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Abstract

The emission of prompt and delayed gamma rays from (n,y) and (n,n"y) reactions induced by irradiation of indium with epi-
thermal and fast neutrons was investigated with the instrument FaANGaS operated at Heinz-Maier-Leibnitz Zentrum (MLZ)
in Garching. The average neutron energy of the neutron spectrum was 2.30 MeV. The measurement was done at an angle
of 90° between neutron beam and detector. A total of 136 prompt gamma lines from which 42 are related to the capture
of epithermal and fast neutrons and 94 to the inelastic scattering of fast neutrons were detected together with the delayed
gamma lines of the activation products ''*™In, !4m2[p, 115my 116M2[y apg 16mpy Intensities and neutron spectrum averaged
isotopic partial cross section of the gamma lines are presented. Additionally the neutron spectrum averaged cross sections
of the reactions, *In(n,n")!*™In, '*In(n,y)"*™In, SIn(n,n") "> In, "SIn(n, v)''*™In and *In(n, y)''*™In were determined
from the corresponding delayed gamma rays of the formed isotopes as 143 +22, 288+ 13 194 + 18, 201 + 10 and 508 +24
mb respectively. The various results obtained were found consistent with the literature data. However, our measurement
indicate the need to reevaluate the cross section of the 115In(n,y)lmmzln reaction for thermal neutrons.
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Introduction perform elemental analysis of large samples by measurement
of prompt and delayed gamma rays from interaction with fast
neutrons. The latter are produced by a highly enriched-uranium

(93% 233U) convertor plate plunged into the reactor pool and

According to a series of recent white papers on nuclear data
[1-3], improved knowledge on inelastic scattering of fast

neutrons i.e. (n,n"y)-reactions are required for various appli-
cations in nuclear science and technology such as chemical
analysis with neutron interrogation systems, design of fast neu-
tron reactors and radiation protection. Fast-neutron-induced
reactions, (n,n"y)- or (n,p)-, (n,&)- and (n,2n)-reactions can
be investigated with the instrument FaNGaS (Fast Neutron
induced Gamma Spectrometry) [4—6] installed at MLZ to
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extracted through a beam port and a set of collimators into an
experimental bunker used for medical application (MEDAPP).
Neutron-induced gamma radiation is detected with a well-
shielded high-purity germanium detector mounted perpen-
dicular to the neutron beam axis. Beside further development
of FaNGaS to increase the sensitivity of prompt gamma-ray
detection we aim to develop a modern comprehensive cata-
logue on (n,n"y)-reactions by verifying and extending the only
available database in this field: the “Atlas of Gamma-rays from
the Inelastic Scattering of Reactor Fast Neutrons” published
in 1978 by Demidov et al. [7]. From this Atlas a relational
database of inelastic neutron scattering (n,n"y) data has been
recently developed [8]. The suitability of FaNGasS to provide
reliable and accurate data for (n,n"y)-reactions was demon-
strated first by measuring prompt gamma rays generated by
inelastic scattering of fast neutrons on natural iron [6]. Thanks
to the modern design of the FaANGaS instrument, it was possi-
ble to identify 33 additional and 11 falsely identified compared
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to Demidov catalogue. In the present work, we report on the
measurement of prompt and delayed gamma rays produced
by capture of epithermal and fast neutrons and by inelastic
scattering of fast neutrons on indium. Gamma-ray intensities
and, partial and neutron spectrum-averaged reaction cross sec-
tions for indium isotopes are determined and compared with
literature data.

Theory

Prompt gamma rays of indium are induced mainly from
neutron capture via the '"®In(n, y)''®In reaction and from
inelastic scattering of fast neutrons via the ''*In(n,n")!"°In
and'P®In(n,n")!’In reactions. Delayed gamma rays are
emitted from the decay of ''®™In (7,,=2.18 s) and ''*™In
(T,,=54.29 m) formed by neutron capture (11521 decays to
100% into ''®™In) and from the decay of ''>™In (7,,=4.49 h)
generated by inelastic scattering of fast neutrons (!'>™In decays
to 95% into ''3In by isomeric conversion and to 5% into ''°Sn
by beta decay). The reaction rates R (atom™' s71) and the effec-
tive cross sections o (cm?) for the aforementioned reactions
and for the In(n,tot) reaction may be estimated as follows:

R= ZO'(E[) - ®(E;) (1)

and

R
2 ®(E) @

where <I>(Ei) is the neutron flux in the neutron energy
bin i and o (E;) the reaction cross section averaged over
the neutron energy bin i. The neutron energy spectrum
at sample position measured in our previous work [6]
by means of the foil activation technique is shown in
Fig. 1. It may be divided into three components des-
ignated as thermal (107'° MeV <E; < 1.42 1077 MeV),
epithermal (1.42 107/ MeV <E;<0.06 MeV) and fast
(0.06 MeV < E; <20 MeV) neutron energy regions with
the respective neutron fluxes, (9.4 +2.8) X 10> cm™2 57,
(1.85+0.09)x 10°cm™ s™" and (1.40+0.05)x 10* cm™s™".
The integral neutron flux is (1.42 +0.05) X 103 ecm™2 571,
The average energy of the neutron spectrum is 2.30 MeV.
The values of ¢ (E;) were produced with the GROUPR
module of the NJOY Nuclear Data Processing System [9]
from the Evaluated Nuclear Data File databases ENDF/B-
VIILO [10] for the 'In(n, y)!'®In, and '"*In(n,n")!°In
and "PIn(n,n")'In reactions and ENDF/B-VL.8 [11] for
the In(n,tot)-reaction. Their neutron energy dependence
is shown together with the neutron energy spectrum in
Fig. 1. The reaction rates R and the effective cross sections
o determined by means of Eqs. (1) and (2), respectively,
for the epithermal and fast region of the neutron spectrum

