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The cross sections have been estimated for the Nuclear reactions “2Mo(n,0)®*Zr and “Mo(n,p)°’Nb produced in Purnima neutron
generator at neutron energy of 13.52+0.0045 MeV using activation analysis and off-line v -ray spectrometric techniques. 2’ Al(n,a)**Na
has been used as a monitor reaction. The covariance analysis for these cross sections has been carried out by taking into consideration of
partial uncertainties of different attributes and correlations between the attributes. The cross section values of the present study have been
compared with EXFOR, ENDF data of various libraries and theoretical data of TALYS-1.8 code.
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1 Introduction

Nuclear reaction cross-section is one of the most
important measurable quantities in the field of nuclear
and particle physics. Neutron cross section plays an
important role in the nuclear transmutation, nuclear
reactions, radiation damage and other phenomena®.
The activation foil such as Molybdenum (Mo) used in
the present reactions forms an important constituent in
the first wall of fusion reactor and its cross section
value is used in the construction of different types of
nuclear reactors®®. Accurate neutron induced reaction
cross section data of Mo isotopes are important for
reaction mechanism, nuclear structure, neutron
dosimetry, radiation damage to materials, activation
analysis and shielding. It finds applications in
biomedical, cancer therapy, production of radio-
isotopes. As a consequence, it has a wide potential for
use in neutronic applications such as an accelerator-
driven system and controlled nuclear fusion device.

The cross sections have been estimated for the
Nuclear reactions *Mo(n,0)*Zr and *"Mo(n,p)*’Nb
produced in Purnima neutron generator at neutron
energy of 13.52+0.0045 MeV using activation
analysis and off-line y -ray spectrometric techniques.
’Al(n,0)**Na has been used as a monitor reaction.
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The covariance analysis for these cross sections has
been carried out by taking into consideration of partial
uncertainties of different attributes and correlations
between the attributes. The cross section values of the
present study have been compared with EXFOR,
ENDF data of various libraries and theoretical data of
TALYS-1.8 code.

2 Experimental Details

The experiment has been carried out with neutron
generator which works on the principle of Cockcroft-
Walton voltage multiplier accelerator of PURNIMA
at BARC, Mumbai. In the present measurement, D*
ion has been accelerated to 99.71 keV to impinge on
Titanium-Tritium (Ti-T) target. The resulting mono-
energetic neutron of energy 13.52+0.0045 MeV from
reaction *H(d,n)*He (Q=17.59 MeV) has been used as
a projectile to bombard activation foils such as
Molybdenum (Mo) and aluminium (Al) to obtain the
given reactions. The y-ray counting of the resulting
reaction product has been carried out using lead
shielded precalibrated185-cc Baltic HPGe detector
having 30% relative efficiency coupled to PC-based
4k multi channel analyser.

In our experimental set up, the area of target covers
an angle of ((1cm)/((2 * pi * 1.5 cm) * (180°))) ~
19.1°. The Mo sample has a purity of 99.9% and has a
rectangle-shaped with0.0049mm thick. Each of the
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samples *Mo, ¥ Mo and “’Al have weights 0.1988g,
0.1988g and 0.0297g, respectively. They have been
wrapped with 0.0063 mm thick Al foil to shield the
radioactive contamination from one another during
the neutron irradiation. The foil has been mounted at
zero degree angle relative to the beam direction. The
Mo and Al foils have been irradiated together for 1.5
h with neutron beam coming from the *H(d,n)*He
reaction. After the irradiation, the foils have been
taken out and cooled for 0.2217 to 99.60 h.

The counting dead time has always kept less than
5% by placing the irradiated Mo sample at a distance
of 1 cm from the end cap of the detector. The energy
and efficiency calibration of the detector system have
been performed by using standard *’Eu source,
keeping the same geometry to reduce coincidence
summing effect. The resolution of the detector system
has FWHM of 1.8 keV at 1332.5 keV of *Co. The
data acquisition has been done using a CAMAC based
LAMPS (Linux Advance Multi Parameter System)
software. The y-ray activity of #’Al produced from the
“"Al(n,a)®Na monitor reaction has been used to
measure the neutron flux.

