
PHYSICAL REVIEW C, VOLUME 61, 014306
Overlap functions in correlation methods and quasifree nucleon knockout from16O
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The cross sections of the (e,e8N) and (g,p) reactions on16O are calculated, for the transitions to the 1/22

ground state and the first 3/22 excited 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 the (g,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 number~s!: 24.10.Cn, 25.20.2x, 25.30.Dh, 27.20.1n
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I. INTRODUCTION

Quasifree (e,e8p) knockout reactions have proved to be
powerful tool for nuclear structure investigations. The lar
amount of data from these processes now available@1–7#
gives detailed information on single-particle~s.p.! aspects of
nuclear structure, revealing the properties of the nucle
hole states contained in the hole spectral function. In
way, it is possible to point out the validity and limits of th
s.p. description of nuclei.

The knowledge of the hole spectral function provides
formation on the spectroscopic factors for the removal p
cess and on the momentum distribution of transitions to
crete final states of the residual nucleus. The spectrosc
factors obtained from the data exhibit a remarkable fragm
tation over final states, thus indicating that nucleon-nucle
(NN) correlations are not negligible@3,8,9#. The nucleon
momentum distributions extracted for a variety of nuc
show unambiguosly the existence of high-momentum co
ponents@10# which is not the case in the mean-field appro
mation ~MFA!. They are caused by the short-range and t
sor NN correlations in nuclei which originate from specifi
peculiarities of the nucleon-nucleon forces at small d
tances.

Along with the experimental studies, a precise theoret
treatment is also needed, taking into account correctly
main ingredients of the cross sections and regulating var
approximations. Only in this way is a proper comparis
with experimental data possible and can reliable nuc
structure information be extracted. The experimental m
mentum distributions are reproduced, with a good degre
accuracy, in a wide range of nuclei and in different kinem
ics, by a nonrelativistic treatment based on the distor
wave impulse approximation~DWIA !, where also spin de
pendence in the final-state interactions~FSI! and Coulomb
distortion of electron waves are taken into account@2,11#.
Similar approaches based on a fully relativistic DWIA tre
ment are also available@12#.

The exclusive nature of the quasifree knockout reacti
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in which the emitted nucleon is experimentally detected
reflected theoretically in a transition amplitude which can
expressed in terms of the s.p. function representing the o
lap between the target and residual nucleus states. In s
dard DWIA calculations phenomenological s.p. bound st
wave functions are usually adopted, which do not inclu
correlations. The normalization of the wave function, whi
is identified with the spectroscopic factor, is fitted to t
data. Its deviation from the predictions of the MFA is usua
interpreted as evidence for the presence of correlations.

Explicit calculations of the hole spectral function and t
associated fully correlated overlap functions for complex n
clei are very difficult. Only very recently the first successf
parameter-free comparison of experiment and theory inc
ing the absolute normalization inp-shell nuclei has been per
formed for the7Li( e,e8p) reaction@13#. For heavier nuclei,
the effects of a spectral function containing short-range
tensor correlations on the16O(e,e8p) reaction have been
investigated in Ref.@14#. The effects of a spectral functio
containing long-range correlations on the same reaction h
been investigated in Ref.@15#. In both cases a fair agreeme
with the shape of the experimental momentum distributio
is obtained, but the size of the experimental cross sectio
overestimated and the spectroscopic factors determined
fit to the data are thus lower than those predicted by
calculation of the spectral function. A calculation able
account for effects of both short-range~SRC! and long-range
correlations~LRC! is extremely difficult, since it requires
excessively large model space. A method to deal with S
and LRC consistently has been proposed and applied to
culate the spectroscopic factors for one-nucleon knock
from 16O @16#.

It has been shown recently that absolute spectrosc
factors and overlap functions for one-nucleon removal re
tions can be extracted from the one-body density ma
~OBDM! of the target nucleus@17#. The advantage of this
procedure is that it avoids the complicated task of calculat
the total nuclear spectral function. The procedure for extra
ing bound-state overlap functions has been applied@18–22#
©1999 The American Physical Society06-1



ch

ns
o

th
an
ve
o
st

ric
a
w
n
R
b
e

th
io

i
a

i-
c

of
io

t

s
n
e

-
en
t

, i
d
n-
n
cu

b

e
II
n
ip
u
.

if-
nt

e
oth

es-
on.

eral
for

-
e

c-
e
en-

by

e

m

the
o-

ned
ron
he

M. K. GAIDAROV et al. PHYSICAL REVIEW C 61 014306
to OBDM emerging from various correlation methods su
as the Jastrow correlation method~JCM! @23#, the correlated
basis function~CBF! theory@19,24# and the Green’s function
method~GFM! @25#. It has been shown that these functio
are of particular importance, since they contain nucleon c
relations which are accounted for to different extent in
various theoretical methods considered. On the other h
their reliability for analyzing quantities which are sensiti
to the NN correlations can be proved. The applicability
the theoretically calculated overlap functions has been te
in the description of the16O(p,d) pickup reaction@20–22#
and of the40Ca(p,d) reaction~within the JCM! @20#. A good
overall agreement between the calculated and the empi
cross sections has been found. It has been pointed out
that acceptable spectroscopic factors can be obtained
the method proposed. Considering the role of the short-ra
and tensor correlations, it has been concluded that the L
corresponding to collective degrees of freedom have to
taken into account also in order to achieve a better agreem
with the (p,d) data. The LRC can have sizable effects on
spectroscopic factors, on the shape of the overlap funct
and, as a consequence, on the cross sections.

In the present work the s.p. overlap functions obtained
different correlation methods mentioned above, as well
within the approach@8,9,26# based on the generator coord
nate method~GCM! are used first to calculate the cross se
tions of the16O(e,e8p) and 16O(e,e8n) knockout reactions.
The aim of this investigation is to clarify the importance
the effects of various types of correlations on the react
cross sections also in comparison with empirical (e,e8p)
data. The calculation of the cross sections is based on
same nonrelativistic DWIA treatment@11# already used for
the analysis of many experimental data. Second, the
overlap functions are used to calculate the cross sectio
the 16O(g,p) reaction. For the photon-induced reaction w
have adopted the theoretical treatment of Ref.@27#, where
the contributions of the direct knockout mechanism~DKO!
and of meson-exchange currents~MEC! are evaluated con
sistently. The comparison of calculations, with consist
theoretical ingredients and constrained parameters, for
(e,e8p) and (g,p) cross sections can enable us to check
comparison with data, the consistency of the theoretical
scription of the two reactions. Moreover, it allows us to i
vestigate the behavior of overlap functions from differe
correlation methods in a wide range of momenta, in parti
lar at the large values that can be sampled in the (g,p)
reaction and where correlation effects are expected to
more sizable.