@ Springer

104 108

neutron spectrum

107 4

In(n,tot)

101

100 4

In-115(n,y)

Cross section (b)
B
E x ® (MeV cm? s")

1024

1073

104 !_‘—L‘T

. "
109 10¢ 107

. e . . e . 102
106 105 104 10° 102 10" 100 10’

E (MeV)

Fig. 1 Neutron energy spectra of FaNGaS at sample position (right
scale of y-axis) and neutron energy dependence of the cross section
c gEl) averaged over the neutron energy bin i for the '"*In(n,y)''%In,
51n(n,n") PIn, "3In(n,n")"*In and In(n,tot) reactions (left scale of y
axis)

are given Table 1. Due to the low thermal neutron flux, the
reaction rate of ''>In(n,y)"'®In induced by thermal neutrons
was neglected. The rates produced by capture of epithermal
and fast neutrons represent 74% and 26% of the total reac-
tion rate, respectively. The reaction rates of 115In(n,n')“sln
and "In(n,n")!"In are about two times higher than the
total reaction rate of "In(n, y)“éln. The effective cross
sections (o) estimated for capture of epithermal neutrons
are 31 +2 b for 'PIn(n, % 1%In and 38 +3 b for the In(n,tot)
reaction. It should be mentioned here that these values are
not comparable to the resonance integrals obtained for a
reactor spectrum since our spectrum does not follow 1/E
dependence in the epithermal region. The effective cross
sections (oy,,,) determined for capture and for inelastic scat-
tering of fast neutrons agree well with the values given in
JANIS (Java-based Nuclear Data Information System) Book
of neutron induced cross section [12] (see Table 1). The
neutron spectrum-averaged cross sections (o,,,) are given in
the last column of Table 1.

Experimental

Prompt and delayed gamma radiation generated by irradia-
tion of a high-purity indium foil of natural composition (mass:
1.334 g, surface: 2.7x2.7 cm?, thickness: 0.025 cm) with epi-
thermal and fast neutrons was investigated with the FaNGaS
instrument described in [6]. The shape of the neutron beam
was quadratic with a cross sectional area of 66 cm? at sample
position. The neutron spectrum at sample position is given in
Fig. 1. The gamma-ray spectrum was recorded during neu-
tron irradiation with the FaNGaS spectrometer composed of
a well-shielded electromechanically cooled HPGe-detector
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Table 1 Reaction rates R and effective cross sections< o> for
the reactions '“In(n, y)“é'In, 1n(m,n")In, "In(n,n")'®In and
In(n,tot) calculated by mean of Eq. (1) and Eq. (2), respectively and

neutron self-shielding factors f;, calculated by means of Eq. (7), for
the considered neutron-energy ranges

Neutron-energy range 1.4 107-0.06 MeV (epithermal)

0.06-20 MeV (fast)

107120 MeV (integral)

¢ 1.85(9) 10% cm™2s™! 1.40(5) 108 cm™2 57! 1.42(5) 108 cm™2 57!

R, (atom™" s7") <G> (b) Ry, (atom™!s7h) <Gpy > (b) R, (atom~!s71h) <G, > (b)
Inn,y) ' % 5.76(35) 1077 31(2) 2.03(20) 1077 0.14(2) 0.16(1)2 7.80(55) 1077 0.55(4)
B3n(n,n") PIn - - 1.40(6) 1071 1.00(6) 0.98(9)* 1.40(6) 1071 0.98(5)
31n(n,n") ¥In - - 1.46(6) 10716 1.04(6) 1.01(6)* 1.46(6) 10716 1.03(5)
In(n,tot) 7.05(51) 1077 38(3) 7.86(63) 1071 5.6(5) 5.795° 8.57(68) 10716 6.0(5)
f, 0.982(2) 0.9973(4) 0.9971(3)

¢ is the integral neutron flux in the considered neutron-energy range. a: cross sections evaluated in JANIS (mean value from various nuclear data

libraries) [12]. b: cross section calculated from JENDL-4.0 [24, 25]

with a relative efficiency of 50% and a resolution (FWHM) of
2.1keV at 1.33 MeV [4]. The measurement was performed at
an angle of 90° between neutron beam direction and detector.
The sample-to-detector distance was 67 cm. The foil was irra-
diated for 9.91 h with it surface perpendicular to the neutron
beam and counted for 7.46 h (live time). The spectrum was
analyzed with the software HYPERMET-PC [13]. The analy-
sis of the beam background carried out in a previous work [6]
was used to facilitate the identification of gamma lines. The
spectra of indium and beam background are shown together
for various energy ranges in Figs. 2 and 3. In comparison to
the beam background, the count rates of background lines in
the indium spectrum were higher by a mean factor 1.11+0.02
due to the scattering of fast neutrons towards the spectrometer.
The identification of capture gamma rays of ''>In was per-
formed using the PGAA (Prompt Gamma Activation Analysis)
database [14]. The prompt gamma rays arising from inelastic
neutron scattering were assigned to ''°In or 3In using the
database NutDat 2.8 [15] and nuclear data provided in [16].

