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Abstract

The cross sections for the **Nb(n,2n)°*™Nb, **Nb(n,a)**™Y and the gzMo(n,p)gszb reactions have been measured with
respect to the '°7Au(n,2n)'*Au monitor reaction at the incident neutron energy of 14.78 +0.19 MeV by employing methods
of activation and off-line y-ray spectrometry. The covariance analysis was carried out by taking into consideration of partial
uncertainties in different attributes and correlation among the attributes. The present data have been compared with the
literature data available in EXFOR, evaluated data of different libraries and theoretical values based on TALYS-1.8 code.
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Introduction

The neutron induced reaction cross sections are very use-
ful in various field such as in the nuclear technology, for
the investigation of nuclear theory, to explain the nuclear
reaction mechanism and in fusion reactor facility [1-4].
The cross section of “>Nb(n,2n)°>™Nb reaction is used as a
flux monitor for the 14 MeV neutron generator [5-7]. The
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natural niobium metal has high-melting point and thus is
used as an element of superconductor alloys in fusion reac-
tors, as a structural material in thermonuclear reactors and
for the advance reactor design [8—10]. Niobium also finds
very important applications in nuclear reactors as a cladding,
structural, corrosion barrier material due to its good physi-
cal, chemical properties and low neutron absorption cross
section [11-15]. On the other hand molybdenum is used as
a structural material in the nuclear fission and future fusion
reactors, alloying element in different advanced nuclear
energy systems, as an important constituent in the first wall
of a fusion reactor, and has potential applications in neutron-
ics [16-23].

Different types of reaction cross sections data of niobium
and molybdenum at higher neutron energies plays important
role in the construction of different types of nuclear reac-
tors [24-26]. This is because in reactor, the neutron energy
ranges from eV to 20 MeV [27]. The evaluation of excitation
function of **Nb(n,2n)**™Nb reaction in the energy range
from threshold to 40 MeV was carried out by the means of
the statistical analysis of experimental cross section data
and data from theoretical model calculations, the readers are
refer work carried out by Zolotarev [28]. The evaluation of
excitation function of °*Mo(n,p)°*™Nb reaction in the energy
range from 1 to 40 MeV was carried out by the means of the
generalized least square method within the PADE-2 code,
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the readers are refer work carried out by Zolotarev et al.
[29].

In view of the above facts, it is important to study the
(n,2n), (n,), (n,p) cross section of *>Nb and *’Mo at the
higher neutron energy range of 14-20 MeV. On the basis
of literature survey, few experimental cross sections data
for the *Nb(n,2n)**™Nb [30-32], **Nb(n,a)’*™Y [22] and
92Mo(n,p)gszb reactions are available in EXFOR com-
pilation [33] at the neutron energy of 14.78 £0.19 MeV.
Considering the importance of cross section data at higher
neutron energy, we have measured the cross section of
P3Nb(n,2n)”>™Nb, **Nb(n,a)’*™Y and **Mo(n,p)°*™Nb reac-
tions at the neutron energy of 14.78 +0.19 MeV by employ-
ing methods of activation and off-line y-ray spectrometry.

We have followed the relative technique for estimating
the cross section of *Nb(n,2n)°?™Nb, **Nb(n,a)’*™Y and
9Mo(n,p)°*™Nb reactions for which the '*’Au(n,2n)'*®Au
reaction was considered as a monitor to estimate the neutron
flux. The uncertainty propagation of the measured reaction
cross sections data was carried out by taking into account
partial uncertainties in different attributes and the correla-
tion among those using method of covariance. The cross
sections of **Nb(n,2n)?>™Nb, **Nb(n,a)**™Y and **Mo(n,p)
92mNb reactions as a function of neutron energy within the
range of 12—-18 MeV were theoretically calculated by using
TALYS-1.8 code [34] with default parameters and are com-
pare with the present experimental data.

