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OVERLAP FUNCTIONS
IN NUCLEAR CORRELATION METHODS
AND DIRECT NUCLEON REMOVAL PROCESSES

S.S. Dzmztroval’2 MXK. Gatdarov1 3 AN. Antonovl’z’3 M.V.Stoitsov s
P.E. Hodgson2 V.K Lukyanov3 E. VZemlyanaya G.Z.Krumova®

A theoretical method to obtain overlap functions and spectroscopic factors from a model
one-body density matrix (OBDM) accounting for short-range nucleon-nucleon correlations is
applied to describe one-nucleon removal processes on the 160 and “°Ca nuclei. The method
allows the differential cross sections of (p, d) reactions and the momentum distributions of a
transitions to a single-particle states from (e, ¢’p) reactions to be calculated. It is shown that
the overlap functions obtained within the Jastrow correlation method lead to a satisfactory
description of the quantities considered.

@DYHKIHHA NIePeKPHITHA B AIePHBIX KOPPEISIMHOHHBIX METOAAX
H IpsiMble MPOLECCH] C NepeMenieHHeM OTHOI0 HyKJIOHA

C.C.Qumumpoea u op.

Teopernyeckuit MeTox nomydenns GyHKUHIL EPEXPHITUS ¥ CHEKTPOCKOMHYECKHX (aKTO-
POB H3 MOEJIBHOM OXHOYACTHYHOA MATPHIIBE IVIOTHOCTH, YYHTHIBAIOLUMI KOPOTKOAEHCTBYIOLHE
HYKJIOH-HYKJIOHHBIE KOPPE/IALHHE, HCIIONB3YeTCH Al OMMCAHUS NIPOLECCOB ¢ BHOHBAHMEM OHO-

IO HYKJIOHa M3 saep 160 u **Ca. Buuncnenn COOTBETCTBYIOLIME TH(depeHIHATLHbIE CeYeHHS
(p. d)-peaxumit, a TaKXe HMITYJIbCHBIE PACTIDEAENCHHSA TIEPEXOXOB K OZHOMACTHUHBIM COCTO-
AHUAM ¥3 (e, ¢'p)peaxunii. CpaBHEHHE C SKCMIEPHMEHTOM MOKA3I0, YTO [OMydeHHbIe PYHKIMH
NEPEXPHITHA C YYECTOM KOPOTKONCHCTBYIOIMX XOppensuni ScTpoBa no3soMsioT YIORIETBOPH-
TEJILHO OIHCATh PACCMAaTPHBAEMEIEC BEIHYHHEL.

1. Introduction

The one-nucleon removal reactions provide useful information about the nuclear struc-
ture and the mechanisms of the interaction processes. Such reactions have been used to
extract spectroscopic factors from the observed reaction cross sections. The (p, d) reaction
has been a reliable spectroscopic tool (see, e.g., [1-7]). Knock-out reactions initiated with
electrons have been also used for studying single-particle properties of nuclei (e.g., [8-12]).
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In particular, the extracted data for the nucleon momentum distributions from the (e, €’p)
experiments for a variety of nuclei by means of the y-scaling method [13] show unambi-
guously the existence of high-momentum components in them.

In the one-nucleon removal reactions the measured momentum distribution for a
transition to a discrete state ¢ in the residual nucleus P4(P,,) is expressed by the bound-state

wave function which is the Fourier transform of the overlap wave function q)a(r) between -

the ground state wave function of the target ¥ and the wave function of the final state of
the residual nuclues ¥“ ~ 1 [14,15]. In the coordinate space ¢,(r) is defined as

0,(r) = (¥~ Dlam) | ¥®), ¢))

where aT(r) and a(r) are creation and annihilation operators for a nucleon with spatial
coordinate r (spin and isospin coordinates are not put in evidence). In the mean-filed appro-

ximation (MFA) ¥4 and ¥4 =D are Slater determinants and the overlap wave function is
identified with the single-particle wave function corresponding to the mean-field potential.
In approaches going beyond the limits of the MFA (correlation methods) the overlap
function is different from the MFA single-particle wave function. Therefore, the growing
interest in the interpretation of the recent (p, d) and (e, €’p) experimental data is motivated
by the possibility to clarify the limitation of the nuclear mean-field picture and to find the
extent to which the hole orbitals in nuclei are depleted by means of the experimentally
based information. The overlap functions (1) are not orthonormalized. Their norm defines
the spectroscopic factor of the level o

S, =010, 2)

and the normalized overlap function is:

0,0 =57 /% (r). €)

