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Abstract

The one-nucleon overlap functions corresponding to bound states of the (A = 1)-particle
system are calculated using their relationship with the one-body density matrix for the
ground state of the A-particle system. The calculations of the overlap functions and the
spectroscopic factors are performed within various correlation methods, such as: i) the Jas-
trow correlation method (JCM); ii) the Correlated Basis Function Theory (CBF); iii) the
Green Function Method (GFM) and, iv) the approach to the Generator Coordinate Method
(GOND. The overlap fanctions from these methods are used for cousistent calenlations of
cross sections of the (p,d), (e,¢'p), (¢,¢'n) and (v, p) reactions on *Q. The cross sections of
these reactions on *°Ca are also evaluated using overlap functions obtained within the JCM
and GCM. The work presents a test for the extent to which different types of nucleon-nucleon
(NN) correlations are included in the theoretical methods considered.

The growing interest in correlation methods and models going beyond the limits of the
mean-field approximation in nuclear theory is stimulated by the recent experimental data and
theoretical results concerning the quantities which reflect effects of short- range (SRC) and tensor
correlations in a unambiguous way. In this sense both, the overlap functions (OF) and single-
uucleon spectroscopic factors, have attracted much attention in analyzing the empirical data
from one-nucleon removal reactions, such as (e, ¢'p), (p,d), (d, He), (v,N), and others.

Recently the general relationship [1] which connects the asymptotic behaviour of the one-
body density matrix (ODM) with the overlap functions of the (A —1)--particle system eigenstates
has been established. The procedure for extracting bound-state OF has been applied (2, 3, 4, 5]
to ODM emerging from various correlation methods such as the Jastrow correlation method (6],
the Correlated Basis Function theory [3, 7. 8], the Green function method [9] and the Generator
Coordinate Method TT0L It has been shown that these functions are of particular importance,
since they eontain nucleon correlations which are accounted for to different, extent in the various
theoretical methods considered. On the other hand, their reliability for analyzing quantities
which are sensitive to the NN correlations can be proved.

The exclusive nature of the quasifree knockout reactions in which the emitted nucleon is ex-
perimentally detected, is reflected theoretically in a transition amplitude which can be expressed
in terms of the single-particle (s.p.) function representing the overlap between the target and
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residual nucleus states. In standard Distorted Wave Impulse Approximation (DWIA) calcu-
lations phenomenological s.p. bound state wave functions are usually adopted, which do not
include correlations. The normalization of the wave function, that is identified with the spec-
troscopic factor, is fitted to the data and is usually interpreted as evidence for the presence of
correlations.

In the present work we first calculate all bound-state OF on the basis of ODM for the 50
and 1°Ca nuclei in order to analyze and compare their properties in coordinate and momentum
spaces. Then, the resulting OF are used to calculate the cross sections of the (p,d), (e,e'N)
and (v,p) reactions on these nuclei, in contrast to their standard DWIA treatment. Such an
investigation allows to examine the relationship between the ODM and the associated OF within
the correlation methods used and also to clarify the importance of the effects of NN correlations
on the OF and the reaction cross-sections.

The inclusion of short-range as well as tensor corrclations leads to an enhancement of the
values of the overlap functions in the interior region and a depletion in the tail region in the
coordinate space [4]. In the momentum space this leads to a slight redistribution of the strength
from the low- to the high-momentum region. The calculated spectroscopic factors, however.
differ significantly from the mean-field value. The NN correlations lead to a depletion of the
states which are below the Fermi level of the independent particle approach. The values of the
spectroscopic factors deduced from the calculations with different ODM are listed in Table 1.

Table 1: Spectroscopic factors for the py/, and py/ quasihole states in 160): column I-deduced
from the calculations with different ODM of *50; column II-additional reduction factors deter-
mined through a comparison between the (e,e'p) data of [11] and the reduced cross sections
calculated in DWIA with the different overlap functions; column III-total spectroscopic factors
obtained from the product of the factors in I and II.

