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ANALYSIS OF THE LOW ENERGY NEUTRON INELASTIC SCATTERING
IN MASS RANGE 48 = A =< 64.

R. Cabezas, J.Lubian, J.Tomas
Institute for Nuclear Science and Technology

Havana, Cuba

ABSTRACT

An analysis of low energy neutron inelastic scattering in
medium-mass nuclei is made. A regional deformed optical model
parapeterization is proposed to describe the experimental data.
This parameterization is derived from titanium, chromium, Iron and
nickel isotopes in the energy region of 1-3 MeV. A combined use of
the coupled channel method and the =statistical Hauser-Feshbach
theory 1including corrections due to the presence of direct
processes is applied. It is shown that, in the frame of this
parameterization, 1t is possible to describe adequately
experimental angular distributions, 1integral and total cross
sections. An extrapolation to the energy region higher than 3 MeV
is made. It is also shown, that this parameterization can be

extended to other neighbour nuclei like zinc iso#opes G4.35.98 .

INTRODUCTION

In the calculation and estimation of nuclear data for Fe, Ti,
Ni and Cr isotopes - important structural materials in nuclear
technology - the study of the neutron inelastic scattering at
energies from 1 to 3 MeV plays a significant role. In this sense,
a systematic study of optical potential parameters represents a
great interest in order to obtain an adequate regional
parameterization to describe the experimental data.

Up to now, it doesn’'t exist any parameterization of the optical
potential, which allows us to describe experimental angular
distributions and total cross-sections at low energies in the
region of medium-mass nuclei 48<A=<84 consistently [1,2]. For these
nuclei, it°s not possible to extrapolate the optical parameters
for high energies to energies below 3 MeV [3].

In the 1inelastic scattering of low-energy neutrons, when
contributions of direct and compound nucleus processes to the
total cross-section are similar, calculations are usually carried
out by adding the direct cross-section, calculated by means of the



coupled-channel method with deformed potentials, to the compound
nucleus cross-section, calculated in the frame of the statistiecal
theory of nuclear reactions with spherical optical model potential
[4-8]. Nevertheless this consideration notably simplifies thé
calculation and in some cases becomes a good approximation, thus
possibly leading us to physical ambiguities. Although the direct
and compound nucleus processes are described by means of different
formalisms, the nuclear potential should be the same.

On the other hand, there are some physical features that can
influence on the description of experimental data in low-energy
neutron calculations, for example:

i. In the 1-3 MeV energy region, collective modes in mass-
medium nuclei are excited. For this reason, parameterizations
based on the spherical optical potential are no longer a good
approximation.

ii. In this energy region a few low-lying states are excited,
so that the corrections to the compound nucleus cross-section
can play a significant role.

Iii. When the incident energy is comparable to the energies of
the excited states, the coupling between elastic and inelastic
channels is stronger, producing changes in the real potential
gimilar tdlthe observed Fermi potential anomaly [7,8].

Compound nucleus cross-section calculations considering the
weak coupling between channels in the weak absorption case were
formulated by Engelbrecht and Weidenmtller [8]. A more general
case was treated by Hofmann & of [10] and independently by
Moldauer [11]. In these works it was shown, that in the presence
of direct processes the compound nucleus cross-section may be
calculated by means of the Hauser-Feshbach formalism with
transmission coefficients that take into account the presence of
direct transitions.

In the present work, starting from the analysis of experimental
angular distributions, integral and total cross-sections repqrted
in the EXFOR library for nuclei *®ri, %90 %%y;, %%,
sogzé‘Cr , a regional parameterization of the optical potential
based on the combined use of the coupled-channel and theHauser-
Feshbach methods is proposed. The inclusion of direct process
effects in the calculation of compound nucleus cross-sections was
considered by mean of the consistent combination of both methods,
using Satchler generalized transmission ccefficients [12].



DETERMINATION OF THE REGIONAL OPTICAL MODEL PARAMETERIZATION
FOR COUPLED CHANNEL CALCULATION.

