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Abstract: The 96Zr(𝛾, 𝑛)95Zr reaction cross-section was
experimentally determined at end point bremsstrahlung
energies of 10 and 12.5MeV using off-line 𝛾-ray spec-
trometric technique. The cross-section increases sharply
from the end point energy of 10 to 12.5MeV, which in-
dicates the role of excitation energy. The reaction cross-
section as a function of photon energy was also calcu-
lated theoretically using the TALYS 1.2 computer code. The
flux weighted average value of the 96Zr(𝛾, 𝑛)95Zr reaction
cross-section for the end-point bremsstrahlung energies
of 10 and 12.5MeV was also calculated using the exper-
imental and theoretical data of mono-energetic photons
to compare with the present data. The cross-section given
in the present work at end- point bremsstrahlung energy
of 10MeV is closer to the flux-weighted value of TALYS
but higher than the literature data. On the other hand,
at 12.5MeV, it is higher than the flux weighted value of
TALYS and the literature data.
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1 Introduction
The cross-section data of the nuclear reactions induced by
different photon energies are required for applied nuclear
physics, nuclear models, elemental analysis and reactor
technology [1]. Reliable cross-section data for the pro-
duction of residual nuclides by medium-energy photon-,
proton- and neutron-induced reactions are essential for
accelerator driven sub-critical system (ADSs) to calcu-
late the radioactive inventories of the spallation target,
cladding material and structural materials [2–5]. Among
the structural materials, zirconium and its alloys are im-
portant claddingmaterials for various types of reactors [6]
due to its low neutron absorption cross-section [7–10].
Zirconium is a very strong malleable, ductile, lustrous,
grayish-white metal having high resistance to corrosion in
aggressive environments such as alkalis, acids, salt wa-
ter and the other agents even at high temperatures. Thus
Zr metal has many applications, such as heat exchang-
ers, pumps, reactor vessels, valves, surgical appliances
and chemical industry, where corrosive agents are em-
ployed [11]. In reactor application, alloy of Zr containing
Sn, Fe and Cr with or without Ni is used as Zircaloy-2 and
Zircaloy-4. These four elements have very low neutron ab-
sorption cross-sections. So they do not affect the neutron
economy of the reactor, but allow the zirconium alloy to
meet the required engineering criteria for cladding and
assembly components. Zircaloy-2 contains 1.5% tin, 0.1%
iron, 0.1% chromium, 0.05% nickel, and not more than
0.01% nitrogen, whereas Zircaloy-4 differs from Zircaloy-
2 by lower nickel content (0.007%). Zircaloy-2 is used in
boiling water reactors (BWR) and zircaloy-4 in pressurized
water reactors (PWR) [12]. In pressurized heavy water re-
actors (PHWR), Zr-2.5 wt % Nb alloy is used as pressure
tubes [13–15]. Zircaloy can be also used as cladding ma-
terial in ADSs [2, 16]. However, in ADSs along with high-
energy neutrons, high-energy photons are also produced
during spallation process, which can cause different types
of nuclear reactions of the cladding and structural mate-
rials. Thus it is important to measure the neutron- and
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photon-induced reaction cross-sections of structural (Fe,
Ni, Cr et.) and cladding (Zr) materials.

Accurate photo-nuclear cross-sections near the reac-
tion thresholds are insufficient because of experimental
difficulties [17]. Nonetheless high quality evaluated photo-
nuclear cross-sections have been compiled for many ele-
ments [1]. A number of workers [18–21] reported data on
photon-induced reaction cross sections for zirconium iso-
topes using the activation technique but they are only for
mono-energetic photons. Only one set of data is avail-
able on 96Zr(𝛾, 𝑛) reaction using mono-energetic photon
beam [22]. However, there is no data on the 96Zr(𝛾, 𝑛)95Zr
reaction cross-section at bremsstrahlung of any energy.
In a reactor and particularly in ADSs, the photons pro-
duced are bremsstrahlung radiations over wide range
of energies. Thus the bremsstrahlung induced reaction
cross-section of Zr is of primary interest for reactor de-
sign. In view of this, in the present work, we deter-
mine the 96Zr(𝛾, 𝑛)95Zr reaction cross-sectionat end-point
bremsstrahlung energies of 10 and 12.5MeV using acti-
vation followed by off-line 𝛾-ray spectrometric technique.
The 96Zr(𝛾, 𝑛)95Zr reaction cross-section induced by 10
and 12.5MeV bremsstrahlung was also calculated theo-
retically using the computer code TALYS 1.2 [23] and com-
pared with experimental data of the present work.

