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Generator coordinate method calculations of one-nucleon removal reactions on40Ca
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An approach to the generator coordinate method~GCM! using Skyrme-type effective forces and Woods-
Saxon construction potential is applied to calculate the single-particle proton and neutron overlap functions in
40Ca. The relationship between the bound-state overlap functions and the one-body density matrix has been
used. These overlap functions are applied to calculate the cross sections of one-nucleon removal reactions such
as (e,e8p), (g,p), and (p,d) on 40Ca on the same theoretical footing. A consistent description of data for the
different reactions is achieved. The shapes of the experimental cross sections for transitions to the 3/21 ground
state and the first 1/21 excited state of the residual nuclei are well reproduced by the overlap functions obtained
within the GCM. An additional spectroscopic factor accounting for correlations not included in the overlap
function must be applied to the calculated results to reproduce the size of the experimental cross sections.
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I. INTRODUCTION

Experiments on nuclear reactions accompanied by o
nucleon removal from40Ca ~e.g., Ref.@1–4#! have accumu-
lated much spectroscopic information on its nucleon-h
spectral density function and, generally, on the sing
particle aspects of nuclear structure. From the theoret
point of view two topics in the analyses of these proces
are of significant interest and have been mainly studied:
reaction mechanism and the ground-state correlation effe
The latter can be successfully considered by using the un
relationship between the overlap functions~OF! related to
bound states of the (A21)-particle system and the one-bod
density matrix~ODM! of theA-particle system in its ground
state@5#. This makes it possible to investigate the effects
the various types of nucleon-nucleon correlations include
the ODM on the bound-state proton and neutron over
functions.

In our recent works@6,7# a consistent study of overla
functions and one-nucleon removal reactions on16O using
different correlation methods has been carried out and c
parison with the experimental data has been performed
our previous calculations we used methods which acco
mainly for short-range and tensor nucleon-nucleon corr
tions. It is desirable, however, to take into consideration a
correlations originating from the collective motion of th
nucleons. This was partially done for the16O nucleus in Ref.
@7#. In this respect, the various applications of the genera
coordinate method to nuclear problems@8–10# have shown
its efficiency as a potential source of information on nucle
nucleon correlations in nuclei. The results on the one-
two-body density and momentum distributions, occupat
probabilities, and natural orbitals obtained within the GC
using various construction potentials@10# have shown that
the nucleon-nucleon correlations accounted for in t
method are different from the short-range ones and are ra
related to the collective motion of the nucleons. It w
pointed out that these correlations are also important in
0556-2813/2001/64~1!/014605~8!/$20.00 64 0146
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culations of other single-particle properties, such as o
body overlap functions, which are necessary in the calcu
tions of cross sections of one-nucleon removal reactions

It is known that, in general, when going from light t
heavier systems the collectivity becomes stronger. Beca
of its undeformed closed-shell structure, the medium-he
40Ca nucleus is one of the few nuclei for which microscop
calculations can be performed. For instance, only rece
the Fermi hypernetted chain theory has been extende
describe the ground-state properties of40Ca @11#. Therefore,
it is very attractive to probe its ‘‘doubly magic’’ characte
also in calculations of different types of one-nucleon
moval reactions. As a first step differential cross sections
the 40Ca(p,d) pickup reaction have been calculated in@12#
with overlap functions obtained from the ODM in the J
strow correlation method~JCM! @13#. Although only short-
range correlations have been included in the OF, it w
shown that the angular distributions obtained are in a qu
tative agreement with the empirical (p,d) data for the tran-
sition to the ground state of the residual nucleus. These
sults have clearly pointed out the necessity of inclusion
another kind ofNN correlations, namely the long-range co
relations, corresponding to collective degrees of freedo
Better agreement with the experimental16O(e,e8p) and
16O(g,p) data was achieved in Ref.@7#, where it was con-
cluded that the long-range correlations affect the spec
scopic factors causing an additional depletion of the qu
hole states.

