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The 115In(n,’y)u6mln reaction cross section at neutron energies of 1.12, 2.12, 3.12 and 4.12 MeV

was determined by using an activation and off-line «-ray spectrometric technique.

The mono-

energetic neutron energies of 1.12 — 4.12 MeV were generated from the "Li(p,n) reaction by using
proton beam with energies of 3 and 4 MeV from the folded tandem ion beam accelerator (FOTIA)
at Bhabha Atomic Research Centre (BARC) and with energies of 5 and 6 MeV from the Pelletron
facility at Tata Institute of Fundamental Research (TIFR), Mumbai. The **7Au(n,y)**® Au reaction
cross-section was used as the neutron flux monitor. The **In(n,y)''®™In reaction cross-sections at
neutron energies of 1.12 — 4.12 MeV were compared with the literature data and were found to be
in good agreement with one set of data, but not with others. The 11511(1(11,'y)116mll(1 cross-section was
also calculated theoretically by using the computer code TALYS 1.6 and was found to be slightly

lower than the experimental data from the present work and the literature.
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I. INTRODUCTION

Nuclear data such as reaction and fission cross-section
as well as decay data are important for reactor de-
sign. Among these, the neutron-induced reaction cross-
sections of structural materials such as Zr, Nb, Fe, Ni
and Cr as well as the end beta decay products from
fission products are important from the point of neu-
tron economy of the reactor. In particular stable fission
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products such as In, Cd, and rare earths such as Sm
and Gd have sufficient neutron absorption cross-sections
for thermal neutron energy [1]. However, in a reactor
the neutron spectrum has energies from thermal to 15
MeV. Thus, knowledge of the reaction cross section of
the neutron absorbing materials at different neutron en-
ergies is very important. ''°In is a stable end product of
an isobaric mass chain of symmetric fission products with
mass number 115. Natural In has '%In with an isotopic
abundance of 95.71%. In addition, the !5In(n,n’)15™In
reaction cross section is used as a flux monitor for neu-
trons with medium energies from 1.5 to 10 MeV. During
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the 5In(n,n’)1**™In reaction, the °In(n,y)*®™In re-
action also takes place at lower neutron energies. The
15Tn(n,n’) 5™ n reaction cross section data over a wide
range of neutron energies are compiled in EXFOR [2] and
are consistent with each other. On the other hand, the
1510 (n,y) 1™ n reaction cross section data for neutron
energies from 0.025 eV to 7.66 MeV and around 14 MeV
have been determined by various authors [3-33] by using
activation and different counting techniques. However,
the 11°In(n,y)1*™In reaction cross sections for the neu-
tron energies of 0.46- to 4.5-MeV are not consistent with
each other and follow two different trends.

In view of the above, in the present work, we have
determined the %In(n,y)'%"In reaction cross section
at neutron energies of 1.12, 2.12, 3.12 and 4.12 MeV by
using the off-line gamma spectrometric technique. The
197 Au(n,y) 1?8 Au reaction cross section was used as the
neutron flux monitor. The 1°In(n,y)!1™In cross section
as a function of neutron energy was also calculated the-
oretically by using the computer code TALYS 1.6 [34],
and the results were compared with the experimental
data of present work and literature data to look for the
discrepancies.

II. EXPERIMENTAL DETAILS

For the measurement of the '5In(n,y)15In reaction
cross sections, experiments were carried out with four
different neutron energies at two different accelerators
The experimental work consists of two steps: (i) neutrons
beam production and (ii) irradiation of the samples and
gamma-ray spectrometric analysis.

1. Neutrons Beam Production

The neutron energies of 1.12, 2.12, 3.12 and 4.12 MeV
were produced from the “Li(p,n)"Be reaction by using
proton beams with energies of 3, 4, 5, and 6 MeV [35].
The neutron energies of 1.12 and 2.12 MeV were pro-
duced by using the folded tandem ion beam accelerator
(FOTIA) at the Van-de-Graff, BARC, Mumbai. A circu-
lar LiF pellet of 1-cm diameter and 3-mm thickness was
used for neutron production. It was fixed on a stand at
an angle of 0° relative to the beam’s exit window. For
the production of the 1.12 and the 2.12 MeV neutron
beams, proton beams with energies of 3 and 4 MeV from
the ion beam accelerator were used. A beam collimator
of 10-mm in diameter was placed before the target. The
current of the incident proton beam during the irradia-
tions was100 nA for both the 3- and the 4-MeV proton
beams, respectively. A 3-mm-thick LiF pellet was suffi-
cient to stop the 3- and the 4-MeV proton beams.