The theoretical framework for the calculation of th
(e,e8N) and (g,p) cross sections is presented in Sec.
together with the procedure to extract the s.p. overlap fu
tions from the OBDM of the target nucleus. A short descr
tion of the correlation methods used is also given. The res
of the calculations are presented and discussed in Sec
The concluding remarks are given in Sec. IV.

II. THEORETICAL APPROACH

A. The DWIA formalism for the „e,e8N… reaction

The cross sections of the16O(e,e8p) and 16O(e,e8n) re-
actions have been calculated with the codeDWEEPY @11#,
01430
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which was able to give a good description of the (e,e8p)
experimental momentum distributions, for transitions to d
ferent final states, in a wide range of nuclei and in differe
kinematics~see, e.g., Ref.@2# and, more specifically for the
analysis of the16O(e,e8p) reaction, Ref.@4#!. The calcula-
tion is based on a nonrelativistic DWIA description of th
quasifree nucleon knockout process and accounts for b
FSI and Coulomb distortion of the electron waves. The
sential features of the formalism are given in this secti
More details can be found in Refs.@2,11#.

In the one-photon exchange approximation, the gen
expression of the coincidence unpolarized cross section
the reaction induced by an electron, with momentump0 and
energyE0, with E05up0u5p0, where a nucleon, with mo
mentump8 and energyE8, is ejected from a nucleus, can b
written in terms of four structure functionsWi , as@2#

d3s

dE08dV08dV8
5

pe2

2q
GVV f f rec@eLWL1WT

1eWTTcos 2f1AeL~11e!WTLcosf#,

~1!

wheree2/4p.1/137, E08 is the energy of the scattered ele
tron, with momentump08 , and f is the angle between th
plane of the electrons and the plane containing the mom
tum transferq andp8. The quantity

e5S 12
2q2

qm
2

tan2
u

2D 21

~2!

measures the polarization of the virtual photon exchanged
the electron scattered at an angleu and

eL52
qm

2

q2
e, ~3!

whereqm
2 5v22q2, with v5E02E08 , andq5p02p08 is the

four-momentum transfer. The factor

GV5
e2

8p3

E08

E0

q

qm
2

1

e21
, ~4!

is the flux of virtual photons,V f5p8E8 is the phase-spac
factor and

f rec
21512

E8

EB

p8•pB

p82
~5!

is the inverse of the recoil factor. The quantityEB is the total
relativistic energy of the residual nucleus with momentu
pB5q2p8.

The structure functions represent the response of
nucleus to the longitudinal (L) and transverse (T) comp
nents of the electromagnetic interaction. They are obtai
from suitable combinations of the components of the had
tensor@2# and are thus given by bilinear combinations of t
6-2
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OVERLAP FUNCTIONS IN CORRELATION METHODS . . . PHYSICAL REVIEW C61 014306
Fourier transforms of the transition matrix elements of
nuclear charge-current density operator taken between in
and final nuclear states

Jm~q!5E ^CFuĴm~r!uC I&e
iq•rdr. ~6!

These integrals represent the basic ingredients of the ca
lation.

The DWIA treatment of the matrix elements in Eq.~6! is
based on the following assumption.

~i! An exclusive process is considered, where the resid
nucleus is left in a discrete eigenstateuCa

B(E)& of its Hamil-
tonian, with energyE and quantum numbersa.

~ii ! The final nuclear state is projected onto the chan
subspace spanned by the vectors corresponding to a nuc
at the positionr1, and the residual nucleus in the sta
uCa

B(E)&. This assumption is justified by the asymptotic co
figuration considered for the final state.

~iii ! The nuclear-current operator does not connect dif
ent channel subspaces. Thus, also the initial state is proje
onto the selected channel subspace. This assumption i
basis of the direct knockout mechanism.

Then, the transition matrix elements in Eq.~6! can be
written in one-body representation as

Jm~q!5E xEa
(2)* ~r1!Ĵeff

m ~r,r1!fEa~r1!@Sa~E!#1/2eiq•rdr dr1 ,

~7!

with spin and isospin indices omitted for simplicity.
In Eq. ~7! the s.p. distorted wave function of the eject

reads

xEa
(2)~r1!5^Ca

B~E!ua~r1!uCF&, ~8!

wherea(r1) is an annihilation operator for a nucleon wi
coordinater1 while the overlap function

@Sa~E!#1/2fEa~r1!5^Ca
B~E!ua~r1!uC I& ~9!

describes the residual nucleus as a hole state in the ta
The spectroscopic strengthSa(E) is the norm of the overlap
integral in the right-hand side of Eq.~9! and gives the prob-
ability of removing from the target a nucleon atr1 leaving
the residual nucleus in the stateCa

B(E,r1).
The scattering state in Eq.~8! and the normalized boun

statefEa(r1) in Eq. ~9! are consistently derived from a
energy-dependent optical model Feshbach Hamiltonian
therefore, they are not orthogonal. The use of the effec
one-body operatorĴeff

m in Eq. ~7! removes the orthogonality
defect of the model wave functions and takes into acco
space truncation effects@28#. The orthogonality defect is
however negligible in the usual kinematics for the (e,e8p)
reaction, and in actual DWIA calculationsĴeff

m is generally
replaced by the bare nuclear electromagnetic current op
tor. Two-body currents were also included in different the
retical approaches, but they do not give a relevant contr
tion to the calculated cross sections@29–31#.
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In standard DWIA calculations the nucleon scatteri
state is an eigenfunction of a phenomenological local sp
dependent optical potential, determined through a fit to e
tic nucleon-nucleus scattering data including cross sect
and polarizations. The nonlocality of the original Feshba
Hamiltonian is taken into account in the distorted wave fun
tion by means of the Perey factor@32#.