The main aim of the present work is to study the effects
the nucleon-nucleon correlations included in the genera
coordinate method on the behavior of the bound-state pro
and neutron overlap functions in40Ca and of the related
one-nucleon removal reaction cross sections. We first ca
late both proton and neutron single-particle overlap functio
and spectroscopic factors on the basis of the correspon
proton~with included Coulomb interaction! and neutron one-
body density matrices of the40Ca nucleus obtained with
GCM using the relationship between the ODM’s and t
©2001 The American Physical Society05-1
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overlap functions. Second, these bound-state OF are us
calculate the cross sections of the40Ca(e,e8p), 40Ca(g,p),
and 40Ca(p,d) reactions. Thus it becomes possible to inve
tigate the role of the correlations related to collective nucle
motions and accounted for in the GCM on the overlap fu
tions and one-nucleon removal cross sections in40Ca also in
comparison with data.

In Sec. II we give the basic theoretical relationships n
essary to obtain the one-body density matrix in GCM and
bound-state overlap functions by means of the asympt
behavior of ODM. The results of the calculations of overl
functions and cross sections of (e,e8p), (g,p), and (p,d)
reactions on40Ca are presented and discussed in Sec.
Section IV contains the concluding remarks.

II. THE THEORETICAL SCHEME

A. The GCM ground-state one-body density matrix

We start from a standard GCM-typeA-particle wave func-
tion C when one real generator coordinatex is considered
@14#, i.e.,

C~$r i%!5E
0

`

f ~x!F~$r i%,x!dx, i 51, . . . ,A. ~1!

In Eq. ~1! F($r i%,x) is the generating function,f (x) is the
generator or weight function andA is the mass number of th
nucleus.

The application of the Ritz variational principledE50
leads to the Hill-Wheeler integral equation@14,15# for the
weight function and the energy of the system

E
0

`

@H~x,x8!2EI~x,x8!# f ~x8!dx850, ~2!

where

H~x,x8!5^F~$r i%,x!uĤuF~$r i%,x8!& ~3!

and

I ~x,x8!5^F~$r i%,x!uF~$r i%,x8!& ~4!

are the energy and overlap kernels, respectively, andĤ is the
Hamiltonian of the system. Solving the Hill-Wheeler equ
tion ~2! one can obtain the solutionsf 0 , f 1 , . . . , for the
weight functions which correspond to the eigenvalues of
energyE0 ,E1 , . . . .

The corresponding ground-state one-body density ma
is given by~see, e.g., Ref.@9#!

r~r ,r 8!5E E f 0~x! f 0~x8!I ~x,x8!r~x,x8,r ,r 8!dxdx8,

~5!

with

r~x,x8,r ,r 8!54 (
l,m51

A/4

@N21~x,x8!#mlwl* ~r ,x!wm~r 8,x8!,

~6!
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wherewl(r ,x) are the single-particle wave functions corr
sponding to a given construction potential by means
which the generating single Slater determinant wave func
F($r i%,x) is built. The matrixNlm

21(x,x8) in Eq. ~6! is the
inverse matrix of

Nlm~x,x8!5E wl* ~r ,x!wm~r ,x8!dr . ~7!

As is known, the results of the GCM calculations depe
on the type of the construction potential used to define
single-particle wave functionswl(r ,x). In the present work
we choose the Woods-Saxon~WS! potential as a construc
tion potential with the diffuseness parameter as a gener
coordinate. The GCM scheme, which has been alre
adopted in Ref.@7#, gives a very good agreement with th
data for the16O(e,e8p) and 16O(g,p) reaction cross sec
tions. In our present calculations the Skyrme-type effect
force SkM* @16# is used, with parameters which give reali
tic binding energy of40Ca obtained from the Hill-Wheele
equation. The agreement of the calculated basic nuclear c
acteristics with their empirical values obtained in Ref.@10#,
proved once more the reliability of these effective force
which are also used in the present study.

