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Abstract: The cascade-exciton model has been used to observe the dependence of pion induced fission cross sections
on the mass of the target. The analysis has been performed at energies 80 MeV, 100 MeV and 150 MeV for both the
positive and negative pions. It has been shown that a single value of the ratio a¢/an can satisfactorily reproduce the

experimental findings when compared with the available experimental data in the literature. The general trend of

the fission cross sections with mass (fissility parameter) is seen to be low and slowly changing for the lighter nuclei,

and it will steeply rise for the heavy nuclei.
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1 Introduction

Since the first observation of nuclear fission, it has
played a pivot role in exploring the fundamentals of nu-
clear physics [1-4]. It has gained prominent importance
in the conventional and current nuclear applications [5],
such as cascades in heavy nuclear spallation targets,
which are partly propagated by pions. Pion induced nu-
clear reactions, particularly fission reactions, have not
been studied as extensively as other probes. For many
applications in nuclear science & technology, fission reac-
tions induced by pions are as imperative as other fission
invoking channels, such as nucleon and photon induced
nuclear reactions [6]. As field particles of nuclear force,
pions are important ingredients of nuclear reactions at
intermediate energies. Their couplings to major nuclear
de-excitation modes are major causes of the final reaction
channel [6]. Pion induced nuclear reactions are of novel
nature because the rest mass energy of pion (~140 MeV)
is fully absorbed by the colliding nucleons and the energy
transferred spreads over the rest of the fast moving inter-
acting nucleonic system [7]. Moreover, pions, as the field
particles of nuclear force, mediate not only the forces
among the nucleons but also act as intermediate step for
nuclear reactions invoked by other intermediate energy
probes, such as antiprotons, heavy ions, photons, etc.
[8].

The nuclear fission cross sections strongly depend on
the incident energy of the projectile and masses of pro-
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jectile & target. We have performed a comparison of
pion and proton induced fission in our previous studies
[6, 9] and have concluded that, at the same excitation en-
ergies, pion induced fission is similar to proton induced
fission. It has also been observed experimentally that,
in case of light target nuclei (e.g. tin) the fission cross
sections increase with the energy of the pion, up to the
available energy range [3]. For elements such as gold
and bismuth, the fission cross sections show a saturation
with the beam energy [1, 3, 6]. For heavy nuclei, such
as uranium, a decrease of fission cross section has been
observed at higher energies [2].

The analytical results of mass dependence of pion
induced fission cross-section are reported in this paper.
The theoretical results from the study of mass depen-
dence of pion induced fission have not been reported
earlier, even using the Cascade-Excition Model (CEM).
There is a lack of information relating the role of pion
sign in the change of the fissility parameter from Z2/A to
(Z+1)?/A. The limited availability of experimental re-
sults related to the intensity effects of pion beams is also
an important shortcoming in the studies of pion induced
fission as compared to fission induced by other probes.
The production of pions in p-p or Pb-Pb collisions at
LHC, CERN has increased the importance of pion and
nucleon induced nuclear reaction data. The pions pro-
duced at LHC energies induce different types of reactions
in the experimental set-ups (e.g. ALICE, CMS, ATLAS,
etc.) by interacting with the materials of the detectors
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and their sub-detectors. Therefore, a large amount of
data is required for these invoked pion induced reaction
channels to simulate the physics and geometry of the
detectors.

In the literature the experimental data of pion in-
duced reaction cross sections are not available as com-
pared to the data that is available for nucleons and pho-
tons Therefore, different theoretical models and com-
puter codes are essential tools for the study of basic
and applied nuclear physics, as well as for high energy
physics. This paper presents the results of the calcula-
tions that we performed using the cascade-exciton model.
In the present work, for one energy of incident pions, the
trend of computed cross sections for two values of the ra-
tio of level density parameters, a;/a, has been studied.
It is observed that a single value of a¢/a, can describe
well the mass dependence of pion induced fission cross
sections when compared with the experimental data.

2 Simulation of fission cross sections

The cascade-exciton model based computer code
CEMO95 [10] has been used because of its good predictive
power and extensive employment to calculate the nuclear
fission induced by negative and positive pions [1-4, 11—
13]. Both the fission cross-sections and probabilities have
been computed on the basis of cascade-exciton model of
nuclear reactions [14] using this computer code.