Experimental details

The measurement was carried out by making use of the
neutron generator constructed based on the Cockcroft—Wal-
ton voltage multiplier accelerator of Purnima at Bhabha
atomic research center (BARC), Mumbai. In Purnima neu-
tron generator the D* ions were accelerated up to 300 kV.
The D" ions are generated in an RF ion source, which is
extracted, focused, accelerated and incident on a tritium
target. The deuteron ions incident on titanium—tritium
(TiT) target was maintain at ground potential to produce
14.1 MeV neutrons through the SH(d,n)*He reaction
[35]. In the present measurement the D* ion is acceler-
ated to 99.71 kV which was impinge on titanium—tritium
(TiT) target. This collision produces neutrons of energy
14.78 +£0.19 MeV in the laboratory frame through the
SH(d,n)*He (Q=17.59 MeV) reaction, at nearly forward
angles. The neutron energy is nearly constant at forward
angles up to + 10° in laboratory frame, as shown in Fig. 9
of Ref. [36]. In our experimental set up, the sample area is
about 1 cm? and is at a distance of 1.5 cm from the neutron
generating target. The area of target covers an angle of
1 cm/(2 * pi * 1.5 cm) * (180°) ~19.1°. Considering that
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target has maximum angular coverage of about 10°, the half
angle is +5° on either side of beam. Therefore, neutron
energy variation over 5°-10° is negligible.

The weights of *>Nb, "Mo and '°’Au metal foils are
198.8, 165.8 and 334.3 mg, respectively. They were
wrapped with 0.011 mm thick Al foil to shield the radio-
active contamination from one another during the neutron
irradiation. A stack of Au—Nb—Mo samples was mounted
at zero degree angle relative to the beam direction. The
stack foils of Au—Nb-Mo was irradiated for 1.5 h with
the neutron beam produced from the SH(d,n)*He reac-
tion. After the irradiation, samples were taken out and
cooled for 0.3-1.2 h. A diagrammatic arrangement of the
Au-Nb-Mo stack is illustrated in Fig. 1. The radioactive
samples of Nb, Mo and Au along with Al wrapper were
mounted on different Perspex plates and then taken for
y-ray spectrometry. The y-ray counting of the irradiated
Nb, Mo and Au foils were carried out using a lead shielded
pre-calibrated 185-cc Baltic HPGe detector having 30%
relative efficiency and coupled to a PC-based 4096 chan-
nel analyzer. The y-ray counting dead time was always
kept less than 5% by keeping the mounted samples of Nb,
Mo and Au foils at a suitable distance from the detector
end cap. The data acquisition was done using a CAMAC
based LAMPS (Linux Advance Multi Parameter System)
software. The energy and efficiency calibrations of the
HPGe detector were carried out by counting the char-
acteristic y-ray energies of '3?Eu standard source, at the
same geometry to reduce coincidence summing effect. The
resolution of the HPGe detector has a FWHM of 1.8 keV
at 1.33 MeV y-ray for ®°Co. The y-ray activity of "°Au
produced from the 197 Au(n,2n) monitor reaction was used
to measure the neutron flux.

Au foil Nbfoil Mo foil

Fig.1 Schematic arrangement of stack of Au—Nb—Mo foils
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Data analysis and results

Estimation of efficiency calibration with covariance
analysis

The efficiency (Ey) calibration of the HPGe detector system
was done by using a '>Eu point source from their known
characteristic y-ray energies. The efficiency of HPGe detec-

tor system was estimated by using following relation.

CK,

I, Aoe—0.693t/T1 . €))

£(E)=

where E, is y-ray energy, C is counts for 3600 s, which was
obtained from the measured '>°Eu y-ray spectrum, source
activity A;=6659.21 +81.60 Bq as on 1 October 1999, Tl/2
is the half-life (13.517 +0.014 y) of '3?Eu, t is elapsed time
between source and detector calibration (18.53 y). The y-ray
abundance, /, for the y-ray energies of interest were retrieved
from NuDat 2.7 database [37, 38]. The correction factor due
to coincidence summing effect K- was estimated using
Monte Carlo simulation code EFFTRAN [39], by making
use of structural data of HPGe detector such as dimension,
crystal hole cavity, crystal material, end cap, mount cup,
absorber, window and calibration source description. There
is small statistical uncertainty in coincidence summing cor-
rections factors, which does not exceed 1%. The known data
of attributes are substituted in Eq. (1) to obtained efficiency
e(Ey) at each of the specified y-ray energy of 1>>Eu source
and the same are presented in column 5 of Table 1.