In previous calculations phenomenological bound-st
wave functions were usually adopted for the overlap fu
tions. In the analysis of data these functions were calcula
in a Woods-Saxon well, where the radius and the spec
scopic factor were considered as free parameters and
determined to reproduce the experimental momentum di
butions, and the well depth was adjusted to reproduce
experimentally observed separation energy of the bound fi
state.

In this paper we have used overlap functions dedu
from various correlation methods which do not contain a
free parameters. A short explanation about how these ove
functions have been calculated on the basis of the OBDM
given in Sec. II B.

The Coulomb distortion of the electron wave functio
has been treated with a high-energy expansion in inve
powers of the electron energy@11#. For a light nucleus as
16O, however, an accurate description of Coulomb distort
is already given by the simple effective momentum appro
mation, where the momenta of incoming and outgoing el
trons are changed into effective momenta@11#.

Theoretical results and experimental data are usually
sented, for specific values of the missing energyEm5v
2T82TB5Es1Ex , whereT8 and TB are the kinetic ener-
gies of the outgoing nucleon and of the residual nucle
respectively,Es is the nucleon separation energy at thresh
and Ex is the excitation energy of the residual nucleus,
terms of reduced cross sections, defined by

r~pm!5E
DEm

d3s

dE08dV08dV8

1

KseN
dEm, ~10!

as a function of the missing momentumpm5upmu, which is
the magnitude of the recoil momentum of the residu
nucleuspB . In Eq.~10!, K5V f f rec andseN is the elementary
off-shell electron-nucleon scattering cross section taken
the base of the cc1 prescription of Ref.@33#.

Thus, the information contained in the differential cro
section is reduced to a twofold function ofEm andpm. In the
elaboration of the experimental data, the integral in Eq.~10!
is taken over the energy intervalDEm that contains the peak
of the transition under study. Calculations are usually p
formed for a single kinematics, corresponding to a cen
value of the phase-space volume in the region of the pe
Then, the reduced cross section~10! is written as@2#

r th~pm!5Sana~pm!, ~11!

wherena(pm) is assumed as independent on the energy
the intervalDEm and the spectroscopic factor of the involve
hole is
6-3
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Sa5E
DEm

Sa~Em!dEm. ~12!

In the plane wave impulse approximation~PWIA!, where
FSI are neglected,pm is equal to the opposite of the initia
momentum of the emitted nucleon in the nucleus, the cr
section is factorized as

d3s

dE08dV08dV8
5KseNSa(

a
ufa~pm!u2, ~13!

and the reduced cross section is the squared Fourier tr
form of the overlap function of Eq.~9!.

In DWIA, the distortion of the electron and outgoing pr
ton waves destroys the factorization, but it is still useful
define the reduced cross section of Eq.~10!, which can be
regarded as the nucleon momentum distribution modified
distortion and kinematics. This is the quantity that is p
sented is Sec. III A.

B. The overlap functions and their relationship
with the one-body density matrix

The quantities related to the (A21)-particle system, such
as the overlap functions, the separation energies, and
spectroscopic factors for its bound states can be fully de
mined in principle by the one-body density matrix for th
ground state of theA-particle system@17#. This unique rela-
tionship holds generally for quantum many-body syste
with sufficiently short-range forces between the particles
is based on the exact representation of the ground-state
body density matrix@17#. The latter can be expressed
terms of the overlap functions~9! in the form

r~r,r8!5(
a

Safa* ~r!fa~r8!. ~14!

In the case of a target nucleus withJp501, each of the
bound-state overlap functions~9! is characterized by the se
of quantum numbersa[nl j , with n being the number of the
state with given multipolarityl, and total angular momentum
j. It is also known@34# that the overlap functions associate
with the bound states of the (A21)- or (A11)-nucleon sys-
tem are eigenstates of a s.p. Schro¨dinger equation in which
the mass operator plays the role of a potential. Due to
finite range, the asymptotic behavior of the radial part of
neutron overlap functions for the bound states of theA
21) –system is given by@17,35,36#

fnl j~r !→Cnl jexp~2knl j r !/r , ~15!

where

knl j5
1

\
@2mn~Enl j

A212E0
A!#1/2. ~16!

In Eq. ~16! mn is the neutron mass,E0
A is the ground state

energy of the targetA-nucleus, andEnl j
A21 is the energy of the

nl j -state of the (A21) nucleus. For protons some mat
01430
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ematical complications arise due to an additional long-ra
part originating from the Coulomb interaction, but the ge
eral conclusions of the consideration remain the same.
asymptotic behavior of the radial part of the correspond
proton overlap functions reads

fnl j~r !→Cnl jexp@2knl j r 2h ln~2knl j r !#/r , ~17!

whereh is the Coulomb~or Sommerfeld! parameter andknl j
~16! contains the mass of the proton.

The lowestn5n0 neutron bound-statel j -overlap function
is determined by the asymptotic behavior of the associa
partial radial contribution of the one-body density matr
r l j (r ,r 8) (r 85a→`) and Eqs.~14! and ~15! lead to the
expression

fn0l j ~r !5
r l j ~r ,a!

Cn0l j exp~2kn0l j a!/a
, ~18!

where the constantsCn0l j and kn0l j are completely deter-

mined byr l j (a,a). In this way the separation energy

en0l j [En0l j
A212E0

A5
\2kn0l j

2

2mn
~19!

and the spectroscopic factorSn0l j can be determined as wel
As shown in Ref.@17#, the procedure also yields in principl
all bound-state overlap functions with the same multipol
ity, if they exist. For instance, the overlap function for th
next boundl j state (n[n15n011) is

fn1l j ~r !5
r l j ~r ,a!2fn0l j ~r !fn0l j ~a!

Cn1l j exp~2kn1l j a!/a
. ~20!

