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Abstract

Prompt gamma rays produced by inelastic scattering of fission neutrons on samarium and dysprosium were measured with
the instrument FaNGaS (Fast Neutron-induced Gamma-ray Spectrometry) at Heinz Maier-Leibnitz Zentrum (MLZ). Rela-
tive intensities and production cross sections for 288 gamma lines (140 for samarium, 148 for dysprosium) were calculated
considering interferences from radiative capture lines. Consistency with data obtained from irradiation with reactor fast
neutrons was evaluated. Our results contribute to the expansion and the improvement of databases related to the interac-
tion of fission neutrons with nuclei. The detection limits of samarium and dysprosium are estimated as 0.6 and 1.6 mg for

a measuring time of 12 h.
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Introduction

The aim of the FaNGaS (Fast Neutron induced Gamma-ray
Spectrometry) instrument operated at MLZ (Heinz-Maier-
Leibnitz Zentrum) [1-3] is the determination of the elemen-
tal composition of large and thick objects of various origins
(e.g. geology, mineralogy, archaeology, cultural heritage,
industry, mining and recycling) by means of Prompt Gamma
Analysis based on Inelastic Neutron Scattering (PGAINS)
using the fission neutron beam delivered by the beam tube
10 (SR10) of FRM II (Forschungs-Neutronenquelle Heinz
Maier-Leibnitz). This technique is based on the measure-
ment of isotope-specific prompt gamma rays induced by the
inelastic scattering of fission neutrons i.e. (n,n'y) reactions.
For some isotopes, the gamma rays from other reactions such
as (n,py), (n,ay) or (n,y) can be detected as well. PGAINS is
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suitable for the investigation of critical raw materials, such
as neodymium and dysprosium in permanent magnets with
a view of their sorting for recycling [4]. The FaNGaS spec-
trometer consists of the well-shielded electromechanically-
cooled n-type high purity germanium of 50% relative effi-
ciency. The fission neutrons are produced from an uranium
(93% 2*3U) converter plugged into the heavy water modera-
tor of FRM II. A photography of the FaNGaS spectrometer
at experimental position may be found in [3]. Besides, the
FaNGas instrument has already shown, thanks to the pen-
etrating fast neutron beam, its capability to perform in-situ
detection and localization of hydrate plugs inside pipelines
[5]. Also, the ultimate goal of FaNGaS is to compile a mod-
ern comprehensive data catalogue of (n,n'y) reactions [2, 3,
6-13], which is required for various applications in nuclear
science and technology such as chemical analysis with neu-
tron interrogation systems, the design of fast neutron reac-
tors and radiation protection.

In this work, we present the results from the measure-
ments of prompt gamma rays induced by inelastic scattering
of fission neutrons on samarium(IIl) chloride heptahydrate
(SmCl;-7H,0) and a dysprosium(III) chloride hexahy-
drate (DyCl;-6H,0) samples. The relative intensities of the
prompt gamma rays were compared with the values obtained
from the irradiation of samarium(IIl) oxide (Sm,0;) and
dysprosium(III) oxide (Dy,O5) samples of natural abundance
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[14] or isotopically enriched (***Sm [14], '47Sm [15], *3Sm
[14], 15°Sm [14], 12Sm [14, 16], **Sm [14, 17], Dy [14,
18], 19Dy [19], %Dy [14, 20]) with reactor fast neutrons
at different facilities, namely IRT-M reactor of Nuclear
Research Institute in Baghdad for [14], IRT reactor of the
Physics Institute of the Latvian SSR Academy of Sciences
in Riga for [16, 19] and IR-8 reactor of Russian Research
Center Kurchatov Institute for [15, 18, 20]. Additionally, we
provide the elemental detection limit for the two considered
elements.

