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Abstract A significant amount of alpha particles, upto ~
35 MeV are produced in the reactor environment. Alpha
induced reaction on natural Zirconium, a reactor component,
upto 40 MeV has been measured using stacked foil activation
technique. The total neutron production cross section from
all possible channels for « energies upto 35 MeV is also esti-
mated using TALYS 1.96. The isomeric cross section ratio for
the production of the radionuclide > Nb has been measured
and reported for the first time.

1 Introduction

Nuclear reaction studies in the vicinity of the reactor domain
have the greatest scope even now. Possibilities of various
nuclear reactions in the reactor environment and their effect
should be accounted properly for the structural integrity and
safe operation of critical systems. The spontaneous decay
and ternary fission of heavy radioactive nuclei like U, Th,
Pu, etc, used as fuel in the reactor, leading to the production
of high energy alpha particles up to 35 MeV. Absolute yield
of production of the alpha particles in the neutron-induced
ternary fission of uranium nucleus is much more compared to
the production of protons and tritons [1]. The energy distri-
bution of alpha particles emitted in a typical neutron induced
fission reaction on Uranium fluoride layers, with a thickness
of 199 pg/cm? and an isotopic enrichment of 99.524% are
shown in Fig. 1 [2].

These alpha particles will induce various nuclear reactions
with the materials used as the reactor components. Zirconium
is one of the major components used as cladding or outer
covering of the fuel rods, due to their low thermal neutron
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capture cross sections and high corrosion resistance. There is
a chance for the interaction of the alpha particles with these
Zirconium materials in the reactor domain within the energy
range. Moreover, recent studies show the presence of alpha
particles in the interested energy domain on the surface of the
lunar farside from the Chang’E-4 mission [3], this may lead to
the interaction with Zirconium materials used as a structural
material in spacecraft [4]. The available experimental data
for alpha induced reaction on natural Zirconium over the
energies of interest are found to be limited in the EXFOR [5]
library and the literature.

Considering the above fact, we have studied the produc-
tion cross-sections for %Zr(a, x)99Mo, nat 7y (a, x)93’”M0,
"4t Zr (o, x)*Nb, " Zr (o, x)*3 ™8 Nb, " Zr (e, x)**™ N,
nat 7 (o, x)8¢ Zr and " Zr(a, x)°°Nb reaction channels.
The residual production cross sections are determined and the
production cross sections of the neutron, proton, deuteron,
triton, and alpha particles are estimated for energy upto 35
MeV. To the best of our knowledge the production cross sec-
tion for "% Zr(a, x)°°Nb reaction in the interested energy
domain is being reported for the first time. Also, the resid-
ual nucleus 3°¢ Zr and ®* Nb have high medical importance,
particularly in the diagnosis of tumors and therapy.

From the measured cross sections of " Zr(«, x)PMEND
reactions, the isomeric cross-section ratio (ICR) for 28" N b
residues is determined. To the best of our knowledge, the
experimental isomeric cross-section ratio for the radionu-
clide 8™ Nb is reported for the first time. Measurements
on isomeric cross section ratio will give insight into nuclear
structural studies, the population of the spin state of the nuclei
[6,7] and progress of nuclear reactions. Theoretical analysis
of the data has been carried out using TALY'S 1.96 [8] code.
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2 Experimental details and analysis

The experiment was carried out at Variable Energy Cyclotron
Center (VECC), Kolkata, India, using the K-130 Cyclotron
facility. Stacked foil activation technique has been employed
for the measurement of cross-sections. Two stacks containing
the samples of natural Zirconium of thickness 6.49 mg/cm?
were irradiated with alpha particles of 30 MeV and 40 MeV
beams separately, with an average beam current of 100 nA.
The target procured from Advent Research Material having
99.8 % of purity, were used to prepare the targets of thickness
~ 6.49 mg/cm? by rolling method. The thickness was mea-
sured by weighing the sample pieces of suitable size. The
four samples were arranged in two stacks to minimize the
energy spread over the energy range of interest. The Indium
and Nickel samples of suitable thicknesses were used as
energy degraders so that the desired energy of alpha par-
ticles is falling on each zirconium sample. The mean energy
corresponding to each sample was 20.4 + 0.5, 29.6 £ 0.4,
32.3 £ 0.4, and 39.7 & 0.3 MeVs, and was calculated using
SRIM [9]. The mean energy on each sample has been calcu-
lated as the average of the beam energy falling on the sample
and the beam energy leaving the sample. One of the stacks
was irradiated for 24 min by « particles of 30 MeV and the
other stack by « particles of 40 MeV for 28 min. The vari-
ation in the beam flux was noted during the irradiation and
is in the order of one minute. The overall uncertainty due
to beam fluctuation is estimated to be less than 4%. The
activities induced in the samples were counted using 100cc
HPGe detector(CANBERRA) coupled to MCA. The detec-
tor was calibrated for energy and efficiency using standard
point source of 132 Eu of known activity.