Method

The net peak area of a prompt gamma ray of energy E, induced
by neutron capture or by inelastic neutron scattering, P, may
be expressed by the following relation:

m
PEy:M.NA.h.EEV.(6E7>.(D.tc.‘f;'.f57 3)

where m (g) is the amount of element, M (g mol™") the molar
mass of the element, N, the Avogadro number, % the abun-
dance of the isotope considered, &, the full energy peak effi-
ciency, (o, ) (cm?) the neutron spectrum averaged isotopic
cross section for gamma ray production, ® (cm~2 s™!) the
corresponding integral neutron flux, ¢. (s) the counting (live)
time, f, a factor for neutron self-shielding and f, a factor for
gamma-ray self-absorption. In the case of (n,n"y)-reactions,
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Fig.2 Gamma ray spectra in the energy range 0-2000 keV acquired
during 26,850 s for the indium foil (red) and during 46,454 s for the
beam background (black). Prompt and delayed gamma rays induced
by capture of resonance and fission neutrons are labelled with aster-
isks. Prompt gamma rays issued from inelastic scattering of fission
neutrons are written in bold
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Fig.3 Gamma ray spectra in the energy range 2000-6000 keV
acquired during 26,850 s for the indium foil (red) and during 46,454 s
for the beam background (black). Prompt and delayed gamma rays
induced by capture of resonance and fission neutrons are labelled
with asterisks. Prompt gamma rays issued from inelastic scattering of
fission neutrons are written in bold

the gamma emission is anisotropic and therefore (o, )
depends on the measurement angle i.e. the angle between
the neutron beam direction and the detector.

The net peak area of a delayed gamma ray of energy E,
measured during irradiation may be given by:

m
Pp, = i “Ny-h-eg, -(og,) @ f, fr, - g(tb,tc,t,/z)
“)
with
_ t. _f'l’i: _ tc~tl/2 _1712'27
g(tytetipn) = o { (1 —e /~)dt— [zc— i (l—e / >]
)

where 1, is the irradiation (real) time, ¢, the counting (live)
time and 7, , the half-live of activation product. In both
relations (3) and (4), the averaged isotopic cross section for
gamma-ray production (o, ) is linked to the effective cross
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Fig.4 Dependence of the gamma self-absorption f, on the gamma
energy Ey The solid line represent the fit of the data with Eq. (8)

section (o) of the considered reaction through the intensity
of the gamma ray /I, as

(GE7> = IEy ' <O-> (6)

The gamma ray intensity contains the contribution of
internal conversion. The neutron self-shielding factor f, for
a pure element foil in a neutron beam may be calculated as
follows [17]:

| — e~(orn,d

b=y pnd

(N
with (o) the effective elemental cross section for the (n,tot)-
reaction, p, the atomic density (atoms/cm?) and d the foil
thickness (cm). The f,-values for the indium foil (p,=3.83
10?2 atoms/cm’, d=0.025 c¢m) calculated by means of (7)
for different neutron energy regions using the corresponding
estimated effective cross sections for the In(n,tot)-reaction,
are given in the last row of Table 1. As expected, the neu-
tron-shielding factors are close to unity since the foil is very
thin. Thus, corrections for neutron absorption and multiple
scattering may be neglected.

The gamma-ray self-absorption of the indium foil was
determined numerically using the Monte Carlo transport
simulation code PHITS (Particle and Heavy Ion Transport
code System) Version 3.02 [18]. Several mono-energetic
photons of energies ranging from 50 keV to 5 MeV were
considered and generated homogeneously over the indium
foil volume. A spherical detector surrounding the foil was
used to count the outgoing photons at the same single energy
bin as for the primary photons and thus, to deduce the self-
attenuation ratio. The dependence of the gamma-ray self-
absorption fg, on the gamma energy E, is shown on Fig. 4
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and can be approximated with the following semi-empirical
function:

ny =ayta- (1 - e_aTE’) + a3(1 - e_a‘“Er) 8)

with ay=—0.9403, a,=0.0556, a,=3.301-107, a;=1.8712,
a,=0.0201 and E, in keV.

Gamma rays from neutron capture

42 capture gamma rays and 10 delayed gamma rays (9 for
16mry and 1 for '™2In) were observed in the spectrum.
They are given in Table 2 and 3, together with their respec-
tive isotopic cross sections for gamma-ray production (o, )
calculated by means of Eq. (3) and Eq. (4), respectively with
an integral neutron flux of (1.42+0.05)x 10% cm™ s~!. The
intensities of the prompt gamma rays /j;, calculated by means
of Eq. (6) using the integral cross section (c;,,)=0.55+0.04
b determined for the 11SIn(n,y)116In reaction (see Table 1)
are given in column 4 of Table 2. For comparison, the iso-
topic cross sections for production of the prompt and delayed
gamma rays by thermal neutron capture o, ,, deduced from
the PGAA (Prompt Gamma Activation Analysis) database
[14] are also given Table 2 and 3 and the intensities of the
prompt gamma rays /I, ,, calculated from the adopted ther-
mal neutron cross section 202 +2 b [19] given in column
6 of Table 2. The intensities of the delayed gamma rays of
16my and 16M21n are taken from the WWW Table of Radio-
active Isotopes [20] and given in column 3 of Table 3. Con-
cerning the prompt gamma rays, the intensities of the two
data sets are comparable within their uncertainties, except
for the lines at 60.9, 94.04 +94.06 and 5891.9 keV which
show large deviations. The average value of the I, /I, 4,
-ratios is 0.95 +0.11 and the average value of the (o}, ) /o, 4,
-ratios, (2.58 +0.32) x 10~ fit well the ratio of the neutron
capture reaction cross sections, (2.72 +0.20) X 1073, The
overall relationship between I, and I, ,, is shown in Fig. 5
and can be expressed by:

lp,=a- (IEy,zh)b ©)

with a=0.92 +0.03 and »=0.98 +0.03. Further investiga-
tions must be carried out to understand the large differences
observed for the aforementioned prompt gamma lines.