The neutron energies of 3.12 and 4.12 MeV were pro-
duced at the 14 UD BARC-TIFR Pelletron facility at

Tata Institute of Fundamental Research (TIFR), Mum-
bai. The neutrons beam were also generated from the
"Li(p,n)"Be reaction caused by 5- and 6-MeV proton
beams from the Pelletron facility impinging on a lithium
metal target [35]. These runs were carried out at 6-m
height above the analyzing magnet of the Pelletron facil-
ity in order that the maximum proton current from the
accelerator be utilized [35]. At this port, the terminal
voltage was regulated by the generating voltage mode
(GVM) caused by the terminal potential stabilizer. Fur-
ther, we used a beam collimator of 6-mm diameter before
the target. The lithium foil used for neutron production
was made up of natural lithium with a thickness of 3.7
mg/cm? sandwiched between two tantalum foils of dif-
ferent thicknesses. The maximum energy degradation
of the proton beam in the thin lithium metal foil was
0.13 MeV [36]. The front tantalum foil facing the proton
beam was the thinner one (3.9 mg/cm?), in which the
degradation of proton energy was 50 to 85 keV [36]. On
the other hand, the back tantalum foil (beam stopper)
was the thicker one (0.025 mm) and was used to stop the
proton beam. The current of the incident proton beam
during the irradiations was 50 nA at 5 MeV and 60 nA
at 6 MeV.

The uncertainties in the above-mentioned neutron en-
ergies were calculated as follows: The Q-value for the
"Li(p,n)"Be reaction relative to the ground state is
—1.644 MeV whereas the first excited state is 0.431 MeV
above the ground state, leading to an average Q-value of
—1.868 MeV [37-39]. The threshold value of the "Li(p,
n)reaction relative to the ground state of "Be is 1.881
MeV. Thus, for the proton energies of 3, 4, 5 and 6 MeV,
the resulting peak energies of the first group of neutrons
(ng) are 1.12, 2.12, 3.12 and 4.12 MeV, respectively. The
corresponding neutron energies of the second group of
neutrons (n;) for the first excited state of "Be are 0.63,
1.63, 2.63 and 3.63 MeV, respectively. This is due to the
fact that above proton energy of 2.37 MeV, the n; group
of neutrons is also produced [37-39]. However, the con-
tribution from the ny group of neutrons is negligible for
the proton energies of 6 MeV. Thus, the energies of the
emitted neutrons under the main peak were estimated to
be 1.12 + 0.11, 2.12 + 0.15, 3.12 + 0.21, and 4.12 + 0.22
MeV, respectively. The energy degradation of the proton
beam within the lithium metal foil might cause an ad-
ditional uncertainty. However, that uncertainty was less
prominent than the energy spread due to the different
population of the ny and the n; groups of neutrons.

2. Irradiation of Samples and Gamma-ray Spec-
trometry

In the first experiment at the FOTIA at Van-de-Graff,
BARC, two different sets of samples were made. An In
metal foil of bout 98.8 — 163.7 mg with a purity ~99.99%
was wrapped with 0.025-mm-thick Al foil. Similarly, 52.7
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Table 1. Nuclear spectroscopic data for the radionuclides from the 7 Au(n,y)'%¥™9Au and the **In(n,y) ' 9In reactions
used in the calculation from Ref. 40. The bold numbers are the y-ray energies, whose activities were used in the calculation.

Nuclide Spin Parity Half-life Decay mode ~-ray energy (keV) ~-ray intensity (%)
1989 Au 2” 2.6948 d B7(100%) 411.8 95.62
675.88 0.802
1087.68 0.1589
198m Ay 12 2.272 d IT(100%) 97.21 69.0
115.2 0.04
180.30 49.0
204.10 39.0
214.89 77.3
333.82 18.0
1691y 1 14.10 sec B57(99.98%) 818.7 0.0143
£(0.02%) 1293.4 1.30
Homity 5% 54.29 min B57(100%) 138.29 3.7
416.90 27.2
818.68 12.13
1097.28 58.5
1293.56 84.8
1507.59 9.92
1752.50 2.36
2112.29 15.09
H6m21y 8~ 2.18 sec
— 59.1 mg of Au metal foil was wrapped with 0.025-mm- Thick Ta foil Flange
thick Al foil to prevent contamination from one to the Lo (b‘e/am stopper) 9\
other. The %7 Au(n,y)!?89Au reaction of the Au metal Proton Li foil In, Au
foil was used as a neutron flux monitor. Two sets of Al- b X '\
wrapped Au and In metal stacked samples were made for eam
two different irradiations. The Au-In stack was wrapped .
with additional Al foil and kept at a distance of 3-mm Neutrons
behind the LiF target. The stacks of samples were irra-
diated one set at a time with the neutron beam energies
of 1.12 and 2.12 MeV at FOTIA, BARC, Mumbai. The e
irradiation time was 8.6 h for the neutron energy of 1.12 - 2m