The collected data were analyzed using the data analysis
framework CANDLE [10] and the absolute photo peak effi-
ciency, which depends upon the geometry is calculated by
Eq. (1)

C(E))
tAol,

G(Ey) = ey
where C(E,) is the count under the photo peak, t is the
counting time, Ay is the known activity of the '3 Eu sample
source and I, is the branching ratio of the interested gamma
ray.

Figures 2 and 3 shows the interested gamma ray spectra
from the irradiated Zirconium sample taken at two different
times(after 9h and 5 days).

The production cross-sections of the interested channels
are determined by the known activation Eq. (2) [11,12].

C(E,)reM
No®G(E))I, (1 —e M) (1 —e™?5)

o(E,) = )
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Fig. 1 Energy distribution of alpha particles emitted in the 23U (n, f)
reaction
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Fig. 2 Gamma ray spectrum from the zirconium sample after irradia-
tion with the alpha beam of energy 30 MeV and cooling time of 9h and
35min

where A is the decay constant of the residual nucleus, Ny is the
number of target particles per unit area, ® is the beam flux,
I,, branching ratio of the gamma ray, G(E,) is the geome-
try dependent efficiency of the detector for the given gamma
energy E,, and 1, 1, and 3 are the irradiation time, the cool-
ing time and the counting time respectively. Relevant data, for
reaction channels contributing to the production of obtained
residues over the measured range of energies are tabulated in
Table 1 taken from NNDC [13]. The measured cross sections
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o) Table 1 The characteristics of the reaction products
z
10° M 1 Residual Half life Contributing ~ Q-value (MeV) E;; (MeV)
E’E nucleus reactions
s B
z Xa
5 o PMo  659Th  Zr(a,n) -5.12 5.29
~ - (-]
Jo3 z g By 685h  NZr(a,n) _7.61 7.95
104} g 1
3 s NZr(a, 2n) —14.81 15.46
z o é N7 (a,3n)  —23.44 24.46
3 o BNp  2335h  PZr(a,d) —12.38 12.9
- ©
en - 9 Zr(a, pn) —14.60 15.11
103 3 2 96
x g Zr(o, tn) —20.43 21.28
3 3 %6 Zr(a,d2n)  —26.69 27.6
2
| N %Zr(a, p3n)  —28.91 29.9
, BENb 34990 9%2Zr(a, p) —6.54 6.82
102} 1
“ 9% 71 (as 1) ~13.01 13.56
‘ ‘ ‘ ‘ HZr(a,nd)  —19.27 19.94
200 400 600 800 1000 % (. 2mp) 2149 24
Energy (keV) ’ ’ ’
O Zr(a, 12n)  —27.32 28.46
Fig. 3 Gamma ray spectrum from the zirconium sample after irradia- 967r(e,3nd)  —33.58 34.72
gi(zlr;}\j;ith the alpha beam of energy 30 MeV and cooling time more than %Zr(a dnp)  —35.8 37.02
BmMND  3.6d 27r(a, p) —6.54 6.82
M Zr(a, 1) —13.01 13.56
of the residual nuclei formed through the « induced reactions %7 (o, nd) ~19.27 19.94
on" Zr are listed in Table 2. The uncertainty in the measure- M 7r(, 2np)  —21.49 2224
ments is calculated by including the gamma counting error, 967 (a.2nt)  —27.32 28.46
Fheduncer.talnt)f/ﬁof. the pumll)]er of targe.t aFom.s, tlllle li)ncertz;;nty %7r(q. 3nd)  —33.58 3472
n et.ectlon e. ciencies, the unc.ertaln.tles 1n the beam flux, 9% 7, (o, 4np) 3538 3700
error in half life and gamma ray intensity. The last two were 00
. . "Nb  10.15d Zr(a, d) —13.03 13.61
taken from updated TAEA datalibrary [13]. The detailed error
. . . 90 Zr(a, np) —13.53 15.82
analysis of such measurements given in [14,15].
NZr(a, 1) —13.97 14.58
N Zr(a, nd) —20.22 20.96
. . NZr(a,2 —22.45 23.27
3 Theoretical analysis e 2np)
927r(a, tn) -22.6 23.58
) _
The statistical model calculations for "¥ Zr («, x) has been 922r (@, 2nd) 8.86 29.9
performed using nuclear reaction code Talys 1.96 [8]. The Zr(a,3np)  —31.08 322
calculations were done by considering the compound nuclear ~ ~$Nb  14.6h  *Zr(a. 1n) —26.71 279
decay by Hauser Feshbach formalism. The production cross OZr(a,2nd)  —32.96 34.18
sections in TALYS code were calculated by taking into OZr(a,3np)  —35.19 36.49
account all possible reaction channels based on their thresh- NZr(a, 12n) —33.9 35.14
old energies. To get the theoretical cross sections foralphaon 3%z,  78.41h  9Zr(a, an) —11.97 12.5
natural Zirconium target, we have incorporated the isotopic 907 (a, dt) —29.56 30.74
abundance of the individual stable isotopes of natural target. OZr(@, npt)  —31.78 32.95
The isotopic abundances with un.certainties [13] ar'e listed in 907, (. 2n3 He) —32.54 33.75
Table 3. The measured .cross section at any .enel.rgy is taken as 0Zrw.n2d) —35.81 3714
theIsum (;)f tltle pr(;('iuc':tlortlhfrom (:;10? cont?t)lllltlngtf:halnnel;j 9 2 a2n)  —19.16 20.01
n order to optimize the prediction of theoretical mod-
o op p , , 91Zr(e.2r)  —30.49 31.60
els, calculations have been performed using various macro- 0
Zr(o, a3n) —27.8 29.01