The applicability of this theoretical scheme has been de
onstrated in Refs.@18,19,37#. A simple but effective ap-
proach accounting for the SRC within the Jastrow correlat
method in its low-order approximation has been used to
tain the OBDM@23# and to calculate the s.p. overlap fun
tions @18#. Another type of overlap function has been o
tained @19# within the framework of the CBF theory usin
the cluster expansion and correlation functions from va
tional Monte Carlo calculations with the Argonne potenti
In Refs. @21,22# calculations of overlap functions corre
sponding to the OBDM@24# obtained within a model treating
correlations independent on the isospin up to the first or
in the cluster expansion and using the Fermi hyperne
chain technique have been performed. Overlap functi
have been obtained@21,22# also on the basis of the realisti
OBDM constructed within the GFM@25#. Finally, in this
work we calculate overlap functions within the approa
@26,8,9# based on the GCM using SkM* effective forces@38#
and Slater determinant generating function built up w
Woods-Saxon s.p. wave functions with the diffuseness
rameter as a generator coordinate. Using the system
analysis of s.p. overlap functions obtained from realistic d
sity matrices just mentioned one can distinguish between
effects of different types of correlations on quantities such
6-4
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OVERLAP FUNCTIONS IN CORRELATION METHODS . . . PHYSICAL REVIEW C61 014306
overlap functions and spectroscopic factors of quasih
states. In the present paper all these overlap functions
explored for the analysis of the quasifree nucleon knock
from the 16O nucleus.

It has been shown in Refs.@21,22# that due to the inclu-
sion of short-range as well as tensor correlations the ove
functions are peaked at smaller distance in the interior reg
of the nucleus in comparison with the Hartree-Fock wa
functions. In the momentum space this leads to a slight
distribution of the strength from the low- to the high
momentum region. Considering the role of both central a
tensor correlations it is found that the correlation effects
the spectroscopic factors of the hole states are dominate
the tensor channel of the interaction.

The s.p. overlap functions have been used also as f
factors for the description of16O(p,d) @20–22# and
40Ca(p,d) @20# pickup reactions. It was shown, as an impo
tant result from the analysis, that it is not necessary to n
malize the angular distributions obtained theoretically
means of spectroscopic factors because the latter are alr
included in the overlap functions. Thus having the proced
for calculating such important quantities as the overlap fu
tions and the spectroscopic factors it is desirable to ap
them also for a consistent study of one-nucleon knock
reactions induced by electrons and photons, which is the
of the present paper.

C. The theoretical framework for the „g,p… reaction

The differential cross section for the reaction induced b
photon, with energyEg , where a nucleon, with momentum
p8, is ejected from a nucleus, can be written as@2#

ds

dV8
5

pe2

2Eg
V f f recWT , ~21!

whereV f , f rec, andWT have the same expressions as in E
~1!. In contrast to the case of the electron-induced react
where both longitudinal and transverse components of
nuclear response contribute, here only the transverse
sponse functionWT occurs.

The DWIA treatment presented in Sec. II A can be a
plied also to (g,N) reactions. Photon-induced nucleon em
sion appears of particular interest for our purposes, since
cross sections are expected to be very sensitive to detai
the overlap functions and to effects of SRC. In fact, in t
case,v5uqu5Eg , and the mismatch between the mome
tum transfer and the momentum of the outgoing nucleon
quite large. Thus, if the reaction proceeds through a D
mechanism, only the high-momentum components of
nuclear wave function are probed. On the other hand,
validity of the DKO mechanism, which is clearly stated f
(e,e8p), is much more questionable for (g,N) reactions,
where two-nucleon processes, such as those involv
meson-exchange currents are expected to be importan
even dominant. They are certainly dominant in the (g,n)
reaction, where the DKO mechanism, even in its most
phisticated version@39#, gives but a small fraction of the
experimental cross sections, while for the (g,p) reaction the
01430
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contribution of DKO is much more relevant. Nonrelativist
DWIA calculations, based on the same approach presente
Sec. II A for the (e,e8N) reaction@40#, and more recent rela
tivistic calculations, also based on the DKO mechanism@41#,
are able to give a fair description of data. The results, ho
ever, are very sensitive to the theoretical ingredients adop
for bound and scattering states. On the other hand, var
calculations in different theoretical approaches indicate t
MEC play a prominent role also in the (g,p) reaction
@27,42#.

Therefore in this paper the cross sections of the exclus
(g,p) reaction have been calculated in the theoretical fram
work of Ref. @27#, where photoabsorption occurs, throug
one-body and two-body currents, on a pair of correla
nucleons: only one of them is then emitted, while the oth
one is reabsorbed in the residual nucleus. In this model M
are included in the framework of the DKO model with FS
and thus the size and the relative weight of DKO and ME
can be evaluated consistently.

In the calculations of Ref.@27# the correlated wave func
tion of the pair was given by the product of shell-model s
bound state wave functions and of a central Jastrow t
correlation function, which takes into account SRC. Here
have adopted one-nucleon overlap functions obtained, a
explained in Sec. II B, from different realistic one-body de
sity matrices and that already include SRC. The calcula
cross section is thus the sum of two terms: the direct con
bution of the one-body current, which corresponds to
quasifree DKO considered in Sec. II A, and the exchan
contribution of the two-body current. In this model MEC a
explicitly taken into account in a microscopic and unfacto
ized calculation. Moreover, a consistent analysis, with c
sistent ingredients, i.e., overlap functions, spectroscopic
tors, and optical model parameters, can be performed
(e,e8p) and (g,p) reaction cross sections.

In order to reduce the complexity of the calculation, w
have adopted the same approximations as in Ref.@27#. Only
the contribution of the two-body current due to the seag
diagrams has been included. Currents due to the pion
flight diagrams give a contribution much smaller than th
due to the seagull diagrams and currents correspondin
diagrams with intermediateD isobar configurations becom
important only for photon energies above the pio
production threshold. Thus, the seagull current, conside
here, should give the main contribution of the two-body c
rent in the photon-energy range above the giant resona
and below the pion production threshold.

The spin-orbit part of the optical potential has been n
glected in the calculations of the (g,p) cross section, as wel
as various effects considered in Ref.@39# in the framework
of the DKO model: charge-exchange FSI, orthogonality b
tween initial and final states, antisymmetrization of the o
going particle, and recoil terms. These effects cannot be s
ply applied to the present approach, where also two-b
currents are included. Their evaluation would require a s
cific and consistent treatment. In Ref.@39# the sum of these
effects turns out to be very important for (g,n), while for
6-5
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(g,p) it gives a much smaller contribution, which should
further reduced when also the two-body current is added
the calculated cross sections.

Thus, although with some approximations, the pres
treatment should include all of the most important and ess
tial ingredients contributing to the cross section of the (g,p)
reaction in the photon-energy range between 50 and
MeV.