Experimental

Powder samples of SmCl;-7H,0O (mass: 1.88 g, Sm: 0.74 g)
and DyCl;-6H,0 (mass: 1.86 g, Sm: 0.80 g) contained
in PTFE (Polytetrafluorethylene) bag were irradiated
with a beam of fission neutrons and the resulting prompt
gamma radiation was measured with the FaNGaS instru-
ment [3]. The samples with thicknesses of about 4 mm
(SmCl;-7H,0) and 5 mm (DyCl;-6H,0) were placed with
an angle of 45° with respect to the beam direction. The
neutron energy spectrum at sample position is depicted
in [9] and the corresponding neutron flux is given in the
supplement material of [11]. The detector was positioned
perpendicularly to the beam axis with a distance of 67 cm
from the sample position. The irradiation time was 3.6 h
for SmCl;-7H,0 and 3.1 h for DyCl;-6H,0. The counting
time (live) was 2.8 h and 2.5 h, respectively. The collected
spectra for SmCl;-7H,0 are displayed in Figs. 1 and 2 and
for DyCl;-6H,0 in Figs. 3 and 4. They were analyzed with
the HYPERMET-PC software [21]. The assignment of iso-
topes to the gamma lines was done with the help of the
NuDat 3.0 [22] and PGNAA databases [23, 24] as well as
the nuclear data given in [25-35]. Due to the scattering of
fast neutrons by the samples towards the spectrometer the
count rate of background lines was increased on average
by a factor of 1.64 +0.28 for SmCl;-7H,0 and 1.54 +0.28
for DyCl;-6H,0. These factors have been applied for cor-
rection interferences from background gamma rays. The
contributions of the single and double escape lines have
also been corrected by means of the method described in
our previous work on cerium and chlorine [8] where the
energy deposition of high-energy gammas in the HPGe
detector of FaNGaS was simulated with the MCNP code
to evaluate the ratios between net counts of single or dou-
ble escape peaks and full energy peaks. The composition
of the samples was checked by the relative method using
as comparator the polyvinylchloride sample measured
previously [8]. From the chlorine lines free of interfer-
ences at 1184, 1764, 2646, 3002, 3086 and 3103 keV for
SmCl;-7H,0 and at 1764, 2646, 3002, 3086, 3103 and
3163 keV for DyCl;-6H,0, an average chlorine mass of
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(0.53+0.01) g for SmCl;-7H,0 and of (0.533 +0.008) g
for DyCl;-6H,0 were determined. The values agree well
with those derived from the stoichiometry of the samples,
0.52 g and 0.53 g, respectively, and, thus confirm the num-
ber of water molecules i.e. the degree of hydration.

Data analysis

The calculation and the treatment of the intensities and
the production cross sections of the prompt gamma lines
were performed using the method described in [11]. The
gamma-ray self-absorption factors fg, were calculated by
considering the effective thicknesses of the samples to be
0.6 cm and 0.7 cm, with the densities of 2.38 g cm™ and
2.56 g cm™? for SmCl;-7H,0 and DyCl;-6H,0, respec-
tively. The mass attenuation coefficients were derived from
the NIST (National Institute of Standards and Technology)
photon cross sections database XCOM [36, 37], including
coherent scattering. The dependence of fg, on the gamma-
ray energy E, can be expressed by:

Jey = ao+a1‘(1—€_a2'EV)+a3 -(1— e_“4'Er) (1)

with a4=-1.5019+0.1139, a,=0.1131+0.0107,
a,=0.0020 +0.0002, a;=2.3635+0.1069 and
a,=0.0178 £ 0.0006 for SmCl;-7H,0, and with
ayg=-1.3188 +0.0482, a,=0.1247 +0.0084,
a,=0.0017 +0.0002, a;=2.1617 +0.0421 and
a,=0.0141+0.0003 for the DyCl;-6H,0 and E in keV.

Many gamma lines associated with neutron capture in
samarium and dysprosium isotopes were found to inter-
fere with the lines produced by inelastic neutron scattering
(see Tables 11 and 17). To evaluate their contribution,
the effective cross sections < ¢ > of the (n,y)-reactions
were determined by folding the neutron capture cross sec-
tions of the ENDF/B-VIIL.O library [38] with the neutron
spectrum using the NJOY Nuclear Data Processing Sys-
tem (Version 2016) [39, 40]. The effective cross sections
obtained for the thermal (107'°-1.4.10~7 MeV), epither-
mal (1.4-1077=0.06 MeV) and fast (0.06-20 MeV) neu-
trons are given in Table 1, along with the derived cross
sections of (n,n’) reactions. By considering the uncertain-
ties, the thermal < o, > and the fast neutrons < oy, > cross
sections are in good agreement with the values given the
JANIS database [41]. The spectrum-averaged cross sec-
tions < o;,, > were calculated using the thermal cross sec-
tions of JANIS due to the large uncertainty on value of the
thermal neutron flux.