3 Results and Discussion

3.1 Determination of efficiency calibration with covariance
analysis

Standard point ?Eu source has been used for
characteristic y-ray energy efficiency &(E,) calibration
of the HPGe detector system. The efficiency of
HPGe detector system has been estimated by the
following relation:
e(EY) = —=omre (D)

7 )

IyApe 2

where &(E,) is the efficiency of the detector, C is the
detected y-ray counts under the photo-peak per
second, K. is the correction factor for the coincidence
summing effect, 1, is the y-ray abundance, A,
(6659.21 + 81.60 Bqg as on 1 October 1999) is the
calibration source activity at the time of packing,
T1,(13.517 £ 0.014 y) is the half-life of radioactive
nuclide and t (18.53 y) is the time elapsed between
calibration at the time of packing and at the time of
the experiment. The decay data for half-life and y-ray
abundance for the efficiency calibration has been
taken from NuDat’. The correction factor for
coincidence summing given in Eqg. (1) to obtained
efficiency €(Ey) (using the Monte Carlo simulation

code EFFTRAN) at each of the specified y-ray
energy of ***Eu source and the same are presented in
column 5 of Table 1.

C, l,, A, and Ty, are the four attributes observed
with uncertainty, which contributes to the uncertainty
in efficiency. The partial uncertainties due to each of
the attributes mentioned above and their correlations
for constructing the covariance matrix V. have been
obtained by following the methodology® °.

We choose the linear parametric function,

Z=In(g) =" p In[E DT 1<i<81<
k<m .. (2)

We further obtained the linear parametric function
Ing;=—3.8824 — 0.8802(InE)+ 0.05478(InE)?. The
least square condition states that the best estimate for
parameter vector p in the model is the one which
minimizes the Chi-square statistics. In the present
case we obtained:

2

X _ X _
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where n is the numbers of y-ray energies (in the
present case n=8) and m is the number of parameters.
The methodology is defined in early study® and
we have followed the methods stated in previous
studies’®* to estimate efficiency at the characteristic
y-ray energies of the reaction products corresponding
to the sample nuclide *zr, ’Nb and the monitor
nuclide *Na with its covariance error matrix. The
numerical results of the same are presented in Table 2.

Table 1 — HPGe detector efficiency calibration based on
standard *?Eu source

Ey (keV) Iy (%) C K. &(Ey)
244697 7.55%0.04 11566.09 +226.6 1.35 0.0795
3443  2659+0.2 33616.98+339.41 1.151 0.0559
4111 2.237+0.13 1967.05+76.55 1405 0.0475
7789 1293+0.08 7160.83 +121.95 1.23  0.0262
8674  4.23+0.03 1831.09 +84.98 1424  0.0237
1085.84 10.11+0.05 5291.69 +144.57 0.901 0.0181
1112.08 13.67+0.08 6123.09+135.33 1.088 0.0187
1408.013 20.87 £0.09 7493.86 +111.04 1.121 0.0155

Table 2 — Interpolated detector efficiencies

Radio  y-ray energy Efficiency Correlation matrix
nuclide (keV)

Mo 910.005 0.0224 +0.00037 1

Mo 657.94  0.0301 +0.00056 0.6402 1

2 1368.626  0.0157 +0.00028 0.3956 0.9546 1
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3.2 Estimation of cross sections *Mo(n,0)®*Zr and
"Mo(n,p)”"Nb reaction with covariance analysis

The cross section of “Mo(n,a)*Zr and Mo
(n,p)”’Nb reaction at the effective neutron energy
0f13.52+0.0045 MeV has been estimated by using the
following equation:

Ok,
)

. 0)

Where s and m subscripts represent the sample and
monitor,o,(E,) and o, (E,) are cross sections of
2Mo(n,0)®*zr  ,*’Mo(n,p)*’Nband  #Al(n,0)*Na
respectively.CsAs Wt abng, Avg lyg and (E, ) are
the vy-ray peak counts, decay constant, weight,
isotopic abundance, average atomic mass, y- ray
abundance and efficiency of the sample reactions
respectively. C,,, A, Wt abn, Av, Iy, and
€(E))m are the y-ray peak counts, decay constant,
weight, isotopic abundance, average atomic mass, Y-
ray abundance and efficiency of the monitor reaction
respectively. tirru, tcoolu,tcounui tirrm, tcoolm and
teounm are irradiation, cooling and counting time for
the sample and monitor respectively, (Ck); and
(CKk),,, are the correction factors of the k™ attributes
which includes the dead time correction factor of the

