to the various overlap
transition to the 1/2 state a quite large value of the total functions and td\N correlations, which are included in the
spectroscopic factor is obtained with the overlap functionoverlap functions within different theoretical frameworks, at
extracted from the OBDM by adopting the average correlalarge values of the missing momentum, where SRC effects
tion approximation24]. This is due to the fact that in this are more sizable.
approach the correlations are mainly produced by the central We restrict our analysis to photon-energy values where
short-range components of ti¢N interaction. Moreover, our theoretical treatment appears more reliable. Therefore we
this function is unable to reproduce correctly the shape of théave performed calculations &t,=60 and 72 MeV, where
experimental distribution. 160(y,p) data are available for the transition to the 1/2
The total spectroscopic factors obtained for the 3¢fate  ground statg48-5(0 and to the 3/2 excited state at 6.3
are lower than those calculated in Rf6], but for the over- MeV [50]. At these photon-energy values it is possible to
lap function from Ref[19], which, on the other hand, gives sample in comparison with dafs, values between 250 and
for this state a worse description of the data. We note tha400 MeVT/c.
also other analyses of the same datd 4,19 gave for 3/2 The angular distribution of th&0(y,p)**N, s reaction at
a spectroscopic factor lower than for the ground state. It wag =60 MeV is displayed in Fig. 3. In the figure the results
noticed in Ref.[14] that three 3/2 states are observed in given by the sum of the one-body and of the two-body
15\ at low excitation energies and that LRC yield a splitting seagull currents are compared with the contribution given by
such that 86% of the total strength going to these states ihe one-body current, which roughly corresponds to the
contained in the data. This splitting is not observed in theDWIA treatment based on the DKO mechanism.
calculations. If the total spectroscopic factors in Table | are The DWIA calculations with different overlap functions
divided by 0.86 to account for the splitting of the experimen-exhibit considerable differences, in particular at backward
tal strength, we obtain a value closer to that obtained for thangles, where larger values pf, are probed. These differ-
1/2” state and in the calculation of R¢fL6]. ences are somewhat reduced when the two-body seagull cur-
The total spectroscopic factors obtained from the GCMrent is added, but remain anyhow quite large.
which are given in Table | are somewhat lower than those The contribution of the one-body current represents a
given by the other correlation methods. They are closerlarge part of the measured cross section, but none of the
however, to the “experimental” spectroscopic factors givenoverlap functions used is able to give a proper description of
by phenomenological Woods-Saxon bound-state wave fundghe data. All the curves in DWIA lie well below the data, but
tions in the DWIA analysis of the data in R¢#], i.e., 0.61 that obtained with the overlap function from the OBDM of
for 1/2~ and 0.53 for 3/2. Ref.[24], which is anyhow able to reproduce the size of the
The overlap functions considered here only include SRGxperimental cross section only at the lowest angles. A much
and some of them also tensor correlations. It would be obetter agreement withy,p) data is obtained when MEC are
great interest to use theoretically calculated overlap functionadded to the DWIA result. The HF wave function and the
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FIG. 3. Angular distribution of the cross section of the FIG. 4. Angular distribution of the cross section °5f the
160(y,p) reaction for the transition to the 1I/2yround state of°N O(,p) reaction for the transition to the 1/Zground state of*N
at E,=60 MeV. The separate contribution given by the one-body?a! E,=72 MeV. The separate contribution given by the one-body
current(DWIA) and the final result given by the sum of the one- current(DWIA) and the final result given by the sum of the one-
body and the two-body seagull curre@WIA +MEC) are shown. Pody and the two-body seagull curre@WIA +MEC) are shown.
Line convention is as in Fig. 1. The optical potential is from Ref. Line conventioq is as in Fig. 1. The optical potential is from Ref.
[45]. The experimental data are taken from Ré8] (black circleg, ~ [45)- The experimental data are taken from R&D]. The theoret-
Ref. [49] (open circley and Ref.[50] (triangles. The theoretical ~ ic@l results have been multiplied by the reduction factors listed in
results have been multiplied by the reduction factors listed in col-column Il of Table I, consistent with the analysis @, ¢'p) data.
umn |l of Table I, consistent with the analysis &,é'p) data.

