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In the present study we have calculated the proton spectra of *Co(n,xp) using TALYS-1.9. TALYS uses all major
reaction mechanisms like compound, pre-equilibrium and direct reactions. The contribution from compound nuclear
reaction is calculated using optical model calculations. For pre-equilibrium contributions we have used two particle exciton
model. The results from the present work suggests the presence of significant pre-equilibrium emission components in the
$*Co(n,xp) system within the range of incident projectile energies from 37.5 to 62.7 MeV.
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1 Introduction

There are many ways in which incident particle
interacts with the target nucleus. The most common
mechanisms of nuclear reaction are: direct, compound,
and pre-equilibrium reactions. These three-processes
are characterized according to their time scales and the
number of intra-nuclear collisions occurs before
emission. The pre-equilibrium reaction mechanism is
one of the most challenging problems in nuclear
theory. The pre-equilibrium reaction mechanism can be
explained by using semi-classical exciton model. The
primary equation of the exciton model is a time
dependent master equation, which represents the
probability of transition from one particle-hole state to
another particle-hole state. If we integrate this equation
over time, then we get the energy averaged emission
spectrum. In this theory particle and hole are
considered as excitons. The collision probability of
particle-hole is calculated by the Fermi’s golden rule of
time dependent perturbation theory. A(n — n') =
21T<M2>%f , where <M>> is the free parameter, namely

the average matrix element of the residual two-body
interaction occurring in the transition rates between
two exciton states and ws is the density of final state.
With the proper parameterization of this matrix
element, the predictive power of this model is found to
be very convincing.

We have adjusted the value of average squared
matrix element M”> in TALYS to produce proton
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spectra for the *Co(n,xp) reaction at incident beam
energy of 37.5, 41.0, 45.0, 49.0, 53.5 and 62.7 MeV.
Since pre-equilibrium emission increases with
increase in the incident energy'~. This particular set of
beam energies will help in studying the effect of
incident beam energies on  pre-equilibrium
contribution. The calculated results are compared with
the available experimental data from EXFOR™.

EXFOR is the EXchange-FORmat for the
transmissions of experimental nuclear reaction data
between national and international nuclear data
centers for the benefit of nuclear data users in all the
countries. This is the library and format for the
collection, storage, exchange, and retrieval of
experimental nuclear reaction data. The library is the
product of a worldwide co-operation, namely the
international network of Nuclear Reaction Data
Centres (NRDC) which is coordinated by the
IAEAData Section (NDS)’.

2 TALYS-1.9 Code

The TALYS-1.9 is a Fortran based theoretical
nuclear reaction model code and is used for
calculating various physical observables related to
nuclear reaction®’. In TALYS we can use neutrons,
gamma-rays, protons, tritons, and alpha particles as
projectiles in the 1 keV — 200 MeV energy range. The
code provides the effect of level density parameters,
compound, pre-equilibrium and direct reaction
mechanism as a function of incident particle energy.
TALYS can serve basically two purposes. First one as
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Nuclear Physics Tool, which is used for the analysis
of nuclear reaction experiments. The comparison of
experiments and theory sheds light on the
fundamental interactions between particles and nuclei
which in turn helps us to constrain our models.
Second one as Nuclear Data Tool. TALYS can
generate nuclear data for all open reaction channels,
on a user-defined energy and angle range.

The main purpose of TALYS is to provide a
complete set of answers for the nuclear reactions, all
open channels and associated cross sections, spectra
and angular distributions®. The following data can be
calculated by TALYS:

i Total, elastic and reaction cross sections.
it Non-elastic cross section per discrete state.
iii  Elastic and non-elastic angular distribution.
iv  Fission cross sections and fission yields.

v Discrete and continuum gamma-ray production
Ccross sections.

vi Total particle-production cross sections, e.g.,
(n,xn).

vii Single- and double-differential particle spectra.

3 Exciton Model

The pre-equilibrium differential cross-section for
the emission of particle k with energy Ex can be
expressed as:

dofE _
dEg
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(1)

p(p,)is proton(neutron) particle number, h(h,)
is proton(neutron) hole number, n; = p; +hy is
proton exciton number and n, = p, + h, is neutron
exciton number. Then total exciton number will be
n =ng; + n,.

In the above equation, oF is composite nucleus
formation cross section, Wy is emission rate, T is life
time of exciton state (ps, hy, py, hy), P represents the
pre-equilibrium population that has survived emission
from the previous states and now passes through the
(Pr» ha, Py, hy) configuration.