B. The overlap functions for the proton and neutron bound
states

For a correct calculation of the cross section of nucl
reactions with one-neutron or one-proton removal from
target nucleus, the corresponding overlap functions for
neutron and proton bound states must be used in the rea
amplitudes. The construction of the ground-state ODM
40Ca from the generator coordinate method calculatio
makes it possible to apply the procedure for extract
single-particle overlap functions@5#. Here we would like to
remind the reader that the single-particle overlap functio
are defined by the overlap integrals between eigenstate
the A particle and the (A21)-particle systems:

fa~r !5^Ca
(A21)ua~r !uC (A)&, ~8!

wherea(r ) is the annihilation operator for a nucleon wit
spatial coordinater ~spin and isospin operators are implied!.
In the mean-field approximationC (A) andCa

(A21) are single
Slater determinants, and the overlap functions are ident
with the mean-field single-particle wave functions, while
the presence of correlations bothC (A) andCa

(A21) are com-
plicated superpositions of Slater determinants. In general,
overlap functions~8! are not orthogonal. Their norm define
the spectroscopic factor

Sa5^faufa&. ~9!

The normalized overlap function associated with the stata
then reads

f̃a~r !5Sa
21/2fa~r !. ~10!
5-2
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The one-body density matrix@e.g., Eq.~5!# can be expresse
in terms of the overlap functions in the form

r~r ,r 8!5(
a

fa* ~r !fa~r 8!5(
a

Saf̃a* ~r !f̃a~r 8!.

~11!

It is known ~e.g., Ref.@17#! that the overlap function as
sociated with the bound state (a[nl j ) of the (A21)- or
(A11)-nucleon system is an eigenstate of a single-part
Schrödinger equation in which the mass operator plays
role of a potential. Due to its finite range, the asympto
behavior of the radial part of the neutron overlap functio
for the bound states of the (A21) system is given by@5,18#

fnl j~r !→Cnl j exp~2knl j r !/r , ~12!

whereknl j is related to the neutron separation energy

knl j5
A2menl j

\
, enl j5Enl j

(A21)2E0
A . ~13!

For proton bound states, due to an additional long-range
originating from the Coulomb interaction, the asymptotic b
havior of the radial part of the corresponding proton over
functions reads

fnl j~r !→Cnl j exp@2knl j r 2h ln~2knl j r !#/r , ~14!

whereh is the Coulomb~or Sommerfeld! parameter andknl j
in Eq. ~13! contains in this case the mass of the proton a
the proton separation energy.

Taking into account Eqs.~11! and ~12!, the lowest (n
5n0) neutron bound-statel j -overlap function is determined
by the asymptotic behavior of the associated partial ra
contribution of the one-body density matrixr l j (r ,r 8) (r 8
5a→`) as

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

Cn0l j exp~2kn0l j a!/a
, ~15!

where the constantsCn0l j and kn0l j are completely deter

mined byr l j (a,a). In this way the separation energyen0l j

and the spectroscopic factorSn0l j can be determined as wel
Similar expression for the lowest proton bound-state ove
function can be obtained having in mind its prop
asymptotic behavior~14!.

The applicability of this theoretical procedure has be
demonstrated in Refs.@6,7,13#. In particular, it has been
shown @7# that the substantial realistic inclusion of sho
range as well as tensor correlations in the ODM of16O con-
structed within the Green function method@19# and, as a
consequence, in the extracted overlap functions, leads
fair and consistent description of the experimental cross
tions of the16O(e,e8p) and 16O(g,p) reactions. The impor-
tance of collective long-range correlations on the additio
spectroscopic factors extracted in comparison with data
been also pointed out in Ref.@7#.
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In this work we use as a basis the GCM results for
correlated states of40Ca obtained in Ref.@10#, where corre-
lations due to collective nucleon motion are properly tak
into account. The procedure to calculate the overlap fu
tions from the one-body density matrix outlined above
performed numerically for40Ca within the GCM. In this
respect we would like to note that an important condition
this procedure is the exponential asymptotics of the ove
functions atr 8→` @see Eqs.~12! and~14!#, which is related
to the correct asymptotics ofr l j (r ,r 8) at r 8→`. This con-
dition is fulfilled in our GCM approach by using realisti
single-particle Woods-Saxon wave functions in the gene
ing single Slater determinant wave functionF($r i%,x) in Eq.
~1!. The exponential decay of the partial radial ODM is wi
a decay constantknl j related to the separation energy@Eq.
~13!#. The question about the correct asymptotic behavio
the extracted overlap functions will also be discussed in S
III.