Clock time

HPGe detector, (m) and y-ray self attenuation

correction factor g.., of sample and monitor,
respectively. The y-ray self-attenuation factor (g, )
for the activation foils were obtained by using the
relation, g, = 1ot
co-efficient and | is the thickness of the sample
obtained using the XMuDat Ver. 1.01 ***,

For the purpose of covariance analysis, among all
the attributes appearing in Eq (3), the uncertainty in
the attributes observed with error o,,, Cg A, Wt Avy,
IYS, E(EY)S, abns, (gattn )s, Cm, )\m, th, AVm, IYmv
(8attn )Jm» and e(Ey),, are propagated in order to
obtain uncertainty in the sample reaction cross
section. Other attributes namely, t;, tco and
teount have been observed without error and are
treated as constants. The decay data, such as
half-life, y-ray abundances, isotopic abundances
and average atomic mass with its associated
uncertainties are presented in Table 3 and are
retrieved from NUDat 2.7 database’. The monitor
2T Al(n,a))**Na reaction cross section at neutron energy
13.52 MeV was obtained by using linear interpolation

0, (E): O(En) C g Wty by Avg Iy €y, (-7 irm) (¢7Mm ol (-¢7F fom)
SEWT] 0y Wt abmg Aoy Iy, ey (1-75tis) o7l Pl (1673 s

where p is the mass attenuation

Table 3 — Basic data required for estimation of 6,(E,)

Nuclear y-ray Half-life Isotopic y-ray
reaction energy abundance (%) abundance
(keV) (%)
Mo(n,0)®Zr 909.15+ 7841+  14.53+0.3 99.04
0.15 0.12h
“Mo(n,p)Nb 6579+ 721+ 9.6+0.14 98.23
0.09 0.7m
ZTAl(n,0)**Na  1368.63 + 14.997 + 100 99.99 +
0.005  0.012h 0.0015

method from the evaluated data available in the
IRDF -2002G.

The covariance matrix V,y; ** corresponding to the
experimentally measured reaction cross section data is
given by

Vou)ij = Zren)i(S)s (e);, 1<1,j<2,1<

k1< 16 . (4)
where, (ey); = ;&”i) A(xy); is the partial
kJi
uncertainty in oy; due to i" observation of k™ attribute
doy; . . o
and (e); = a(GTU;A(Xl)j is the partial uncertainty in
Dj

oy; due to | observation of I"attribute,

oyiand oy;represent vectors of two reaction
(*Mo(n,0)*Zr and *’Mo(n,p)*’Nb) cross section,
A(xy)i and A(xy); are the uncertainties associated with
the i™ and j" observation of k™ and 1™ attributes and
(Sw)ij is represent the micro correlation (correlation
between the observations(ij) and attributes (Kkl)).
The partial uncertainties from different attributes
present in the measured reactions of *Mo(n,a)*
Zr and *"Mo(n,p)*’Nb cross section with respect
to #Al(n,a)*Na monitor reaction are listed in
Table 4. The correlations obtained between two
observations are listed in the column 4 of Table 4. For
the detailed derivation of Eq. (4) with necessary
description, the readers can refer to the reference by
Santhi Sheela et al. *®. Table 5 presents the results of
the measured **Mo(n,0)*Zr and *"Mo(n,p)*’Nb
reaction cross section at the neutron energy of 13.52
MeV.

4 Discussion

In our present study, the “Mo(n,a)*Zr and
Mo(n,p)”’Nb reaction cross section have been
measured relative to the cross section of *’Al(n,a)*Na
at the neutron energy of 13.52+0.0045 MeV by the
activation and off-line y-ray spectrometric techniques.