The isotope cross sections of delayed gamma rays are
used to determine the integral cross sections of the reac-
tions SIn(n, y)!'*™In and "In(n, y)''*™In by means of
Eq. (6). The (o, )-values obtained for the '*In(n, y)''*™In
reaction from the various gamma rays of ''®™In agree well
with each other (see column 5 in Table 4) providing a mean
value of 508 +20 mb. This value in conjugation with the
average value of the (o, ) /o, 4-Tatios, (3.13+£0.14) X 1073,
leads to a thermal cross section of 163 +9 b which is in

good agreement with the adopted value, 162.3+0.7 b [19].
The (o,,,)-value obtained for the "*In(n, y)!'*™*In reac-
tion is 201+ 10 mb and leads with a (o, )/op, 4-ratio of
(4.54+0.30)x 107 to a thermal cross section of 44 +4 b
which disagrees with literature data, 81 +8 b [19,21], 83+ 8
b [22] and 92 + 14 [23]. Therefore, the thermal cross section
of the 'PIn(n, ! 16m21) reaction must be reevaluated.

Gamma rays from neutron inelastic scattering

A total of 94 prompt gamma lines issued from the inelastic
scattering of fast neutrons were identified, 69 associated to
5Tn and 25 to '"In (see Tables 2 and 3). Interferences from
capture gamma lines were corrected determining their con-
tributions by means of Egs. (3), (6) and (9). All indium lines
reported in the work of Demidov et al. [7] were observed
and additional lines were also detected (13 for °In and 2
for '"3In). Some lines given in the Demidov Atlas are not
mentioned in the database NuDat 2.8. The gamma lines
listed at energies 149.7, 284.7, 288.7, 293.6, 306.1, 376.2
and 633.8 keV are probably capture gamma lines of ''°In
as the delayed gamma rays of '®™In and !'™?In are vis-
ible in the indium spectrum given in the Demidov Atlas.
The line at 312 keV can be assigned to the decay of !'*™In
(T,,=43.1ms, Ey=311.7 keV, Iy=86.6%) formed by neu-
tron capture. From our measurement we derive by means
of Eq. (4) a neutron spectrum averaged cross section of
288+ 13 mb for the "*In(n, y)“4m21n reaction. The line at
336 keV can be related to the decay of HSmpy (T,,=4.486 h,
Ey=336.2 keV, Iy=45.8%) produced by fast neutrons
including also the capture gamma ray of !'3In at 335.4 keV
as interference. The latter represents in our case 36 +4%
of the measured count rate of the 336-keV line. After cor-
rection of this interference we obtain by means of Eq. (5) a
fast neutron averaged cross section of 194 + 18 mb for the
"31n(n,n")!15™n reaction which agrees well with the values
of 188+ 11 mb [26] and 162.6+ 13 mb [27]. Therefore, the
336-keV line cannot be considered as a prompt gamma line
arising from the inelastic scattering of neutrons as given in
Demidov Atlas. The line at 391 keV can be associated to the
decay of '*™In (7,,=1.658 h, Ey=391.7 keV, Iy =64.2%)
induced by fast neutrons. From our measurement we deter-
mine by means of Eq. (5) a fast neutron averaged cross sec-
tion of 143 +22 mb for the '*In(n,n")!*™In reaction which
agrees with the value of 133.7+10.7 mb [27].

The intensity of the prompt gamma rays (/) were calcu-
lated relative to the 933-keV line of ''°In (100%), and they
are given with the values () determined in [7] in Tables 4
and 5. The relationship between the relative intensities is
given in Fig. 6. The values were fitted with semi-empirical
function:
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Table 2 Prompt gamma rays of
5In induced by neutron capture