III. RESULTS AND DISCUSSION

A. The 16O„e,e8N… reactions

In this section we discuss results for the reduced cr
sections of the electron induced nucleon knockout from16O.
In PWIA, where the effects of the FSI between the outgo
nucleon and the residual (A21)-nuclear system are ne
glected, the reduced cross sectionr(pm), defined in Eq.~11!,
is the squared Fourier transform of the overlap function.
DWIA it can be regarded as the nucleon momentum dis
bution modified by distortion and kinematics.

In standard DWIA calculations the overlap function
generally replaced by a phenomenological s.p. bound-s
wave function which is eigenfunction of a mean-fie
Woods-Saxon potential. In the analysis of the (e,e8p) data
the well depth is determined to reproduce the separation
ergy values and the radius is adjusted to fit the shape of
momentum distribution. In the present work we have us
overlap functions derived from different calculations of t
OBDM. We would like to emphasize that this is the corre
theoretical procedure which in principle has to be used for
accurate description of (e,e8N) knockout reactions. Our cal
culations are performed by using the s.p. overlap functi
obtained from Eqs.~15! and~17! for the neutron and proton
bound states, respectively. The results for both (e,e8p) and
(e,e8n) reactions are obtained using the neutron over
functions. The application of the latter to the (e,e8p) reac-
tion can be justified by the fact that the proton and neut
overlap functions are very similar and the use of the corr
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 3/22 excited state of the residua
nucleus@at excitation energyEx56.18 MeV for 15O in the
case of the (e,e8n) reaction and atEx56.3 MeV for 15N in
the case of the (e,e8p) reaction#, representing a knockou
from the valence 1p shell of 16O. Unfortunately, experi-
ments on the (e,e8n) reactions have not been carried out
far, due to the difficulties in performing neutron detection
a coincidence reaction. In contrast, a large number of exp
ments have been performed over the past years on
(e,e8p) reactions@1–7#. We compare here our theoretic
results for the16O(e,e8p) reaction with the data taken a
NIKHEF @4# in the so-called parallel kinematics. In this k
nematics the momentum of the outgoing nucleon is fixed
is taken parallel or antiparallel to the momentum trans
Different values of the missing momentum are obtained
varying the electron scattering angle and therefore the m
nitude of the momentum transfer. This kinematics, which
been considered in most of the (e,e8p) experiments, repre
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sents a suitable example for the present investigation of
effects of different overlap functions in quasifree nucle
knockout reactions from16O. Calculations performed in dif-
ferent kinematics and for the16O(e,e8n) reaction give a
similar dependence of the different overlap functions on
missing momentum and are not presented here.

The reduced cross sections for the16O(e,e8p) reaction as
a function of the missing momentum and for the transitio
to the 1/22 ground state and the 3/22 excited state of15N are
displayed in Figs. 1 and 2, respectively. The results obtai
with different overlap functions are compared with tho

FIG. 1. Reduced cross section of the16O(e,e8p) reaction as a
function of the missing momentumpm for the transition to the 1/22

ground state of15N in parallel kinematics, withE05520.6 MeV
and an outgoing proton energy of 90 MeV. The optical potentia
from Ref. @45# ~see Table III of Ref.@4#!. Overlap functions are
derived from the OBDM of GFM@25# ~solid line!, CBF @19# ~long-
dashed line!, CBF @24# ~dot-dashed line!, JCM @18# ~double dot-
dashed line! and GCM@26# ~short-dashed line!. The dotted line is
calculated with the HF wave function. The positive~negative! val-
ues ofpm refer to situations whereuqu,up8u (uqu.up8u). The ex-
perimental data are taken from Ref.@4#. The theoretical results hav
been multiplied by the reduction factor given in column II
Table I.

FIG. 2. The same as in Fig. 1 for the transition to the first 3/2

excited state of15N.
6-6
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given by the Hartree-Fock~HF! wave function, which is cal-
culated in a self-consistent way using the Skyrme-III int
action. Besides the HF wave function, whose norm is eq
to one, all the overlap functions contain a spectroscopic
tor. These factors are listed in Table I~column I! and were
discussed in detail in Refs.@21,22#. They account for the
contribution of correlations included in the OBDM whic
cause a depletion of the quasihole states. Only short-ra
central correlations are included in the OBDM of Re
@18,24,26#, whereas also tensor correlations are taken i
account in Refs.@19,25#. It was found that correlation effect
on the spectroscopic factor of the hole states are domin
by the tensor channel of the interaction@21,22#. Indeed the
spectroscopic factors in Table I are lower for the over
functions including also tensor correlations. These over
functions, however, do not include LRC, which should pr
duce further depletion of the quasihole states@15,16#.

The calculated reduced cross sections are sensitive to
shape of the various overlap functions used. The differen
are considerable at large values ofpm, where the cross sec
tion is several orders of magnitude lower than in the ma
mum region. The deviations of the various results at la
values ofpm are related to different accounting for the sho
rangeNN correlations within the correlation methods use
SRC are particularly important in one-nucleon emission
large missing momenta and energy@14,43#. At high missing
energies, however, other competing processes are
present and a clear identification of SRC can better be m
by means of two-nucleon knockout reactions@44#. At low
missing-energy values, measurements over an exten
range of missing momenta, in particular at large valu
where the SRC effects seem to be more sizable, can tes
various s.p. overlap functions andNN correlations.

In order to reproduce the size of the experimental cr
section a reduction factor has been applied to the theore
results in Figs. 1 and 2. These factors, which have b
obtained by a fit of the calculated reduced cross section
the data over the whole missing-momentum range con

TABLE I. Spectroscopic factors for the16O(e,e8p) knockout
reaction leading to the 1/22 ground state and to the 3/22 excited
state of15N. Column I gives the spectroscopic factors deduced fr
the calculations with different OBDM of16O; Column II gives the
additional reduction factors determined through a comparison
tween the (e,e8p) data of Ref.@4# and the reduced cross sectio
calculated in DWIA with the different overlap functions; column I
gives the total spectroscopic factors obtained from the produc
the factors in columns I and II.