The lifetime 1T of exciton state is defined as the
inverse sum of the total emission rates and internal
transition rates:

T (pna hna pva hv) = [}\;(pna hT[a pVa hv) +A\T(p7[a hT[:
Pu b+ ARy (Prs By Pvs 1) + A (P By Py ) + W(py,
hy, o hy )]

where AL (Al) is the internal transition rate for
proton(neutron) particle-hole pair creation, A%, (A%,)
is the rate for conversion of a proton(neutron)
particle-hole pair into a neutron(proton) particle-hole
pair.Internal transition rate A} for the creation of a
proton particle-hole pair can be written by the

following four terms:
pr }\Tt(pﬂ.‘hﬂp\lhv) =
pm (W W(Pr — L, g, py, 0y, —wowl(Ly,U,0,u)du
e A2 (W (pr — 1, by, Py by, B — weo(1,0,0,0,u)d
1

hm
+ fyin MR (pr hy = 1,py, by, B~ (0, 1,0,0, u)du

_r v
o(prhrpyhyE©Y)| fL];JZV A\l,f[(u)w(pm h, p, — 1, h\,yE“’t _ u)(.o(O, 0,1,0,u)du
1

hv
l+ le]f\, AR (W w(py, hy pys by — 1, EEPE — u)w(0,0,0, 1,u)duJ
1
' (2

In the above expression the second and fourth
terms are for hole scatterings and the first and third
termsare for particle scatterings. Here 7‘11111)1(11) is the
collision probability per unit time for a proton-proton
interaction leading to an additional proton particle-
hole pair. Similarly, 7\\1,112 (u) is the collision probability
per unit time for a neutron-proton interaction leading
to an additional proton particle-hole pair. These
collision probabilities per unit time in terms of
effective squared matrix element M” are given below:

}\1%[11)'[ (u) :2?1-[ M%‘l‘[m(za 17 05 05 u)a

}\1%[}1![ (u) = 2?“ M‘?[T[(D(z’ 1, O: O: u):
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AL () =2 MZra(1, 1,0, 0, ),
() =2 M2,0(0, 0, 1, 1, u),

Here M2, ,M2., M2, are the average squared
matrix elements of the residual interactions which
depend on the total energy E of the composite
nucleus. If we consider two-component matrix
elements in terms of an average M then,

M2, =R, M,
MZ,=R,,M’,
MZ,= R, M,
MZ.=R,.M’,

In TALYS calculation, we take the default values,
Ry - 1.5, Ry = Ry =R,; =1 but these parameters are
adjustable. The following semi-empirical expression for

the squared matrix element has been found to work well
for the incident energy between 7 and 200 MeV:
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Here C,, C, and C; are the adjustable constants™ .

4 Results and Discussion

In the present study, the proton spectra for the
»Co(n,xp) reaction at the incident beam energies of
37.5,41.0, 45.0, 49.0, 53.5 and 62.7 MeV have been
calculated. As discussed above, we have considered
two particle exciton model for the pre-equilibrium
contribution. The final results from the calculations
are compared with the available experimental data
from EXFOR™ in the following figures. In this work
we have fitted the value of average squared matrix
element M” using hit and trial method.

From Figs 1-6, it is clear that there is a good
agreement between the experimental data and
theoretical prediction after making use of appropriate
value for M?. It is clear from the figures that high
energy tail has a significant amount of contribution
from pre-equilibrium nuclear reaction mechanism.
The best fit values for M* are presented in Table 1. It
is observed that with increase in incident beam energy
range of outgoing proton energy also increases, while
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Fig.1 — Proton spectra for **Co(n,xp) atincident energy 37.5 MeV
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Fig.2 — Proton spectra for **Co(n,xp) atincident energy 41.0 MeV
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Fig.3 — Proton spectra for **Co(n,xp) atincident energy 45.0 MeV
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Fig.4 — Proton spectra for **Co(n,xp) at incident energy 49.0 MeV
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Fig.5 — Proton spectra for **Co(n,xp) at incident energy 53.5 MeV
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Fig.6 — Proton spectra for *Co(n,xp) at incident energy 62.7 MeV
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Tablel — Best fit values for M? at different beam energy for the
39Co(n,xp) reaction.

Incident energy (MeV) M?
37.5 0.00023755
41.0 0.000237366
45.0 0.000203296
49.0 0.000215119
53.5 0.00014369
62.7 0.000105954
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Fig.7 — Comparison between the default and new squared matrix
element M2,

the maximum energy of outgoing proton through
compound nucleus is ~11 MeV.

The calculation for M? is done for n = 3, where ‘n’
is the exciton number and n = 3 (2p,h) is the first case
in nucleon induced reaction’. After multiple
interaction of excitons in the nucleus, the number of
excitons changes. The change will be as An =+2 for a
new particle-hole pair or An = —2 for an annihilation
of a particle-hole pair or An = 0 for creation of a
different configuration with the same exciton number.
The default value for M? is not sufficient to reproduce
the experimentally observed trends. Therefore, the
calculations have been carried out using the best fitted
value for M? (see Fig. 7).

5 Conclusions

It is clear from this study that pre-equilibrium
reaction play an important role in the *’Co(n,xp)
reaction. The squared matrix element M? given by
default value is not sufficient for reproducing the
experimentally observed trends of the emitted proton
spectra. By adjusting the M? values, we have obtained

good predicted values on the basis of exciton model.
The present work also suggests that the exciton model
works well for the *Co(n,xp) system within the range
of incident projectile energies from 37.5 to 62.7 MeV.
It is concluded that pre-equilibrium contributions
increase with increase in incident energy of the
neutron.
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