2 Experimental details
The experiment was carried out using electron linear ac-
celerator of the Electron Beam Centre (EBC) at Kharghar,
Navi Mumbai, India. In the present work, the electron
LINAC was operated at 10 and 12.5MeV. Two sets of ir-
radiation were done for end point bremsstrahlung ener-
gies of 10 and 12.5MeV to measure the cross-section of
96
Zr(𝛾, 𝑛)95Zr reaction. In both the set of experiments,

nat
Zr and nat

Au metal target foils were used for irradia-
tion. The bremsstrahlung was generated when a pulsed
electron beam hits a 0.25 mm thick tantalum (Ta) target.
The Ta target was placed on a suitable stand at 3.0 cm dis-
tance from the electron beamexitwindowand the samples
were kept at a distance of 10 cm from the tantalum target.
A schematic diagramof the sample stack (Zr-Au) for irradi-
ation along with the electron to bremsstrahlung converter
is shown in Figure 1.

The isotopic abundance of 96Zr in the nat
Zr sample is

2.8%, whereas 197Au is mono-isotopic. High purity nat
Zr

and 197Aumetal target foils were wrapped with 0.025mm
thick super pure aluminum foil. In the first set of exper-
iment the weights of the zirconium and gold foils were
0.2379 and 0.0525 g, respectively. In the second set of

Fig. 1: Schematic diagram showing the arrangement used for the
production of bremsstrahlung irradiation.

experiment, the weights of Zr and Au were 0.1808 and
0.1297 g, respectively. The high purity gold metal foil was
used to measure the bremsstrahlung flux.

Different sets of targets for 96Zr and 197Au were made
for different irradiations. Each of the target samples was
placed below the tantalum foil for individual irradia-
tion. The target assembly was irradiated separately for
4–5 h with end-point bremsstrahlung energies of 10 and
12.5MeV. In the 10MeV bremsstrahlung irradiation, the
electron LINAC was operated with a pulse repetition rate
(PRR) of 310Hz, a pulse width of 10 𝜇s and the aver-
age beam current of 33mA. On the other hand, in the
12.5MeV bremsstrahlung irradiation the electron LINAC
was operated with a PRR of 300Hz, a pulse width of 10 𝜇s
and the average beam current of 25mA. After the irradi-
ation, the samples were cooled for 2–3 h. Then, the irra-
diated targets of Zr and Au foil along with the Al wrapper
were mounted on different Perspex plates and taken for 𝛾-
ray counting.

The 𝛾-ray counting of the reaction products from 96Zr
and 197Au was done by using an energy-and efficiency-
calibrated 80 cm3 HPGe detector coupled to a PC based
4K-channel analyzer. The resolution of the detector sys-
tem was 2.0 keV at 1332.0 keV of 60Co. The energy-and
efficiency-calibration of the detector system was done by
counting the𝛾-ray energies of a standard 152Eu source. The
dead time of the detector system was kept below 10% by
placing the irradiated sample at a suitable distance from
the detector to avoid the pile up effects.

3 Data analysis
The net photo peak areas (𝐴net) of the 𝛾-rays of nuclides of
interest were calculated after subtracting the linear Comp-
ton background from their total peak areas. The radionu-
clide 95Zr was identified through characteristic 𝛾-lines
of 724.2 and 756.7 keV. Thus the 96Zr(𝛾, 𝑛)95Zr reaction
cross-section (⟨𝜎⟩) at the end-point bremsstrahlung ener-
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Table 1: Nuclear spectroscopic data of the radionuclides 196
Au and 95

Zr produced by the (𝛾, 𝑛) reactions on nat
Au and nat

Zr [24–27] along
with the reaction Q-value and threshold energy.

Nuclide Half-life 𝛾-ray 𝛾-ray Reaction 𝑄-value Threshold
energy (keV) abundance (%) (MeV) energy (MeV)

196
Au 6.183d 332.98 22.9 197

Au(𝛾, 𝑛) −8.0723 8.0725
355.69 87
426.0 7

95
Zr 64.02d 724.2 44.17 96

Zr(𝛾, 𝑛) −7.8563 7.8566
756.73 54

Fig. 2: Plot of bremsstrahlung spectrum with end-pint energies of 10
and 12.5MeV [28].

gies of 10 and 12.5MeV were obtained from the net peak
areas of the full energy photo-peaks using the following
equation.