the size and the shape of the experimental cross section and

overlap function obtained from the OBDM of Réfl8] are  the great sensitivity to the shape of the overlap function and
able to reproduce the size of the experimental cross sectioty correlation effects. The behavior of the angular distribu-
but only at low values of the outgoing proton angle. Thustion in comparison with data is similar to that of Fig. 3, at
they are unable to reproduce the shape of the distributiorE, =60 MeV. Also atE, =72 MeV the cross section calcu-
The result with the overlap function from the OBDM of Ref. lated with the overlap function from RgR24] overshoots the
[24] largely overshoots the data. A much better agreemendata, while the HF wave function and the overlap function
with the shape of the experimental distribution is given byfrom the OBDM of Ref.[18] can reproduce the size of the
correlated overlap functions from the OBDM of Ref@5]  experimental cross section only at low values of the scatter-
and, to a lesser extenfl9], obtained from calculations ing angle and are unable to give a proper description of the
where short-range as well as tensor correlations are includedhape of the angular distribution. A better description of the
and from that of Ref[26]. These overlap functions are also experimental shape is given by the overlap function from
able to give the best agreement wite, &' p) data for the Ref.[26], which is also able to reproduce the experimental
1/2” state in Fig. 1. In Fig. 3 calculations with the correlatedsize at low values of the scattering angles. A fair agreement
wave functions from Refg25,19 lie a bit below the data in with data is obtained with the overlap functions from Refs.
the maximum region, but give a fair agreement with the[25]. The cross section calculated with this overlap function
shape of the experimental distribution, in particular for theas well as that calculated with the overlap function from Ref.
overlap function from the GFM25]. The existing discrep- [19] are however a bit higher than the data at low values of
ancies are anyhow not large and might be explained withitthe outgoing proton angle. The discrepancies are about the
the approximations of the theoretical model or also by a bisame as aE,=60 MeV and might be explained within the
lower reduction factor. We already observed in tlege(p) uncertainties of the theoretical treatment.
analysis of Sec. Il A that small variations around the values An example for the transition to the 3/&tate at 6.3 MeV
listed in Table | would not change significantly the compari-is presented in Fig. 5, where the angular distribution of the
son with (,e’p) data, but would here improve the agree- 1°0(y,p) reaction ate, =72 MeV is displayed in compari-
ment with the experimental results for the,p) reaction, son with data. Similar results have been obtainedEat
which is much more sensitive to the various theoretical in-=60 MeV. The results for this transition confirm the sensi-
gredients. The cross section calculated with the overlap fundivity to the overlap function and the important role of MEC
tion from GCM[26] gives a fair description of both the size in the cross section of they(p) reaction. However, the con-
and shape of the data of R¢#19], but lies a bit below the clusions about comparison with data are in this case less
other data sets at large values of the outoing proton anglelear. The size of the experimental cross section is already
The fact that the overlap functions from the OBDM of Refs. described by DWIA calculations, but with the overlap func-
[25] and [26] are able to give the best description of bothtion derived from the OBDM of Ref[18]. In contrast, the
(e,e'p) and (y,p) data is a strong indication in favor of a shape is much better reproduced by the more complete cal-
consistent analysis of the two reactions. Similar results areulations including also the seagull current. On the other
obtained in Fig. 4, where the angular distribution of thehand, these results including both one-body and two-body
1%0(y,p)™Ngy 5 reaction is displayed & ,=72 MeV. The currents overshoot the data, but with the overlap function
results confirm the important role played by MEC to describefrom Ref.[18]. We would like to emphasize the very good
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102 — . . . ; . . ; contain short-range central and tensor correlations and in-
clude the spectroscopic factor. The aim of the present inves-
tigation was to clarify the importance of various types of
correlations, which are accounted for to a different extent in
the theoretical methods considered, on the reaction cross sec-
tions and in comparison with data.
The reduced cross sections of th€O(e,e’'n) and
. 160(e,e’p) knockout reactions have been calculated with
1 DWIA+MEC ] the same nonrelativistic DWIA treatment which was success-
20 80 80 100 4'0 6'0 8'0 1(')0 fully applied previously to the analysis of mang,é’p)
0 [degree] datg. In the standard IZ?WIA approach, hqwever, phenomeno-
logical s.p. wave functions were used, with some parameters
FIG. 5. Angular distribution of the cross section of the fitted to the data. In this paper the results have been obtained
160(% p) reaction for the transition to the 3/Zxcited state ofN with theoretically calculated overlap functions which do not
at 6.3 MeV and aE, =72 MeV. The separate contribution given by include free parameters.
the one-body curredDWIA) and the final result given by the sum The reduced cross sections are sensitive to the shape of
of the one-body and the two-body seagull currédwWIA+MEC)  the various overlap functions and exhibit considerable differ-
are shown. Line convention and the optical potential are as in Figences at large values of the missing momentum, where cor-
4. The experimental data are taken from R&0]. The theoretical relation effects are more sizable. The theoretical results are
results have been multiplied by the reduction factors listed in col-generally able to reproduce, with a fair agreement, the shape
umn Il of Table I, consistent with the analysis af,¢’p) data. of the experimental reduced cross sections. The quality of
the agreement, however, is sensitive to details of the differ-
agreement with data of the results obtained using the overla@nt overlap functions.
function from the GCM26], which gives a good description In order to reproduce the size of the experimental data a
also of the experimentale(e’p) reduced cross sections for reduction factor must be applied to the calculated reduced
the transitions to 1/2 and 3/2 states. The overlap function Cross sections. This factor, which is extracted from a fit to
from Ref.[25], which is able to give a good agreement with the data, can be considered as a further spectroscopic factor
the (e,e’p) data also for this transition, reproduces very wellto be mostly ascribed to LRC, which also cause a depletion
the shape of experimental angular distribution in Fig. 5, bupf the quasihole states and which are not included in the
the calculated cross section overshoots the data by a factor e¥erlap functions considered here. The spectroscopic factors
about two. The overlap function from the OBDM of Ref. accounting for SRC and LRC obtained in the present analy-
[18] gives a fair agreement with the size and the shape of th&is are in reasonable agreement with those given by previous
(7.p) data in Fig. 5. The small discrepancy might be ex-theoretical investigations.
plained within the approximations of the model. For in- Since both SRC and LRC have sizable effects on the
stance, an enhancement of the cross section at high values #ectroscopic factors, on the shape of the overlap function,
the scattering angle should be given by the spin-orbit part ond, as a consequence, on the cross sections, a calculation of
the optical potentia[40], which has been neglected in the fully correlated overlap functions consistently including SRC
present approach. We want to remind the reader that thand LRC, although extremely difficult, would be highly de-
overlap function from Ref[18] is also able to give in Fig. 2 Sirable and would allow a direct and parameter-free compari-
a very good description of thee(e’ p) experimental reduced SOn with data.
cross section for the transition to the same 342ate. The behavior of the different overlap functions at high
The results for the 3/2 state, although less clear than for Values of momenta aniiN correlation effects can be inves-
the ground state of°N, can thus be considered as further tigated better in the<,p) reaction. The cross section of the
evidence in favor of a consistent description, with the same "O(,p) reaction has been calculated B =60 and 72
theoretica' ingredientsl O'E(e’p) and (’y’p) data_ However, MeV. Consistent theoret|ca| |ngred|ents al’ld the §ame SpeC-
in order to draw definite conclusions, a more refined theoretlfoscopic factors extracted from the analysis of the
ical treatment of the 4,p) reaction is needed, where the ‘°O(e,e’p) reaction have constrained the calculations. The
approximations of the present approach are improved and taeoretical- tre?\tment of the phOton indU.CEd reaction includes
more careful comparison with data in a wider photon-energyoth contributions of the DKO mechanism and of the two-

