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Abstract. The 96Zr(n, γ)97Zr reaction cross sections relative to 197Au(n, γ)198Au monitor reaction with the
neutron energies of 0.61 and 1.05 MeV from the 7Li(p, n)7Be reaction have been measured for the first time
by using the activation and off-line γ-ray spectrometric technique. The error analysis of the experimental
data was done by considering the partial uncertainties in various attributes and the correlations between
those attributes were reported through covariance analysis. The present experimental cross sections have
been compared with the theoretical prediction by TALYS-1.8 using the back-shifted Fermi gas model and
Brink-Axel Lorentzian γ-ray strength functions. The TALYS-1.8 calculations well predicted the present
experimental cross sections at both neutron energies. The spectrum averaged neutron capture cross sections
of 96Zr obtained in the present work have also been compared with the evaluated cross sections from
ENDF/B-VIII.0, JENDL-4, JEFF-3.3, CENDL-3.1 and TENDL-2015 libraries. They are found to be in
close agreement with the TENDL-2015 and CENDL-3.1 libraries at the neutron energies of 0.61 and
1.05 MeV.

1 Introduction

Measurements of neutron activation cross sections and the
improved nuclear database of reaction cross sections play
a vital role in the design and safe operation of various
nuclear systems such as Generation IV nuclear reactors,
fusion reactors, and accelerator-driven subcritical systems
(ADSs) [1–3]. Neutron-induced activation cross sections
have direct applications in estimating the radiation levels
and the decay heat of materials that have been exposed
to radiation fields with a strong neutron component [4].
In particular, the neutron induced reaction cross sections
of structural materials such as Zr, Nb, Fe, Co, Ni and
Cr are important from the point of view of neutron econ-
omy of the reactor and thus are important for advanced
reactor designs. Among these metals, zirconium is highly
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resistant to corrosion by alkalis, acids, salt water and the
other chemical agents. The high resistance to corrosion
in aggressive environments at high temperatures makes
Zr metal to be appropriate in many applications, such as
heat exchangers, pumps, reactor vessels, valves, surgical
appliances and chemical industry, where corrosive agents
are employed [5]. The Zr metal itself has a low neutron ab-
sorption cross section [6–9] for low energy neutrons. There-
fore nuclear power industry has the major application of
the Zr and its alloy as the structural and cladding materi-
als in ADSs and most of the conventional water reactors.
About 90% of the zirconium produced is frequently used
in the form of zircaloy for the cladding of fuel rods in nu-
clear reactors. Zr based alloys containing Sn, Fe and Cr
with or without Ni are called Zircaloy-2 and Zircaloy-4.
Zircaloy-2 contains 1.5% tin, 0.1% iron, 0.1% chromium,
0.05% nickel, and not more than 0.01% nitrogen. Zircaloy-
4 differs from Zircaloy-2 by lower nickel content (0.007%)
Zircaloy-2 is used in boiling water reactors (BWR) and
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zircaloy-4 in pressurized water reactor (PWR). In pressur-
ized heavy water reactor (PHWR), Zr-2.5wt% Nb alloy is
used for pressure tubes [10–12]. In the design of ADSs,
ZrN is planned to be utilized as a main constituent of the
nuclear fuel pallet.

In all the conventional reactors, the neutrons have
very low energy, below thermal to 15–20MeV. On the
other hand, ADSs have a high energy neutron spectrum
depending on the proton energy. Thus it is very much
necessary to measure the fast neutron induced reaction
cross section of different isotopes of zirconium. The spec-
trum average cross section of 96Zr(n, γ)97Zr reaction in
the thermal energy region and at the neutron energy of
30 keV has been measured by various authors [13–16] and
are available in EXFOR library [17,18]. The thermal neu-
tron activation cross sections of most of the zirconium iso-
topes were measured using the reactor neutrons. For the
measurement of the 96Zr(n, γ)97Zr reaction cross section
at the neutron energy of 30 keV [16], the neutron spec-
trum from the thick-target 7Li(p,n) reaction setup was
simulated by using SimLiT. The EXFOR database indi-
cates that in the earlier measurements of spectrum av-
eraged 96Zr(n, γ)97Zr reaction cross section there are no
data available at the neutron energies above 30 keV. Thus
in the present work, we measured the 96Zr(n, γ)97Zr re-
action cross sections at the effective neutron energies of
0.61MeV and 1.05MeV by using activation and off-line
gamma-ray spectrometric technique. The neutrons were
generated by using the 7Li(p,n) reaction. The measure-
ment of 96Zr(n, γ)97Zr reaction cross sections were done
relative to the 197Au(n, γ)198Au monitor reaction. The er-
ror analysis of the experimental data was done by con-
sidering the partial uncertainties in various attributes.
The correlations between those attributes were reported
through covariance analysis. The 96Zr(n, γ)97Zr reaction
cross section as a function of neutron energy was also cal-
culated theoretically by using the computer code TALYS
1.8 [19].

2 Experimental details

The experiment was performed at the Folded Tandem Ion
Accelerator (FOTIA) Facility, Nuclear Physics Division,
Bhabha Atomic Research Centre (BARC), Mumbai. Pro-
tons of 3 and 4MeV were bombarded on a 2mm thick
circular LiF pellet target to produce neutrons through the
7Li(p,n)7Be reaction. A fresh LiF pellet target was used
for the irradiation at each proton energy. Natural zirco-
nium metal foils of 0.1113 g and 0.2265 g weight were used
for the irradiation. The Zr metal foils were wrapped sep-
arately with 0.025mm thick super pure Al foil. Similarly,
gold metal foils of 0.0528 g and 0.0623 g weight were also
wrapped separately with a 0.025mm thick Al foil. In each
experiment, a zirconium and a gold metal foil were addi-
tionally wrapped together with an aluminum foil. The Al
wrapped Au-Zr metal foils were mounted at zero-degree
angle with respect to the proton beam direction at a dis-
tance of 2mm behind the LiF pellet. The Al wrapped
Au-Zr metal foils were irradiated with effective neutron

energies of 0.61 and 1.05MeV for 8.53 h and 7.75 h, respec-
tively. The gold foils were used for normalization of the
measured cross section with the 197Au(n, γ)198Au stan-
dard reaction cross section. The irradiated zirconium foils
were then cooled for 2.97 h and 2.82 h, respectively. The
corresponding gold foils were cooled for 21.76–70.80 h and
42.90–92.28 h, respectively and then mounted separately
on different perspex plates. The γ-ray counting of the irra-
diated foils was performed using a pre-calibrated 105 cm3

HPGe detector coupled to a PC-based 4094 channel an-
alyzer. The irradiated zirconium and gold samples were
kept alternately one at a time at a distance of 1 cm from
the end cap of the detector. The resolution of the detector
system had a FWHM of 1.8 keV at 1332.5 keV of 60Co.