1p1/2 1p3/2

OBDM I II III I II III

HF 1.000 0.750 0.750 1.000 0.550 0.55
JCM @18# 0.953 0.825 0.786 0.953 0.600 0.57
CBF @19# 0.912 0.850 0.775 0.909 0.780 0.70
CBF @24# 0.981 0.900 0.883 0.981 0.600 0.58
GFM @25# 0.905 0.800 0.724 0.915 0.625 0.57
GCM @26# 0.988 0.700 0.692 0.988 0.500 0.49
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In general, a fair agreement with the shape of the experim
tal distribution is achieved. The results, however, are a
sensitive to details of the various overlap functions. The b
agreement with the data, for both transitions, is obtained w
the overlap functions@21,22# emerging from the OBDM cal-
culated within the GFM@25#. This is due to the substantia
realistic inclusion of short-range as well as tensor corre
tions in the OBDM. The calculations based on the Gree
function theory@21,22# have shown that about 10% of the 1p
strength is removed by these correlations. An excell
agreement with the data is obtained also by using the ove
function from the GCM@26#, which does not include tenso
correlations. The reduced cross section calculated on
base of the overlap function from Ref.@19# is in accordance
with the data for the 1/22 state, but gives a less satisfacto
description of data for 3/22. In contrast, the overlap function
from Ref. @18# gives a better description of the experimen
distribution for the 3/22 than for the ground state. The shap
of the experimental reduced cross sections can adequate
described also by the HF wave functions, in particular
pm<150 MeV/c. Only the overlap function extracted from
the OBDM of Ref. @24# is unable to give an adequate d
scription of the experimental momentum distributions of t
1/22 state, while it gives a better agreement for the 3/2

state. In general, the agreement of the calculated redu
cross sections with data is somewhat better for the 3/22 than
for the 1/22 state.

We note that even though a fair agreement with the sh
of the experimental distributions is generally obtained in
present calculations, this agreement is not as good as in
analysis of Ref.@4#. The calculations have been performed
both cases with the same DWIA treatment and with the sa
optical potential@45#, but in Ref.@4# a s.p. phenomenologica
wave function was adopted, with some parameters adju
to the data. In the present work overlap functions obtain
within different correlation methods, which contain approx
mations but no free parameters, have been used.

Only a reduction factor has been applied to the calcula
cross sections to reproduce the data. The fact that our re
overestimate the data may be explained on a theoretical b
by the observation that our overlap functions are dedu
from calculations including only SRC but not LRC. The r
duction factor can thus be considered as a further spec
scopic factor reflecting the depletion of the quasihole st
produced by LRC. Of course, the discrepancy with the d
can be due also to other effects not included or not
equately described by the theoretical treatment. For insta
a relativistic optical potential increases by about 15%
absorption due to FSI and thus gives a reduction of the
culated cross sections@12,46#. On the other hand, a prope
treatment of the center-of-mass motion leads to an enha
ment of the spectroscopic factor by about 7%@47#. Also
two-body currents may lead to small variations of the size
the calculated cross sections@30#. We note, however, that the
reduction factors applied here to the calculated cross sect
are not the result of a precise theoretical calculation. Th
have been obtained by a fit to the data and have only
indicative meaning. Small variations within 10–15 % arou

e-
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their values would not significantly change the comparis
with data. In any case the reduction factors should mostly
ascribed to LRC, but for the HF wave function, which do
not contain any kind of correlations. For this wave functi
the reduction factor accounts for both LRC and SRC. It
interesting to note that in the calculations with the correla
overlap functions the reduction factors for the 1p1/2 state turn
out to be close to the spectroscopic factor~0.83! obtained in
the theoretical approach of Ref.@15# where only LRC are
included. Only for the overlap function from the GCM@26#
is the reduction factor somewhat lower. For 1p3/2, however,
all the reduction factors are lower than the spectroscopic
tor ~0.85! calculated in the approach of Ref.@15#.

In Table I we give, in addition, in column III the facto
obtained by the product of the two factors in columns I a
II. This factor can be considered as a total spectrosco
factor and can be attributed to the combined effect of S
and LRC. Indeed for 1p1/2 these factors are in reasonab
agreement with the spectroscopic factor~0.76! calculated in
Ref. @16#, where both SRC and LRC are consistently
cluded. Also the HF wave function gives a total spect
scopic factor in agreement with the result of Ref.@16# and a
reasonable description of the shape of the experimental
tribution in Figs. 1 and 2. This means that in the missin
momentum range considered by the experiment, the corr
tion effects are overwhelmed by the dominant quasih
component already present in the HF approximation. For
transition to the 1/22 state a quite large value of the tot
spectroscopic factor is obtained with the overlap funct
extracted from the OBDM by adopting the average corre
tion approximation@24#. This is due to the fact that in thi
approach the correlations are mainly produced by the cen
short-range components of theNN interaction. Moreover,
this function is unable to reproduce correctly the shape of
experimental distribution.

The total spectroscopic factors obtained for the 3/22 state
are lower than those calculated in Ref.@16#, but for the over-
lap function from Ref.@19#, which, on the other hand, give
for this state a worse description of the data. We note
also other analyses of the same data@4,14,15# gave for 3/22

a spectroscopic factor lower than for the ground state. It w
noticed in Ref.@14# that three 3/22 states are observed i
15N at low excitation energies and that LRC yield a splitti
such that 86% of the total strength going to these state
contained in the data. This splitting is not observed in
calculations. If the total spectroscopic factors in Table I
divided by 0.86 to account for the splitting of the experime
tal strength, we obtain a value closer to that obtained for
1/22 state and in the calculation of Ref.@16#.

The total spectroscopic factors obtained from the GC
which are given in Table I are somewhat lower than tho
given by the other correlation methods. They are clos
however, to the ‘‘experimental’’ spectroscopic factors giv
by phenomenological Woods-Saxon bound-state wave fu
tions in the DWIA analysis of the data in Ref.@4#, i.e., 0.61
for 1/22 and 0.53 for 3/22.

The overlap functions considered here only include S
and some of them also tensor correlations. It would be
great interest to use theoretically calculated overlap functi
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where both SRC and LRC are consistently included and
investigate their effects on the size and the shape of the
culated cross sections and in comparison with data.