III. RESULTS AND DISCUSSION

In the present paper the GCM numerical calculations h
been performed using Woods-Saxon construction poten
with diffuseness parameter as a generator coordinate.
values of the radius and the depth of the construction po
tial have been fixed. Following Ref.@20#, the value of the
depth used for both neutron and proton cases has been t
to be 50 MeV, while the corresponding values of the pote
tial radius are 1.30 fm for the neutron and 1.24 fm for t
proton case, respectively. The effective SkM* interaction
@16# is used, with parameter set values (t0522645,t1
5410,t252135,t3515595,s51/6), which give the realistic
binding energy of 40Ca obtained from the Hill-Wheele
equation~2!. A discretization procedure is performed in o
der to solve this integral equation using a set of regular m
points with steps as well as ranges of values of the gener
coordinate which lead to the convergence of the results,
the latter do not change after decreasing the step siz
increasing the range of the generator coordinate value.
range of variation of the diffuseness parameter turns ou
be within the interval 0.49–0.9072 fm. The ground-state
ergy and the excitation energy of the first monopole 01 state
of 40Ca derived from the procedure~340.07 and 20.4 MeV!
are close to the corresponding experimental values~342.06
and 20.0 MeV@21#, respectively!. Likewise, in Ref.@10# the
same GCM scheme gives a value for the excitation energ
the 01 breathing state in16O which is in a good agreemen
with the result obtained in Ref.@22#.

The one-body density matrix~5! constructed within the
GCM approach has been applied to calculate overlap fu
tions related to the quasihole states in the40Ca nucleus. In
our method the extracted overlap functions for a given
bital momentuml are the same for the differentj 5 l 61/2.
Hereafter the overlap functions for the neutron and pro
1d and 2s states will be of particular interest: transitions
the 3/21 ground state and the first 1/21 excited state of the
corresponding residual nuclei observed in40Ca(e,e8p),
40Ca(g,p), and 40Ca(p,d) reactions will be considered. Th
squared overlap functionsurf(r )u2 for the neutron and pro-
5-3
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IVANOV, GAIDAROV, ANTONOV, AND GIUSTI PHYSICAL REVIEW C 64 014605
ton 1d and 2s quasihole states are illustrated in Fig. 1. Th
have the correct asymptotic behavior related to the expon
tial decrease of the ODM in its asymptotic region, bei
different for protons and neutrons. The latter is in accorda
with the experimental proton and neutron separation e
gies. As is known, the one-neutron separation energy
40Ca is almost twice larger than the one-proton one a
therefore, the asymptotic tail of the GCM density matrix
dominated by the contribution from the proton overlap b
tween the40Ca and39K ground-state wave functions, wher
the role of the Coulomb interaction is important.

The comparison ofurf(r )u2 calculated with the GCM
overlap functions and with the shell-model Woods-Sax
wave functions for the neutron bound states is given in F
2. Small differences between the two functions can be s
for both 1d and 2s states. The same is valid also for the 1s

FIG. 1. urf(r )u2 for the neutron and proton 1d ~a! and 2s ~b!
quasihole states in40Ca obtained with GCM. The normalization i
*f2(r )r 2dr5S.

FIG. 2. urf(r )u2 for the neutron 1d and 2s quasihole states in
40Ca obtained with GCM overlap function~solid line! and Woods-
Saxon single-particle wave functionurw(r )u2 ~dashed line!. All
curves are normalized to unity.
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and 1p quasihole states, not presented in the figure. T
result justifies the approximation of using shell-model orb
als instead of overlap functions in calculating the nucle
knockout cross section for these nuclear states. Neverthe
as has been pointed out in previous works@6,7#, the calcu-
lated cross sections of one-nucleon removal reactions
very sensitive to the differences in the corresponding ove
functions.

The values of the neutron and proton separation ener
derived from the procedure mentioned above are listed
Table I. It can be seen that the separation energies obta
within the GCM are very close to the experimental values
the 1d state of 40Ca and are anyhow better than the JC
result foren in the 2s state. In addition, we present the sep
ration energy values obtained within the mean-field appro
mation~the Hartree-Fock method@23#!. We should note that
the differences between the latter and those from both co
lation methods are dependent on whether the nucleons a
a valence orbital or not. Here we would like to note also th
the use of Woods-Saxon wave functions~instead of, e.g.,
harmonic-oscillator wave functions as in the JCM calcu
tion!, which have the proper exponential-type decay, lead
a correct asymptotic behavior of the extracted overlap fu
tions with satisfactory separation energies of the quasih
states.