3 Calculations and data analysis

3.1 Calculation of the average neutron energy

Neutrons were generated from the 7Li(p,n)7Be reaction
by using the proton energies of 3 and 4MeV. The thresh-
old value of the 7Li(p,n) reaction to the ground state
of 7Be is 1.881MeV [20–23]. A second group of neu-
trons is produced through the 7Li(p,n1)7Be reaction at
Ep ≥ 2.37MeV in addition to 7Li(p,n0)7Be reaction. The
second group of neutrons at lower energies are due to the
population of the first excited state of 7Be. The neutron
flux energy spectra Φ(E) from the 7Li(p,n)7Be reaction
were calculated by neutron flux energy spectrum code
EPEN-Energy of Proton Energy of Neutron [24].

The code EPEN is a deterministic code, which is used
for the calculation of the neutron energy spectrum us-
ing as neutron source the 7Li(p,n)7Be reaction. This code
has been designed for proton energies from the reaction
threshold to 7000 keV. The EPEN code studies the thick
and thin target 7Li(p,n0,1)7Be neutron spectra and it is
a user-friendly web interface with which users can cal-
culate neutron spectra without installation. Below the
threshold of the three-body breakup reaction, the neu-
tron production is described by the two-body kinematics
for 7Li(p,n0)7Be and 7Li(p,n1)7Be reactions. Any com-
bination of the outgoing angle and energy of a neutron
(θ,En) uniquely specifies the incident energy of protons
at the interaction point, which has already been taken
care in the EPEN code. EPEN has also been compared
with code SimLiT and shows almost perfect agreement
for both the (p,n0) and (p,n1) neutron energy spectra
for thin and thick lithium targets with and without pro-
ton energy spread. The code gives the user the liberty
to feed the incident proton energy on the lithium target,
the incident proton energy spread, specification of Li foil
thickness and geometry, shape and size of the neutron ac-
tivation sample as well as their distance from the Li foil
as input parameters in order to calculate and generate
the neutron spectrum for a given initial proton energy.
The detailed formalism adopted for the calculation of the
neutron spectrum by EPEN is provided by Pachuau et
al. [24–26].
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Fig. 1. Neutron flux energy spectra Φ(E) from the 7Li(p, n)
7Be reactions at Ep = 3 and 4 MeV obtained from the EPEN
code [24].

Fig. 2. Neutron flux energy spectra φ(E) from the
7Li(p, n0)

7Be and 7Li(p, n1)
7Be reactions at Ep = 3 MeV.

The advantage of using the EPEN code is that the
individual (p,n0) and (p,n1) neutron energy spectra can
be obtain besides the combined neutron spectrum from
both group. However, a limitation of the EPEN code is
that the uncertainty in the results based on EPEN is not
possible to obtain. The uncertainty in the neutron energy
only depends on the uncertainty of proton energy. The
total neutron flux energy spectra Φ(E) calculated by the
EPEN code at the two proton energies of the present ex-
perimental work are shown in fig. 1. Since both the proton

Fig. 3. Neutron flux energy spectra φ(E) from the
7Li(p, n0)

7Be and 7Li(p, n1)
7Be reactions at Ep = 4 MeV.

energies in the present experiment are above the thresh-
old energy of 7Li(p,n1)7Be reaction, there is low energy
neutrons background from 7Li(p,n1) reaction in addition
to the 7Li(p,n0) reaction neutrons as shown in fig. 2 and
fig. 3. The mean energy of the 7Li(p,n0) reaction neutron
group was obtained from the following relation:

〈En〉 =

∫
Φ0(E)EdE

∫
Φ0(E)dE

, (1)

where Φ0(E) is the neutron flux from the 7Li(p,n0)7Be
reaction calculated by EPEN (p,n0) neutron flux energy
spectra and the corresponding neutron energies are 0.61
and 1.05MeV for Ep = 3 and 4MeV, respectively.

3.2 Efficiency with uncertainty of HPGe detector and
its interpolation

The energy and efficiency calibration of the HPGe detector
system was carried out by using a standard 152Eu point
source (T1/2 = 13.517 years; source activity (A0) = 38832
Bq as on 1 October 1999) from their characteristic γ-ray
energies [27] retrieved through NuDat 2.7β database [28].
The characteristic γ-ray energies and their corresponding
intensities of the 152Eu standard source adopted in the
detector efficiency measurement are reported in table 1.
The efficiency of the detector was determined from the
following equation:

εp =
CKc

A0e−λT IγΔt
, (2)
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Table 1. Detection efficiencies for the point source geometry and for the sample geometry at the characteristic γ-ray energies
of 152Eu with γ-ray intensities [25] and coincidence-summing effect correction factors Kc.