The general relationship which connects the asymptotic behaviour of the one-body
density matrix with the overlap functions of the (4 — 1)-particle system eigenstates [16] is
of significant importance because it enables one to obtain quantities connected with them
by means of the exact OBDM (or by a realistic one obtained with a given correlation
method) of the ground state of the A-particle system. The one-body density matrix associa-

ted with the ground state ¥ of the target nucleus with A nucleons is defined as
p(r. 1) = (¥ al(r) a(r) [ ¥®). @)

After inserting the complete set of eigenstates ‘Pf: =D of the residual (A - I)-nucleus,
Eq.(4) becomes:

p(r, 1) = 3, 0o() 0, (r) = X S 851) § (1), 5)
a [¢ 2
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where ¢ and (T)a are the overlap functions (1) and (3), respectively, §_ is the spectroscopic

factor (2) and the summation implicitly includes also the continuum states associated with
all scattering channels of the (A — 1) system.

The aim of the present work is to test the applicability of the overlap functions,
obtained from the asymptotic restoration procedure [17] (which uses a correlated OBDM
from the Jastrow correlation method [18,19]) as realistic form factors within the DWBA

analyses of pick-up reactions on 160 and “Ca nuclei. We emphasize that our calculations
give absolute cross sections with no normalizing factors. In addition, the theoretical results
for the single-particle momentum distributions are compared with the available experi-
mental ones from (e, €’p) reactions on the same nuclei.

The results for the differential cross sections of (p, d)-pick-up reactions calculated
within the DWBA with overlap functions as trial form factors are presented in Sec.2. In
Sec.3 a comparison of the theoretical estimations for the single-particle nucleon momentum
distributions with available experimental data for (e, ¢’p)-knock-out reactions is made. The
concluding remarks are given in Sec.4.

2. Overlap Functions as Realistic Form Factors
in the (p, d)-Pick-Up Reactions

It has been shown in [19] that the nucleon-nucleon correlations affect mainly the one-
body characteristics of the particle states above the Fermi level, while the hole states are
almost unaffected. Moreover, this fact was confirmed in [17] using the possibility to restore
the overlap functions, the separation energies and the spectroscopic factors for bound
(A — 1)-particle eigenstates by means of the ground-state one-body density matrix of the
target A-particle system. The overlap-, mean-field- and natural orbital wave functions are
quite similar for the hole states in nuclei. This justifies the use of shell-model orbitals
instead of overlap functions within DWBA calculations for such kind of nuclear states. This
approximation, however, is no longer valid for the particle states where the overlap
functions significantly differ from the mean-field wave functions. Therefore, neither natural
orbitals nor shell-model wave function can be used instead of the particle-state overlap
functions within the DWBA analysis of the experimental data for one-nucleon transfer
reactions.

It has been shown in {16] that the radial part of the overlap function for the lowest
bound state can be obtained by the radial part of the OBDM pU(r, rlatr=ag— oo

o (" Py " 2 ©6)
(r) = ,
nobi Cnolj exp (- knolj a)/a
where
el G- _p@ '
ki =7 \/2m(EnU - E®) 10

depends on the separation energy E = En(l‘; -D_ EO(A). The separation energy is:
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_22;2
enolj =% knolj /2m 8)
and the spectroscopic factor is:
Sui = @ 10, ) ©

The coefficient C, j can be obtained from the asymptotic form of the diagonal part of the
0

radial OBDM. In principle, the overlap functions for all bound states of the (A4 — 1) nucleon
system can be constructed from the OBDM repeating the above procedure.

In order to test the role of the overlap functions as realistic form factors we have
calculated using the DWUCK4 code [20] the (p, d) reaction on 160 and 40Ca at different
incident proton energy. The overlap functions for the one-neutron removal from 1p and

1d states in '°0 obtained in [17] are compared in Fig.1 with the form factors calculated
under two different approximations, namely the separation energy prescription (SEP) and
the effective binding energy prescription (EBEP).

The differential cross section for the (p, d)-pick-up transitions is calculated within the
DWBA approach using a zero-range interaction. It can be written in the form [20]:

sj 2
%0 ® 3 Sy 20 o (@) (10)
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Fig.1. One-neutron removal overlap functions [17] (solid line) and form factors obtained
within the SEP (long-dashed line) and EBEP (short-dashed line) for the transitions to the

1/2" ground state and to the 5/2* excited state in 0. All functions are normalized to
unity
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where § Isj is the spectroscopic amplitude, j is the total angular momentum of the final state,
D} = 1.5 x 10 MeV-fim’ and 67 (6) is the cross section calculated by the DWUCK4.