@ Springer

This work Capture of resonance and fission neutrons From PGAA Database [14]
Capture of thermal neutrons
E, (keV) Py, [€E, - f,(x10°%) (og,Xmb) Iy, (%) L) Iy (%)
(Count)
60.9 8.2+0.2 32.1+1.4 5.84+0.49 16.5+0.1 8.16+0.09
85.6 16.2+0.8 63.5+3.8 11.5+1.1 23.1+0.2 11.4+0.1
96.04496.06 14.3+0.6 56+3 10.2+0.9 37.6+0.2 18.6+0.2
126.4 2.12+0.09 8.3+0.5 1.51+0.14 42+03 2.08+0.15
149.7 0.57+0.03 22+0.1 0.40+0.03 0.72+0.05 0.36+0.02
155.3 1.64+0.08 6.4+0.4 1.16 +0.11 2.6+0.2 1.28+0.10
163.8 0.47+0.05 1.8+0.2 0.33+0.04 0.70+0.05 0.35+0.02
171.1 2.03+0.09 7.9+0.5 1.44+0.14 3.6+0.3 1.78+0.15
173.9 2.67+0.11 10.5+0.6 1.91+0.18 4.3+0.3 2.13+0.15
175.1 0.89+0.11 3.5+04 0.64+0.09 1.17+£0.07 0.58+0.04
186.2 18.32+0.72 72+4 13.1+1.2 27.8+0.2 13.8+0.2
202.6 2.05+0.21 8.0+0.9 1.45+0.19 2.8+0.2 1.39+0.10
213.6 0.32+0.11 1.3+0.4 0.24+0.08 0.67+0.05 0.33+0.02
234.6+4235.3 4.34+0.21 17+1 3.09+0.29 59+0.4 2.92+0.20
240.3 0.34+0.07 1.3+0.3 0.24+0.06 0.46+0.03 0.23+0.01
267.9 0.37+0.05 1.4+0.2 0.25+0.04 0.54+0.04 0.27+0.02
272.9 24.0+04 94 +4 17.1+1.4 34.6+0.2 17.1+0.2
284.9 3.13+0.21 12+1 2.18+0.24 4.7+03 2.33+0.15
290.9 1.56+0.10 6.1+0.4 1.11+0.10 27+0.2 1.33+0.10
295.5 1.66+0.10 6.5+0.4 1.18+0.11 3.0+0.2 1.48+0.10
298.7 7.28+1.04 28+4 5.09+0.81 9.8+0.7 4.85+0.35
305.1 0.93+0.10 3.6+0.4 0.65+0.09 1.35+0.09 0.66+0.04
375.9 2.37+0.10 9.3+0.5 1.69+0.15 2.8+0.2 1.39+0.10
384.8+385.1 9.59+0.31 37+2 6.72+0.60 16+1 7.92+0.50
4222 0.95+0.20 3.7+0.8 0.67+0.15 1.8+0.1 0.89+0.05
433.7 4.52+0.30 18+1 3.27+0.30 6.3+0.4 3.12+0.19
471.3 3.28+0.20 12.8+0.9 2.33+0.23 4.5+0.3 2.23+0.15
475.9 1.16+0.17 4.5+0.7 0.82+0.14 2.0+0.1 0.99+0.05
517.9+518.1 4.32+0.19 16.9+0.7 3.07+0.26 6.2+0.5 3.07+0.25
521.5 1.41+0.09 55+04 1.00+0.10 2.0+0.1 0.99+0.05
548.7 1.35+0.08 53+04 0.96+0.10 2.1+0.1 1.04+0.05
556.8 3.78+0.20 14.8+0.9 2.69+0.25 49+0.3 2.42+0.15
571.5 1.27+0.08 5.0+04 0.91+0.10 2.0+0.1 0.99+0.05
608.4 2.52+0.30 10+1 1.82+0.22 3.7+0.3 1.83+0.15
633.7 1.16 £0.10 45+04 0.82+0.09 1.6+0.1 0.79+0.05
634.3 1.07 +0.08 4.2+0.3 0.76+0.08 1.7+0.1 0.84+0.05
992.1 0.58+0.05 23+0.2 0.42+0.05 0.95+0.07 0.47+0.03
5891.9 0.67+0.07 2.6+0.3 0.47+0.06 22+0.1 1.09+0.05

E,is the gamma-ray energy, P, /€E, - f,the net count in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor, (og,) the neutron spectrum-averaged isotopic
cross section for gamma ray production determined with Eq. (3) and /g, the gamma-ray intensity calculated
by means of Eq. (6).
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fable3 E;Lag;‘ioiaj;‘;?;:ys EfkeV)  Ig(%) P /eE, [,(x107°) (g, )mb)  (03,)(b) S5y (b)
(Count)
I]meIn
138.3 3.29 39+0.3 17.6+1.5 0.53+0.04 5.34+0.19
416.9 27.7 30+1 135+6 0.49+0.02 449+0.2
463.3 0.83 0.89+0.08 40+04 0.48+0.05 1.33+0.08
818.7 11.5 14.0+0.5 63+3 0.55+0.03 18.6+0.7
1097.3 56.2 64.7+1.9 291+13 0.52+0.02 91.2+0.2
1293.6 84.4 96.9+29 437420 0.52+0.02 137+3
1507.6 10.0 10.7+0.4 48.3+2.5 0.48+0.02 16.2+0.5
1752.2 2.46 2.7+0.1 12.2+0.6 0.50+0.02 3.99+0.12
2111.8 15.5 17.3+0.6 78.0+3.9 0.50+0.02 25.2+0.7
16m2y,
162.4 37.2 19.1+£0.7 74.8+3.8 0.20+0.01 16.5+0.8

E is the gamma-ray energy,/y, the gamma-ray intensity, Py, /€E, - f, the net count in the gamma-ray peak
divided by the full-energy-peak efficiency and the gamma-ray self-absorption factor, (o, ) the neutron
spectrum-averaged isotopic cross section for gamma ray production by Eq. (4), (o;,) is the neutron spec-
trum-averaged cross section for the reaction calculated by means of Eq. (6) and oy, 4, is the isotopic cross
section for gamma ray production from thermal neutron capture [14].

IE_/ (%) capture of resonance and fast neutrons

0,1 T T
0,1 1 10

IE“h (%) thermal neutron capture

Fig.5 Relationship between the absolute intensities Iy, of prompt
gamma rays issued from the capture of resonance and fast neutrons
by '*In and the absolute intensities I £y Of same prompt gamma rays
induced by thermal neutron capture The solide line represents the fit
of the data with Eq. (9)

Ir=a- (Igp)" (10)

with a=1.21+0.06 and »=0.94 +0.03. The consistency
between the two sets of data is shown in Fig. 7 in the form
of a histogram of the residuals in unit of standard deviation
[o] calculated as

[R - ]RD

(SIR)2 + (SIRD)Z

k= (11)

The fit of the histogram with a Gaussian shows an
agreement between the data at the 1.6c level, implying a
reasonable consistency. The shift of the Gaussian centroid
to a value of 0.68 indicates a probable systematic effect.
The fast neutron spectrum averaged isotopic cross sec-
tions for gamma ray production calculated by means of
Eq. (3) with a neutron flux of (1.40+0.05)x 108 cm™2 57!
are given in column 4 of Tables 4 and 5.