γ-ray εp ε

Energy (MeV) intensities (%) Counts, C Kc (efficiency for (efficiency

point source) for sample)

0.12178 28.53 ± 0.16 165645 ± 648 1.09745 0.09891 0.086540

0.24470 7.55 ± 0.04 25270 ± 304 1.13450 0.05894 0.051120

0.34428 26.59 ± 0.2 69713 ± 360 1.07470 0.04374 0.037930

0.41112 2.237 ± 0.013 4688 ± 194 1.16977 0.03805 0.033000

0.77890 12.93 ± 0.08 14231 ± 207 1.09953 0.01879 0.016300

0.96406 14.51 ± 0.07 13427 ± 174 1.05610 0.01517 0.013170

1.11208 13.67 ± 0.08 11521 ± 160 1.02343 0.01339 0.011620

1.21295 1.415 ± 0.008 878 ± 65 1.14968 0.01107 0.009609

1.40801 20.87 ± 0.09 13968 ± 132 1.03796 0.01078 0.009359

where C is the detected counts under the photo peak of
each γ-line during the counting time Δt, which are given
in table 1. The uncertainties in the measured counts C of
table 1 are based on the uncertainties given by the software
while taking the total number of detected counts under the
photo peak. A0 is the source strength of 152Eu at the time
of manufacture, λ (= ln 2/T1/2) is the decay constant for
152Eu, T is the cooling time, i.e. the time elapsed between
the date of manufacture to the start of counting time. Iγ

is the branching intensity or abundance of γ-ray and Kc is
the correction factor for the coincidence summing effect.

The count rate from the 96Zr(n, γ)97Zr reaction is low.
Hence efficiency calibration of the detector using the stan-
dard 152Eu source was performed by placing it at a dis-
tance of 1 cm from the detector. However, placing the
source at 1 cm distance from the detector end cap intro-
duces a coincidence summing effect [29] and corrections
have to be made for the detector efficiency measurement.
The correction factor Kc was calculated using the Monte
Carlo simulation code EFFTRAN [30,31] where the in-
puts for the simulation require the specifications of the
HPGe detector (e.g., dimension and crystal material, crys-
tal hole cavity, window, end cap, mount cup and absorber)
and the 152Eu γ-ray source description (e.g., source di-
mension, characteristic γ-rays and x-rays). The simulation
takes into account the γ-ray–γ-ray, the γ-ray–x-ray and
the x-ray–x-ray coincidence and provides the correction
factors for the γ-lines at their respective energies.

The efficiency calibration of the HPGe detector ob-
tained for a point source εp, using eq. (2) is presented in
table 1. However, the irradiated samples in the present
experiments have finite dimension, thus, the efficiency ob-
tained for the point source geometry εp was transferred
to the dimensions of the samples geometry of finite size
using EFFTRAN, which are also presented in table 1.

From eq. (2), it can be seen that there are four at-
tributes C, A0, Iγ and λ that contribute to the uncer-
tainty of the efficiency of the detector. The terms T and
Δt are not considered for uncertainty propagation because

uncertainties associated with these terms are considered
to be negligible in the present work. The uncertainty in
Kc has also been calculated by varying the geometry and
was found to be very negligible, so it is not incorporated
in the present calculation as it did not bring any differ-
ence. The information on the partial errors due to each
attributes and their correlations provides a basis for con-
structing the covariance matrix Vε [32]. The covariance
matrix Vε was obtained as follows:

Vεij =
∑

k

eikSijkejk, 1 ≤ i, j ≤ 9, 1 ≤ k ≤ 4, (3)

where Sijk is the micro correlation between the i-th ob-
servation and j-th observation of the k-th attribute, elk

is the partial uncertainty in efficiency εl due to the k-th
attribute xk and is given by

elk =
∂εl

∂xlk
Δxlk, 1 ≤ l ≤ 9. (4)

The micro correlation matrix Sijk for the attributes C
and Iγ is an identity matrix I of order 9 as the observations
were made independently. However, the micro correlation
matrix in the case of the attributes A0 and λ is a matrix J
with all entries equal to 1 and order 9. This is because the
same decay constant and same source strength of 152Eu
was adopted in the efficiency calculation.

The characteristic γ-ray energies of the radionuclides
of interest are different from the characteristic γ-ray en-
ergies of 152Eu used in the calibration process. Hence to
get the efficiencies at the 743.36 keV and 411.8 keV γ-lines
of 97Zr and 198Au, respectively, an appropriate model for
interpolation was chosen using the following linear para-
metric function [32]:

ln εi =
n=m∑
n=1

pn(ln Ei)n−1 (5)

and the corresponding linear model as Z ≈ AP in matrix
form, where Z = ln(εi), εi is the efficiency of the detec-
tor obtained at γ-ray energies Ei, A is the design matrix
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Table 2. The fitting parameters P and the covariance matrix
VP obtained using the model with n = 4.

P VP

−4.359 9.204E − 05

−0.968 −8.161E − 05 4.749E − 04

0.115 −2.041E − 04 7.137E − 04 1.357E − 03

0.068 −7.162E − 05 2.230E − 04 4.634E − 04 1.635E − 04

with elements Ai,n = (ln Ei)n−1 (1 ≤ n ≤ m; 1 ≤ i ≤ 9).
P is a column matrix having elements pn which are un-
known parameters to be estimated and n is the order of
the polynomial. The parameter n is varied to achieve the
best model for interpolation and the selection was based
on minimum Chi-square (χ2) statistics given by

χ2 = (Z − AP )T V −1
Z (Z − AP ). (6)

The solution P is obtained by the following formu-
las [30]:

P = VP AT V −1
Z Z, (7)

where VP is the covariance matrix for the solution param-
eters P , given by

VP = (AT V −1
Z A)−1. (8)

The matrix Vz in eq. (8) was obtained using (Vz)ij =
(Vε)ij/εiεj . The values of P and VP were given in table 2.
Substituting the solution for P into eq. (6) yields a specific
value for χ2. In the present work, the best fit was obtained
for n = 4 with χ2/(9− 4) = 1.09 ≈ 1 and we consider the
corresponding linear parametric model as the best model,
which is given by

ln ε = −4.359 − 0.968 ln E + 0.115(ln E)2 + 0.068(ln E)3.
(9)

Equation (9) is equivalent to

ε = e−4.359−0.968 ln E+0.115(ln E)2+0.068(ln E)3 . (10)

The efficiency without coincidence summing correc-
tion, the measured efficiencies and the fitted efficiencies
obtained are shown in fig. 4. Using the values of P and
VP from table 2, we get the efficiencies along with their
correlation for the 743.36 keV and 411.8 keV γ-lines of 97Zr
and 198Au, which were presented in table 3.