The computer code TALYS-1.8 has been used to
generate **Mo(n,a)*Zr and *"Mo(n,p)*’Nb reaction
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Table 4 — Partial uncertainties and correlations from the different attributes of measured reactions relative to monitor reaction

Attributes 2Mo(n,a)®Zr
Monitor reaction cross section o, 1.9954E-04
y-ray peak counts C, 1.0794E-03
Decay constant A, 4.81499E-06
Weight of monitor Wt,, 4.87702E-05
Monit Average atomic mass Av,, 4.6492E-11
y-ray abundance I,, 3.7635E-07
Efficiency of detector £(E, ), 7.8805E-04
y-attenuation coefficient (g.um )m 6.54895E-04
y-ray peak counts Cg 9.6925E-03
Decay constant A 4.30902E-06
Weight of sample Wt; 7.2861E-06
Isotopic abundance abng 5.17997E-04
Sample average atomic mass Avy 4.6406E-11
Efficiency of detectore(E, ), 4.2829E-04
y-attenuation coefficient(gaim s 7.7042E-04

"Mo(n,p)°’Nb Correlation
1.8271E-04 Correlated
9.8841E-04 Fully Correlated

4.40897E-06 Fully correlated
4.4658E-05 Fully correlated
4.2571E-11 Fully correlated
3.4461E-07 Fully correlated
7.216E-04 Fully correlated
5.9967E-04 Fully correlated
3.2352E-03 Uncorrelated
4.1797E-05 Uncorrelated
6.6717E-06 Fully correlated
3.3502E-04 Uncorrelated
4.2671E-11 Uncorrelated
4.4073E-04 Uncorrelated
8.4891E-04 Correlated

Table 5 — The measured reaction cross-sections relative to the
monitor 2’ Al(n,a)**Na reaction cross-section with its correlation

matrix
Reaction Cross-section (barns)  Correlation Matrix
92Mo(n,0)®Zr 0.0257 +0.01 1
*"Mo(n,p)°’Nb 0.0179 £ 0.002 0.2268 1

cross section data from threshold to 20 MeV,
compared with the present data and is depicted as
shown in Fig.l and Fig. 2. We present our
experimental data of *Mo(n,a)*Zr reaction at neutron
energy of 13.52+0.0045 MeV, the literature data *"%*
from EXFOR?, evaluated data from ENDF/B-
V111.0%, JEFF-3.3%', JENDL-4.0®, ROSFOND-
2010%, CENDEL-3.1% libraries and theoretical model
based code TALYS -1.8% in the default parameter
mode.

It is observed from Fig. 1 that the *Mo(n,0)*Zr
reaction cross section of our experimental data at
neutron energy of 13.52+0.0045 MeV is in good
agreement with the all evaluated data libraries
ENDF/B-V111.0®,  JEFF-3.3*,  JENDL-4.0%,
ROSFOND-2010%, CENDL-3.1%, literature data *'**
from EXFOR? but shows large variation among the
literature data of Y. Kanda (1972) higher than the
theoretically estimated values from TALYS-1.8%
and evaluated data libraries.

It is observed from Fig.1 that the ““Mo(n,a)®
Zr reaction cross section of our experimental data
at neutron energy of 13.52+0.0045 MeV is in
good agreement with the all evaluated data libraries
ENDF/B-V111.0%®,  JEFF-3.3*,  JENDL-4.0%,
ROSFOND-2010%, CENDL-3.1%, literature data "**
from EXFOR®
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Fig. 1 — Comparison of ®*Mo(n,0)®Zr reaction cross section

from the present work with the evaluated data from different
libraries and theoretical values from TALYS-1.8
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Fig. 2 — Comparison of *’Mo(n,p)*’Nb reaction cross section
from the present work with the evaluated data from different
libraries and theoretical values from TALYS-1.8
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For, the experimentally measured °’"Mo(n,p)*’Nb
reaction cross section at the neutron energy
13.52+0.0045 MeV, the evaluated data files ENDF/B-
V111, JEFF-3.3”, JENDL-4.0%, ROSFOND-
2010%°, CENDL-3.1* data libraries, literature data *”
2 from EXFOR?, as well as the theoretical values
from TALYS-1.8*! within the neutron energies 10-20
MeV are shown in Fig. 2. It can seen from Fig. 2 that
the “’Mo(n,p)’’Nb reaction cross section of the
present work at the effective neutron energy of
13.52+0.0045 MeV is found to be good agreement
with the estimated values from TALYS-1.8, evaluated
data files and literature data'”** from EXFORZ.

5 Conclusions

The cross sections of **Mo(n,0)*Zr and
Mo(n,p)*’Nb reactions of the present work have
been compared with other data and found to be in
good agreement with the literature data.
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