Conclusions

Prompt gamma ray emission induced by capture of epither-
mal and fast neutrons as well as by inelastic scattering of fast
neutrons on indium was measured with the FaNGasS instru-
ment operated at FRM II. The measurement was carried out
at an angle of 90° between the fast neutron beam and the
detector with an integral neutron flux of 1.42x 108 cm™2 57!
and a epithermal flux of 1.85x 10° cm™ s™! at sample posi-
tion. A total of 42 neutron capture gamma lines issued from
the 5In(n,y)!'®In reaction were detected. Their absolute
intensities were calculated with a spectrum-averaged reac-
tion cross section of 0.55 b and found to be comparable to
the absolute intensities of the corresponding thermal neutron
capture lines derived from PGAA database [14]. From the
delayed gamma rays of ''®™In and ''®™In, spectrum-aver-
aged cross sections of 508 +24 mb and 201 + 10 mb were
determined for the ">In(n, y)''®™In and '"*In(n,y)!'*™%In
reactions, respectively. Additionally, we show the neces-
sity to reevaluate the thermal cross section of the '>In(n,
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Table 4 Prompt gamma rays of ''*In induced by inelastic scattering of fast neutrons

This work From Demidov Atlas [7] R
E, (keV) P, [€E, - fy(xlo‘g) Ix(relative) (%) (og, ((mb) E, (keV) Ipp(relative) (%)

(Count)
146.04 +0.03 2.25+0.07 4.02+0.19 199+9 146.4+0.2 72+0.8 —3.87
230.98+0.05 1.28+0.08 2.28+0.16 5.09+0.37 231.6+0.2 2.8+0.4 —-1.21
260.34+0.03 20.35+0.63 36.3+1.7 81+4 260.84+0.10 42.0+5.0 —1.08
315.56+0.05 1.36 +0.08 2.43+0.17 5.40+0.37 315.9+0.3 2.8+0.3 -1.07
321.26+0.05 1.64+0.12% 2.92+0.24 6.51+0.53 321.2+0.3 3.6+0.3 —-1.77
335.48 +0.05° 10.90+0.94* 19.46+1.82 87.70+8.18 336.30+0.10 35.0+£3.0° -
345.89+0.04 2.48+0.10 442+0.24 9.85+0.53 345.4+0.2 5.5+0.7 —1.46
353.36+0.14 1.51+0.17 2.70+0.32 6.00+0.71 3543+0.3 24+03 0.68
363.7+0.1 0.70+0.08 1.25+0.15 2.78+0.33 364.4+04 1.1+0.2 0.66
443.57+0.05 1.85+0.31 3.30+0.56 7.35+1.25 444.4+0.2 2.7+03 0.94
479.55+0.07 1.54+0.10 2.75+0.20 6.11+0.45 - - -
483.64+0.04 18.25+0.52 32.58+1.48 72.52+3.31 484.49+0.10 26.0+4.0 1.54
491.53+0.03 11.61+0.47 20.73+1.12 46.14+2.49 492.42+0.10 17.0+3.0 1.16
526.99+0.03 2.28+0.08 4.07+0.20 9.06+0.45 528.0+0.2¢ 59+04 —4.09
529.17+0.05 0.87+0.05 1.55+0.10 3.45+0.23 - - -
544.8+0.3 0.45+0.07 0.80+0.13 1.79+0.28 546.1+0.4 1.2+0.2 —1.68
550.20+0.05 1.23+0.10 2.20+0.19 4.89+0.43 550.4+0.3 1.9+0.3 0.84
603.41+0.04 2.35+0.61 420+1.10 9.33+2.44 604.0+0.2 3.8+0.3 0.35
626.08 +0.03 2.76+0.10 4.93+0.25 10.97+0.56 627.3+0.2 3.1+03 4.68
700.06+0.5 1.90+0.10 3.39+0.21 7.55+0.48 701.0+0.3 32+03 0.52
704.54+0.03 10.09+0.30 18.01+0.84 40.10+1.86 705.64+0.10 19.0+2.0 —0.56
749.36 +0.04 3.71+0.13 6.62+0.33 14.71+0.74 749.8+0.1 59+03 1.61
763.69 +0.04 1.96 +0.09 3.50+0.20 7.79+0.45 765.6+0.2 27+0.2 2.83
770.48 +0.08 1.83+0.20 3.27+0.37 7.27+0.83 771.0+0.2 27+0.2 1.35
781.5+0.1 0.71+0.20 1.27+0.36 2.82+0.80 781.3+0.3 1.9+0.2 —-1.53
796.45+0.04 1.71+0.07 3.05+0.16 6.79+0.37 797.7+0.2 3.0+0.2 0.19
830.1+0.04 2.75+0.10 491+0.25 10.93+0.56 - - -
845.57+0.05 5.13+0.18 9.16+0.46 20.39+1.03 846.1+0.2 6.6+0.3 4.66
866.96 +0.07 2.01+0.30 3.6+0.2 8.00+1.22 - - -
880.05+0.05 1.83+0.10 3.27+0.21 7.27+0.47 879.0+0.2 34+0.2 —-0.45
897.0+0.2 1.52+0.20 2.71+0.37 6.04+0.82 897.5+0.2 1.9+0.2 1.92
914.52+0.05 1.26 +£0.08 2.25+0.16 5.00+0.36 915.8+0.3 1.2+0.2 4.10
933.092 +£0.008 56+2.0 100.0 222+11 933.8+0.2 100.0 -
937.4+0.1 3.04+0.41 542+0.8 12.08 +1.68 - - -
940.64+0.03 14.33+0.41 25.59+1.17 56.95+2.61 941.28 +0.10 28.0+4.0 —0.58
954.7+0.1 2.64+0.10 471+0.24 10.49+0.55 955.7+0.2 35+03 3.15
964.4+0.1 1.88+0.13 3.36+0.26 7.47+0.58 964.3+0.2 34+03 -0.10
979.88 +0.04 2.44+0.41 4.36+0.75 9.70+1.66 980.6+0.2 4.0+0.3 0.44
1003.4+0.2 0.28+0.05 0.50+0.09 1.11+0.20 1002.8+0.7 0.43+0.11 0.49
1076.96 +0.09 9.44+0.30 16.86+0.80 37.51+1.79 1077.5+0.2 11.+1.0 4.57
1131.91+0.03 43.64+1.01 77.93+3.31 173.42+7.38 1132.62+0.10 72.0+5.0 0.99
1149.9+0.1 0.96 +0.07 1.71+0.14 3.81+0.31 1150.0+0.6 0.69+0.20 4.18
1250.6+0.2 0.50+0.06 0.89+0.11 1.99+0.25 1250.5+0.6 0.82+0.14 0.39
1290.50+0.04 27.39+4.06 48.91+7.46 108.8+16.6 1290.4+0.8 47+4 0.22
1448.10+0.03 11.76 +£0.40 21.00+1.04 46.73+2.30 1448.95+0.20 18.0+2 1.33
1462.39 +0.03 8.11+1.01 14.48 +1.87 32.23+4.17 1462.96+0.20 1242 0.90
1485.43 +0.03 10.75+£0.30 19.19+0.87 42.72+1.93 1486.24+0.20 16+2 1.46
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Table 4 (continued)