𝐴 (net) (
𝐶𝐿

𝐿𝑇
) =
𝑁⟨𝜎⟩𝛷𝑎𝜀(1 − 𝑒

−𝜆𝑡
)(𝑒
−𝜆𝑇
)(1 − 𝑒

−𝜆𝐶𝐿
)

𝜆

(1)

where N is the number of target atoms, 𝛷 is the photon
flux, “𝑎” is the branching intensity of the analyzed 𝛾-ray
and 𝜀 is detection efficiency for the 𝛾-line of interest. “𝑡”
and 𝑇 are the irradiation and cooling times, whereas CL
and LT are the clock time and live time of counting, respec-
tively.

In Eq. (1) the CL/LT term has been used for dead time
correction. The 𝛾-ray energies and the decay data for the
residual nuclide such as branching ratio, half-lives are
taken from Refs. [24, 25] and are given in Table 1. The pho-
tonflux (𝛷)was determined from thenet photo-peak activ-
ity (A
𝑛𝑒𝑡
) of the 355.7 keV 𝛾-line of 196Au from 197Au(𝛾, 𝑛)

reaction [26, 27] and using the rearranged Eq. (1). The av-
erage cross-section (⟨𝜎⟩) for 197Au(𝛾, 𝑛) reaction was cal-

Fig. 3: Plot of experimental [32] and theoretical [23] 197Au(𝛾, 𝑛)196Au
reaction cross-section as a function of photon energy.

culated using the following relation

⟨𝜎⟩ =
∑𝜎𝛷

∑𝛷
(2)

For end point bremsstrahlung energy of 10 and 12.5MeV,
the photon flux distribution was calculated by using the
EGS4 code [28]. The photon flux (𝛷) distribution with re-
spect to photon energy (E) is presented in Figure 2. Suf-
ficient 197Au(𝛾, 𝑛)196Au reaction cross-section (𝜎) data
based on mono-energetic photons are available in litera-
ture [29–32]. In the present experiment we have taken the
(𝛾, 𝑛) cross-section of 197Au reaction from Ref. [32], which
is shown in Figure 3. 197Au(𝛾, 𝑛)196Au reaction cross-
section as a function of photon energy was also calculated
theoretically using the computer code TALYS 1.2 [23] and
the result is plotted in the same Figure 3 for comparison.
The flux-weighted ⟨𝜎⟩ values for the 197Au(𝛾, 𝑛)196Au re-
action was obtained from the literature [32] and TALYS
1.2 [23] data and is listed in Table 2.

The photon flux for 197Au(𝛾, 𝑛)196Au reaction was
used in Eq. (1) to calculate the average cross-section of
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the 96Zr(𝛾, 𝑛)95Zr reaction. However, the photon flux for
the 96Zr(𝛾, 𝑛)95Zr reaction differs slightly from the pho-
ton flux based on the 197Au(𝛾, 𝑛)196Au reaction due to
different threshold values. The threshold values for the
197
Au(𝛾, 𝑛)196Au and 96Zr(𝛾, 𝑛)95Zr reactions are 8.073

and 7.851MeV, which were taken from the Ref. [33] and
are presented in Table 1. The detailed calculations of flux
ratio based on threshold values are given in Ref. [34].

4 Results and discussion
The average cross-section of the 96Zr(𝛾, 𝑛)95Zr reaction
determined in the present work from the photo-peak activ-
ities of 724.2 and 756.7 keV 𝛾-lines of 95Zr at the end point
bremsstrahlungenergies of 10and12.5 MeV arepresented
in Table 2. The 96Zr(𝛾, 𝑛)95Zr reaction cross-sections are
based on the bremsstrahlung flux obtained from flux-
weighted 197Au(𝛾, 𝑛)196Au reaction cross-section ofmono-
energetic photons from literature [32] and TALYS [23]. The
uncertainties associated with the experimental reaction
cross-sections data are based on the replicate measure-
ments. The overall uncertainty is the quadratic sum of
both statistical and systematic errors. The random error in
the observed activity is primarily due to counting statis-
tics, which is estimated to be 5%–10%. This can be de-
termined by accumulating the data for an optimum time
period that depends on the half-life of nuclide of interest.
The systematic errors are due to uncertainties in photon
flux estimation (∼ 2%), the irradiation time (∼ 0.5%), the
detection efficiency calibration (∼ 3%), the half-life of the
reaction products and the 𝛾-ray abundances (∼ 2%) as re-
ported in the literature [24–27]. Thus the total systematic
error is about ∼ 3.7%. The overall uncertainty is found to
range between 6.2 and 10.7%, coming from the combina-
tion of a statistical error of 5%–10% and a systematic error
of 3.7%.