The net counts Pg, of the gamma lines from neutron
capture that potentially interfere with the (n,n'y)-lines were
evaluated by means of the following relation:
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Fig.2 Gamma-ray spectra 2500
in the energy range 3000—
8000 keV recorded during
10,209 s live time for the
SmCl;-7H,0 (red) sample and
51,506 s for the beam back-
ground (black). Prompt gamma
rays produced by neutron
capture in Sm are written in
black and for Cl in blue. Lines
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i in relation (2) corresponds to the aforementioned neutron
energy regions, i.e. thermal (i=1), epithermal (i =2) and
fast (i=3). Numerical simulations with the Monte Carlo
N-Particle (MCNP, version 6.1) code [42, 43] were car-
ried out to estimate the neutron self-shielding f, and mod-
eration f 4 factors. The latter is due to the presence of
water (approximately 30 wt%) in the samples. The neutron
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self-shielding factors were calculated as the ratio of the neu-
tron flux within the sample (F4 tally) to the incident neutron
flux (F2 tally). The moderation factors were calculated as the
ratio of the thermal, epithermal and fast neutron flux within
the sample obtained from simulations with the part of the
incident neutron-energy distribution of interest (i.e. ther-
mal, epithermal and fast) to the simulation with the whole
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Fig.3 Gamma-ray spectra in
the energy range 0-3000 keV
recorded during 8980 s live
time for the DyCl;-6H,0 (red)
sample and 51,506 s for the
beam background (black).
Prompt gamma rays produced
by inelastic scattering in Sm
are written in black and bold.
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written in black for Dy and in
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incident neutron-energy distribution. For SmCl;-7H,0
sample, the values of f, =0.083 and f,,,;=6.30 +2.82 for
thermal, f, =1.053 and f;,,q=1.62 +0.29 for epithermal and
Jf,=1.017 for fast neutrons were determined. For the case of
DyCl;-6H,0, the values of f, =0.444 and f,,,;=7.33 +3.21
for thermal, f,, =1.020 and f,,,;=1.73 +£0.32 for epithermal
and f;, = 1.008 for fast neutrons were obtained.

The (n,y) reaction was mainly induced by the fast neu-
trons for '**Sm (91%) and by the epithermal neutrons for
7Sm (94%), '*3Sm (70%), **Sm (80%),'*°Sm (90%)
1528m (99%), '3*Sm (82%), *°Dy (83%), '>®Dy (74%),
190Dy (93%), '%'Dy (94%), '9’Dy (98%) '**Dy (96%) and
164Dy (75%). The contribution of thermal neutrons has been
neglected for all isotopes, excepted '*Sm (15%) and '**Dy

@ Springer
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(15%). The contribution of fast neutrons was 29% for '*3Sm,
17% for 13*Sm and '**Dy and 26% for *®Dy. The rates of the
(n,n")-reaction for samarium and dysprosium isotopes, with
the exception of 1445 m, 148Sm, 1*Sm and 164Dy, were of the
same order of magnitude as their respective (n,y)-reaction
rates. In the case of '**Sm and !'**Sm, the rate of the (n,n")
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reaction was about 15 times higher than that of the (n,y)
reaction and, 10 times higher for '*3Sm and '%*Dy.

The correlation between the intensities (Iy) of (n,n'y)-
lines measured in this work and the intensities (Ip) given
in [14-20] was analyzed with the following semi-empirical
function:
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Table 1 Effective cross sections<o>for (n,y) reactions produced
from the irradiation of the SmCl;-7H,0 and DyCl;-6H,0 samples and
interfering with (n,n'y) lines of interest calculated as described in our

previous work [9]. Neutron self-shielding factors f,, for all three neu-
tron-energy ranges considered were determined by means of Monte
Carlo simulations with the MCNP6 [42, 43]

Neutron-energy Range 10719 - 1.4-107 MeV 14107 - 0.06 — 20 MeV 10710—
Flux (thermal) 0.06 MeV (fast) 20 MeV
(3.16+1.28) 10° cm™2 57! (epithermal) (1.1320.04) 108 cm™2 57! (integral)
(2.94+0.77) (1.16+£0.04)
10°cm™2 57! 108 cm™2 57!
Cross sections <oy>(b) <oy> () <oy> ®m° < Oepi > (b) <Opy > (mb)  <op>(mb)! <oy, 4> (D) <oy > (mb)?
3Cl(n,p)*Cl 38(18) 43.61(1) 43.6(4) 0.37(1) 0.72(19) 0.77(31) 0.24(2) 0.72(25)
44Sm(n,y)'*Sm 1.42(69) 1.63(1) 1.64(10) 0.12(2) 56(6) 61(9) 0.97(9) 58(6)
4TSm(n,y)**Sm 50(24) 57.2027)  57(3) 36(5) 95(13) 146(28) 2.01(21) 1014(276)
8Sm(n,y)**Sm 2(1) 2.40(1) 2.4(6) 2.97(41) 54(7) 72(11) 1.85(18) 129(24)
98 m(n,)*°Sm 61,550(28,524) 68,250(557) 40,140(600) 68(9) 160(23) 223(23) 2.24(24) 3771(901)
150 m(n,)"*'Sm 87(42) 101(3) 100(4) 17(2) 81(11) 93(5) 2.13(22) 517(127)
1528 m(n,y)**Sm 180(87) 206.8(2) 206(6) 128(16) 60(8) 75(10) 2.26(23) 3337(958)
154Sm(n,y)'Sm 7(3) 8.38(7) 8.3(5) 2.98(41) 28(4) 36(4) 2.35(24) 104(23)
156Dy (n,y)'S Dy 29(14) 33.45(19)  33(3) 37(5) 340(40) 400(20) 2.24(23) 1281(286)
58Dy(n,y)*°Dy 37(18) 42.49(10)  43(6) 13(2) 200(30) 230(30) 2.34(24) 530(107)
10Dy (n,y) ! Dy 49(28) 57(2) 55(3) 44(6) 150(20) 170(10) 2.44(25) 1274(336)
191Dy (n,y)'%2Dy 517(251) 592(5) 600(25) 38(5) 88(13) 128(6) 2.80(31) 1074(289)
12Dy(n,y) %Dy 170(80) 196(2) 194(10) 89(11) 61(8) 70(9) 2.59(27) 2340(665)
163Dy (n,y)'%Dy 109(53) 128(5) 134(7) 29(4) 44(7) 66(4) 2.83(31) 788(222)
14Dy (n,y) %Dy 2281(1109) 2619(2) 2650(278)  4.12(60) 23(3) 28(5) 2.63(28) 200(43)