Monte Carlo calculations by means of the statistical
functions have been performed to compute the fission
cross sections. The fission probabilities are estimated as
[10],

Nin
Oin
Uf:Nin ;(Wf)i;

where W; is the probability for the nucleus to fission at
any of the chain stages, NV, is the total number of the
cascades followed, and oy, is the total inelastic cross sec-
tion.

The partial widths I for the emission of a particle j
(j=n, p, d, t, He, *He) and I} for fission are given by
the expressions;

(2sj+1>ij“ij |
IN'=——7+—— ol (B)p;(Ui—B;j—E)EdE
J WZPC(UC) v 1nv( )pj( J J )
and

1 t— Bt

Ff:mr pf(Uf_Bf_E)EdE7

C c 0

where

p.=level density of the compound nucleus;

p;=level density of the compound nucleus produced
after the emission of particle j;

pe=level density of the fissioning nucleus at the fission
saddle point;

m;,s;, Bj=mass, spin, and binding energy of particle
j, respectively; and,

o) (E)= inverse cross section for absorption of par-
ticle j with kinetic energy F by the residual nucleus.
The thermal energies U, are defined by

U.=E"—ES—A.,
U=E'-Fy-4,
Uf:E*_E;p_Af,

where E* is the total excitation of the compound nu-
cleus, and Eg and Ej are the rotational energies of the
compound and residual nuclei at their ground states.

The cascade stage of the interaction is described by
the Dubna version of the Intranuclear Cascade Model
(ICM) [15]. Besides the elementary process, the Dubna
ICM also takes into account the pion absorption on the
nuclear pairs NN (for a nucleus N);

7INN — NN.

The momenta of two nucleons participating in the
absorption are chosen randomly from the Fermi distri-
bution. The pion energy is distributed equally between
these nucleons in the center-of-mass system of the pion
and nucleons participating in the absorption. The direc-
tion of motion of the resultant nucleons is considered to
be isotropic.

For the CEM and for the other models, the most im-
portant values are those of the level density parameters,
as and a,, for the saddle point of fission and equilibrium
deformation of the nucleus.

Previously CEM95 code has been used in a new man-
ner for the study of pion and nucleon induced fission
cross-sections and it was observed that the energy de-
pendence of fission cross sections is very sensitive to the
ratio ag/a, [1, 13]. The best value for this ratio is still one
of the most important issues in the research of nuclear
physics [16-18].

In our previous studies, the value of a;/a, has been
selected by keeping in mind the values evaluated by Ilji-
nov [19], whose calculations were for zero energy pions
(a;/a,=1.2) and energetic protons at incident energies
of 150 MeV (as/a,=1.17), 660 MeV (as/a, =1.06), and
1000 MeV (a¢/a,=1.04).

In the present study, we have observed that the trend
of mass dependence of fission cross sections as compared
to the experimental data is not very sensitive to the value
of as/a,. It has been analyzed that a single value of
ag/a, (i.e. 1.2) can describe well the mass dependence of
pion induced fission cross sections at energies of 80 MeV,
100 MeV, and 150 MeV. The comparison of two different
values of as/a, (i.e. 1.2 and 1.29) has been also shown
for 100 MeV pion energy. The reason for the selection
of beam energies at 80 MeV, 100 MeV, and 150 MeV is
that these values lie down where the delta resonance is
expected to be dominant. Moreover, the experimental
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data are also available at these energies, which can be
used for comparison.

3 Results and discussion

The mass dependence at 80 MeV of ™ and 7~ in-
duced fission cross sections computed using CEM95 is
shown in Figs. 1 and 2, respectively. The cross sections
are plotted against the fissility parameter, (Z+1)?/A for
it and (Z—1)2/A for m~. The solid lines are the fis-
sion cross sections by 7, computed using CEM95, and
the squares are the experimental data points taken from
literature.

1 1 1 1

7'(80 MeV) 3

10° 4

calculated using CEM95
= experimental data [28]

(=}
©

range 25—29. The same kind of dip has been observed in
the other analyses, as can be seen in Figs. 18 and 34 of
Ref. [20]. In this work we have observed that the values
of computed cross sections for fission are the most ap-
propriate for all the nuclei using a single value of a:/a,
(i.e 1.2). The other important parameters that we have
used are: the third Iljinov et al. systematics for the level
density parameters [21]; the fission barriers of Krappe,
Nix, and Sierk [22]; and, Truran, Cameron and Hilf’s
shell corrections [23].