1pi2 1p3s»
ODM 1 11 111 1 11 11T
HF 1.000 0.750 0.750 1.000  0.550 0.550
JCM [2] 0953 0.825 0.786 0.953 0.600 0.572
CBF [3] 0.912 0.850 0.775 0.909 0.780 0.709
CBF [7] 0.981 0.900 0.883 0.981  0.600 0.589
CBF [8] 0.983 0.880 0.865 0.983 0.630 0.619
GFM [9] 0.905 0.800 0.724 0.915 0.625 0.572
GCM [10] 0.988 0.700 0.692 0.988 0.500 0.494

The differential cross section for the (p, d) reaction can be written in the form:

L ;
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where Sj5; is the spectroscopic amplitude, j is the total angular moimentum of the final state,
D? ~ 1.5 x 10 MeV.fm? is the p — n interaction strength in the zero-range approximation and
a’,‘;{v is the cross section calculated by the DWUCK4 code [12]. For our purposes the standard
Distorted Wave Born Approximation form factor has been replaced by the s.p. overlap function
derived from the ODM calculations. In this case no extra spectroscopic factor Sy, in Eq.(1)
is needed, since our overlap functions already include the associated spectroscopic factors (see
column 1 of Table 1). The results for the differential cross sections for the transitions to the
ground 1/2 state in 'O nucleus at different incident proton energies F,=31.82, 45.34 and 65
MeV are given in [4] compared with the experimental data from [13]. Considering the role of
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the short-range and tensor correlations, we can conclude that the long-range correlations (LRC)
corresponding to collective degrees of freedom have to be taken also into account in order to
achieve a better agreement with the (p, d) data.

The cross sections of the (e,e'n) and (e, e'p) reactions on 'Q and °Ca have been calcu-
lated with the code DWEEPY [14], which was able to give a good description of the (e,e'p)
cxperimental momentum distributions, for transitions to diffcrent final states, in a wide range
of nuclei and in different kinematics (see, c.g., [15] and, more specifically for the analysis of the
Y0 (e, ¢'p) reaction, [11]). The calculation is based on a nonrelativistic DWIA description of
the quasifree nuclcon knockout process and accounts for both final-state interaction (FSI) and
Coulomb distortion of the electron waves.

Using the overlap functions derived from different calculations of the ODM as a bound- state
wave functions, we would like to emphasize that this is the correct theoretical procedure which
in principle has to be applied for an accurate description of (e, e’ N) knockout reactions. As an
example, the reduced cross sections for the 0 (e, ¢'p) reaction for the transitions to the 1/2~
ground state are shown in Fig.l in comparison with the data taken at NIKHEF [11] in the
50 -called parallel kinematics. As it is seen they are sensitive to the shape of the various overlap
functions nsed. In order to reproduce the size of the experimental cross scction a reduction
factor has been applied to the theoretical results. These factors, which have been obtained by a
fit of the calculated reduced cross sections to the data over the whole missing-momentum range
considered in the experiment, are also listed in Table 1 (column II). In general, a good agreement
with the shape of the experimental distribution is achieved. The best agreement with the data
is obtained with the overlap functions emerging from the ODM calculated within the GFM [9]
and with OF from the GCM [10].

The fact that an additional reduction factor has to be applied to the calculated cross sections
to reproduce the data may be explained by the observation that our overlap functions arc
deduced from calculations including only SRC but not LRC. The reduction factor can thus
be considered as a further spectroscopic factor reflecting the depletion of the quasihole state
produced by LRC. Of course the discrepancy of the overlap functions with data can be duc
also to other effects not included or not adequately described by the theorctical treatment. In
Table 1 we give, in addition, in column IIT the factor obtained by the product of the two factors
in columns I and II. This factor can be considered as a total spectroscopic factor and can be
attributed to the combined cffect of SRC and LRC.

I our work we present also results of calculations for the (v, p) reactions on 9O and 4°Ca and
discuss them in comparison with data. Calculations have been performed within the theoretical
framework of [16]. where one- hody and two- body currents are included and both contributions
of direct knockout (DKO) mechanism and meson-exchange currents (MEC) can be evaluated
consistently. The same theoretical ingredients, i.e. s.p. overlap functions, spectroscopic factors
and counsistent optical potentials, have been adopted as in the calculations of the (e, e'p) cross
section. Morcover. the reduction factor determined in comparison with the (e,e'p) data has
been applied also in the comparison of the calculated (vy,p) cross section with data. Since
(7. p) calculations are extremely sensitive to the theoretical ingredients adopted for bound and
scattering states, the use of constrained parameters should allow us to reduce ambiguities in the
interpretation of the results and to perform a cousistent study of the (e, ¢'p) and (v, p) reactions.