scopic level density models, namely Constant tempera-
ture plus Fermi gas model(CTM) [16], Back shifted Fermi
gas model(BFM) [17], Generalized superfluid model(GSM)
[18] and microscopic level density models, namely Skyrme
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Table 2 The measured cross sections of « induced reactions on " Zr 10t Present work
Reaction Energy (MeV) Cross section (mb) G. G. Kiss et al. (2021) ——
N.E. Villa et al. (2020) —&—
9 Zr(a, )Mo 204+0.5 84.25 4+ 9.07 Murata et al. (2019) —a&—
29.6 +0.4 24.64 +4.93 s o6 0 Pupillo et al. (2014)
323404 24.46 + 4.86 0 Teren e Chowdhury et al. (1995) s |
' ’ ’ ’ ) TALYS 1.96-CTM ——
39.7+0.3 E TALYS 1.96-BFM ——
nat 7r(a, x)3" Mo 20.4£0.5 20.97 + 1.44 H s TALYS 1.96-GSM ——
29.6 £04 47.31£4.38 ?, TALYS 1.96-Skyrme HF8 ——
323404 73.02 4 5.04 o 102} TALYS 1.96-Gogny HFB —— ||
. . . . o
39.7+0.3 106.67 £ 7.35 8
"t 7r (o, x)*°Nb 20.4+0.5 0.09 + 0.01
29.6 +0.4 5.52+£0.51
323+04 8.26 +0.52 10}
39.7+0.3 9.02 £0.69
nat 7 (o, x)¢ Nb 204+0.5 1.434+0.27 ‘ ‘ ‘ ‘ ‘ ‘
206+ 0.4 4.17 +0.78 10 15 20 25 30 35 40
323404 7.01 + 1.31 Energy (MeV)
39.7£0.3 22.8 £4.24 Fig. 4 Experimentally measured excitation functions of the reaction
natzr(a x)95m Nb 20.4+0.5 0.16 +£0.02 96Zr(a, n)99M0 with TALY'S calculations
29.6 £0.4 0.61 +£0.12
323404 0.79 +0.15 Hartree Fock Bogoluybov level densities [19] and Gogny
39.7£03 1.64 £0.31 Hartree Fock Bogoluybov level densities [20], available in
" Zr (o, x)°2" Nb 204+05 0.66 +0.08 TALYS code. The alpha induced reactions on natural Zirco-
29.6+04 18.29 £3.39 nium target will lead to the population of different compound
323+£04 26.14 +4.84 nuclei as Mo, Mo, *°*Mo, *® Mo, and ' Mo. Since the
39.7+0.3 17.44+3.23 level density is important property of the compound nuclei
nat 7y (e, x)°°Nb 20.4£0.5 the model calculations are very sensitive to nuclear level den-
29.6 £0.4 sities.
323404 0.03 £0.01 Further, different alpha optical model potentials were also
3974+03 1.35 +0.26 used to get more accurate results, Global alpha potential by
nat 7y (g, x)39¢ Zr 204405 0.09 %+ 0.01 Avrigeanu et al. [21] gives better reproduction of experimen-
20.6 + 0.4 11.19 + 2.07 tal data. The optical model calculations are performed using
323404 2028 + 4.13 alpha potential by McFadden and Satchler [22], Demetriou
397403 4918 £ 9.11 and Goriely A [23], and Avrigeanu et al. [21]. From the