The mass dependence at 100 MeV of ™ and 7t~ in-
duced fission cross sections is shown in Fig. 3 and Ref. [4]
respectively. The cross sections are plotted against the
fissility parameter, (Z+1)?/A for m* and (Z—1)2/A for
7t=. The solid and dashed lines are the calculations made
by the CEM95 and the squares are the experimental data
points.

7°(100 MeV)

calculated using CEM95 (a;/a,=1.2)

calculated using CEM95 (a/a,=1.29) o/
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Fig. 1. Fissility parameter, (Z+1)?/A, dependence
of positive pion induced fission cross sections for
80 MeV.
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Fig. 2. Fissility parameter, (Z—1)?/A, dependence

of negative pion induced fission cross sections for
80 MeV.

The calculated cross sections show reasonable agree-
ment with the experimental data. The cross sections
show a slowly changing trend up to the fissility parame-
ter 28-29 for lighter nuclei, but then exhibit a steep rise
with the fissility parameter above 29. A dip in the com-
puted cross sections is noted in the fissility parameter
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Fig. 3. Fissility parameter, (Z+1)?/A, dependence

of positive pion induced fission cross sections for
100 MeV.
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Fig. 4. Fissility parameter, (Z—1)?/A, dependence
of negative pion induced fission cross sections for
100 MeV.
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The calculated cross sections are in reasonable agree-
ment with the experimental data. At this energy, the
cross sections show a slowly changing trend up to the
fissility parameter 29.44 for lighter nuclei, but then indi-
cate a steep rise with the fissility parameter above 29.44.
A notable dip in the computed cross sections is noted
in the fissility parameter range 25-30 for 7wt and very
small dip for 71~ in the same range. For comparison, two
values of as/a, (i.e 1.2 & 1.29, respectively) have been
shown in Figs. 3 and 4. Here, the calculations are also
found to be most appropriate for value of a¢/a,= 1.2 for
all the nuclei. The other important CEM95 parameters
used are: the third Iljinov et al. [21] systematics for the
level density parameters; the fission barriers of Krappe,
Nix, and Sierk; and, Truran [22], Cameron and Hilf’s
shell corrections [23].

At 150 MeV pion energy, the mass dependence of 7t
and 7~ induced fission cross sections have been shown
in Figs. 5 and 6, respectively. The cross sections are
plotted against the fissility parameter, (Z+1)2?/A for 7t
and (Z—1)2/A for t~.
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Fig. 5. Fissility parameter, (Z+1)?/A, dependence

of positive pion induced fission cross sections for
150 MeV.

The computed predictions show reasonable agree-
ment with the experimental data. The curves indi-
cate the smooth upward trends of fission cross sections
with the target mass. The rapid increase of cross sec-
tions with mass is directly correlated with the strong de-
crease of fission barriers with mass, as also indicated in
Ref. [24, 25].

The excitation energy dependence of fission barriers
is taken into account, for '8'Ta, ¥7Au, 2°°T1 and ?*'Pa

proposed by Sauer, Chandra, and Mosel [26], and for
other nuclei proposed by Barashenkov, Gereghi, Iljinov
and Toneev [27]. For all the nuclei, except 2*'Pa, the
calculations are performed with a single humped fission
barrier and for #*'Pa with double humped fission bar-
rier. For all the nuclei, the other important CEM95 pa-
rameters that we have used are: the third Iljinov et al.
systematics for the level density parameters [21]; the fis-
sion barriers of Krappe, Nix, and Sierk [22]; and, Turan,
Cameron and Hilf’s shell corrections [23].
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Fig. 6. Fissility parameter, (Z—1)%/A, dependence

of negative pion induced fission cross sections for
150 MeV.

4 Conclusions

The mass dependence of pion induced fission cross
sections in the intermediate energy range and across the
delta resonance has been studied using the cascaded-
exciton model computer code CEM95. The computed
cross sections for fission are in reasonable agreement with
the experimental data from the literature. For lighter
nuclei, the cross sections show a low and slowly changing
trend following a sharp increasing trend with the mass
of the target. The main conclusion in our present study
is that a single value of a;/a, can well describe the mass
dependence of pion induced fission and this methodol-
ogy can be used to compute cross sections for nuclei for
which no experimental data is available.
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