a: mean value of cross sections from various data libraries provided in JANIS [41]. b: values from [24]

3

where a and b are the coefficients returned by the fit to
the measured data. Furthermore, the degree of agreement
between the data is estimated from the intensity residual
distribution in units of the standard deviation [s], defined as:

Gamma rays of samarium

One hundred and fourteen prompt gamma rays induced by
inelastic scattering of fission neutrons with samarium were
identified. These gamma rays are depicted in Figs. 1 and 2
and the corresponding data are given in Tables 2, 3, 4, 5,
6, 7, 8 and 9. From the observed lines, 2 were assigned to

Re_ r=Iro 44Sm, 13 to “7Sm, 14 to *$Sm, 9 to **Sm, 20 to '%Sm, 18
(s )2 + (s )2 @ {0 152Sm and 12 to '*Sm. The other 52 lines belong to the
« kw multi-isotope lines, and they were found to be fed by two or
where s is the absolute uncertainty of the intensity. three samarium isotopes with significant contributions. With
Table 2 Prompt gamma rays This work From [14]
of **Sm induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90)(epy fi,) Iy(relative) < 05(90°)>  E, (keV) Lyp(relative) R
%107 (count) (%) (mb) (%)
149.99+0.06* 0.31+0.07 5.16+1.48 294486 149.8+0.4 6.2+0.8 -0.62
43+10 150.05+0.10" 58 +10° —1.06
1659.70+0.11 0.72+0.04 12.1+2.0  690+45 1659.8+£0.2 6.6+0.9 251
100 1659.77 +0.10 100

E, is the gamma-ray energy, Pg,/(90°)/(eg,fr,) the net counts 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 <6, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

4Corrected for (n,y) interference from Sm. from isotopic measurement [14]
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Table 3 Prompt gamma rays

147 X . ; This work From [14, 15]
of "*'Sm induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90°)(ep, fr) Ir(relative)  <og,(90°)> E, (keV) Ixp(relative) R
% 1078 (count) (%) (mb) (%)

215.02+0.05 0.63+0.03 10.5+1.7 123+7 215.11+0.10 102+1.2 0.15
26+7 215.23+0.109 19 4+ 2¢ 0.96

715.86+0.07*  2.45+0.61 41+12 479+ 120 716.5+£03 2343 1.45
100 716.15 +0.15% 100

74131+0.10*  0.22+0.03 3.71+0.80 43+6 - - -
8.98 +2.55 741.5+0.2¢ 8.9+0.8¢ 0.03

798.25+0.13 0.13+0.02 2.12+0.48 25+4 - - -
531+1.55 798.58 +0.15% 3.9 + 0.8¢ 0.81

942.21+0.18 0.15+0.03 2.50+0.58 29+6 - - -
6.12+1.95 942.18 +0.15% 8.3+ 1.8¢ -0.82

947.71+0.11*  0.27+0.07 455+137 53+14 - - -
11+4 947.9+0.1¢ 14 +2¢ -0.67

955.32+0.25 0.10+0.02 1.64+0.46 19+4 - - -
4.08 +1.30 955.78 + 0.15% 4.2 + 0.6° -0.36

1076.67+0.19°  0.11+0.03 1.92+0.52 22+6 - - -
4.49 +1.65 1077.0+0.1¢ 7.0 +1.4¢ -1.16

1106.59+0.09*° 0.40+0.03 6.68+1.16 78+6 - - -
16+4 1107.3+0.1¢ 20+ 3¢ -0.80

1180.10+£0.18  0.20+0.03 3.27+0.66 38+6 - - -
8.16 +2.37 1180.5+0.2¢ 8.8+1.7¢ -0.22