3.3 Monitor reaction cross section and its uncertainty

In the present work, the 197Au(n, γ)198Au reaction cross
section from the IAEA Neutron Cross Section Stan-
dards [33] was adopted as the monitor. The reference cross
section 〈σAu〉 was obtained by folding the point-wise mon-
itor reaction cross section from the IAEA Neutron Cross
Section Standards σAu(E) with the neutron flux energy

Fig. 4. The efficiency without summing coincidence, the mea-
sured and fitted detection efficiency calibration curve of the
HPGe detector calibrated at a distance of 1cm from the detec-
tor end cap window.

spectrum Φ0(E) based on 7Li(p,n0)7Be reaction using the
EPEN code [24]

〈σAu〉 =
∫

σAu (E)Φ0(E)dE

/∫
Φ0 (E)dE. (11)

The IAEA Neutron Cross Section Standards provide the
covariance information of σAu(E) for its group-wise cross
section [33]. Similarly, the group-wise neutron flux energy
spectrum Φi,k was also introduced by using the following
equation:

Φi,k =
∫ Ek,max

Ek,min

Φi (E)dE (12)

which satisfies
∑

k Φi,k = 1, where i = 1 for En=0.61MeV
and i = 2 for En=1.05MeV. For each energy field i, there
are k energy groups defined by energy group boundaries in
the IAEA Neutron Cross Section Standards. Ek,min and
Ek,max are the lower and upper boundaries of the k-th
energy group. Then the uncertainty and covariance in the
IAEA Neutron Cross Section Standards are propagated to
the monitor, 〈σAu〉 as given by Otsuka et al. [34]

(Δ〈σAu,i〉)2 =
∑

k

Φ2
i,k Var (〈σAu〉k)

+2
∑
k<l

Φi,k Cov (〈σAu〉k, 〈σAu〉l)Φi,l, (13)

where Cov(〈σAu〉k, 〈σAu〉l) and Var(〈σAu〉k) are the co-
variance between the k-th and the l-th group wise cross
sections of 197Au(n, γ)198Au monitor reaction. The sum-
mations for k and l are taken for all energy groups be-
tween 0.00125 and 1.5MeV for i = 〈En〉 = 0.61MeV
(61 groups), and between 0.00125 and 2.5MeV for i =
〈En〉 = 1.05MeV (66 groups). The value of the group wise
neutron flux energy spectrum Φi,k and the IAEA neutron
group wise standard cross sections 〈σAu〉k is summarized



Page 6 of 13 Eur. Phys. J. A (2018) 54: 168

Table 3. Interpolated detector efficiencies and correlation matrix.

Nuclide Energy Efficiency, ε Covariance matrix Correlation

(MeV) matrix

97Zr 0.74336 0.01719 ± 0.00019 3.6872E − 08 1
198Au 0.41180 0.03152 ± 0.00028 4.0608E − 08 7.9627E − 08 0.74943 1

in table 4 and plotted in fig. 5. Similarly, the covariance
between two spectrum averaged cross sections at 0.61 and
1.05MeV was obtained by the following equation:

Cov (〈σAu,i〉, 〈σAu,j〉) =
∑
k,l

Φi,kCov (〈σAu〉k, 〈σAu〉l)Φj,l.

(14)
The correlation coefficients were obtained using the fol-
lowing equation:

Cor (〈σAu,i〉, 〈σAu,j〉)=
Cov (〈σAu,i〉, 〈σAu,j〉)√

Var (〈σAu,i〉) ×
√

Var (〈σAu,j〉)
.

(15)
The correlation coefficients Cor(〈σi〉, 〈σj〉) are given in

the IAEA Neutron Cross Section Standards [33]. Using
eq. (11) and eq. (13) the spectrum averaged monitor cross
sections obtained are summarized in table 5 along with
the covariance of the spectrum averaged cross sections be-
tween the two energies and the correlation matrix.

3.4 96Zr(n, γ)97Zr reaction cross section and its
correction factors

The 96Zr(n, γ)97Zr reaction cross sections at the average
neutron energies of 0.61 and 1.05MeV have been measured
relative to the 197Au(n, γ)198Au monitor reaction cross
sections. In order to avoid the direct measurement of neu-
tron flux intensity Φ, the cross section of the 96Zr(n, γ)97Zr
reaction has been determined using a known monitor stan-
dard cross section, 〈σAu〉 by the following equation:

〈σZr〉 = 〈σAu〉
CZr

CAu

NWAuaAuAvZrIγAuεAufAu

NWZraZrAvAuIγZrεZrfZr
× CFZr

CFAu

(16)
where 〈σAu〉 is the spectrum average 197Au(n, γ)198Au re-
action cross section calculated from eq. (11), CZr and CAu

are the photo peak counts for the γ-lines of 97Zr and
198Au, respectively, N is the Avogadro number, WZr and
WAu are the weight of zirconium and gold samples, aZr and
aAu are the isotopic abundance of the respective isotope of
96Zr and 197Au, AvZr and AvAu are the average mass of the
element zirconium and gold. The symbols IγZr, IγAu, εZr,
εAu, fZr, fAu are the branching intensity or abundance
of γ-ray, efficiencies and time factors of the radioactive
nuclide 97Zr and 198Au, respectively. CFZr and CFAu are
the correction factors, which include γ-ray self-attenuation
factor, and low energy neutron background correction fac-
tor discussed in the following section. The time factor, fx

is defined by

fx =
[(

1 − e−λxti,x
)
e−λxtc,x

(
1 − e−λxtm,x

)]
/λx, (17)

where, ti, tc, tm are the irradiation, cooling and measuring
time of the irradiated samples, x = 97Zr or 198Au. The
adopted decay data for 97Zr and 198Au have been taken
from the ENSDF evaluation [35,36] extracted from the
interface of Live Chart of Nuclides of IAEA [37] and are
given in table 6.