B. The 16O„g,p… reaction

In this section we present results of calculations for
16O(g,p) reaction and discuss them in comparison w
data. Calculations have been performed within the theor
cal framework of Ref.@27#, where one-body and two-bod
currents are included and both contributions of DKO a
MEC can be evaluated consistently. The same theore
ingredients, i.e., s.p. overlap functions, spectroscopic fact
and consistent optical potentials, have been adopted as in
calculations of the (e,e8p) cross section. Moreover, the re
duction factor determined in comparison with the (e,e8p)
data has been applied also in the comparison of the ca
lated (g,p) cross section with data. Since (g,p) calculations
are extremely sensitive to the theoretical ingredients adop
for bound and scattering states, the use of constrained pa
eters should allow us to reduce ambiguities in the interpre
tion of the results and to perform a consistent study of
16O(e,e8p) and 16O(g,p) reactions.

The aim of our investigation is twofold. On the one han
we intend to check the consistency of the theoretical tre
ment for the two reactions. On the other hand, we wan
investigate the sensitivity of the results to the various over
functions and toNN correlations, which are included in th
overlap functions within different theoretical frameworks,
large values of the missing momentum, where SRC effe
are more sizable.

We restrict our analysis to photon-energy values wh
our theoretical treatment appears more reliable. Therefore
have performed calculations atEg560 and 72 MeV, where
16O(g,p) data are available for the transition to the 1/22

ground state@48–50# and to the 3/22 excited state at 6.3
MeV @50#. At these photon-energy values it is possible
sample in comparison with datapm values between 250 an
400 MeV/c.

The angular distribution of the16O(g,p)15Ng.s. reaction at
Eg560 MeV is displayed in Fig. 3. In the figure the resu
given by the sum of the one-body and of the two-bo
seagull currents are compared with the contribution given
the one-body current, which roughly corresponds to
DWIA treatment based on the DKO mechanism.

The DWIA calculations with different overlap function
exhibit considerable differences, in particular at backwa
angles, where larger values ofpm are probed. These differ
ences are somewhat reduced when the two-body seagull
rent is added, but remain anyhow quite large.

The contribution of the one-body current represents
large part of the measured cross section, but none of
overlap functions used is able to give a proper description
the data. All the curves in DWIA lie well below the data, b
that obtained with the overlap function from the OBDM
Ref. @24#, which is anyhow able to reproduce the size of t
experimental cross section only at the lowest angles. A m
better agreement with (g,p) data is obtained when MEC ar
added to the DWIA result. The HF wave function and t
6-8
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overlap function obtained from the OBDM of Ref.@18# are
able to reproduce the size of the experimental cross sec
but only at low values of the outgoing proton angle. Th
they are unable to reproduce the shape of the distribut
The result with the overlap function from the OBDM of Re
@24# largely overshoots the data. A much better agreem
with the shape of the experimental distribution is given
correlated overlap functions from the OBDM of Refs.@25#
and, to a lesser extent,@19#, obtained from calculations
where short-range as well as tensor correlations are inclu
and from that of Ref.@26#. These overlap functions are als
able to give the best agreement with (e,e8p) data for the
1/22 state in Fig. 1. In Fig. 3 calculations with the correlat
wave functions from Refs.@25,19# lie a bit below the data in
the maximum region, but give a fair agreement with t
shape of the experimental distribution, in particular for t
overlap function from the GFM@25#. The existing discrep-
ancies are anyhow not large and might be explained wi
the approximations of the theoretical model or also by a
lower reduction factor. We already observed in the (e,e8p)
analysis of Sec. III A that small variations around the valu
listed in Table I would not change significantly the compa
son with (e,e8p) data, but would here improve the agre
ment with the experimental results for the (g,p) reaction,
which is much more sensitive to the various theoretical
gredients. The cross section calculated with the overlap fu
tion from GCM @26# gives a fair description of both the siz
and shape of the data of Ref.@49#, but lies a bit below the
other data sets at large values of the outoing proton an
The fact that the overlap functions from the OBDM of Re
@25# and @26# are able to give the best description of bo
(e,e8p) and (g,p) data is a strong indication in favor of
consistent analysis of the two reactions. Similar results
obtained in Fig. 4, where the angular distribution of t
16O(g,p)15Ng.s. reaction is displayed atEg572 MeV. The
results confirm the important role played by MEC to descr

FIG. 3. Angular distribution of the cross section of th
16O(g,p) reaction for the transition to the 1/22 ground state of15N
at Eg560 MeV. The separate contribution given by the one-bo
current~DWIA ! and the final result given by the sum of the on
body and the two-body seagull current~DWIA1MEC! are shown.
Line convention is as in Fig. 1. The optical potential is from R
@45#. The experimental data are taken from Ref.@48# ~black circles!,
Ref. @49# ~open circles!, and Ref.@50# ~triangles!. The theoretical
results have been multiplied by the reduction factors listed in c
umn II of Table I, consistent with the analysis of (e,e8p) data.
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the size and the shape of the experimental cross section
the great sensitivity to the shape of the overlap function a
to correlation effects. The behavior of the angular distrib
tion in comparison with data is similar to that of Fig. 3,
Eg560 MeV. Also atEg572 MeV the cross section calcu
lated with the overlap function from Ref.@24# overshoots the
data, while the HF wave function and the overlap functi
from the OBDM of Ref.@18# can reproduce the size of th
experimental cross section only at low values of the scat
ing angle and are unable to give a proper description of
shape of the angular distribution. A better description of
experimental shape is given by the overlap function fro
Ref. @26#, which is also able to reproduce the experimen
size at low values of the scattering angles. A fair agreem
with data is obtained with the overlap functions from Re
@25#. The cross section calculated with this overlap functi
as well as that calculated with the overlap function from R
@19# are however a bit higher than the data at low values
the outgoing proton angle. The discrepancies are about
same as atEg560 MeV and might be explained within th
uncertainties of the theoretical treatment.