Table 3 The abundances (A) of the isotopes present in "' Zr

Isotopes Abundance (%) Uncertainty
Nz 51.45 0.04
Nzy 11.22 0.05
27r 17.15 0.03
Mzr 17.38 0.04
67y 2.80 0.02

@ Springer

detailed study, the alpha optical model by Avrigeanu et al. is
found to be better representing the overall data. Hence is con-
sidered for all calculations, particularly as it is defined for the
interested energy domain and interested mass domain. The
detailed study of the various reactions is done in the following
sections.

3.1 " Zr(a, n)%° Mo reaction

The *° Mo nucleus has a half life of 65.97 h and is produced
through the channel % Zr (o, n)*° Mo. The production cross
section of 20 Zr (a, n)?° Mo reactions for alpha beam of ener-
gies upto 40 MeV are measured using the activity of the
gamma of energy 739.5 keV and is shown in the Fig. 4 along
with available literature data and theoretical calculations.
TALYS calculations with Back shifted Fermi gas model of
level density show good agreement with present measure-
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ments. Measurements due to Chowdhury et al. [24], Pupillo
et al. [25], Murata et al. [26], and Villa et al. [27] are also in
good agreement with the present measurement. °° Mo is an
important radionuclide widely used as precursor for " T'c,
used for medical imaging. Also low energy measurement of
9 7 (a, n)% Mo reaction cross section is relevant in nucle-
osynthesis studies [28].

3.2 " Zr(a, x)23" Mo reaction

The radionuclide *> Mo has an isomeric state *>” Mo with
a shorter half life of 6.85h, and ground state 938 Mo with
a longer half life of 4 x 103 years. Production cross sec-
tions for "% Zr(«, x)?38 Mo reaction can not be measured
since the half life of the residual nucleus is very long.
The major contributing channels are 90Zr(ot, n)93”’M0,
Nzr(a, 2n)3" Mo, and 22 Zr (o, 3n)*™ M o. Measured cross
sections for the reaction " Zr (e, x)**" Mo are shown in
Fig. 5, the photo peak energy 263.049 keV, 684.693 keV,
and 1477.138 keV are considered for the determination of
production cross sections. Measurements by De La Vega
Vedoya et al. [29], Murata et al., as well TALYS calcula-
tions are consistent with present measurements. However, at
lower energies, the measurements of Murata et al. shows a
larger discrepancy. The Gogny HFB model of TALYS cal-
culations gives close agreement with present measurements
at lower energies. Skyrme Hartree Fock Bogoluybov level
density model and the other three macroscopic level den-
sity models shows similar trends at higher energies. More-
over, the dispersive optical model of Demetriou and Goriely

103

—@— Present work
+—A— Murata et al. (2019)
+—A— Chowdhury et al. (1995)
— TALYS 1.96-CTM

10%H _ TALYS 1.96-BFM
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—— TALYS 1.96-Skyrme HFB
——— TALYS 1.96-Gogny HFB

natzr(a,x)96Nb

10t L

Cross section (mb)

100}

101}

15 20 25 30 35 40
Energy (MeV)

Fig. 6 Experimentally measured excitation functions of the reaction
nat 7 (e, x)°° Nb with TALYS calculations

gives good agreement with present measurements. In which
the imaginary part of the potential is represented by Woods-
Saxon potential where both surface and volume components
are included by incorporating energy dependent terms, and
a dispersion relation is used to connect both the real and
imaginary parts of the potential [23].

3.3 " Zr (o, x)°° Nb reaction

The major contributing channels for " Zr (c, x)*° N b reac-
tion for energies upto 40 MeV are **Zr(«, d)’°Nb and
94Zr(oz, pn)%Nb. The gamma energies of 778.224 keV,
568.871 keV, 1091.349 keV, and 460.04 keV are considered
for the determination of cross sections. Figure 6 shows the
measured cross sections along with literature data [24,26]
and theoretical calculations. Data by Murata et al. and
Chowdhury et al. are in good agreement with present mea-
surements and the Constant temperature model of level den-
sity gives the best fit with measured data.

