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Preequilibrium model analysis of (p, n) reactions on nuclei in the Cr-Ni region

Isao Kumabe and Yukinobu Watanabe
Department of Nuclear Engineering, Kyushu Uniuersity, Fukuoka 812, Japan

(Received 3 March 1989)

The energy spectra of neutrons emitted from 25 MeV (p, n) reactions on nuclei in the Cr-Ni region

have been analyzed in terms of the preequilibrium exciton model introducing effective Q values, the

pairing correlation, and the modified uniform spacing model in which the uniform spacing model is

modified so as to have a wide spacing at the magic number. The calculated energy spectra using the

above model are in fairly good agreement with the observed spectra with pronounced structures.

I. INTRODUCTION

In general, more accurate experimental data are avai1-
able for the reaction induced by charged particles than
those for neutron induced reactions because of better
counting statistics for reactions related to the charged
particles. Since available data for the (n, p) reaction are
poor, owing to the weak neutron-beam intensity, detailed
features of the (n,p) reaction such as the shell effect and
the odd-even effect on target nuclei are not well known
for the preequilibrium proton emission.

The neutron energy spectra from the (p, n) reaction on
Zr ' ' ' ' ' ' Mo, and "Pd with 25 MeV

protons and ' ' ' Zr with 18 MeV protons were ana-
lyzed in terms of the preequilibrium exciton model intro-
ducing effective Q values, the pairing correlation, and the
modified uniform spacing model in which the uniform
spacing model is modified so as to have a wide spacing at
the magic number. For all these targets, the calculated
spectra using the above model for 25 MeV protons show
good agreement with the experimental ones, ' not only
on the absolute cross sections in the neutron energy re-
gion of 12—18 MeV, but also on the observed spectra
with pronounced structures in the neutron energy region
higher than 18 MeV.

In the present analysis, a similar method is applied to
the analysis of the 25 MeV (p, n) reactions on nuclei in

the Cr-Ni region and the availability of this method is ex-
amined again.

For nuclei in the Cr-Ni region, both the neutron and
proton shells are near the magic number 28. Therefore,
the modified uniform spacing model should be used for
both the neutron and proton shells.

II. THKORETICAI. CONSIDERATION

In the present work, the energy spectra from the (p, n)
reaction on nuclei in the Cr-Ni region are analyzed in
terms of the preequilibrium exciton model introducing
effective Q values, the pairing correlation, and modified
uniform spacing model.

The effective Q value, effective proton binding energy,
and the pairing correlation used in the present analysis
were as follows:

In our previous work' we introduced the effective Q
value, the effective proton binding energy, and the
effective neutron, binding energy. These energies were
fitted independently, but these should fulfill certain rela-
tions.

On the other hand, Kalbach has recently given the
separation energy Sb obtained from the liquid drop model
with the pairing and shell terms neglected. Using the
mass formula of Myers and Swiatecki for spherical nu-

clei, the separation energy for a nucleus C into a particle
b and a nucleus 8 is given by
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Here the subscripts C and 8 refer to the corresponding
nuclei, the quantities N, Z, and 3 are the neutron, pro-
ton, and mass numbers of the nuclei, and Ib is the energy
required to break the emitted particle up into its constitu-
ent nucleons.

This Sb corresponds just to the effective proton or neu-
tron binding energy given previously by us. The

I

difference between S& values for proton and neutron cor-
responds to the effective Q value for the (p, n) reaction.
Thus we can make the consistent set for the various
effective Q values, the effective proton neutron, and a-
particle binding energies. The differences between the
old' and new effective (p, n) Q values are smaller than 0.2
MeV for nuclei of the mass number larger than 80. How-
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III. ANALYSIS AND DISCUSSION

The procedure of the present analysis is the same as
that in the earlier work. '

In the present analysis we used the computer code
pREANG (Ref. 7) which calculates emission spectra and
angular distribution of particles emitted in the preequili-

PROTON NEUTRON

SHELL SHELL

FICx. 1. Modified uniform spacing model.

ever, the differences are rather large for nuclei of the
mass number smaller than 80. The reason is ascribed to
that when the old effective Q values were derived, the
data in the region of the mass number smaller than 40
were not used in the least-squares fitting of slope b in Eq.
(3) in Ref. 1, in spite of the steep increase of slope b with
decreasing mass number in this region. [See Fig. 5(b) in
Ref. 6]. In the present analysis, we used the effective Q
values and effective proton binding energies calculated
from Eq. (1).

As shown in Fig. 1, the modified uniform spacing mod-
el, in which the uniform spacing model is modified so as
to have a wide spacing at the magic shell, was used for
both the neutron and proton shells.

brium nuclear reaction. The calculations were carried
out with the use of the test option to simulate the closed-
form preequilibrium model by setting the transition rates

2
=0 and A,„„=0, where n was limited to

n =&2gE. The reaction cross sections for protons were
calculated from the optical model with the parameters
obtained by Mani et at'. , while those for neutrons were
taken from the diagrams presented by Lindner using the
nonlocal optical potential by Percy and Back.