This work From Demidov Atlas [7] R
E, (keV) Py, /€E, - fy(x]O*S) Ix(relative) (%) (og, ((mb) E, (keV) I (relative) (%)

(Count)
1496.38 +0.03 3.95+0.10 7.05+0.31 15.70+0.69 1496.9+0.2 6.1+0.3 2.20
1569.0+0.2 0.26+0.04 0.46+0.07 1.03+0.16 1568.2+0.7 0.58+0.12 —0.86
1601.11+0.04 5.07+0.20 9.05+0.48 20.15+1.07 1601.3+0.5 7.4+0.7 1.94
1606.83 +0.03 4.15+0.10 7.41+0.32 16.49+0.71 1607.0+0.5 5.7+0.7 2.22
1736.01 +£0.04 2.61+0.09 4.66+0.23 10.37+0.51 1737.2+0.3 35+04 2.51
1937.23 +0.09 0.64+0.04 1.14+0.08 2.54+0.18 1937.2+0.6 1.4+0.3 —-0.84
1970.41 +£0.04 2.20+0.09 3.96+0.2 8.74+0.47 1971.9+0.3 3.8+0.2 0.56
1976.4 +0.1 0.47+0.04 0.84+0.08 1.87+0.17 - - -
1998.89 +0.04 1.62+0.05 2.89+0.14 6.43+0.30 1999.9+0.3 24+0.2 2.01
2056.8+0.1 0.46+0.04 0.82+0.08 1.83+0.17 2058.4+1.6 0.28+0.14 3.35
2071.03 +0.08 0.86+0.06 1.53+0.12 3.42+0.28 2070.8+0.8 1.9+0.2 —1.58
2108.4+0.1 1.52+0.20 2.71+0.37 6.04+0.82 - - -
2170.87 +0.08 1.08 +0.07 1.93+0.14 4.29+0.37 2171.7+1.4 1.0+0.3 2.81
2233.6+0.1 0.36+0.06 0.64+0.11 1.43+0.24 22445+ 1.7! 0.68+0.23 -0.16
2264.4+0.1 0.29+0.03 0.52+0.06 1.15+0.13 - - -
2281.86+0.07 1.52+0.09 2.71+0.18 6.04+0.50 2282.9+0.6 24+0.2 1.15
2378.15+0.10 0.50+0.06 0.89+0.11 1.98+0.26 2381.2+1.3° 22+0.5 -0.25
2384.43 +0.08 0.65+0.06 1.16+0.11 2.58+0.28
2442.89+0.08 0.97+£0.05 1.73+0.24 3.85+0.30 24434+1.0 1.6+0.4 0.28
2479.8+0.2 0.34+0.04 0.61+0.08 1.35+0.18 - - -
2540.7+0.2 0.42+0.04 0.75+0.08 1.67+0.19 - - -
2579.37+0.03 0.88 +0.09 1.57+0.17 3.49+0.38 - - -
2740.6+0.3 0.32+0.05 0.57+0.09 1.27+0.21 - - -

Eis the gamma-ray energy, Pg, /€E, - f, the net count in the gamma-ray peak divided by the full-energy-peak efficiency and the gamma-ray self-
absorption factor,Iy the relative intensity of the gamma-ray and (o, ) the fission neutron spectrum averaged isotopic cross section for gamma ray
production at an angle of 90° between neutron beam and detector determined with Eq. (3). R is the residual calculated by means of Eq. (11).