3.4 "4 Zr(a, x)*™& Nb reaction

The radionuclide > Nb has an isomeric state > Nb with
a shorter half life of 3.6 days, and a ground state ¢ Nb
with a half life of 34.991 days. The major contributing
reaction channels are *>Zr(a, p), **Zr(a, 1), **Zr(a, nd)
and **Zr(a, 2np). The production cross sections of the
nat 7 (o, x)2M Nb and " Zr (o, x)*°% Nb reactions are mea-
sured for a photo peak energy 235.69 keV and 765.803 keV
respectively. The TALYS calculations with the Constant tem-
perature model of level density shows good agreement with
measurements and are shown in Figs.7 and 8 respectively
along with the previously measured data [24,26].

@ Springer
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Fig. 7 Experimentally measured excitation functions of the reaction
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Fig. 8 Experimentally measured excitation functions of the reaction
nat 7y (o, x)%8 Nb with TALYS calculations

3.5 " Zr (o, x)°2" Nb reaction

The radionuclide > Nb has an isomeric state > Nb with
a shorter half life of 10.15 days, and a ground state >¢ Nb
with a half life of 3.47 x 107 years. Production cross sec-
tions for "% Zr(a, x)*>¢ Nb reaction can not be measured
since the half life of the residual nucleus is very long. Pro-
duction of 2" Nb radionuclide comes from the *° Zr («a, np)
and °' Zr («, 2np) channels and measured cross sections for
the gamma energy 934.44 keV are shown in Fig. 9. TALYS
calculations with level density models except for the GSM
model of level density show a similar trend and agree well
with present data.
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Fig. 9 Experimentally measured excitation functions of the reaction
nat 7 (e, x)°2" Nb with TALYS calculations
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Fig. 10 Experimentally measured excitation functions of the reaction
nat 7y (e, x)°°Nb with TALYS calculations

3.6 " Zr(a, x)°° Nb reaction

Production cross sections for 2N in the " Zr(a, x)°°Nb
reactions are measured for the gamma energy 1129.224
keV and are shown in Fig. 10, and is being reported first
time in the interested energy domain. Major contribution
comes through the channel Nz (, tn)gON b in the interested
energy domain. The threshold energy for other contributing
channels is above the energy of 34.18 MeV. TALYS calcu-
lations with the GSM model give close agreement with the
measurement at the lowest energy and all level density mod-
els except the GSM model show agreement with measure-
ments at higher energies.

3.7 " Zr(a, x)8%8 Zr reaction
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The radionuclide 8°Zr has an isomeric state 8% Zr with
a shorter half life of 4.16min, and a ground state 8¢ Zr
with a half life of 78.41h. Production cross sections for
nat 7, (o, x)898 Zr reaction can not be measured since the half
life of 8 Zr nucleus is very short. The major contributing
channels are 90Zr(oe, an), 2 Zr(a, a2n), and 92Zr(oe, a3n).
Production cross sections of radionuclide 8°¢Zr through
nat 7p(a, x)898 Zr reaction for gamma energy of 909.04 keV
are shown in Fig. 11 along with measurements by Murata et
al. and Yu et al. [30]. TALYS calculations with the Gogny
HFB model of level density shows good agreement with
present measurements.

4 Determination of isomeric cross section ratios

Isomeric cross section ratio (ICR) is defined as the ratio of the
cross section for the population of the isomeric state to the
total cross section for the production of the particular isotope.
ICR has been experimentally determined for > Nb and the-
oretically estimated for residual nuclei, where there is either
the isomeric state or ground state or both are measurable.
Theoretical estimation is based on the parameters that best fit
the measured excitation functions. From the measured cross
sections of " Zr(a, x)953 Nb and " Zr(a, x)*>" Nb reac-
tions, the isomeric cross section ratio for " Zr(a, x)*> Nb
reaction has been determined. The Constant temperature
model of level density is used for the estimation of ICR for
the " Zr (a, x)?> Nb reaction since it gives good agreement
with production cross sections of "* Zr («, x)?M-8 Nb reac-
tions. To the best of our knowledge, the ICR for this channel
is experimentally measured and reported for the first time.
Experimentally measured isomeric cross section ratios for
the production of > Nb are listed in Table 4 and plotted in
Fig. 12 along with theoretical estimation using TALYS.