Since the neutron emission from n =3 states is dom-
inant at the neutron energy region of interest, more real-
istic state densities based on the modified uniform spac-
ing model were used in order to describe only the density
of (lp)(ln) ' states of the residual nucleus after n =3
emission as a first approximation, where n is the exciton
number. For the other state densities, Williams's formu-
la, ' derived from the uniform spacing model, was em-
ployed. The uniform spacing shown in Fig. 1 was de-
duced from the level density g&= /I /(13X2). The ener-

gy gap at the magic number X or Z=28 shown in Fig. 1

was chosen to be 9.0/gz —0.8 MeV, which was nearly
equal to the energy gap between f7/g and p3/2 states.
The pairing energies were chosen so as to obtain the
overall good agreement with the peak energies in the ex-
perimental energy spectra. The pairing energies of

=1.0 MeV and 6, =6 =0.8 MeV were used for
Fe and Fe, and others, respectively. The value of

A„=A =0.8 MeV or 1.0 MeV seems to be rather small
compared with values" used usually.

We have adopted the smoothing method with a 1.0
MeV width for comparison between calculated and ex-
perimental results. This choice of the width was made
rather arbitrarily so as to give the similar peak width to
the experimental peak width near the ground states of the
residual nuclei, although the width should actually in-
crease with increasing excitation energy because of the
fragmentation' of the deep hole states.

The calculated neutron energy spectra were shown by
the solid curves in Fig. 2. The experimental angle-
integrated energy spectra ' are shown by the histograms
in Fig. 2. It is seen from these figures that the shapes of
the calculated spectra show fairly good agreement with
the experimental ones except for some target nuclei in
which the calculated peak positions shift slightly from
the experimental ones. The calculated energy spectra
show some underestimation at the lower neutron energy
region, because the spectra do not include the contribu-
tion of the compound process.

The square value of the empirical effective matrix ele-
ment is expressed' by the relation ~M~ =KA E
where A is the mass number and E is the excitation ener-
gy of the composite nucleus. In Fig. 2, the K value for all
the target nuclei analyzed here was chosen to be 400
MeV (Ref. 3) so as to obtain the overall good agreement
with the absolute differential cross sections of the experi-
mental energy spectra.

To check for systematic trends in the empirical values
of M, Kalbach-Cine' assumed a dependence of the form
M =KE"3~, where K is a constant. The values of x and
y extracted from the analysis of the experimental data are
given by
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—0.8 —0.2&.0+0.4~ y = 3 2+0.4 .

From these results, she estimated that x = —1 and
y = —3. Therefore, the K value may not be a constant
because of the large errors of x and y. Therefore, we ex-
amined the target mass number dependence of the E
values. The K value for each target nucleus including

Zr-Mo isotopes, ' "Tb (Refs. 2 and 3) and Pb (Ref. 14)
isotopes was adjusted so as to obtain the overall good
agreement with the absolute cross sections of the experi-
mental energy spectra. The K values are plotted in Fig. 3
as a function of the mass number. It was found from Fig.
3 that the K values are nearly constant for the 25 MeV
(p, n) reaction over the wide mass number region.
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FIG. 2. Calculated and experimental angle-integrated energy spectra of neutrons for the 25 MeV (p, n) reaction. The histograms
show the experimental energy spectra. The solid curves are the calculated preequilibrium energy spectra using the modified uniform
spacing model, effective Q values, and the pairing correlation.
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FICi. 2. (Continued).

IV. (CONCLUSIONS
600—
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The 25 MeV (p, n ) spectra in the Cr-Ni region were an-
alyzed with the previously proposed exciton model using
the effective Q values and the realistic 1p-1h state density
based on the modified uniform spacing model in which
the uniform spacing model was modified so as to have a
wide spacing at the magic number and the pairing corre-
lation was taken into account. The calculated spectra for
the reaction on isotopes in the Cr-Ni region with 25 MeV
protons show good agreement with the experimental ones
not only on the abso1ute cross sections in the neutron en-
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FIG. 3. K values for the 25 MeV (p, n) reaction as a function
of mass number.



PREEQUILIBRIUM MODEL ANALYSIS OF (p, n) REACTIONS. . . 539

ergy region of 10—14 MeV, but also on the observed spec-
tra with pronounced structures in the energy region
higher than 14 MeV. This model would be applicable to
the analysis of 14 MeV (n, p) reaction which is the inverse
reaction of the (p, n) reaction.

It was found that the K values defined by
M~ =KB E ' are nearly constant for the 25 MeV

(p, n) reaction over the wide mass number region if we
use the efFective Q values.
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