The optical potential was taken in its conventional form [13],
consisting in a real part with the Woods-Saxon form-factor, a
surface imaginary part with derivative of the Woods-Saxon formj
factor and a real spin-orbital Thomas term. It has the following
form:

df (r)
v h 1 s0 .
dr + [ m,_C ] r Yeoar (Leo) (1

V(r) = U f (r) - 4@ W

where U, Haand Uso are the depths of real, surface imaginary and
spin-orbital potentials, respectively;

£.(r) = [l+exp{(r-R)/a}}"

is the Woods-Saxon form-factor; a, and RfukA‘/s are the
diffusenesses and radii of the corresponding potentials.

The parameterization of the spherical optical = potential
obtained by Pasechnik et af. [14] for medium-mass nuclei in the
energy region up to 10 MeV was taken as a étarting point for the

analysis, It is expressed as follows:

U= (48.7 - @.33E) MeV r,=r =r_ _=125fF

W =4(7.2 + B.BBE) MeV a8 = a = 9.65 f (2)
s v s80

U = 7.5 MeV a = 0.43 f

20 W

The wave function of the harmonic vibrator considering one-
phonon and two-phonon excitations was taken as & basis wave
function in the coupled channel equation. In this sense, the
expansion of the nuclear radius in spherical harmonics was
considered up to the guadrupolar term:

Ro=r [1+8Y, ] (3)

Parameters ﬁé for different isotopes were taken from Ref., 15,
considering the normalization to the radius r used in this work.

The fitting procedure of parameters was made in the following
way: initially, the experimental angular distributions separately
for four energy values ( 1.5; 2.8; 2.5; 3.2 MeV ) for each isotope
were fitted. For this purpose, the z} procedure implemented in the
ECIS87 code [16] was used minimizing the gquantity:

N
2z _ 1 oaxp(ei) - ocaLc(ei.) 2
X TN E [ Bo_ (8) ] (4)

L=

where aoxp(ei) is the measured value at angle ei, Aooxp(ei) its



uncertainty, acctc(et) the corresponding calculated value, and N
is the number of data points contained in a given distribution.

For choosing the coupling scheme, the following c¢riterion was
followed: ' .

1-To consider the same number of coupled channels for all

nuclei in the whole energy range. This condition is essential
for a correct derivation of surface imaginary parameters due
to its sensibility to the number of coupled channels.

2-To assume as coupled all the channels that are opened up to 3

MeV in all studied nuclei. It means to take into account six
coupled channels.

3-To include as uncoupled channels all known levels above I MeWV

reported in literature ( see Ref.l17 ). The influence of the
closed channels plays an important role in the correct
description of experimental data. Including these channels,
it is possible to consider implicitly the contribution of the
intermediate structure [18].

For each assumed energy, the minimization of the deformed
optical potential parameters was carried out trying to satisfy the
inequality:

X°/N < 10, (3)

The result of the variation shows that geaometrical parameters
and depth Va° vary very slowly with energy and from one isotope to
another. For this reason, the mean value of these parameters was

assumed for all nuclei:

a=a = @0.6845 f

r,- rv= r‘°= 1.244 f (&)

a =0.434 f
A 4

vV = 7.418 MeV

30

As soon as elastic and inelastic angular distributions for each
nucleus were fitted, we began the search of the regional
parameters U and W as a function of the incident energy E and the
isotopic factor n=(N-Z)/A.The result of the calculations
( explained in details in Ref.19) shows that the best fit is

obtained for the following expressions:

= 52.@95 - ©.735€ - 0.195€° -11.528-[1-0.171E1ln , (7)
= @.343 - @.337E + @B.304E> - 1.234+°[1-1.366EIn . (8)

U
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It is important to emphasize that the linear dependence on the
energy didn't fit well. The inclusion of the gquadratic term was
the best way to carry out a satisfactory fit for all nuclei. This
non—-linear dependence of real potential is 1in correspondence to
the anomaly of the real potential near the Fermi surface observed
in different papers [8,20].

The non-linear behavior of the real potential is eguivalent to
considerate an energy dependent real_potential radivus. Since we
consider the real potential radius to be constant in our work, the
non-linear dependence of the real potential is understandable.