MeV and 5.6 h for 2.12 MeV.

For the second experiment at BARC-TIFR, Pelletron
facility at TIFR, Mumbai, two separate sets of samples
were also made. In metal foil of about 58.1 — 64.3 mg
was wrapped with 0.025-mm-thick Al foil. Similarly, 59
— 59.4 mg of Au metal foil was wrapped separately with
0.025-mm-thick Al foil. Then, two different sets of Al-
wrapped In and Au stacks were made for different irra-
diations at neutron energies of 3.12 and 4.12 MeV, re-
spectively. The individual stacks of In-Au samples were
additionally wrapped with two different Al foils. The In-
Au stack was mounted at an angle of 0° with respect to
the proton beam’s direction at a distance of 2.1 cm be-
hind the Ta-Li-Ta stack [38]. Schematic diagrams of the
Ta-Li-Ta stack and the In-Au stack are given in Fig. 1.
The samples were irradiated one set at a time with neu-

Thin tantalum
wrapping foil

IRRADIATION OF SAMPLES AND MONITOR WITH
THE NEUTRONS FROM Li(p,n)REACTION

Fig. 1. (Color online) Schematic diagrams showing the
arrangements used for the neutron irradiation.

tron beam energies of 3.12 and 4.12 MeV, respectively.
The irradiation time was 11.8 h for the neutron energy
of 3.12 MeV and 13.4 h for 4.12 MeV.

The irradiated samples of In and Au from the above
experiments were cooled for 0.7 — 1.25 h and 2.3 — 19
h, respectively. Then, the «-ray counting of the samples
was done by using a pre-calibrated 80-cc HPGe detector
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Table 2. "°In(n,g)"'%"In and '°"Au(n,y)'?®9Au reaction cross-sections at different neutron energies. The reaction cross-
sections (or) are within the neutron energies of AEn = 1.014 — 1.232 MeV and PE,, = 2.0 — 2.25 MeV.

Neutron 197Au(n,'y.)lgggAu Neutron Flux 115In(1?,'y)116m11n
energy cross-section (or) — %107 (n/em?s) cross-section (or) (mb)
(MeV) (mb) [Ref.] Present work Literature [Ref.] TALYS 1.6 [34]
1.12 £ 0.12 90.984 [42, 45] 0.628 + 0.009 271.331 £ 3.374 146.588
77.552 [47] 0.737 & 0.016 231.285 £ 2.876
78.234 [48] 0.730 £ 0.015 233.318 £ 2.901
1.17 262.91 + 28.61 [14]
2.12 + 0.15 49.708 [45] 1.955 £ 0.013 120.412 4+ 1.631 74.824
47.347 [47] 2.052 £ 0.014 114.711 + 1.554
50.712 [48] 1.916 £ 0.013 122.864 + 1.664
2.16 126.00 + 6.80 [25]
3.12 £ 0.21 22.712 [47] 2.334 £ 0.140 41.348 £ 0.538 30.612
18.558 [48] 1.957 £ 0.117 49.247 £ 0.641
3.17 39.00 + 8.20 [25]
37.00 £ 4.00 [28]
3.115 89.00 [27]
4.12 £ 0.22 11.490 [47] 3.458 £ 0.173 17.839 £ 2.469 13.562
11.637 [48] 3.401 + 0.169 18.280 £+ 2.511
4.06 20.40 + 8.00 [25]
4.159 40.80 [27]
413 15.40 £ 2.40 [28]

coupled to a PC-based 4094 channel analyzer. A %?Eu
standard source was used for the energy and efficiency
calibration. The resolution of the detector system during
counting was 2-keV for the 1332-keV gamma-ray of °°Co.
A typical gamma-ray spectrum for the irradiated In foil
is given in Fig. 2.