The standard DWUCK4 procedure is performed by calculating the bound-neutron wave
function using the SEP and EBEP and different sets of proton and deuteron optical model
parameters are used. For our purposes the standard DWBA form factor was exchanged by
that obtained in the framework of the one-body density matrix calculations and the spectro-
scopic factor stj in (10) was taken to be equal to unity, since our overlap functions

«contain» the sepctroscopic factor. Their normalization is (2):

2
a [ o, |%ar=s,. (1)
As an example, the results for the differential cross sections of 10 (p, d) reaction at
Ep = 45.34 MeV calculated with overlap functions as trial form factors and with standard

one are given in Fig.2. They are compared with the experimental data from [2,21]. As can
be seen the shape of the angular distribution for the raction is well reproduced in both types
of calculations. The use of overlap functions for the hole state leads to a good agreement
with the data in their absolute values. This means that the residual interactions are taken
into account sufficiently well as compared with the other models. Moreover, the spectro-
scopic factors deduced from the restoration procedure which are «contained» in the overlap
functions are sufficient to reproduce the amplitude of the first maximum of the differential
cross section for the hole states. The results for the transitions to the excited states are less

0 20 40 60 80 100 120 140 O

angles[deg}

20 40 60 80 100 120 140
angles[deg]

Ex=0MeV, 1/2- Ex=5.18-5.24MeV, 5/2+

10° 10"
_ « EXP(Ep=45MeV) * EXP(Ep=45MeV)
2 OVF(Sp=1.86) OVF(Sp=0.03)
5 10 ——- SEP(Sp=3.4) + ——- SEP(Sp=0.25) 110

P, @ - —

E ES%e,, EBEP(Sp=0.06)
o
o)
8 10°
¢
0N
[%2]
o
© 10"
£
e

10° X 3

Fig.2. Differential cross section (solid line) for the 150 (p, d) reaction at Ep = 45.34 MeV

incident energy to the 1/2” and 5/2" states in °O. The DWBA results within the SEP
(long-dashed line) and EBEP (short-dashed line) are shown. The experimental data [2,21] are
given by the solid circles
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Table. Spectroscopic factors for the ground states and the 5 /2* and 7 /2~ excited states
‘ in 1%0 and ¥Ca, respectively

150 39Ca
1/27(gs) | s/2° 3/2% (g.s) 7/2°
OVF [17] 1.86 003 | OVF[17] ' 3.60 0.08
SEP (Ep, = 45 MeV) 3.40 025 | SEP (Ep = 27.5 MeV) 2.30 0.32
EBEP (E, = 45 MeV) 0.06 | EBEP (Ep, = 27.5 MeV) 0.16
SEP (E, = 65 MeV) 3.70 0.18
EBEP (E, = 65 MeV) : 0.08

satisfactory. The reason is that the population of the particle states in 160 and *°Ca cannot
be realistically described by the simple central pair-correlation included in the Jastrow-type
OBDM.

In the Table we give the values of the spectroscopic factors of the transitions to the

ground state and some excited states in '%0 and *°Ca considered in our work. A comparison
is made between the spectroscopic factors extracted from the OBDM [17] and those from
the experimental data applying DWBA. Let us consider the spectroscopic factors of the

transitions to the ground state, especially in 160. The problem of obtaining reasonable

values for the spectroscopic factors in 180 is well known and intensively studied [21,22].
The DWBA calculations with optical model parameters obtained from the elastic scattering
analysis fail to reproduce the shape of the differential cross section [22]. By adopting the
adiabatical deuteron optical model the shape of the cross section is well reproduced but the
value of the spectroscopic factor exceeds the maximum allowed value of 2. However, using
the overlap function from [17] which has a physically acceptable magnitude, one can
achieve good agreement with the experimental cross section. We note that the results of the
standard DWBA calculations depend significantly on the optical potentials used and on the
incident energy. Let us look at the spectroscopic factors of the transitions to the excited
states. It is seen that they vary among themselves more than the values for the ground
states. They depend on the optical model parameters and the incident energies but also on
the procedure applied to calculate the form factors. The spectroscopic factors of the overlap
functions [17] do not always reproduce the magnitude of the experimental cross section.
Obviously it is difficult to obtain reliable information about the absolute spectroscopic
factors of the excited states unless a more refined OBDM is used.

We would like to emphasize that our calculations are absolute in contrast to the stand-
ard DWBA results which are adjusted to give the correct magnitude of the differential cross
section. Especially for the particle states different prescriptions for calculating the form
factor, which have acceptable justification, lead to quite different values for the spectro-
scopic factors. Thus it is worthwhile to investigate the differential cross sections of pick-up
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reactions using absolute form factors which are extracted, however, from more
sophisticated one-body density matrices, as for example the ones obtained by variational
Monte Carlo calculations [23].