The correction factor CFx in eq. (16) is

CFx = CFx,low × CFx,att (18)

where CFx,low is the low energy neutron background due
to 7Li(p,n1)7Be neutrons and CFx,att is the γ-ray self-
attenuation and x = Zr or Au.

3.4.1 Low-energy background neutron correction factor

Both the proton energies in the present experiment are
above the threshold energy of the 7Li(p,n1)7Be reaction,
hence there are (p,n1) reaction low energy background
neutrons in addition to the (p,n0) reaction neutrons. Sub-
traction of the (p,n1) neutron contributions is an essential
part in experimental determination of neutron-induced
reaction cross section, hence during the analysis of the
present measurement the (p,n1) neutrons contribution
can be subtracted and presented by the correction factor,

CFx,low = 1 −
∫

Φ1 (E)σx (E)dE

/∫
Φ (E)σx (E)dE,

(19)
as provided by Punte et al. [29], where x = Zr or Au,
Φ1(E) is the (p,n1) neutron flux energy spectrum gener-
ated by EPEN, Φ(E) = Φ0(E)+Φ1(E) is the total neutron
flux energy spectrum and σx(E) is the 96Zr(n, γ)97Zr reac-
tion cross section taken from ENDF/B-VIII.0 library [38]
or the 197Au(n, γ)198Au reaction cross section taken from
IAEA Neutron Cross Sections Standards [33] and the
value obtained is reported in table 7.

3.4.2 γ-ray self-attenuation factors

Gamma-ray self-attenuation factor has been calculated
due to the interaction of the γ-rays with the foil. This
has been done in order to correct the γ-ray spectrometric
analysis due to the self-attenuation effect. The attenua-
tion correction factor was obtained using the probability
of penetration expression [29,39,40] given as

CF−1
x,att =

[(
1
r1

) ∫ r1

0

e−μm,1ρ1rdr

]
(20)

=
{[

1 − e−μm,1ρ1r1
]
/(μm,1ρ1r1)

}
. (21)
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Table 4. Group wise neutron flux energy spectrum Φi,k calculated from EPEN code [24] and IAEA Neutron Cross Section
Standards [31] group wise cross section with its uncertainties.

Group, k (MeV) 〈σAu〉k (mb) 〈En〉 = 0.61 MeV 〈En〉 = 1.05 MeV

Φi,k Φi,k

0.00125–0.003 3361.30 ± 603.16 3.61E − 04 2.11E − 04

0.003–0.004 2627.25 ± 55.14 3.30E − 04 1.93E − 04

0.004–0.005 2252.09 ± 50.18 3.84E − 04 2.24E − 04

0.005–0.006 1946.92 ± 28.36 4.33E − 04 2.52E − 04

0.006–0.007 1714.81 ± 25.71 4.79E − 04 2.80E − 04

0.007–0.008 1519.60 ± 21.70 5.23E − 04 3.05E − 04

0.008–0.009 1356.26 ± 20.79 5.65E − 04 3.30E − 04

0.009–0.01225 1161.64 ± 19.26 1.64E − 03 9.55E − 04

0.01225–0.0175 907.10 ± 9.95 2.76E − 03 1.61E − 03

0.0175–0.022 726.36 ± 9.35 2.75E − 03 1.60E − 03

0.022–0.027 643.77 ± 5.41 3.07E − 03 1.79E − 03

0.027–0.0375 567.55 ± 3.96 6.78E − 03 3.95E − 03

0.0375–0.05 480.28 ± 4.28 8.29E − 03 4.84E − 03

0.05–0.06 423.45 ± 4.00 6.54E − 03 3.81E − 03

0.06–0.07 390.66 ± 3.65 6.44E − 03 3.76E − 03

0.07–0.08 363.19 ± 3.46 6.30E − 03 3.68E − 03

0.08–0.09 339.46 ± 3.34 6.14E − 03 3.58E − 03

0.09–0.0975 325.18 ± 3.18 4.90E − 03 2.86E − 03

0.0975–0.11 313.94 ± 3.19 7.39E − 03 4.31E − 03

0.11–0.135 295.55 ± 2.82 1.28E − 02 7.49E − 03

0.135–0.16 277.44 ± 2.75 1.17E − 02 6.85E − 03

0.16–0.175 267.33 ± 3.05 6.79E − 03 3.96E − 03

0.175–0.185 262.09 ± 6.02 4.52E − 03 2.63E − 03

0.185–0.195 257.32 ± 3.48 4.42E − 03 2.58E − 03

0.195–0.205 252.82 ± 3.54 4.34E − 03 2.53E − 03

0.205–0.215 249.30 ± 3.22 4.30E − 03 2.50E − 03

0.215–0.225 246.56 ± 3.24 4.29E − 03 2.50E − 03

0.225–0.2325 243.38 ± 3.84 3.54E − 03 2.07E − 03

0.2325–0.2375 239.37 ± 3.08 2.78E − 03 1.62E − 03

0.2375–0.2425 236.92 ± 4.34 2.81E − 03 1.64E − 03

0.2425–0.2475 236.68 ± 3.00 2.85E − 03 1.66E − 03

0.2475–0.255 236.70 ± 3.27 3.74E − 03 2.18E − 03

0.255–0.265 235.11 ± 3.08 4.74E − 03 2.76E − 03

0.265–0.275 229.01 ± 3.74 4.99E − 03 2.91E − 03

0.275–0.29 215.98 ± 2.78 7.85E − 03 4.58E − 03

0.29–0.3125 200.52 ± 2.34 1.35E − 02 7.87E − 03

0.3125–0.3375 188.51 ± 2.17 1.84E − 02 1.07E − 02

0.3375–0.3625 178.83 ± 1.91 2.26E − 02 1.32E − 02

0.3625–0.3875 169.90 ± 1.78 2.69E − 02 1.57E − 02

0.3875–0.4125 162.33 ± 1.67 3.09E − 02 1.80E − 02

0.4125–0.4375 154.74 ± 1.83 3.44E − 02 2.00E − 02

0.4375–0.4625 147.23 ± 1.47 3.68E − 02 2.15E − 02
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Table 4. Continued.