“corrected for contributions of neutron capture lines

bdelayed gamma ray of !'>™In

“interference from neutron capture probably not considered. Unresolved doublet
4527 and 529 keV

2378 and 2384 keV

'™2In reaction. A total of 94 prompt gamma lines aris-  work of Demidov et al. [7], 15 gamma lines were detected
ing from "In(n,n")!"*In and '"*In(n,n")!"*In reactions were ~ additionally. Several lines mentioned in the Demidov Atlas
observed and their relative intensities (using the 933 keV ~ were identified as neutron capture gamma lines or decay
gamma ray of !'°In as reference) and spectrum-averaged pro-  gamma lines of '*™In, "'#™2In and ''>™In. For the reactions
duction cross sections were determined. Compared to the  '"*In(n,n")!"*™In, '"*In(n, v)"**™In and ">In(n,n")'""™In we
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Table 5 Prompt gamma rays of '"*In induced by inelastic scattering of fast neutrons

This work From demidov atlas [7] R
E, (keV) Py /€E, - fx (x1078)Ix(relative) (%) (og, )(mb) E, (keV) I(relative) (%)

(reylative) (%)
255.09+0.03 1.4+0.2 2.50+0.37 124+ 18 255.1+0.3 1.7+0.5 1.29
311.77£0.03* 2.82+0.10 5.03+0.25 250+12 312.1+0.2 32+0.3 -
390.95 +0.06° 0.79+0.12 1.41+0.22 92+14 392.0+0.3 1.5+0.3 -
537.44+0.07 0.55+0.06 0.98+0.11 49+5 538.82+0.5 0.68+0.27 1.03
717.72+0.06 1.58+0.15 2.82+0.29 137+ 14 718.6+0.3 1.6+0.2 3.46
728.13+0.04 1.47+0.08 2.62+0.17 130+38 729.4+0.2 3.0+0.3 -1.10
734.07+0.03 6.82+0.23 12.18+0.59 605+30 735.14+0.10 12.0+2.0 0.09
757.91+0.05 0.98+0.06 1.75+0.12 87+6 - - -
972.76 +£0.09 0.91+0.06 1.62+0.12 816 973.0+04 0.57+0.15 5.47
1023.67 +0.06 1.70+£0.09 3.03+0.19 150+9 1024.1+0.2 23+0.3 2.06
1039.33 +0.05 0.74+0.06 1.32+0.12 64+6 1040.9+0.3 1.5+0.2 -0.77
1052.5+0.1 1.28+0.12 2.28+0.23 111+11 1052.8+0.2 1.9+0.2 1.25
1142.49+0.05 1.09+0.09 1.95+0.17 94 +38 1142.6+0.3 1.5+0.2 1.71
1160.97 +0.06 1.62+0.11 2.89+0.22 140+11 1160.7+0.2 24+0.2 1.65
1172.58 +0.05 2.0+0.1 3.57+0.22 177+10 1173.1+0.2 3.6+0.3 —0.08
1190.57+0.04 1.46 +0.07 2.60+0.15 129+7 1191.0+0.2 24+0.2 0.80
1238.58 +0.05 1.19+0.25 2.12+0.45 105+22 1239.4+0.2 1.8+0.2 0.65
1260.3+0.3 0.85+0.14 1.51+0.25 75+13 1259.7+0.6 0.97+0.20 1.69
1271.4+0.06 1.33+0.08 2.37+0.16 118+8 1272.2+0.3 1.8+0.2 2.26
1304.7+0.2 0.31+0.08 0.55+0.14 27+7 1305.4+0.6 0.73+0.22 —0.69
1316.3+0.08 0.59+0.08 1.05+0.15 51+7 1316.2+0.7 0.46+0.09 3.37
13243 +0.1 0.80+0.09 1.43+0.17 71+8 1324.4+0.6 1.2+0.2 0.88
1344.27+0.05 2.32+0.44 4.14+0.80 206+39 1344.4+0.2 24+0.2 2.11
1369.8+0.2 0.29+0.05 0.52+0.04 26+4 1370.5+0.7 0.61+0.15 —0.58
1546.9+0.2 0.38+0.06 0.68+0.11 34+5.0 1546.1+0.6 0.59+0.12 0.55
1674.8+0.2 0.23+0.06 0.41+0.10 20+5.0 1678.1+0.7 0.49+0.15 —-0.44
1758.9+0.2 0.32+0.04 0.57+0.07 28+4 - - -

E, is the gamma-ray energy, Pg, /€E, - f,the net count in the gamma-ray peak divided by the full-energy-peak efficiency and the gamma-ray self-
absorption factor,I the relative intensity of the gamma-ray and (o, ) the fission neutron spectrum averaged isotopic cross section for gamma ray
production at an angle of 90° between neutron beam and detector determined with Eq. (3). R is the residual calculated by means of Eq. (11).

4delayed gamma ray of In-114m2

bdelayed gamma ray of In-113 m
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Ix (%)

leo (%)

Fig. 6 Relationship between the relative intensities /; of the prompt
gamma rays induced by fast neutron inelastic scattering on indium
measured in this work and the relative intensities I;, tabulated in
Demidov Atlas [7]. The solide line represents the fit of the data with
Eq. (10)

20

Frequency
IS

Fig.7 Comparison of the relative intensities of the prompt gamma
rays induced by fast neutron inelastic scattering on indium obtained
in this work with the data tabulated in Demidov Atlas [7] in the form
of a histogramm of the residuals R in unit of standard deviation [c]
calculated with Eq. (11). The values of R are given in Tables 4 and 5.
The solid line represents the fit of the data with a Gaussian

determine spectrum-averaged cross sections of 143 +22,
288+ 13 and 194 + 18 mb, respectively. The relative inten-
sities of the prompt gamma lines measured in our work agree
reasonably well (1.6c level) with the values given in the
Demidov Atlas.
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