We restrict our analysis to photon-energy values where our theoretical treatment appears
more reliable. The angular distribution of the '°O(y,p)'®Ngs reaction at E, = 72 MeV is
displayed in Fig.2. In the figure the results given by the sum of the one body and of the
two-body seagull currents are compared with the contribution given by the one-body current,
which roughly corresponds to the DWIA treatment based on the DKO mechanism. The DWIA
calculations with different overlap functions exhibit considerable differences, in particular at
backward angles, where larger values of py, arc probed. These differences are somewhat reduced
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Figure 1: Reduced cross section of the **O(e, e'p) reaction with incident electron energy of 520.6
MeV and an outgoing proton energy of 90 MeV. OF derived from the OBDM of GFM [Y] (solid
line), CBF (3] (dashed line), CBF [7] (dot-dashed line), JCM [2] (double dot-dashed line) and
GCM [10] (short-dashed line). The dotted line is calculated with the HF wave function. The
theoretical results have been multiplied by the reduction factor given in column II of Table 1 .

when the two-body seagull current is added, but remain anyhow quite large.

The contribution of the one-body current represents a large part of the measured cross
section, but none of the overlap functions used is able to give a proper description of the data.
All the curves in DWIA lie well below the data, but that obtained with the overlap function
from the ODM (7], which is able to reproduce the size of the experimental cross scction only
at the lowest angles. A much better agreement with (v,p) data is obtained when MEC are
added to the DWIA result. The contribution of the two-body current is large and significantly
affects both the size and the shape of the calculated cross section. The results, however, are
very sensitive to the overlap function used. The HF wave function and the overlap function
from the ODM of [2] can reproduce the size of the experimental cross section only at low values
of the scattering angle and are unable to give a proper description of the shape of the angular
distribution. The cross section calculated with the overlap function from [7] overshoots the data,
while a fair agreement with data is obtained with the overlap functions from [9] and [10]. The
cross section calculated with these overlap functions as well as that calculated with the overlap
function from [3] are a bit higher than the data at low values of the outgoing proton angle and
the discrepancy might be explained within the uncertainties of the theoretical treatinent.

In conclusion, the results of the present work can be summarized as follows:

i) Single particle overlap functions and spectroscopic factors are calculated from the ODM,
which were derived using different approximations to determine the correlated wave function for
the ground state of 'O and 4°Ca. The overlap functions extracted from ODM calculated within
the CBF and Green function theories are peaked at smaller distance in the interior region of the
nucleus compared with HF wave functions. Considering the role of the central and the tensor
correlations it is found that the correlation effects on the spectroscopic factors of the hole states
are dominated by the tensor channel of the interaction.

ii) The resulting single-particle overlap functions have been used to calculate the cross sections of
the (p.d). (e.e'n). (e.e'p) and (. p) reactions on '80 and “°Ca and for the transitions to different
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Figure 2: Angular distribution of the cross section of the 1°0(vy,p) reaction for the transition to
the 1/2~ ground state of '°N at E., = 72 MeV. The separate contribution given by the onc-body
current (DWIA) and the final result given by the sum of the one-body and the two-body scagull
current (DWIA+MEC) are shown. The line convention is as in Fig.1. The optical potential is
taken from [18]. The experimental data are taken from [17]. The theoretical results have been
multiplied by the reduction factors listed in column II of Table 1, consistently with the analysis
of (e.e'p) data.

final states of the residual nucleus. The theoretical results for the reactions cross sections show
that they are sensitive to the shape of the different overlap functions and are generally able to
reproduce, with a good agreement, the shape of the experimental cross sections.

iii) Tn order to reproduce the size of the experimental data a reduction factor must be applied
to the calculated (e. e'p) reduced cross sections. This factor, that is extracted from a fit to the
data, can be considered as a further spectroscopic factor to be mostly ascribed to LRC, which
also cause a depletion of the quasihole states and which are not included in the overlap functions
considered here. The spectroscopic factors accounting for SRC and LRC obtained in the present
analysis are in reasonable agreement with those given by previous theoretical investigations.
iv) The fact that the overlap functions from the ODM [9, 10] are able to give the best description
of both (e, e'p) and (v, p) data is a strong indication in favour of a consistent analysis of the two
reactions.
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