Group, k (MeV) 〈σAu〉k (mb) 〈En〉 = 0.61 MeV 〈En〉 = 1.05 MeV

Φi,k Φi,k

0.4625–0.4875 141.56 ± 1.50 3.81E − 02 2.22E − 02

0.4875–0.51 136.44 ± 1.43 3.40E − 02 1.98E − 02

0.51–0.53 130.49 ± 1.44 2.90E − 02 1.69E − 02

0.53–0.555 124.82 ± 1.47 3.45E − 02 2.01E − 02

0.555–0.585 118.42 ± 1.79 3.86E − 02 2.25E − 02

0.585–0.625 109.56 ± 1.18 4.67E − 02 2.73E − 02

0.625–0.675 101.19 ± 1.28 5.27E − 02 3.07E − 02

0.675–0.725 96.50 ± 1.09 4.82E − 02 2.81E − 02

0.725–0.775 93.31 ± 1.21 4.50E − 02 2.62E − 02

0.775–0.825 89.21 ± 0.93 4.28E − 02 2.49E − 02

0.825–0.875 85.91 ± 1.40 4.11E − 02 2.40E − 02

0.875–0.92 84.91 ± 1.85 3.60E − 02 2.10E − 02

0.92–0.95 85.10 ± 1.64 2.39E − 02 1.39E − 02

0.95–0.97 85.36 ± 3.62 1.60E − 02 9.36E − 03

0.97–0.99 84.13 ± 2.67 1.56E − 02 9.31E − 03

0.99–1.05 80.89 ± 0.84 4.13E − 02 2.69E − 02

1.05–1.175 77.43 ± 1.08 5.88E − 02 5.49E − 02

1.175–1.325 74.13 ± 0.94 2.16E − 02 6.53E − 02

1.325–1.5 70.96 ± 1.22 4.68E − 05 7.59E − 02

1.5–1.7 66.75 ± 1.01 8.81E − 02

1.7–1.9 60.18 ± 1.23 8.93E − 02

1.9–2.1 52.34 ± 0.86 6.27E − 02

2.1–2.3 44.16 ± 0.82 2.41E − 02

2.3–2.5 37.09 ± 0.83 4.61E − 04

Fig. 5. The IAEA neutron group wise standard cross sections
(〈σAu〉) of 197Au(n, γ)198Au reaction [31] as a function of av-
erage neutron energy range.

The foil of thickness r1 having volume mass density ρ1

is the source of the γ-line detected by the detector. μm,1

is the mass attenuation coefficient of the γ-ray energy and
material calculated by XMuDatVer 1.01 [41]. The correc-
tion factor obtained is given in table 7.

4 Uncertainty in cross section measurement

The 96Zr(n, γ)97Zr reaction cross sections have been de-
termined by using eq. (16) at effective neutron energies
of 〈En〉 = 0.61MeV and 〈En〉 = 1.05MeV. At both neu-
tron energies, the 96Zr(n, γ)97Zr reaction cross section was
measured with reference to the 197Au(n, γ)198Au moni-
tor reaction. The same detector efficiency model was used
in the efficiency interpolation of the characteristic γ-ray
energies of 97Zr (743.36 keV) and 198Au (411.8 keV) at
〈En〉 = 0.61MeV and 〈En〉 = 1.05MeV, respectively.
As seen from eq. (16) the attributes observed with errors
are counts (CZr, CAu), weight (WZr,WAu), isotopic abun-
dance (aZr), average mass (Av,Zr, Av,Au), γ-ray intensity
(IγZr, IγAu), efficiency (εZr, εAu), the spectrum averaged
monitor cross section, 〈σAu〉, the low energy neutron back-
ground (CFx,low Zr, CFx,Au) and the time factor (fZr, fAu)
related to decay constant λ. Thus, the covariance infor-
mation related to the two measured cross sections of the
96Zr(n, γ)97Zr reaction at 0.61MeV and 1.05MeV is given
in a 2 × 2 covariance matrix VσZr obtained using the fol-
lowing relation:

(VσZr)ij =
∑
kl

(ek)i (Skl)ij (el)j , 1 ≤ i, j ≤ 2,

1 ≤ k, l ≤ 16, (22)
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Table 5. Spectrum averaged monitor cross section, its uncertainty and correlation matrix.

i 〈En〉 (MeV) 〈σAu〉 mb Covariance matrix Correlation

matrix

1 0.61 148.88 ± 0.85 0.72 1

2 1.05 112.72 ± 0.65 0.51 0.43 0.93 1

Table 6. Decay data for the assessed radionuclides evaluated in the ENSDF library [33,34] as extracted from the interface of
Live Chart of nuclides of IAEA [35].

Reaction Nuclide Spin state, Half-life Decay mode γ-energy γ-ray

Jπ (keV) intensity (%)

96Zr(n, γ)97Zr 97Zr 1/2+ 16.749 ± 0.008 h β− (100%) 743.36 93.09 ± 0.16
197Au(n, γ)198Au 198Au 2− 2.6941 ± 0.0002 d β− (100%) 411.80 95.62 ± 0.06

Table 7. Correction factors due to low energy background neu-
trons (CFx,low) and γ-ray self-attenuation (CFx,att) applied to
the measured cross section.

Correction Neutron energy, En (MeV)

factors 0.61 1.09

CfZr,low 0.972 ± 0.005 0.925 ± 0.017

CfAu,low 0.967 ± 0.0002 0.936 ± 0.0004

CfZr,att 1.006 1.007

CfAu,att 1.012 1.014

where (Skl)ij represents the correlation between the k-
th attribute in the i-th experimental observation and l-
th attribute in the j-th experimental observation and is
called micro-correlation, (ek)i = ∂σZri

∂(xk)i
Δ(xk)i is the par-

tial uncertainty in 〈σZr〉i due to the k-th attribute in the
i-th experimental observation and (el)j = ∂σZrj

∂(xl)j
Δ(xl)j is

the partial uncertainty in 〈σZr〉j due to the l-th attribute
in the j-th experimental observation [42–44]. Since the
uncertainties in the parameters ti, tc and tm have been
considered negligible in the present experiment, the only
attribute that contributes to the uncertainty in the time
factor f is the decay constant, λ. The uncertainties in the
time factors were propagated from the uncertainties in the
decay constants [34], given by

(Δf/f)2 = s2
fλ (Δλ/λ)2, (23)

f = fZr or fAu and λ = λZr or λAu with relative sensitivity
sfλ,

sfλ =
λ

f

∂f

∂λ
=

(
λtie

−λti

1 − e−λti
− λtc +

λtme−λtm

1 − e−λtm
− 1

)
.