Table4 The isomeric cross section ratios for Zr (e, x)%°8-" N b reac-
tion

Energy (MeV)

Isomeric cross section ratio

20.4+0.5
29.6+0.4
323+04
39.7+0.3

0.1+£0.02
0.13+£0.03
0.1+£0.02
0.07 £0.03

0.7

Present work —@—
0.6 |- TALYS 1.96- "Zr(a,x)%Nb —— H

0.5 i

0.4} B

0.3 E

Isomeric cross section ratio

.0.2 . . . . . .
10 15 20 25 30 35 40 45

Energy (MeV)

Fig. 12 Experimentally measured isomeric cross section ratios of the
reaction " Zr (a, x)938M N b with TALYS calculations

Isomeric cross section ratio shows a steady decreasing
trend from 0.2 to 0.1 up to an energy of 20 MeV and then it
is saturated to the value of 0.1, which implies that isomeric
state with spin and parity of 1/27 at energy 235.69 keV
having a relative population of 10 % and the ground state
with higher spin state(9/2%) is the more favourable state.

In the case of " Zr(a, x)*>Mo and "™ Zr(a, x)*2Nb
reactions the ground state are not measurable by activation
technique, similarly in the case of " Zr (a, x)% Zr reaction
the isomeric state is not measurable. In these three cases,
ICR deduced from Talys calculations with parameter set
best reproduces the measured cross sections as follows. For
nat 7y (a, x)93M o reaction, the combination of the Gogny
HFB model and CTM model gives good results, Gogny HFB
model for °Zr(a, n)>" Mo and *' Zr(a, 2n)°3" Mo reac-
tions and CTM model for *2 Zr («, 3n)°*" Mo reaction. To the
production cross sections of %' Zr (e, x)°3" Mo reaction, the
reaction channels 2°Zr («, n), ° Zr («, 2n), and 2 Zr («, 3n)
are contributing significantly. The CTM model is considered
for the estimation of ICR for " Zr (e, x)?> Nb reaction and
Gogny HFB model for "* Zr (a, x)8Zr reaction (Fig. 13).

ICR plot shows an increasing trend with alpha energy for
93 Mo nuclei and a decreasing trend for > Nb and 8 Zr nuclei
after an initial increase. The increase in excitation energy
results in the production of residual nuclei with higher angu-
lar momentum, hence the population at the higher spin state

@ Springer
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Fig. 13 Theoretically estimated ICR for the "9 Zr(a, x)93Mo,
nat 7y (e, x)°2Nb, and " Zr (e, x)% Zr reactions
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Fig. 14 TALYS calculation of total production cross section for n, p,
d, t and alpha particles in " Zr(a, x) reaction

is generally favored [31,32]. However at lower excitation
energies the ground state is populated first, irrespective of
the spin state. This trend is also deserved in the case of 3 Zr,
1217¢ and "7 Hg nuclei produced through proton induced
reactions [33].

5 Estimation of neutron production cross sections

The alpha induced reaction on natural Zirconium leads to
the production of different residual nucleus through various
possible channels, depending on the threshold value of that
particular reaction channel. From the activation analysis, we
can observe only the residual nuclei having half life in the
order of cooling time and counting time, that is in a few
minutes to a few days. However the reaction results in the
production of the residual nucleus having half life shorter
than and longer than the observed residues also. There will be
a production of neutrons and other charged particles from all
these channels. By considering the overall possible reaction

@ Springer

channels, the production cross sections for neutron, proton,
deuteron, triton, and alpha particles are estimated using the
TALYS 1.96 code and are shown in Fig. 14. The Constant
temperature model of level density is considered for these
calculations since it gives over all best fit with measured
Ccross sections.

From the results, it is found that the neutron production
cross sections are in several barns and much higher compared
to other particle production cross sections. It results in addi-
tional neutron contribution to the reactor environment and
which affects the criticality. Further, the charged particles
thus produced may cause the production of gas within the
structural material causing rupture, and thereby damaging
the structural material. Hence, interaction of alpha particles
with structural material has to be properly considered for the
safe operation of the reactor.

6 Conclusion

The present study highlights the significant effect of « parti-
cles produced in the fission process, producing various radio
isotopes O Mo, BmMo, °Nb, PENb, SmNp, 2mNp,
89¢ Zr and °° N b and a much higher neutron production cross
sections to the reactor domain thereby effecting the criticality
of the reactor. Moreover, from the isomeric cross section ratio
calculations in the energy range 15-40 MeV, provide impor-
tant information on spin population of progressed reaction.
ICR depends entirely on the excitation energy and relative
spin state of the residual nucleus.
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