1196.94+0.09** 0.26+0.02 4.30+0.72 50+4 - - -
10.6 +2.8 1197.2+0.2¢ 10+ 3¢ 0.15

1250.99+0.23°  0.05+0.01 0.83+0.22 10+2 - - -
2.04 +0.65 125204054 22406 —0.18

1449234021  0.17+0.03 2.89+0.66 34+6 - - -
6.94+2.12 1449.2+0.2¢ 5.8+0.8¢ 0.50

E, is the gamma-ray energy, P, (90°)/(eg,f,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

Corrected for (n,y) interference from Sm. corrected for background interference. “corrected for contribu-
tion of the single escape peak of the 1763.5-keV line of **Cl (69% of net counts). %from isotopic measure-

ment [15]

respect to [23] and [24], several pure neutron capture lines
have also been identified, as given in Table 10. Their intensi-
ties were determined using Eq. (2). Additionally, the delayed
gamma line at 104.2 keV (Iy=74.5% [22]) of the activa-
tion product '°Sm (T, =22.2 m) was observed. This line
contains also the contribution of the 103.2-keV (Iy=29.1%
[22]) line of '33Sm (T, =46.3 h). Each single line from the
(n,n'y) reaction was carefully checked for possible interfer-
ences. The counts produced by the neutron capture were cal-
culated according to Eq. (2) and are given in Table 11. For
70 (n,n'y)-lines, the contribution of the neutron capture to
the net counts ranges from 1 to 100%. The gamma lines with
a contribution above 90% were assumed to be pure capture y
-rays. According to Table 10, the intensities of the lines from
the 1>2Sm(n,y)'>>Sm reaction show a systematic discrepancy

@ Springer

from the values derived from the thermal neutron data [23,
24]. This can be attributed to the high resonance capture
cross sections. To correct this deviation, an average intensity
ratio of 0.30+0.06 was applied as a scaling factor for the
counts produced by the capture reaction only in '*’Sm.

The intensities of the (n,n'y)-lines were calculated rela-
tive to the 550-keV line of *¥Sm (100%). They are given
together with the values determined in [14] from the meas-
urement of a Sm,0, sample with natural abundance in col-
umns 3 and 6 of Tables 2, 3, 4, 5, 6, 7, and 8. Additionally,
for comparison to the intensities obtained from irradiation
of isotopically- enriched Sm,0; samples ("**Sm (92.4%),
18Sm (95.4%), '°°Sm (95.0%), °*Sm (99.0%), and **Sm
(98.6%) [141, '¥'Sm (99.5%) [15], '°2Sm (97.4%) [16], 1**Sm
(97.9%) [17]) the intensities of the lines for each isotope
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Talﬂg 4 Prompt gamma rays This work From [14]
of "°Sm induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90°)(eg,fr,)  Ip(relative)  <og,(90°)> E, (keV) Iyp(relative) R
x 1078 (count) (%) (mb) (%)
413.67+0.05*  0.45+0.07 745+1.60  116+18 4142 85+1.0 —-0.56
414.23+0.10° 4.2+0.3" 1.99
549.60+0.04* 5.98+0.94 100 1558+251  550.23+0.10 100
100 550.23+0.10° 100
552.44+0.08" 0.91+0.06 153426 143+10 - - -
610.66+0.04*  0.66+0.13 11.1+2.8 172434 6119 22+3 -2.67
611.06+0.10° 16.4+0.9° -1.80
873.40+0.11° 0.27+0.03 4.45+0.87 69+8  — - -
874.0+0.2° 1.7+0.2f 3.08
1114.09+0.14° 0.23+0.05 3.84+1.10 60+13 1114 37+49 -3.59
1113.70 £ 0.10° 2.6+ 0.2f 1.11
1370.51+£0.27° 0.10+0.03 1.75+0.57 2748 - - -
1371.1+ 047 0.38+0.10° 2.37
1421.97+0.15 0.22+0.02 3.69+0.70 58+6 14229412 1.8+0.8 2.34
1422.0+0.2°  1.40+0.15° 3.20
1454.02+0.13° 0.51+0.03 8.48 +1.44 13249 - -
14545+ 0.2  3.5+0.3f 3.38
1664.19+0.21° 0.15+0.02 2.57+0.56 40+5 - - -
1663.6+0.4°  1.12+0.15° 2.50
1776.61+0.31  0.15+0.03 2.45+0.68 38+8 - - -
2145.18+0.49 0.12+0.03 1.96 +0.60 3148 - - -
2203.06+0.33° 0.09+0.02 1.54+0.42 24+5 - - -
2204.1+0.1°  0.24+0.10" 3.01
2514.29+0.41° 0.05+0.02 0.91+0.30 1446 - - -
2512.1+0.9°  0.22+0.10° 2.18