The values of the spectroscopic factors deduced from
numerical procedure turn out to be very close to unity. T
is not surprising, because tensor and short-range nucl
nucleon correlations are not included in the GCM. As
known, these correlations are responsible for the bulk par
the depletion of the occupied states@6#. The values of the
spectroscopic factors derived from the Jastrow correla
method@13#, where short-range correlations are included,
0.892 for the 1d state and 0.956 for the 2s state, respec-
tively.

The reduced cross sections for the40Ca(e,e8p) reaction
as a function of the missing momentumpm , i.e., the magni-
tude of the recoil momentum of the residual nucleus, for
transitions to the 3/21 ground state and the first 1/21 excited
state~at excitation energyEx52.522 MeV! of 39K are dis-
played in Figs. 3 and 4, respectively. Calculations have b
done with the codeDWEEPY @24#, which is based on a non
relativistic distorted wave impulse approximation~DWIA !
description of the nucleon knockout process and inclu
final-state interactions and Coulomb distortion of the el

TABLE I. Neutron (en) and proton (ep) separation energies~in
MeV! calculated on the basis of the one-body density matrix
40Ca within the GCM. Comparison is made with the Hartree-Fo
~HF! @23# single-particle energies, JCM results@13#, and with the
experimental data~exp.! @23#. The HF and exp. values are given fo
the d3/2 state.

en ep

nl GCM HF JCM exp. GCM HF exp.

1d 15.84 17.52 24.75 15.64 8.69 10.33 8.3
2s 14.15 19.51 13.07 18.19 7.39 12.42 10.9
5-4
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tron waves@25#. In the figures the results obtained with th
overlap functions generated by the GCM are compared w
the data from Ref.@2# in parallel and perpendicular kinema
ics. In parallel kinematics the momentum of the outgoi
proton is fixed and is taken parallel or antiparallel to t
momentum transfer. Different values of the missing mom
tum are then obtained by varying the electron scatter
angle. In perpendicular kinematics the outgoing proton
ergy and the momentum transfer are kept constant and
ferent values of the missing momentum are obtained
varying the angle of the outgoing proton.

A fair agreement with the shape of the experimental cr
section is achieved for both transitions and kinematics w
the overlap functions emerging from the ODM calculat
within the GCM, which includes realistic correlations corr
sponding to single-particle and collective motion modes. T
OF’s already include the spectroscopic factors. In orde
reproduce the size of the experimental cross section, an

FIG. 3. Reduced cross section of the40Ca(e,e8p) reaction as a
function of the missing momentumpm for the transition to the 3/21

ground state of39K in parallel ~a! and perpendicular~b! kinematics.
The incident electron energy is 460 MeV in case~a!, 483.2 MeV in
case~b! and the outgoing proton energy is 100 MeV. The optic
potential is taken from Ref.@30#. The overlap function is derived
from the ODM of GCM~solid line!. The dashed line is calculate
with the WS wave function. The experimental data~full circles! are
taken from Ref.@2#. The theoretical results have been multiplied
the reduction factors given in the text.
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ditional reduction factor has been applied to the theoret
results. As in our previous analysis of the16O(e,e8p) reac-
tion @7#, this factor can be considered as a further spec
scopic factor, reflecting the correlations not included in t
OF which correspondingly cause depletion of the quasih
states. The same reduction factor has been applied to
cross sections calculated with the OF for both parallel a
perpendicular kinematics, namely, 0.55 for the 3/21 ground
state in Fig. 3 and 0.50 for the 1/21 excited state in Fig. 4.
Small variations around these values do not change sig
cantly the comparison with the data. However, for t
ground-state transition in perpendicular kinematics a red
tion factor about 20% lower would give a better agreem
with data. A different spectroscopic factor for this transitio
in the two kinematics is found also in the data analysis
Ref. @2#, where in perpendicular kinematics the spectrosco
factor is 25% lower than the one determined in parallel
nematics. This discrepancy is related in Ref.@2# to the basic
ingredients of the theory: the optical potential, the boun
state wave function, the electron distortion and the influe
of meson-exchange currents~MEC!. Our total spectroscopic
factors~the norm of OF’s multiplied by the additional reduc
tion factor mentioned above! with the GCM, 0.54 for 3/21