III. DATA ANALYSIS

The 7Au(n,y)'"89Au reaction was used as the neu-
tron flux monitor. From the photopeak activity (Aobs)
of the 412.8-keV ~-ray of 1989Au, the neutron flux (®)
was obtained by using the following equation [35]:

Aops(CL/LT) = Nop®I,e(1— = exp(—At))
x exp(—AT) x (1 —exp(ACL))/\, (1)

where N is the number of target atoms and op is the
cross section of the 7 Au(n,y)!?89Au reaction, \ is the
decay constant (A = In2/T,/3) of the reaction product
of interest with a half-life = Ty /5, I, is the branching
intensity of the 412.8-keV ~-ray of 1989 Au [40], and ¢ is its
detection efficiency. t, T, CL and LT are the irradiation,
cooling, clock and live times, respectively.

The cross section of the 197 Au(n,y)?%9 Au reaction are
available in literature [41-46] for the neutron energy from
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Fig. 2. (Color online) Gamma-ray spectrum of an irradi-
ated "**In foil with a neutron energy of 1.12 MeV: irradiation
time = 8.583 h, cooling time = 42 min, and counting time =
10 min.

0.025 eV to 2.2 MeV and at 14.8 MeV. Thus, for the flux
calculation, the 197 Au(n,y)!?89 Au reaction cross sections
from the literature [42,45] were used for neutron energies
of 1.12 and 2.12 MeV. However, the 97Au(n,y)!%89Au
reaction cross sections available in the literature [42,45]
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are for neutron energies of 1.014 and 1.232 MeV, as well
as at 2.0 and 2.5 MeV. Thus, at the exact neutron en-
ergies of 1.12 and 2.12 MeV, the 197 Au(n,y)*®9 Au reac-
tion cross sections can be obtained by interpolation from
the literature data [42,45]. For comparison, the evalu-
ated 197 Au(n,y)'*®9 Au reaction cross sections from the
ENDF/B-VIIL.1 [47] and the JENDL-4.0 [48] data at the
exact neutron energies of 1.12 and 2.12 MeV were also
interpolated and used for the flux calculation. No ex-
perimental 7 Au(n,y)'989 Au reaction cross section data
are available for the neutron energies from 2.2 and 14.8
MeV in the literature. Thus, for the exact neutron ener-
gies of 3.12 and 4.12 MeV, the 197 Au(n,)'?%9 Au reaction
cross section from ENDF/B-VIL.1 [47] and JENDL-4.0
[48] data were interpolated and used for the flux cal-
culation. This was justified because the experimental
197 Au(n,y) 1?89 Au reaction cross sections at neutron en-
ergies of 1.12 and 2.12 MeV from the literature [42,45]
are comparable to the evaluated data of ENDF/B-VIIL.1
[47] and JENDL-4.0 [48]. The neutron fluxes obtained
from the method describe above were used in rearranged
Eq. (1) to calculate the 5In(n,y)'6In reaction cross
section by using the photopeak activities of the 138.33-
, 416.86-, 818.72-, 1097.33- and 1293.56-keV ~-lines of
116mTy The nuclear spectroscopic data used in the above
calculations are taken from the Ref. 40 and are presented
in Table 1.

IV. RESULTS AND DISCUSSION

The '5In(n,y)'1%™In reaction cross sections deter-
mined in the present work at the neutron energies of 1.12,
2.12, 3.12 and 4.12 MeV along with the literature data
[14,25,26,26,28] are shown in Table 2. The uncertain-
ties associated with the measured cross section values of
the present work are from replicate measurements. The
overall uncertainty is the quadratic sum of both the sta-
tistical and the systematic errors. The random error in
the observed activity is primarily due to counting statis-
tics and is estimated to be 2.1 — 6.7% for '16In. This
can be determined by accumulating the data for an op-
timum time period that depends on the half-life of the
nuclide of interest. The systematic errors are due to un-
certainties in the irradiation time (~0.1%), the half-life
of the reaction products and the y-ray branching inten-
sity (~2%), and the detection efficiency (~3%), which
arises from the fitting error. Thus, the total systematic
error is about ~3.6%. The combined uncertainties from
both the statistical and the systematic errors are 4.2 —
7.6% for the 15In(n,y)*®™In reaction cross section.