From Eq. (1) we have identified four attributes C, Iy, A,
and A that 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, are obtained by following the methodology as
given in refs. [40, 41].

The characteristic y-ray energies of the **™Nb, 'Y,
92mNb and '®°Au in the irradiated foils are different from
the known y-ray energies of '>?Eu source. Hence to estimate

Table 1 Efficiency of HPGe detector based on standard *?Eu source

E,(keV) I(%) c K. &(E,)

1218 28.53+0.16  258,872+3570 1236  1.208E-01
244.7 7554004 452744440 1351  8.720E-02
3443 26594020  131,156+678 1151  6.116E—02
411.1 2.237+0.013 78284229 1405  5.296E—02
488.6 0.414+0.003 12114112 1447  4.559E-02
688.6 0.856+0.006 2065+58  1.088  2.828E—02
867.3 4.23+0.03 6178490 1424  2.240E—02
1008.6  10.11+0.05 187624302 0901  1.801E—02

the efficiencies corresponding to the characteristic y-rays of
92mND, 20my, *2Nb and '"°Au reaction products, we have
chosen an empirical relation as a model through interpola-
tion using the following linear parametric function

Z=In(g) = Y p(n[E]" 1<i<8, 1<k<m
k=1

(2

In the preszent calculations, the best fit was achieved for

n=4, with ﬁ = 1.36 = 1. We consider the following lin-

ear parametric model as the best model, which is presented
below.

Ine = —=3.941 — 0.879In E + 0.397(In E)* + 0.191(In E)°
3)
We use Eq. (3) and estimate efficiency at energies cor-
responding to characteristic y-rays emitted from the *>™Nb,
0my 92mNh and '°Au nuclides. The interpolated efficien-
cies along with the measured values of efficiency are shown
in Fig. 2. The efficiencies at these y-ray energies along with
covariance information are required for further calcula-
tions. We follow the same methodology for generation of
covariance matrix as given in refs. [40-42]. The results of
interpolated detector efficiencies along with covariance and
correlation matrix are presented in Table 2.

Estimation of >>Nb(n,2n)*>™Nb, >>Nb(n,a)*°™Y
and %2Mo(n,p)°>™Nb reaction cross sections
with covariance analysis

The cross section of **Nb(n,2n)°*™Nb, **Nb(n,a)’*™Y
and *>Mo(n,p)°*™Nb reactions at the neutron energy of
14.78 +0.19 MeV were determined by ratio method using
the following relation,

B  measured efficiency
® fitted efficiency
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Efficiency

0.04

0.02 L )
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Fig.2 Comparison between measured and fitted efficiencies
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Tablg 2 .Interpolated Nuclide ~ y-ray €, V., (x 1077 C,
efficiencies of the detector and energy ’ )
correlation matrix (keV)
92MNb 934.4 0.0206+0.0003  1.197 1
Smy 202.5 0.1002+0.0017 2291  29.32 039 1
92mNb 934.4 0.0206+0.0003  1.197 2292 1.197 1 039 1
196 Ay 355.7 0.0598+0.0009 2.144 9.003 2.144 7.656 0.71 0.60 0.71 1

Csig WtMaMAVSIYMg(Ey)M (1 — e~ MM ) (e—/“dM ) ( 1— e—/lfcm)

Os

M CMAMWtSaSAVM[ysg(E«,)S (1 — e—'”is) (e—'”ds) (1 — e—/lfcs) .