and 0.49 for 1/21, are comparable with the ‘‘experimental
ones, 0.65 and 0.52, determined under parallel kinema

l

FIG. 4. The same as in Fig. 3 for the transition to the first 1/1

excited state at 2.522 MeV of39K. The theoretical results have bee
multiplied by the reduction factor 0.50.
5-5
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IVANOV, GAIDAROV, ANTONOV, AND GIUSTI PHYSICAL REVIEW C 64 014605
conditions in the analysis of Ref.@2#, where the calculations
are performed within the same DWIA framework and w
the same optical potential, but where phenomenolog
single-particle wave functions are used with some para
eters adjusted to the data. We emphasize that in the pre
analysis the overlap functions theoretically calculated on
basis of the ODM of40Ca within the GCM do not contain
free parameters. Our spectroscopic factors are also in rea
able agreement with those extracted from the fully relativ
tic theoretical analysis of the40Ca(e,e8p) reaction in Ref.
@26#, where, however, only a part of the (e,e8p) data from
Ref. @2# is considered, while somewhat larger spectrosco
factors ~around 0.7–0.8! are obtained in the relativistic
analyses of Refs.@27,28#.

In Fig. 3 for the 40Ca(e,e8p)39Kg.s. reaction we presen
also the results obtained with the phenomenological Woo
Saxon wave function. The WS wave function is also able
give a good description of the data with a reduction factor
0.6625, somewhat larger than the one applied to the redu
cross section computed with GCM overlap function. Al
with the WS wave function a reduction factor lower by abo
20% would give a better description of the data in perp
dicular kinematics.

Figure 5 shows the angular distribution of th
40Ca(g,p)39Kg.s. reaction atEg560 MeV. In the figure the
results given by the sum of the one-body and of the tw
body seagull currents are compared with the contribut
given by the one-body current, which roughly correspond
the DWIA treatment based on the direct knockout~DKO!
mechanism. Both contributions of DKO and MEC are co
sistently evaluated in the theoretical framework of Ref.@29#.
The results obtained with the OF from GCM for the grou
state transition and with the phenomenological WS wa
function are compared in the figure. In order to check
consistency in the description of different one-proton
moval reactions, the calculated cross sections have been
tiplied by the same reduction factors obtained from
analysis of (e,e8p) data, i.e., 0.55 with GCM and 0.662

FIG. 5. Angular distribution of the40Ca(g,p) reaction for the
transition to the 3/21 ground state of39K at Eg560 MeV. The
optical potential is taken from Ref.@30#. The separate contribution
given by the one-body current~DWIA ! and the final result given by
the sum of the one-body and the two-body seagull current~DWIA
1MEC! are shown. Line convention is as in Fig. 3. The experim
tal data~triangles! are taken from Ref.@4#. The theoretical results
have been multiplied by the reduction factors given in the te
consistent with the analysis of (e,e8p) data.
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with WS. The differences between the two curves are c
siderable and larger than in the (e,e8p) reaction. This result
might have been expected, since it is well known that (g,p)
results are extremely sensitive to the theoretical ingredie
adopted in the calculation, in particular for the bound sta

The GCM calculation lies well below the data in DWIA
but a reasonable agreement with the size and the shape o
experimental cross section is obtained when MEC are ad
Thus, the important role played by MEC@7,29# is confirmed
here also for the40Ca(g,p) reaction. The WS calculation
are larger than the ones with the GCM. This result can
understood also from Fig. 3, where at the high values of
missing momentum, that are explored in the (g,p) reaction,
the (e,e8p) reduced cross sections calculated with WS wa
function are larger than the ones obtained with the OF fr
the GCM. Thus, in DWIA the WS result is closer to the da
in particular for the lowest angles, but when MEC are add
it overshoots the experimental cross section.

Therefore, although both calculations with the GCM a
WS wave functions are able to give a good description of
40Ca(e,e8p) data for the transition to the 3/21 ground state
of 39K, the (g,p) results presented in Fig. 5 for the sam
transition show that the GCM overlap function leads to
better and more consistent description of data for the (e,e8p)
and (g,p) reactions. This result suggests proper account
for the nucleon correlation effects in the framework of t
GCM.