E, is the gamma-ray energy, Pp,(90°)/(eg,f¢,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

2 Corrected for (n,y) interference from Sm. ® confirmed by Demidov’s isotopic measurements. © corrected
for background interference. 41112 and 1114 keV (unresolved doublet by Demidov). ®corrected for (n,g)
interference from Cl. 'from isotopic measurement [14]

were calculated relative to the following lines: 1560 keV
for 144Sm, 716 keV for '¥7Sm, 550 keV for *8Sm, 334 keV
for 1°°Sm, 963 keV for '52Sm and 839 keV for '**Sm. The
calculated values are given in bold in columns 3 and 6 of
Tables 2, 3, 4, 6, 7 and 8. The corrections for radiative neu-
tron capture in [14] were done using the data given in [44].
We identified 58 of 73 lines given in [14] from the meas-
urement of the samarium sample with natural abundance
and the 53 lines listed in [14] from the measurement of the
isotopically-enriched samples (2 for '**Sm, 9 for *8Sm,
17 for *°Sm, 15 for *2Sm and 10 for 154Sm). All the lines
observed for 2Sm and '3*Sm came from isotopic measure-
ments documented by [16] and [17]. For 147Sm, we observed
the 13 lines listed in [15]. 13 of 73 lines in [14] have been
listed as tentative assignments. The lines at 215.1, 222.8,
461.5, 716.5, 969.4 and 1408.9 keV were observed in our

measurement which were attributed to (n,n'y) transitions in
Sm according to the data given in [22, 25, 27-31]. However,
except for the 461.5-, 969.4- and 1408.9 keV lines, these
gamma rays have not been observed in the isotopic measure-
ment of Demidov et al. [14]. The net counts of the 1251.0-
keV line from '*’Sm includes a significant contribution of
(69 +3) % from the single escape peak of the 1763.5-keV
line produced by the *>Cl(n,n'y)*>Cl reaction. The lines at the
energies of 158.7, 197.4, 228.5, 297.7, 361.6, 535.8, 563.2
930.0, 1096.5 and 1204 keV in [14] have not been observed.
The absence of the unassigned lines at 228.5 and 361.6 keV
and plausible data provided in [22] suggests that these lines
do not belong to Sm. These two lines were not observed
in Demidov’s isotopic measurements [14] either. The line
at 930.0 keV could not be identified uniquely due to inter-
ference from the *Cl(n,n'y)*Cl reaction. The assignment
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Table 5 Prompt gamma rays

149 X . ; This work From [14]
of “””Sm induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90°)(eg,fr,)  Ip(relative) <05 /(90°)>  E, (keV) Iyp(relative) R
% 1078 (count) (%) (mb) (%)

254.31+0.10** 0.18+0.03 3.02+£0.66 38+6 254.6+0.6 3.8+0.8 -0.76
285.43+0.03°  2.38+0.08 40+6 504 +25 285.84+0.10 26+3 1.96
313.61+£0.10°  0.22+0.03 3.67+£081 46+6 314.4+04 3.7+04 —-0.03
326.95+0.05 1.16+0.05 19.3+3.2 245+ 14 327.8+04 109+1.5 241
527.70+0.17 0.27+0.05 446+1.12 56+10 528.7+0.8 1.9+0.3 2.21
557.63+0.08 0.37+0.04 6.12+1.20 78+9 - - -
590.21+0.05°  0.85+0.04 142+2.3 180+10 591.0+0.3 35+05 4.54
663.43+0.05*°  0.90+0.05 15.0+2.5 190+12 664.05+0.10 10.8+1.2 1.53
951.93+0.20°  0.10+0.02 1.60+045 20+4 - - -

E, is the gamma-ray energy, Pp,(90°)/(eg,fg,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