(24)
The uncertainty in decay constant, Δλ = ln 2ΔT1/2

T 2
1/2

where T1/2 was taken from the ENSDF evaluation ex-
tracted from the interface of Live Chart of Nuclides of
IAEA [35–37].

The partial uncertainties due to the various at-
tributes involved in the cross section measurement of the
96Zr(n, γ)97Zr reaction relative to 197Au(n, γ)198Au mon-
itor reaction are summarized in table 8. We have used
the expression ek = ∂σZr

∂(xk)Δ(xk), to find the partial un-
certainty ek in σZr due to attribute xk. For instance the
value 8.276E − 01 presented in the second column of ta-
ble 8 is the partial uncertainty in the measurement of
the 96Zr(n, γ)97Zr reaction cross section due to γ-ray peak
counts, which was obtained by taking the partial deriva-
tive of the expression given in eq. (16) with respect to
γ-ray peak counts CZr

∂

∂CZr

(
〈σAu〉

CZr

CAu

NWAuaAuAvZrIγAuεAufAuCFZr

NWZraZrAvAuIγZrεZrfZrCFAu

)

×ΔCZr =
ΔCZr

CZr
〈σZr〉 (25)

and by considering the rest of the other attributes as
constant. The micro-correlations are assigned for each
attribute. The last column of table 8 explains the cor-
relations that exist between the two observations. The
counts and weights of Zr and Au, respectively, were mea-
sured independently and thus the attributes, counts and
weights are uncorrelated. The micro-correlation matrices
associated within the attributes aZr, AvZr, AvAu, IγZr,
and IγAu are fully correlated, as the same observations
of attributes were used in both the experiments. The
measurements of 〈σAu〉 corresponding to both the neu-
tron fields is partially correlated with correlation coeffi-
cient 0.93. There exists a micro-correlation between εZr

and εAu with reference to the same characteristic γ-lines
and they are thus fully correlated. However, there ex-
ists a partial correlation coefficient between εZr and εAu

since the same efficiency interpolation model was used
in both experiments and the partial correlation coeffi-
cient was 0.74943. The final covariance in the cross sec-
tion was constructed by substituting the partial uncer-
tainties data and the corresponding micro-correlation in
eq. (22). The result of the measured 96Zr(n, γ)97Zr reac-
tion cross section along with its uncertainty is presented
in table 9.
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Table 8. Partial uncertainties and correlations from various attributes involved in the measurement of 96Zr(n, γ)97Zr reaction
cross section relative to the 197Au(n, γ)198Au monitor reaction cross section.

Attributes 〈En〉 = 0.61 MeV 〈En〉 = 1.05 MeV Correlations

γ-ray peak counts, CZr 8.276E − 01 4.122E − 01 uncorrelated

γ-ray peak counts, CAu 6.251E − 01 5.296E − 01 uncorrelated

Isotopic abundance, aZr 2.161E − 01 2.559E − 01 fully correlated

Weight, WAu 1.401E − 01 1.661E − 01 uncorrelated

Weight, WZr 1.329E − 01 1.582E − 01 uncorrelated

Efficiency, εZr
b 7.511E − 02 8.892E − 02 fully correlated

Efficiency, εAu
c 6.020E − 02 7.127E − 02 fully correlated

Monitor reaction cross section, 〈σAu〉 3.823E − 02 4.620E − 02 partially correlateda

Low-energy neutron background 3.726E − 02 1.435E − 01 partially correlated

correction factor, Cx,low,Zr

γ-ray abundance, Iγ,Zr 1.156E − 02 1.368E − 02 fully correlated

γ-ray abundance, Iγ,Au 4.219E − 03 4.996E − 03 fully correlated

Time factor, fZr 1.538E − 03 1.892E − 03 fully correlated

Low-energy neutron background 1.581E − 03 3.530E − 03 partially correlated

correction factor, Cx,low,Au

Average mass, Av,Zr 1.474E − 04 1.745E − 04 fully correlated

Average mass, Av,Au 1.366E − 07 1.617E − 07 fully correlated

Time factor, fAu 9.183E − 05 2.569E − 05 fully correlated

a
Partial correlation coefficient 0.93 (table 5).

b,c
A partial correlation exists between εZr and εAu with partial correlation coefficient 0.74943 (table 3).

Table 9. The experimentally determined 96Zr(n, γ)97Zr reaction cross section (〈σZr〉) along with its uncertainty.

Neutron energy, 96Zr(n, γ)97Zr reaction Covariance matrix Correlation matrix

〈En〉MeV cross section, 〈σZr〉 (mb)

0.61 6.72 ± 1.09 1.18 1.0

1.05 7.96 ± 0.78 0.08 0.61 0.10 1.0

5 Results and discussions

The spectrum averaged 96Zr(n, γ)97Zr reaction cross sec-
tion (〈σZr〉) relative to the 197Au(n, γ)198Au monitor re-
action has been measured using the activation and off-line
γ-ray spectrometry technique at the effective neutron en-
ergies of 0.61MeV and 1.05MeV. The experimentally de-
termined 96Zr(n, γ)97Zr reaction cross sections along with
their uncertainties are reported in table 9. For compari-
son, the excitation function of the 96Zr(n, γ)97Zr reaction
as a function of neutron energy from 0.1 to 2.5MeV has
been calculated using the computer code TALYS 1.8 [19].
The back-shifted Fermi gas model with varying level den-
sity parameter and Brink-Axel Lorentzian γ-ray strength
function was adopted. An excellent agreement between the
calculated and experimental 96Zr(n, γ)97Zr reaction cross
sections data was obtained by adjusting the level den-
sity parameter, a = 8.94 with the shell damping factor,
γ = 0.27. The adjusted normalization factor for gamma-

ray transmission coefficient is, gnorm = 2. The theoretical
calculations have been performed using the default param-
eter values except for the level-density models and γ-ray
strength functions.