In Fig. 6 the differential cross section of the40Ca(p,d)
reaction for the transition to the 3/21 ground state in39Ca,
calculated at incident proton energyEp565 MeV with the
neutron GCM overlap function, is given and compared w
the experimental data@1#. It has been obtained using th
distorted wave Born approximation~DWBA! with zero-
range approximation for thep-n interaction inside the deu

-

t,

FIG. 6. Differential cross section for the40Ca(p,d) reaction at
incident proton energyEp565 MeV for the transition to the 3/21

ground state in39Ca. The neutron overlap function is derived fro
the ODM of GCM ~solid line!. The proton and deuteron optica
potentials are taken from Refs.@31# and @32#, respectively. The
experimental data@1# are given by the full circles. The theoretica
results have been multiplied by the reduction factor 0.55.
5-6
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teron. It is well known that the cross section of the (p,d)
reaction is more sensitive to the reaction mechanism ado
than to the choice of the bound-state wave function. In t
respect quasifree nucleon knockout reactions are more
able for our investigation. Nevertheless, within the DWB
for such a pickup process as the (p,d) reaction, it can be
seen that the shape of the angular distribution is well rep
duced by the GCM. Applying the total spectroscopic fac
of 0.54 for 3/21 state to the calculated cross section, a r
sonable agreement with the size of the experimental c
section is achieved. The role of the additional depletion
reduction of the spectroscopic factors due to correlations
included in the OF has been already seen on the exampl
the previous reactions considered. Although some dif
ences between the calculated and experimental angular
tributions exist, we would like to emphasize that, in pri
ciple, overlap functions extracted from realistic one-bo
density matrices have to be used as a tool for an accu
description of one-nucleon removal reactions.

IV. CONCLUSIONS

In summary, we have calculated single-particle over
functions and the spectroscopic factors corresponding
low-lying ~quasihole! (A21)-nucleon states on the base
the one-body density matrix of40Ca by considering its
asymptotic~large r ) region and using the generator coord
nate method. These calculations have been performed w
an approach in which a Woods-Saxon construction poten
and a Skyrme-type effective force are used. A consis
analysis of the cross sections of one-nucleon removal r
tions on 40Ca by means of the same overlap functions
given. In contrast to standard DWIA analyses, where p
nomenological single-particle wave functions were used w
some parameters fitted to the data, in this paper the re
have been obtained with theoretically calculated over
functions which do not include free parameters. The diff
ences between the GCM overlap functions and the s
model WS wave functions for both hole and particle sta
are analyzed as a test for the role of correlations inheren
our approach.
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We have found that the calculated cross sections are
erally in good agreement with the experimental data. T
quality of the agreement, however, is sensitive to details
the overlap functions. The important role of the addition
reduction spectroscopic factor applied to the present calc
tions is pointed out. The fact that the reduction factor
consistent in different nucleon removal reactions and a
that this result is obtained both for40Ca in the present work
and for 16O in Ref. @7# gives a more profound theoretica
meaning to this parameter. It can be interpreted as the s
troscopic factor accounting for correlations not included
the generator coordinate method. The values of the t
spectroscopic factors obtained in the present analysis ar
reasonable agreement with those given by previous theo
cal investigations.

Apart from the short-range and tensor correlations stud
in previous papers@6,7#, in this work we looked into the role
of correlations caused by the collective nucleon motion. E
ploring the GCM, a consistent picture for all three (e,e8p),
(g,p), and (p,d) reactions on40Ca was achieved on th
same theoretical ground. The results indicate that the eff
of NN correlations taken into account within our approa
and which are of long-range type are of significant imp
tance for the correct analysis of the processes considere

Finally, we would like to emphasize that the theoretic
method to calculate the cross sections of one-nucleon
moval reactions by means of single-particle overlap fu
tions for the bound states presented in this paper is, in p
ciple, valid for all kind of nuclei. The particular GCM
scheme employed in our work is applicable, however, o
to nuclei with equal numbers of protons and neutrons bu
both closed and nonclosed shell nuclei. Calculations of si
lar reactions on opens-d shell nuclei are in progress.