(Ck)m 4
H Coxs “

where S and M in subscript denotes the sample and monitor,
o,(E,) and o\ (E, ) are reaction cross section at the neutron
energy E, respectively, Cg and Cy; are the observed y-ray
peak counts of the reaction products 92mNp, 0y 92mN and
196 Ay, respectively, A5 and Ay are decay constants, Wrg and
Wty are weights, ag and ay, are isotopic abundances, Ay and
Ay are average atomic masses, /,g and /I, are the y-ray
abundances, £(Ey)s and £(Ey)M are efficiencies of detector
relative to characteristics y-rays of radionuclide, f;, ¢; and 7
denote irradiation, cooling and counting time, (C})g and
(Cp),, are the correction factors for the kth attribute, where

k indicates the dead time of HPGe detector <M> and

live time

y-ray self-attenuation factor (I',;,). The self-attenuation fac-
tor (I,,) for the activation foils were estimated by using the
relation [43] I, = %’l_“l, where [ is the thickness of the
each foil and u is mass attenuation coefficient retrieved from
XMuDat ver. 1.0.1 [44]. The monitor cross section of
7Au(n,2n)"?%Au reaction at the neuron energy
14.78 £0.19 MeV was obtained by linear interpolation
method by considering the cross section values at the nearest
energy points, which is obtained as 2.160 +0.0198 barns
(IRDF 1.05, [45]).

The essential data of the attributes, which are half-life,
isotopic abundances, y-ray abundances with uncertainties
are presented in Table 3 and average atomic mass with
uncertainties data’s are retrieved from NuDat 2.7 database

[37]. The attributes observed with error are oy, Cg, Cy, 4s,

> Wi, Wiy,as, Ays,Ayms Lss Inis€(E,s, €(E)ys (Fattn)s’
(Tyun )y and other attributes ayg.t;, 2, fc are observed with-
out error.

The covariance matrix Vg [46] corresponding to the
experimentally measured reaction cross sections is given

by
(Vos)i = D(e0isyle);, 1<i j<3, 1<k <16
kl

®
where (s;;); is the micro-correlation between ith, jth observa-
tions due kth, [th attributes, respectively and

_ Odog _ dog; . . ..
(ep); = a(xk)iA(x")i’ (el)j = _a(xl),.A(xl)f is partial uncertainties

in og;, o due to the kth, [ th attributes, respectively. The
partial uncertainties from different attributes present in the
measured reactions of *>Nb(n,2n)”>™Nb, **Nb(n,x)’"™Y and
?2Mo(n,p)’*™Nb cross section with respect to
197 Au(n,2n)"° Au monitor reaction are listed in Table 4. The
correlations obtained between three observations are listed
in the last column of Table 4. Detailed descriptions on micro
correlation matrices, the readers are refer work carried out
by Santhi Sheela et al. [47]. The results of the measured
reactions 2’Nb(n,2n)°*™Nb, ?’Nb(n,a)’°™Y and
2Mo(n,p)”>™Nb cross section at the neutron energy of
14.78 £0.19 MeV with its uncertainties and correlations
matrix are presented in Table 5.

Table 3 Isotopic abundance and basic nuclear spectroscopic data of reaction product required for the estimation of o, (E,,)

Nuclear reaction Threshold  Isotopic abun-  Product nuclide Half-life y-ray y-ray abundance (%) Mode of decay (%)
energy dance of target energy
(MeV) (%) (keV)
%Nb(n,2n) 8.927 100 92MNb 10.15+0.02d  934.4 99.15+0.04 EC (100)
PNb(n,a) 0.0 100 S0my 3.19+0.06h 2025 97.3+0.4 I1T(99.99) +B~(0.0018)
“2Mo(n,p) 0.0 14.53+£0.03  ?>™Nb 10.15+0.02d  934.4 99.15+0.04 EC (100)
197 Au(n,2n) 8.114 100 1% Au 6.1669 +£0.0006 d 355.7 87+3 EC(93) + ~(7)
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Table 4 Detailed of partial uncertainties and correlations from the different attributes of measured reactions relative to monitor reaction