The experimental 96Zr(n, γ)97Zr reaction cross sec-
tions at the neutron energies of 0.61 and 1.05MeV from
the present work and the theoretical values from TALYS-
1.8 code [19], TENDL-2015 data library [45] as well as
the evaluated data from CENDL-3.1 [46], JENDL-4.0 [47],
JEFF-3.3 [48], and ENDF/B-VIII.0 [38] as a function of
neutron energy are plotted in fig. 6. It can be seen from
fig. 6 that the present data at the neutron energies of 0.61
and 1.05MeV are in excellent agreement with the theoret-
ical values from the TALYS-1.8 code [19]. Similarly, the
present data are also in agreement with the value from
TENDL-2015 library [44] only at the neutron energy of
1.05MeV but not at 0.61MeV. Besides this, the present
datum at the neutron energy of 0.61MeV is also in close
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Table 10. The experimentally determined 96Zr(n, γ)97Zr reaction cross section (〈σZr〉) along with the evaluated cross sections,
folded by the 7Li(p, n0) reaction neutron flux energy spectra for TALYS-1.8 [19], TENDL-2015 [45], CENDL-3.1 [46], JENDL-
4.0 [47], JEFF-3.3 [48], and ENDF/B-VIII.0 [38] libraries.

96Zr(n, γ)97Zr Reaction Cross section 〈σZr〉 (mb)

Energy (MeV) Present work TALYS 1.8 TENDL-2015 CENDL-3.1 JENDL-4.0 JEFF-3.3 ENDF/B-VIII.0

0.61 6.72 ± 1.09 7.72 6.59 6.29 7.89 8.56 7.76

1.05 7.96 ± 0.78 8.50 8.72 7.94 10.35 11.39 10.30

Fig. 6. Plot of the experimentally measured spectrum av-
eraged 96Zr(n, γ)97Zr reaction cross sections along with the
calculated values from TALYS-1.8 [19] and TALYS based
TENDL-2015 [44] data library as well as the evaluated data
from CENDL-3.1 [45], JENDL-4.0 [46], JEFF-3.3 [47] and
ENDF/B-VIII.0 [36] libraries as a function of neutron energy.

agreement only with the evaluated data of JENDL-4.0 [46]
and ENDF/B-VIII.0 [38] libraries but not with the other
evaluated data libraries.

In order to examine the above discrepancy, the cal-
culated and all the evaluated cross sections of the
96Zr(n, γ)97Zr reaction have been folded by the 7Li(p,n0)
reaction neutron flux energy spectra from the EPEN
code [24]. In table 10, the experimentally determined
96Zr(n, γ)97Zr reaction cross sections (〈σZr〉) from the
present work were compared with the spectrum folded
theoretical values from TALYS 1.8 and TENDL-2015 [45]
library as well as with the evaluated values from the
CENDL-3.1 [46], JENDL-4.0 [47], JEFF-3.3 [48], and
ENDF/B-VIII.0 [38] library. As seen from table 10, the ex-
perimentally measured cross sections at the average neu-
tron energy of 0.61MeV, within the uncertainty limit are
in agreement with the spectrum folded theoretical value
from TALYS-1.8 and TENDL-2015 library [45] as well as
with the evaluated data of different libraries [38,46–48].
On the other hand, at the neutron energy of 1.05MeV,
the present datum within uncertainty limit is in agree-
ment with the spectrum folded theoretical value from
TALYS-1.8, TENDL-2015 [45] library and evaluated data
of CENDL-3.1 [46] library but not with other libraries [38,
47,48].

From the above discussion it is clear how experimental
data are useful in testing theoretical model and different
evaluation. This also implies that it is very much necessary
to choose proper parameters for the theoretical model used
in TALYS calculation. However, the primary importance
of the 96Zr(n, γ)97Zr reaction cross sections is their ap-
plications in the design of the conventional and advanced
reactors, where zirconium and its alloy such as zircaloy
are used as accessory structural materials and cladding
material of fuel.

6 Summary

The 96Zr(n, γ)97Zr reaction cross sections relative to the
197Au(n, γ)198Au monitor reaction at the neutron ener-
gies of 0.61 and 1.05MeV have been measured for the
first time. The neutron beams have been generated by us-
ing the 7Li(p,n)7Be reaction with the proton energies of
3 and 4MeV. The data analysis is carried out using the
latest decay data and by making the necessary corrections
resulting from the contribution of the low energy 7Li(p,n1)
reaction neutron backgrounds, and γ-ray self-attenuation.
Covariance analysis has also been carried out to determine
the uncertainty in the measured cross section. The present
data at the neutron energies of 0.61 and 1.05MeV were
found to be in excellent agreement with the theoretical
values from TALYS-1.8 code with the back-shifted Fermi
gas model and Brink-Axel Lorentzian γ-ray strength func-
tions. The theoretical values of TALYS-1.8 and TENDL-
2015 as well as the evaluated data of CENDL-3.1, JENDL-
4.0, JEFF-3.3, and ENDF/B-VIII.0 libraries have been
folded by using the 7Li(p,n0) reaction neutron flux en-
ergy spectra from the EPEN code. At the neutron energy
of 0.61MeV, the present datum within uncertainty limit
is in agreement with the spectrum folded theoretical data
of TALYS-1.8 and the evaluated data of nuclear data li-
braries [38,46–48]. At the neutron energy of 1.05MeV, the
present datum within uncertainty limit is also in agree-
ment with the spectrum folded theoretical data of TALYS-
1.8 and TENDL-2015 library as well as with the evaluated
data of CENDL-3.1 library but not with those of JENDL-
4.0, JEFF-3.3 and ENDF/B-VIII.0 libraries.
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