3. Momentum Distribution of a Transition
to a Single-Particle State from (e, ¢’p) Reactions

The most direct way to get information on the single-particle wave functions is to study
the one-nucleon knock-out reactions. In this Section we present some results of the calcu-
lations of the single-particle momentum distributions corresponding to a transition to a
given s.p. state in comparison with the empirical data from the (e, ¢’p) reactions. In the
Plane-Wave Impulse Approximation (PWIA) the energy ® and the momentum q lost by the
electron are transferred to a proton with binding (missing) energy E_ and missing mo-

mentum p,_. From the energy and momentum conservation laws the latter are determined by

E,=0-E-T, ,, p,=k-q (12)

m
where kp and Ep are the momentum and the energy of the knocked-out proton, respectively,
and T, _, is the kinetic energy of the residual nucleus. The (e, €p) cross section in the
PWIA can be written in the form:

d%s
de’dk
p

where K is a kinematical factor and oep is the elementary electron-proton cross section [24].

=Ko, S@,, E,), (13)

The spectral function S(p,,, E,) is the joint probability of finding a proton with separation
energy E, and momentum p_ inside the nucleus. For the transition to a discrete state o one

can write
S®,, E,) =p,(®,) XE, - E,), (14)
where the s.p. momentum distribution
p,®,) = o )]? (15)

is the Fourier fransform squared of the overlap (1) between the initial and final nuclear
state. The integration of the empirical data over the interval that covers the peak of the
transition under study gives the single-particle momentum distribution p o(P,,)- The spectro-

scopic factor S for a given a-state is determined by scaling the theoretical predictions for
pa(pm) to the experimental data.

In the present work we consider the s.p. momentum distributions in the %0 and *°Ca
nuclei. As an example, we given in Fig.3 the momentum distribution for the transition to

the second 1/2" excited state in K from the 4()Ca(e, €'p) reaction. In Fig.3 the
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10° experimental data are given
400g together with their Coulomb

. Distorted Wave Impulse Appro-

10 * E,=2.522 MeV ximation (CDWIA) analysis [9]

which is used to obtain spectro-
scopic factors for discrete tran-
sitions and rms radii for the
various orbitals. The CDWIA
calculations are performed em-
ploying different wave func-
tions so that their rms radii are
fitted to dscribe the data. In our
method the necessity to use
such parameters is avoided and
we would like to emphasize the
possibility of obtaining the mo-
mentum distribuitons in a con-
A\ (", sistent way on the basis of the
300 OBDM corresponding to a cor-
related system. At the same
time it is important to note the
pPm[MeV/c] fact that the overlap functions
from [17] are for neutron
bound states. In the case of pro-
ton bound states some modi-
fications due to the Coulomb
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Fig.3. Momentum distribution for the transition to the second
1/2" excited state in 3K from “Ca (e, €'p) reaction. The calcu-
lations by using 2s-overlap functions from [17] are presented by . .
the dashed line. The stars and circles represent the empirical data asympotic behaviour of ~the

measured in different kinematics [9]. The CDWIA calculations ©VeT!ap functions have to be
(9] are shown by solid lines taken into account. Never-

theless, one can see that the
calculated results for the
momentum distributions are close to the experimental data. Especially this can be seen from
Fig.3 where the minimum in the momentum distribution for the transition leading to the

1/2* state in the 9K at 2.522 MeV is well described. Our calculations show that generally
the shape of the momentum distributions of the transitions can be adequately described by
mean-field wave functions for momenta up to the Fermi momentum kg (= 250 MeV/c).

Measurements over a more extended range of the momenta and with better accuracy are
necessary to test the various bound-state wave functions.

4. Conclusions

In the present work a new method for theoretical studies of the one-nucleon removal
processes is suggested. It is shown that the overlap functions of the (A — 1)-particle system
eigenstates obtained in [17] by using the general relationship [16] which connects the
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asymptotic behaviour of the OBDM with them can be successfully applied as realistic form

factors to calculate the differential cross sections of 0 (p, d)- and 40ca (p, d)-pick-up
reactions at various incident energies. The results of our calculations demonstrate that the
obtained angular distributions do not need remormalization by introducing the
spectroscopic factors. The overlap functions provide a physical and model-independent
definition of the spectroscopic factors. The angular distributions are in good agreement with
the experimental data in their absolute values for the ground states and less satisfactory for
the excited states.

Our calculations of the s.p. momentum distributions of various orbitals in %0 and

40Ca describe satisfactorily the empirical data obtained by the (e, €’p)-knock-out reactions
at momenta below the Fermi momentum. The results are also in agreement with the
CDWIA calculations using bound-state wave functions evaluated in a mean-field potential.
New measurements should be done at higher momenta where the SRC effects on the
momentum distribution are sizable. Using the correct asymptotic behaviour of the proton
overlap function in the procedure [17] and more realistic OBDM, one can expect that the
resulting overlap functions will be able to describe more accurately the experimental single-
particle momentum distributions.
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