Attributes Nuclide *™Nb Nuclide 2™y Nuclide *™Nb Correlation
Monitor reaction cross section o, 4.682E-03 4.768E—05 5.743E-04 Correlated
y-ray peak counts Cy 2.742E-02 1.842E-04 9.289E-03 Uncorrelated
y-ray peak counts Cy, 2.861E-03 2.913E-05 3.509E-04 Fully correlated
Decay constant Ag 2.887E—-05* 4.168E—06° 2.287E—06° a and c are fully correlated ¢ is uncorrelated
Decay constant 4, 4.436E—-06 4.518E-08 5.441E-07 Fully correlated
Weight of sample Wt 1.777E-04* 1.809E—06° 1.818E—-05° a and b are fully correlated c is uncorrelated
Weight of monitor Wt,, 8.813E-05 8.975E-07 1.081E-05 Fully correlated
Isotopic abundance ag = b 1.292E—-04¢ a and b found to be with no error and ¢ with error
Average atomic mass Ay 8.788E—09* 8.949E—11° 1.158E-10° a and b are fully correlated c is uncorrelated
Average atomic mass Ay, 1.554E—09 1.583E-11 1.907E—-10 Fully correlated
y-rayabundance I, 2.059E—04* 2.136E—06° 2.525E-05°¢ a and c are fully correlated b is uncorrelated
y-rayabundance /,, 1.759E-03 1.792E-05 2.159E-04 Fully correlated
Efficiency of detector £(E, )g 8.540E—03* 8.875E—05° 1.047E—03° a and c are fully correlated b is uncorrelated
Efficiency of detector £(E, )y, 7.463E-03 7.601E-05 9.154E-04 Fully correlated
y-attenuation coefficient (Fattn)s 7.515E-04 2.894E—-05 8.959E-05 Uncorrelated
y-attenuation coefficient (rmm )M 8.812E-05 8.944E-07 1.081E-05 Fully correlated
Table 5 The experimentally estimated reaction cross sections relative 0.58
to the '’ Au(n,2n)'*Au monitor reaction with its uncertainty and cor- 0.56 JEFF330018)
relation matrix 0.54 1 EE?E){’:;%%%‘S.
Reaction Cross section (barns) Correlation matrix /g gzé ] ;?%}:K{n o
5] B T * B Kiraly (2001)
BNbn,2n)2"Nb  0.5103+0.03365 1 £ oas ] ™
BNb(n,o) ™Y 0.0052 +0.00027 0.28 1 % 046 1 o DG Sy (199)
92Mo(n,p)°*"Nb 0.0626 +0.00968 014 012 1 2 0441 T Vhencsn
2 042
S 0.40 ] + A i (o
038 O fom
Discussion 036
0.34

The cross sections for the *>Nb(n,2n)°*™Nb, **Nb(n,a)’"™Y
and the 92Mo(n,p)()szb reactions have been measured with
respect to 197 Au(n,2n)'*® Au monitor reaction at the neutron
energy of 14.78 +0.19 MeV by employing methods of acti-
vation and off-line y-ray spectrometry. The efficiency of
HPGe detector was carried out using standard '>*Eu source
and the cross sections of three different reactions were
determined using ratio method. We estimated uncertainties
considering various attributes in the data using the covari-
ance analysis and correlations between them. The computer
code TALYS-1.8 [34] was used for the analysis and predic-
tion of nuclear reaction cross sections values based on the
nuclear models. In the present work, the cross sections for
the *>Nb(n,2n)”?™Nb and *>Nb(n,a)’*™Y reactions within the
neutron energy range of 12—18 MeV were theoretically cal-
culated using the TALYS-1.8 code with default parameters.
The present experimental data of **Nb(n,2n)*™Nb reaction
at the neutron energy of 14.78 +0.19 MeV, the evaluated
data from JEFF-3.3 [48], ROSFOND [49], IRDFF-1.02

Neutron energy (MeV)

Fig.3 Comparison of >Nb(n,2n)°>"Nb reaction cross section from
the present work with the literature data, evaluated data of JEFF-3.3,
ROSFOND, IRDF-1.02, JENDL/AD and EAF libraries as well as
with the theoretical value from TALYS-1.8 within the neutron energy
range of 12-18 MeV