It can be seen from Table 2 that the experimen-
tally determined average 96Zr(𝛾, 𝑛)95Zr reaction cross-

Table 2: Comparison of experimental 96Zr(𝛾, 𝑛)95Zr reaction cross-section with the flux-weighted average data based on mono-energetic
photons from literature and TALYS at the end-point bremsstrahlung energies of 10 and 12.5 MeV.

Photon Flux-weighted Flux (𝛷) × 108 96
Zr(𝛾, 𝑛)95Zr reaction cross-section (⟨𝜎⟩ in mb)

energy 197
Au (𝛾, 𝑛) (Photons/cm2/s) Experimental TALYS Literature [Ref.]

(MeV) ⟨𝜎⟩ (mb) [Ref]

10 38.65 [32] 13.65 ± 0.22 16.84 ± 0.98 15.29 12.33 [22]
55 [23] 9.59 ± 0.16 24.16 ± 1.6

12.5 95.35 [32] 4.16 ± 0.04 32.89 ± 1.59 21.7 17.49 [22]
113.86 [23] 3.48 ± 0.03 39.07 ± 1.89

Fig. 4: Plot of experimental and theoretical 96Zr(𝛾, 𝑛)95Zr reaction
cross-section as a function of photon energy.

section varies between 16.8 and 24.1 mb at the end-
point bremsstrahlung energy of 10 and between 32.9 and
39.1 mb at 12.5MeV. The variation in the cross-section is
due to the use of two different type of photon flux based
on experimental and theoretical 197Au(𝛾, 𝑛)196Au reaction
cross-section. In literature, there is no experimental data
on the 96Zr(𝛾, 𝑛)95Zr reaction cross-section at any end-
point bremsstrahlung energy to compare with the present
data. However, the cross-sections for the 96Zr(𝛾, 𝑛)95Zr re-
action based on mono-energetic photons are available in
Ref. [22], which are shown in Figure 4. The 96Zr(𝛾, 𝑛)95Zr
reaction cross-section increaseswithmono-energetic pho-
ton energy up to 13MeV. Since there is no measured data
beyond 13MeV, the 96Zr(𝛾, 𝑛)95Zr reaction cross-section
as a function of photon energy above threshold value was
calculated theoretically using the computer code TALYS
code 1.2 [23], as explained in Ref. [34]. All possible out-
going channels for the given photon energy were consid-
ered. However, the cross-section for the (𝛾, 𝑛) reaction of
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96
Zr was specially looked for and collected. The calcu-

lated 96Zr(𝛾, 𝑛)95Zr reaction cross-section as a function of
photon energy is also plotted in Figure 4. The theoretical
curve agrees with the available experimental data [22] up
to 13MeV.

Using Eq. (2), the flux weighted average cross-
section for 96Zr(𝛾, 𝑛)95Zr reaction was obtained from the
mono-energetic data of literature [22] and TALYS [23]
(see Table 2 for comparison). The experimentally de-
termined 96Zr(𝛾, 𝑛)95Zr reaction cross-section at end-
point bremsstrahlung energy of 10MeV is closer to the
flux-weighted value obtained from TALYS but is higher
than the flux-weighted value from literature [22]. On
the other hand, at the end-point bremsstrahlung en-
ergy of 12.5MeV, the experimental value is higher
than the flux weighted values of TALYS and litera-
ture [22]. The difference between the experimental and
the flux-weighted TALYS and literature data may be due
to the undefined bremsstrahlung spectrum from EGS4
code [28]. Further, it can be seen from Table 2 that
the 96Zr(𝛾, 𝑛)95Zr reaction cross-section from present
work increases from 16.8–24.1 mb at the end-point
bremsstrahlung energy of 10MeV to 32.9–39.1 mb at
12.5MeV. Similarly, the flux-weighted values from litera-
ture [22] and TALYS [23] based onmono-energetic photons
also increase from the end-point bremsstrahlung energy of
10MeV to 12.5MeV. This observation indicates the effect
of excitation energy.

5 Conclusions
The 96Zr(𝛾, 𝑛)95Zr reaction cross-sections at end-point
bremsstrahlung energies of 10 and 12.5MeV have been
measured for the first time. The cross-section increases
from 10 to 12.5MeV indicating the role of excitation en-
ergy. The reaction cross-section as a function of pho-
ton energy was also calculated theoretically using the
computer code TALYS 1.2. The experimentally determined
96
Zr(𝛾, 𝑛)95Zr reaction cross-section at the end-point

bremsstrahlung energy of 10MeV is closer to the flux-
weighted value of TALYS but higher than the literature
data. On the other hand, at 12.5MeV it is higher than the
flux-weighted value of TALYS and literature data, which
may be due to the use of theoretical bremsstrahlung spec-
trum.
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