# Corrected for background interference.

of the 930.0-keV to **Sm by the isotopic measurements
[14, 17] was confirmed by this work due to the observation
of the 745.5-keV line, coupled with the first by the excita-
tion level E*=1012.4 keV [22, 31]. For the lines at 158.7,
197.4, 535.8, 563.2, 1096.5 and 1204 keV, strong interfer-
ences of the background lines were identified with respect
to [1, 2] and [14]. Possible transitions are provided in [22].
Correct assignment was assumed for the lines at 297.7 keV
(**°Sm), 563.2 keV (*?Sm) and 1096.5 keV ('>*Sm) as they
have been recognized in the isotopic measurements [14,
16]. Nevertheless, those lines should be reviewed carefully
owing to background interferences. The line at 535.8 keV
being assigned to the **Sm(n,n'y)'*’Sm reaction in [14] is
plausible since the line at 557.6 keV belonging to the same
level (E*=558.4 keV [124, 174]) was clearly observed in
this work. The lines at 127.3 and 166.5 keV, listed but not
assigned by Demidov et al. have been observed and found to
belong to the (n,y) reactions in °*Sm and *°Sm with abso-
lute intensities of 7.4 and 9.9% [23], respectively.
Compared to the elemental measurement in [14], we
identify 80 new lines. All corresponding transitions are
specified in [22]. Among of these lines, 11 were assigned
to "'Sm, 8 to '*3Sm, 2 to '*Sm, 12 to 1*°Sm, 10 to '92Sm,
5 to 1>*Sm and 32 to more than one contributing isotope.
A total of 40 of those lines have been confirmed by iso-
topic measurements [14—17]. The absence of the remaining
40 lines in Demidov's measurement can be explained by
the difference in the neutron-energy spectra and hence in
the excitation level of the nuclei. However, the absence of
the lines identified at 761.8 (°°Sm), 869.4 (148+130+152g ),
951.9 (**°Sm) and 983.6 keV (!*4*48+152 §m), also in the
isotopic measurements, might be reasoned in possible back-
ground interferences with respect to [14]. The identification
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bcorrected for (n,y) interference from Sm

of the lines at 747.6 (**°Sm), 838.9 ("**Sm), 919.0 (**Sm),
1111.9 (**2Sm), 1196.9 (**’Sm) and 1170.4 keV (>°+152Sm)
resulted from the resolution of doublets at the energies of
745.8, 840.5,920.1, 1114, 1194 and 1172 keV in [14]. For
this last measurement, further potential doublets at the
energies of 405.4, 550.2, 664.0, 857.6, 903.5, 1047.4 and
1392.6 keV were resolved in the present work on the basis
of the relative intensities. The broad line at 550.2 keV in
[14] associated to '*3Sm was resolved as a doublet of 549.6
and 552.4 keV lines, both from “¥Sm. This doublet (if pre-
sent in [14]) might slightly influence the relative intensities
obtained in this work, as the measured net counts of the
552.4-keV line was about 15% of that of the 549.6-keV line.
The relationship between the relative intensities I obtained
in this work and the values I, from [14-17] is shown in
Fig. 5. The values of the fit parameters according to Eq. (3)
are a=2.26+0.14 and b=0.80+0.02. The average intensity
ratio Ip/lpp is 1.83 +1.44, which clearly indicates a strong
discrepancy between the two set of data, probably due to
inaccurate correction for neutron capture interferences.
The y-lines observed at 147.3 ('*°*152sm), 320.6
(**2Sm), 397.3 ("**Sm), 571.2 (***Sm) and 629.3 keV
('*8Sm) were found to have significant interferences
with the (n,y) reactions in Sm, with contributions of
(114 +£28)%, (95 £26)%, (99 +£37)%, (117 +27)% and
(98 £23)%, respectively. Hence, although those lines might
in principle also be fed by (n,ny) transitions listed in [22],
all of them were assumed to be pure (n,y) lines. The lines
at 320.6 (unassigned), 397.3 (***Sm) and 629.3 (**8Sm)
were also identified by [14]. The first line (at 320.6-keV),
also found in [14], is probably the 321.1-keV (Iy=2.9%
[23]) neutron capture line from the '>>Sm(n,y)'>*Sm reac-
tion. The two last ones have been assigned to inelastic
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Table 6 Prompt gamma rays of '*°Sm induced by inelastic scattering of fission neutrons