Moreover, if we compare the non-linear and guadratic
coefficients of our work with other global parameterizations using
spherical optical potential obtained by other authors, it can be
seen that our linear term coefficient is twice bigger than those
shown in Ref.2, and the gqguadratic term coefficient 1is two-three
times bigger than those ones. This deviation can be conditioned by
the consideration of collective effects ( one-phonon and two-
phonon vibrations of these nuclei ) and the strong coupling
between the low-lying states, which at 1low energies play an
important role.

The evaluation of WE using eq.(8) for all studied nuclei in
the energy interval 1-3 MeV provides that WS varies from @.3 to
2.6 MeV., These values of surface imaginary potential are
significantly smaller than those obtained by means of the
spherical optical potential. This decrease was expected because
the inelastic processes and part of the doorway states effect were
implicitly considered in the calculations taking into account the
coupling between many channels and the inclusion of many uncoupled

states.

COMPARISON OF THE THEORETICAL RESULTS WITH EXPERIMENTS.

Using the expressions cbtained for U and Hs in (7-8) and taking
into account the mean values for the other parameters given in
(86, calculations of angular distributions for ‘aTi,
u'&’a'“ﬂi, 5"56Fe, S0.52340r  at energies 1.5; 2.0; 2.5; 3.9
MeV (and 2.33; 2.8 MeV, when experimental data were available )
were carried out. Figures 1-22 show the results of some of these
calculations. Experimental data were taken from the EXFOR library.
It can be seen that the differential elastic cross-sections are in
good agreement with most of the isotopes studied in our work. For

the inelastic differential cross-sections, a 1little increase of



the theoretical results is observed in a great number of then,
particularly, in one-phonon states 2:. |

Figs. 23-38 show integral and total cross-sections for some
studied isotopes and their comparison to experimental and
evaluated data. If we compare the results of our calculation ¢
full line ) with the evaluated data from BROND ( dashed 1line )
library and experimental data from different authors, we can see
that the agreement is good. The fine structure observed in our
case, mainly at energies below 2 MeV, could be caused by the
implicit consideration of the intermediate structure through the
coupling between many channels. A more complete set of theoretical
calculations related to this work can be found in Ref.18.

These results could be improved. In our analysis, to describe
the structure of 8ll isotopes, the second order harmonic
vibrational model was assumed. In the frame of this model,
collective excitations are considered purely one-phonon and two-
phonon ones. In the same way, dynamical deformation parameters ﬁx
for all levels are tasken with the same strength and equal to the
guadrupolar one Bz.

Nevertheless, it is known, that different nuclei in this mass
region show a deviation from the harmonic oscillations [21-23],
manifesting evidences of anharmonic vibrations [24], nonaxiality
{25] and so on. Considerations of this structural features in the
coupled channel methods could improve obtained results. This

analysis is in progress.

EXTRAPOLATION TO THE ENERGY REGION ABOVE 3 MeV
AND EXTENTION TO OTHER ISOTOPES.

As soon as a good description in the energy region 1-3 HeV was
obtained, we analyzed the possibility of application of our
parameterization outside this energy region. In Figs 23-38 results
of calculation of integral and total cross-sections for energies
up to 5 MeV are shown. It can be seen that a good .agreement with
experimental data is reached. It is important to emphasize that it
was possible, using our parameterization, to describe excitation
functions for collective modes higher than one-phonon state 2:-
These high states have a more complex nature and they haven’t been
described by mean of other parameterizations reported in
literature.

In Figs 38-44 results of calculation of integral cross-sections
for “**%zn at energy region 1-3 MeV are shown. The agreement
with experimental data is good. '

8



The use of this parameterization allows us to study even-even
nuclei in the mass number range 48-68, in the energy region 1-5
MeV, as harmonic vibrational model is & good approximation to

describe the low-lying states of the spectrum.

CONCLUSIONS

Interesting results have been obtained in our research.