Table 2 shows that the 1°In(n,y)!1%™In reaction cross
sections at the neutron energies of 1.12, 2.12, 3.12 and
4.12 MeV are the re-determined values and are found
to be in good agreement with the literature data [14,
25,27,28]. The present data at the neutron energy of
1.12 MeV is in agreement with the data of Peto et al.
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Fig. 3. (Color online) Plot of the experimental and eval-
uated '°In(n,g) %" In reaction cross-section data as a func-
tion of the neutron energy from 10 keV to 15 MeV. Experi-
mental values from the present work and from Refs. 3 — 33
are in different symbols and colors, whereas the theoretical
values from TALYS 1.6 are in solid squares.

[14]. Similarly, for the neutron energies of 2.12, 3.12
and 4.12 MeV, the present data are in agreement with
the data of Andersson et al. [25,28] but lower than the
values of Husain and Hunt [27]. Andersson et al. [25,28]
experimentally determined the *5In(n,y)5"In reaction
cross section within the neutron energy range from 1.96
to 7.66 MeV by using the P4+T and D+D neutron sources
and a Ge(Li) detector. However, Husain and Hunt [27]
determined the cross sections at neutron energies from
2.44 to 4.5 MeV by using the D+D neutron source and a
Nal(Tl) detector. The higher values obtained by Husain
and Hunt [27] are most probably due to the use of a
Nal(T1) detector or may be due to the contribution from
scattered neutrons. In view of this, the 1*®In(n,y)%™In
reaction cross section as a function of the neutron energy
was calculated theoretically by using the computer code
TALYS version 1.6 [34] for comparison.

TALYS versionl.6 [34] can be used to calculate the
reaction cross section based on physics models and pa-
rameterizations. It calculates nuclear reactions involv-
ing targets with masses larger than 12 amu and projec-
tiles like photons, neutrons, protons, 2H, 3H, ®He and al-
pha particles for energies up to 200 MeV. In the present
work, we used the TALYS calculation for the "*°In tar-
get for neutron energies from 10 keV to 15 MeV by using
the default values of the parameters because below neu-
tron energy of 10 keV, resonances capture comes into
play, which cannot be addressed by using the TALYS
software. All possible outgoing channels for a given
projectile (neutron) energy were considered, including
(n,y) and inelastic reactions. However, the (n,y) re-
action cross-sections for neutron energies from 10 keV
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to 15 MeV were collected. The theoretical '°In(n,y)
H6mIy reaction cross-sections from the TALYS version
1.6 software at neutron energies of 1.12; 2.12, 3.12 and
4.12 MeV are shown in Table 2 for comparison. Table 2
shows that the experimentally-determined reaction cross
sections from the present work are systematically higher
than the theoretical TALY'S values [34]. For comparison,
the experimental data from the present work at the four
neutron energies and the literature data [3-33] at other
neutron energies from 10 keV to 15 MeV are plotted in
Fig. 3, along with the theoretical TALYS values. Figure
3 shows that the 15In(n,y)'16™In reaction cross sections
from the present work and the literature data [3-33] de-
crease with increasing neutron energy. However, the ex-
perimental data from the present work and the literature
data [3-33] are slightly higher than the TALYS values
but follow a similar trend. The slight difference between
the experimental data and the theoretical TALY'S values
may be due to the use of default values of the parame-
ters. The present data gives a guideline to an evaluator
for the judgement of the literature data from earlier mea-
surements. The 15Tn(n,y)5"In reaction cross sections
at different neutron energies from 1.5 to 10 MeV are im-
portant for its use as an alternative flux monitor to the
H3n(n,n’)5n and 17 Au(n,y)!?89Au reaction mon-
itors. In addition, the °In(n,y)''%"In reaction cross
sections at different neutron energies are needed for re-
actor design from the point of the neutron economy of
the reactor because a stable fission product such as 11°In
is one of the symmetric fission products and are the decay
products of the isobaric chain with mass number 115.

V. CONCLUSION

We determined the 1°In(n,y)!16™In reaction cross sec-
tion at neutron energies of 1.12, 2.12, 3.12 and 4.12 MeV
by using an activation and off-line y-ray spectrometric
technique. Our results were found to be in good agree-
ment with one set of the literature data, but not others.
Thus, the present data gives a guideline to an evalua-
tor for the judgement of the literature data from earlier
measurements.

The 15In(n,y)!1%™In reaction cross section as a func-
tion of the neutron energy was calculated theoretically by
using the computer code TALY'S version 1.6. The present
data at four neutron energies and the literature data at
different neutron energies are systematically higher than
the values from TALY'S, which may be due to the default
values of the parameters.
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