An example for the transition to the 3/22 state at 6.3 MeV
is presented in Fig. 5, where the angular distribution of
16O(g,p) reaction atEg572 MeV is displayed in compari-
son with data. Similar results have been obtained atEg
560 MeV. The results for this transition confirm the sen
tivity to the overlap function and the important role of ME
in the cross section of the (g,p) reaction. However, the con
clusions about comparison with data are in this case
clear. The size of the experimental cross section is alre
described by DWIA calculations, but with the overlap fun
tion derived from the OBDM of Ref.@18#. In contrast, the
shape is much better reproduced by the more complete
culations including also the seagull current. On the ot
hand, these results including both one-body and two-b
currents overshoot the data, but with the overlap funct
from Ref. @18#. We would like to emphasize the very goo

y

.

l-

FIG. 4. Angular distribution of the cross section of th
16O(g,p) reaction for the transition to the 1/22 ground state of15N
at Eg572 MeV. The separate contribution given by the one-bo
current~DWIA ! and the final result given by the sum of the on
body and the two-body seagull current~DWIA1MEC! are shown.
Line convention is as in Fig. 1. The optical potential is from R
@45#. The experimental data are taken from Ref.@50#. The theoret-
ical results have been multiplied by the reduction factors listed
column II of Table I, consistent with the analysis of (e,e8p) data.
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agreement with data of the results obtained using the ove
function from the GCM@26#, which gives a good descriptio
also of the experimental (e,e8p) reduced cross sections fo
the transitions to 1/22 and 3/22 states. The overlap functio
from Ref. @25#, which is able to give a good agreement wi
the (e,e8p) data also for this transition, reproduces very w
the shape of experimental angular distribution in Fig. 5,
the calculated cross section overshoots the data by a fact
about two. The overlap function from the OBDM of Re
@18# gives a fair agreement with the size and the shape of
(g,p) data in Fig. 5. The small discrepancy might be e
plained within the approximations of the model. For i
stance, an enhancement of the cross section at high valu
the scattering angle should be given by the spin-orbit par
the optical potential@40#, which has been neglected in th
present approach. We want to remind the reader that
overlap function from Ref.@18# is also able to give in Fig. 2
a very good description of the (e,e8p) experimental reduced
cross section for the transition to the same 3/22 state.

The results for the 3/22 state, although less clear than f
the ground state of15N, can thus be considered as furth
evidence in favor of a consistent description, with the sa
theoretical ingredients, of (e,e8p) and (g,p) data. However,
in order to draw definite conclusions, a more refined theo
ical treatment of the (g,p) reaction is needed, where th
approximations of the present approach are improved a
more careful comparison with data in a wider photon-ene
range can be performed.

IV. SUMMARY AND CONCLUSIONS

Single-particle overlap functions calculated, for the16O
nucleus, on the basis of the OBDM emerging from vario
correlation methods have been used to calculate the c
sections of the (e,e8p), (e,e8n), and (g,p) reactions, for
the transitions to the 1/22 ground state and the first 3/22

excited state of the residual nucleus. These overlap funct

FIG. 5. Angular distribution of the cross section of th
16O(g,p) reaction for the transition to the 3/22 excited state of15N
at 6.3 MeV and atEg572 MeV. The separate contribution given b
the one-body current~DWIA ! and the final result given by the sum
of the one-body and the two-body seagull current~DWIA1MEC!
are shown. Line convention and the optical potential are as in
4. The experimental data are taken from Ref.@50#. The theoretical
results have been multiplied by the reduction factors listed in c
umn II of Table I, consistent with the analysis of (e,e8p) data.
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contain short-range central and tensor correlations and
clude the spectroscopic factor. The aim of the present inv
tigation was to clarify the importance of various types
correlations, which are accounted for to a different exten
the theoretical methods considered, on the reaction cross
tions and in comparison with data.

The reduced cross sections of the16O(e,e8n) and
16O(e,e8p) knockout reactions have been calculated w
the same nonrelativistic DWIA treatment which was succe
fully applied previously to the analysis of many (e,e8p)
data. In the standard DWIA approach, however, phenome
logical s.p. wave functions were used, with some parame
fitted to the data. In this paper the results have been obta
with theoretically calculated overlap functions which do n
include free parameters.

The reduced cross sections are sensitive to the shap
the various overlap functions and exhibit considerable diff
ences at large values of the missing momentum, where
relation effects are more sizable. The theoretical results
generally able to reproduce, with a fair agreement, the sh
of the experimental reduced cross sections. The quality
the agreement, however, is sensitive to details of the dif
ent overlap functions.

In order to reproduce the size of the experimental dat
reduction factor must be applied to the calculated redu
cross sections. This factor, which is extracted from a fit
the data, can be considered as a further spectroscopic fa
to be mostly ascribed to LRC, which also cause a deple
of the quasihole states and which are not included in
overlap functions considered here. The spectroscopic fac
accounting for SRC and LRC obtained in the present an
sis are in reasonable agreement with those given by prev
theoretical investigations.

Since both SRC and LRC have sizable effects on
spectroscopic factors, on the shape of the overlap funct
and, as a consequence, on the cross sections, a calculati
fully correlated overlap functions consistently including SR
and LRC, although extremely difficult, would be highly d
sirable and would allow a direct and parameter-free comp
son with data.

The behavior of the different overlap functions at hig
values of momenta andNN correlation effects can be inves
tigated better in the (g,p) reaction. The cross section of th
16O(g,p) reaction has been calculated atEg560 and 72
MeV. Consistent theoretical ingredients and the same sp
troscopic factors extracted from the analysis of t
16O(e,e8p) reaction have constrained the calculations. T
theoretical treatment of the photon induced reaction inclu
both contributions of the DKO mechanism and of the tw
body pion seagull current.

The various overlap functions give considerable diffe
ences on the size and shape of the calculated cross sec
The contribution of the DKO mechanism is unable to d
scribe the experimental data. The numerical results gene
fall short of the data and all the curves are unable to rep
duce the shape of the experimental angular distributions.
contribution of MEC is large. It significantly affects both th
size and shape of the cross section and generally brings
calculated cross section in much better agreement with d

g.

l-
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For the transition to the ground state of15N the best~and
a fair! description of the data is given by the overlap functi
able to give also the best description of the (e,e8p) data.
This is a strong indication in favor of the consistency in t
analysis of the (e,e8p) and (g,p) reactions. This result is
partly confirmed also for the transition to the 3/22 excited
state. In this case, however, the situation is less clear
larger discrepancies in comparison with data are obtain
These discrepancies are anyhow not too large and migh
explained within the approximations of the model.

A more refined theoretical treatment, which should co
sistently include SRC and LRC, as well as orthogonal
antisymmetry, and c.m. effects, together with a more co
ea
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plete evaluation of two-body currents, would allow a mo
careful comparison with data in a wider kinematical ran
and would be needed to draw definite conclusions.
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