A deformed optical potential regional parameterization was
deduced, considering strong coupling of many channels and the
influence of direct processes in compound nubleus calculations
using generalized transmission coefficients. The obtained
parameterization describes experimental angular distributions,
integral and total cross-sections for different even-even isotopes
of Ti, Cr, Fe, Ni and Zn.

In order to improve obtained results we propose:
~ To consider more realistically collective excitations including
anharmonism, nonaxiality and other features of the nuclear éhape
that could be present in these nuclei.

- To study a possible description of neutron strength function
below 1 MeV.

The authors are gratefully to Dr. V.P. Lunev and Dr. V.G.
Pronyaev for useful discussions and recommendations related to our

work.
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Figure Captions.

Figs.1-7: Elastic and inelastic angular distribution for chromium
isotopes. The experimental data were taken from Ref.27.

Figs.B-16: Elastic and inelastic angular distribution for nickel
isotopes. The experimental data were taken from Ref.Z28.

Figs.17-28: Elastic and inelastic angular distribution for iron
isotopes. The experimental data were taken from Ref.28.

Figs.21-22: Elastic and inelastic angular distributicn for “Brs
The experimental data were taken from Ref.26,28.

Fig.23: Total cross-section for 58Ni. The experimental data were
taken from Ref.38. The full curve shous the results of our calculation
and the dashed one, the evaluated data from BROND library.

Fig.24: Integral elastic c¢ross-section for 3®Ni. The experimental
data were taken from: e - Ref.28; ® - Ref.31; 4 - Ref.32; % -
Ref.33. The full curve shous the results of our calculation &and the
dashed one, the evaluated data from BROND library.

Fig.25: Integral inelastic cross-section for *8Ni. The experimental
data were taken from: 4 - Ref.28; o - Ref.34; m - Ref.32. The full
curve shous the results of our calculation and the dashed one, the
evaluated data from BROND library. :

56

Figs.26-27: Integral inelastic cross-sections for Ni. The

experimental data were taken from Ref.34.

Fig.28: Total cross-section for 50Cr. The full curve shous the results
of our calculation and the dashed ¢one, the evaluated data from BROND
library.

Fig.29: Integral elastic cross-section for 50Cr. The experimental dété
were taken from Ref .27 . The full curve shous the results of our
calculation and the dashed one, the evaluated data from BROND library.

Fig.30: Integral inelastic cross-section for %°Cr. The experimental
data were taken from: &4 - Ref.27; e - Ref.35. The full curve shous
the results of our calculation and the dashed one, the evaluated data
from BROND library.

Fig.31: Total cross-section for S‘Fe. The experimental data were
taken from Ref.36. The full curve shous the results of our calculation
and the dashed one, the evaluated data from BROND library.

Fig.32: Integral elastic ecross-section for 5‘Fe. The experimental datsa
were taken from: e - Ref.28; & - Ref.32. The full curve shous the
results of our calculation and the dashed one, the evaluated data from
BROND library.

Fig.33: Integral inelastic cross-section for S‘Fe. The experimental
date were taken from: ® - Ref.29; » -~ Ref.37; ¢ - Ref.38; - -
Ref.38. The full curve shous the results of our calculation and the
dashed one, the evaluated data from BROND library.

54

Figs.34-35: Integral inelastic cross-sections for Fe.' The

experimental data were taken from Ref.38.

Fig.36: Total cross-section for ‘éTi. The experimental data were taken
from Ref.38. ( Natural titanium normalized )

Fig.37: Integral elastic cross-sections for “Or3 . The experimental

data were taken from Ref.27.

11



Fig.38: Integral inelastic cross-sections for 4'a‘l‘i. The experimental
data were taken from: Ao - Ref.27; @ - Ref.48.
Figs.39-44: Integral elastic and inelastic cross-sections for zinc
isotopes. The experimental data were taken from Ref.41.
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Fig.31 FE-54, TOTAL CROSS SECTION Fig.32 FE-54, INT. CROSS SEC. 8+ g.s.
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Fig.41 Zn-66, INTI. CROSS SEC. 8+ g.s. Fig.42 Zn-66,INT. CR. SEC. 2+(1.84MeV)
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