ACKNOWLEDGMENTS

We acknowledge the financial support given by the B
garian National Science Foundation under Contracts
F –809 andF –905.
o

.

.

ni,
’,
@1# P. G. Roos, S. M. Smith, V. K. C. Cheng, G. Tibell, A. A
Cowley, and R. A. A. Riddle, Nucl. Phys.A255, 187 ~1975!.

@2# J. Kramer, Ph.D. thesis, Universiteit van Amsterdam, 1990
@3# L. Lapikás, Nucl. Phys.A553, 297c~1993!.
@4# C. Van den Abeele, D. Ryckbosch, J. Ryckebusch, J. Dias

Van Hoorebeke, R. Van de Vyver, J.-O. Adler, B.-E. Ande
son, L. Isaksson, H. Ruijter, and B. Schro¨der, Phys. Lett. B
296, 302 ~1992!.

@5# D. Van Neck, M. Waroquier, and K. Heyde, Phys. Lett. B314,
255 ~1993!.

@6# M. K. Gaidarov, K. A. Pavlova, S. S. Dimitrova, M. V
Stoitsov, A. N. Antonov, D. Van Neck, and H. Mu¨ther, Phys.
Rev. C60, 024312~1999!.

@7# M. K. Gaidarov, K. A. Pavlova, A. N. Antonov, M. V.
Stoitsov, S. S. Dimitrova, M. V. Ivanov, and C. Giusti, Phy
.
-

Rev. C61, 014306~2000!.
@8# A. N. Antonov, Chr. V. Christov, and I. Zh. Petkov, Nuov

Cimento A91, 119 ~1986!; A. N. Antonov, I. S. Bonev, Chr.
V. Christov, and I. Zh. Petkov,ibid. 100, 779 ~1988!; A. N.
Antonov, I. S. Bonev, and I. Zh. Petkov, Bulg. J. Phys.18, 169
~1991!; A. N. Antonov, I. S. Bonev, Chr. V. Christov, and I
Zh. Petkov, Nuovo Cimento A103, 1287~1990!.

@9# A. N. Antonov, P. E. Hodgson, and I. Zh. Petkov,Nucleon
Correlations in Nuclei ~Springer-Verlag, Berlin, 1993!;
Nucleon Momentum and Density Distributions in Nuclei~Clar-
endon, Oxford, 1988!.

@10# M. V. Ivanov, A. N. Antonov, and M. K. Gaidarov, Int. J
Mod. Phys. E9, 339 ~2000!.

@11# F. Arias de Saavedra, G. Co’, A. Fabrocini, and S. Fanto
Nucl. Phys.A605, 359 ~1996!; F. Arias de Saavedra, G. Co
5-7



.
a

s.

en

ia
i,

.

.

ear

do,

ys.

E.
C

IVANOV, GAIDAROV, ANTONOV, AND GIUSTI PHYSICAL REVIEW C 64 014605
and M. M. Renis, Phys. Rev. C55, 673 ~1997!; A. Fabrocini,
F. Arias de Saavedra, and G. Co’,ibid. 61, 044302~2000!.

@12# S. S. Dimitrova, M. K. Gaidarov, A. N. Antonov, M. V
Stoitsov, P. E. Hodgson, V. K. Lukyanov, E. V. Zemlyanay
and G. Z. Krumova, J. Phys. G23, 1685~1997!.

@13# M. V. Stoitsov, S. S. Dimitrova, and A. N. Antonov, Phy
Rev. C53, 1254~1996!.

@14# J. J. Griffin and J. A. Wheeler, Phys. Rev.108, 311 ~1957!.
@15# D. L. Hill and J. A. Wheeler, Phys. Rev.89, 1102~1953!.
@16# J. Bartel, P. Quentin, M. Brack, C. Guet, and H. B. Ha˚kansson,

Nucl. Phys.A386, 79 ~1982!.
@17# C. Mahaux and R. Sartor, Adv. Nucl. Phys.20, 1 ~1991!.
@18# J. M. Bang, F. A. Gareev, W. T. Pinkston, and J. S. Vaag

Phys. Rep.125, 253 ~1985!.
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