do/dQ [fm%sr]

range can be performed. body pion seagull current. . _ _
The various overlap functions give considerable differ-
IV. SUMMARY AND CONCLUSIONS ences on the size and shape of the calculated cross sections.

The contribution of the DKO mechanism is unable to de-
Single-particle overlap functions calculated, for tHf®©  scribe the experimental data. The numerical results generally
nucleus, on the basis of the OBDM emerging from variousfall short of the data and all the curves are unable to repro-
correlation methods have been used to calculate the croskice the shape of the experimental angular distributions. The
sections of the €,e’'p), (e,e'n), and (y,p) reactions, for contribution of MEC is large. It significantly affects both the
the transitions to the 1/2 ground state and the first 3/2 size and shape of the cross section and generally brings the
excited state of the residual nucleus. These overlap functionsalculated cross section in much better agreement with data.
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For the transition to the ground state BN the bestand  plete evaluation of two-body currents, would allow a more
a fair) description of the data is given by the overlap functioncareful comparison with data in a wider kinematical range
able to give also the best description of thedq’p) data. and would be needed to draw definite conclusions.
This is a strong indication in favor of the consistency in the
analysis of the €,e'p) and (y,p) reactions. This result is
partly confirmed also for the transition to the 3/2xcited
state. In this case, however, the situation is less clear and
larger discrepancies in comparison with data are obtained. One of us(C.G) wishes to thank F.D. Pacati and M.
These discrepancies are anyhow not too large and might beadici for useful discussions. The authors thank H:tiéu,
explained within the approximations of the model. G. Co’, and D. Van Neck for providing us the results for the

A more refined theoretical treatment, which should con-OBDM used. The work was partially supported by the Bul-
sistently include SRC and LRC, as well as orthogonality,garian National Science Foundation under Contract No.
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