[50], JENDL/AD [51] and EAF [52] libraries, literature data
[24, 6, 815, 30] from EXFOR [33], as well as the theoreti-
cally calculated values from TALYS-1.8 code [34] within
12—-18 MeV are shown in Fig. 3. It is observed from Fig. 3,
that the 93Nb(n,2n)92mNb reaction cross section of present
measurement at the neutron energy of 14.78 +£0.19 MeV
is in excellent agreement with the theoretical value from
TALYS-1.8 and in close agreement with the evaluated data
from JEFF-3.3, ROSFOND, IRDFF-1.02 and JENDL/AD,
EAF libraries as well as with the literature data present in
EXFOR [33].
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Fig.4 Comparison of **Nb(n,a)’*™Y reaction cross section from the
present work with the literature data, evaluated data of BROND-3.1,
JEFF-3.1/A and EAF libraries within the neutron energy range of
12-18 MeV

The experimentally measured cross section of
SNb(n,x)’®™Y reaction at the neutron energy of
14.78 +0.19 MeV, the evaluated data from BROND-3.1 [53],
JEFF-3.1/A [54], EAF [52] libraries and literature data [8,
11, 24,25, 32] from EXFOR [33], within the neutron energy
range of 12—-18 MeV are shown in Fig. 4. It is observed from
Fig. 4 that the cross section of BNb(n,0)°"™Y reaction from
present work at the neutron energy of 14.78 +0.19 MeV is in
close agreement with the literature data [8, 11, 24, 25, 32],
evaluated data of JEFF-3.1/A and EAF libraries but not with
that of BROND-3.1 library.

The experimentally measured cross section of
“Mo(n,p)°*™Nb reaction at the neutron energy of
14.78 +0.19 MeV, the evaluated data from JEFF-3.1/A [54],
IRDFF-1.02 [50], JENDL/AD [51] and EAF [52] libraries,
literature data [12, 17-23, 25-27, 32] from EXFOR [33],
as well as the theoretical values from TALYS-1.8 code [34]
within the neutron energy range of 12-18 MeV are shown
in Fig. 5. It is observed from Fig. 5 that the cross section
of ?Mo(n,p)”*™Nb reaction from the present work at the
neutron energy of 14.78 +0.19 MeV is in excellent agree-
ment with the evaluated data from JEFF-3.1/A, IRDFF-1.02,
JENDL/AD, and EAF libraries as well as with the theoreti-
cal values from TALYS-1.8.

Conclusion
The cross section for the “>Nb(n,2n)*>™Nb, **Nb(n,a)’*™Y and
the 92Mo(n,p)92"’Nb reactions have been measured relative to

the '’ Au(n,2n)'*®Au monitor reaction at the neutron energy
of 14.78 +0.19 MeV by using the methods of activation and

@ Springer

Fig.5 Comparison of **Mo(n,p)°*™Nb reaction cross section from the
present work with the literature data, evaluated data of JEFF-3.1/A,
IRDF-1.02, JEND and/AD, EAF libraries as well as with the theoreti-
cal value of TALYS-1.8 within the neutron energy of 12-18 MeV

off-line y-ray spectrometry. The efficiency of HPGe detec-
tor was calculated by using '>*Eu standard source along with
coincidence summing effect (K). The interpolation method
is chosen based on minimum Chi square test to estimate the
efficiency of unknown y-ray energies. The uncertainties in all
attributes for the cross sections was taken carefully and per-
formed using error analysis, micro-correlation of all attrib-
utes. We executed covariance analysis method to estimate
uncertainties of the cross sections data, which was carried out
using error analysis and micro-correlation. The cross sections
of >Nb(n,2n)’>™Nb, **Nb(n,a)**™Y and **Mo(n,p)”*Nb reac-
tions from the present studies have been compared and found
to be in close agreement with the evaluated data of various
libraries, literature data available in EXFOR and theoretically
calculated values based on TALYS-1.8.
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