This work From [14]
E, (keV) PEy(goo)/(SEnyy) Ip(relative) < 61.3{(900) > E, (keV) Iyp(relative) R
% 1078 (count) (%) (mb) (%)
333.37+£0.05% 20.34+2.02 340+ 63 8077 +851 333.92+0.07 151+15 292
100 333.92+0.07¢ 100
100 333.92+0.07° 100
345.34+0.10*° 0.21+0.03 3.44+0.75 82+12 - - -
1.03+0.18 346.00 + 0.10° 0.80 -+ 0.08¢ 1.17
405.83+0.06* 0.59+0.05 9.83+1.73 233+21 405.4 42406 3.08
2.90+0.38 405.4¢ 2.78 + 0.48¢ 0.20
404.46 + 0.08¢ 7.7 4+ 0.4¢ —8.70
438.68 +0.04° 8.46+0.98 142428 3358 +407 439.4 66+8 2.63
41+6 439.44 44 +7¢ —0.32
439.40 + 0.04¢ 15.8+0.9¢ 4.15
461.01+0.11° 0.38+0.05 6314127 150420 461.5+0.6 3.5+0.5 2.06
1.87+0.30 461.5 +0.6¢ 2.32 +0.40¢ —0.90
462.7+0.4° 0.20 + 0.04¢ 5.51
485.40+0.08° 0.11+0.02 1.92+0.47 46+8 - - -
583.58 +0.04%° 1.55+0.16 26+5 615+67 584.3 6.3+0.7 3.97
7.62 +1.09 584.34 4.17 +0.62¢ 275
584.30 + 0.10° 1.70 +0.12¢ 5.40
666.05 +0.14%< 0.03+0.01 0.58+0.15 14+5 - - -
0.15 +0.05 668.0 + 0.6° 0.30 + 0.06¢ -1.92
711.70+0.06° 1.26+0.13 21+4 501+55 712.5+0.6 84+1.2 3.06
6.19 +0.89 712.5 + 0.6¢ 5.56 +0.97¢ 0.48
712.23 + 0.08° 7.4+ 0.5¢ -1.18
730.99 +0.07*° 0.12+0.02 1.95+0.44 46+8 - - -
0.59 +0.11 731.4+0.2¢ 0.40 +0.07¢ 1.45
736.92 +0.05° 2314024 39+7 918+101 737.45+0.08 114+1.2 3.69
11+2 737.45 + 0.08¢ 7.55 +1.09¢ 1.51
737.45 + 0.08¢ 7.5+0.5¢ 1.70
747.61 £0.08%°¢ 0.14+0.01 2.34+0.39 56+4 - - -
0.69 + 0.08 748.8 +0.2¢ 0.42 +0.05¢ 2.86
751.02+0.11% 0.35+0.03 5.89+1.04 140+13 - - -
761.76 +0.15%>< 0.11+0.02 1.78 +£0.39 42+8 - - -
0.54+0.11 761.4+ 0.3 0.21+0.03¢ 2.89
1046.04 +0.09° 0.48+0.06 8.11+1.57 192+25 1047.4+0.8 14404 4.14
2.36+0.38 1047.4 + 0.8° 0.93 + 0.28¢ 3.03
1047.2 4+ 0.2¢ 1.47+0.17¢ 2.14
1048.71 £0.09* 0.72+0.03 12.1+2.0 287+16 - - -
112223 +0.14%> 0.11+0.02 1.84+0.41 44+8 - - -
0.54+0.11 1123.2+0.5¢ 0.11+0.03¢ 377
1246.57 +0.17° 0.13+0.02 2.13+0.52 50+8 - - -
0.64 +0.12 1247.7 +0.6¢ 0.10 +0.03¢ 4.36
1323.85+0.20*° 0.37+£0.04 6.26+1.24 148+ 17 - - -
1.82+0.27 1124.5+0.2¢ 0.96 +0.11¢ 2.95
1486.18 +0.25*¢ 0.15+0.02 2.46+0.51 58+8 - - -
0.74 +0.12 1486.5 + 0.6° 0.17 + 0.04¢ 4.51

E, is the gamma-ray energy, Pr,(90°)/(eg,fg,) the net counts 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, (90°) > the fission-neutron spectrum-averaged partial cross section
for gamma-ray production at an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

Corrected for (n,y) interference from Sm. Pconfirmed by Demidov’s isotopic measurement. ‘corrected for background interference. “from ele-
mental measurement [14]. *from isotope measurement [14]
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Table 7 Prompt gamma rays
of 132Sm induced by inelastic
scattering of fission neutrons

@ Springer

This work From [14] [16]
E, (keV) Pp(90°)(eg, fr,) In(relative) <og,(90°)> E, (keV) Iyp(relative) R
x 1078 (count) (%) (mb) (%)
244374003  4.49+0.14 75+12 492+23 244.66+0.10 46+5 224
335+ 16 244.66 +0.10° 287 +47° 0.97
244.66 +0.03"° 348 + 55' -0.23
244.6+0.18 267 +42° 1.51
268.81+0.12*  0.03+0.01 045+0.14 2974099 - - -
2.24+0.75 269.4+028  1.23+045% 1.15
339.80+0.05*  0.61+0.15 103+3.0 67+17 340.6+0.3 4.8+0.7 1.77
45+11 340.6 +0.3° 53+10° —0.54
340.33+0.04" 58+5° -1.07
340.3+0.18  41+6% 0.32
655.96+0.07  0.33+0.02 5.56+0.96 36+2 656.5+0.4 3.7+04 1.79
2542 656.5+0.4° 23+4¢ 0.44
656.52+0.09" 26+ 3f —0.28
656.5+0.18  21+3% 1.11
791.36+0.25*  0.10+0.03" 1.62+0.50 11«3 - - -
7.46+2.25 791.7+0.2%  5.68+2.18%" 0.24
841.12+0.16  0.78+0.10 13.0+£2.6 88+12 840.5 10+2° -0.20
58+8 840.5¢ 62 +14°° —0.25
841.6 + 0.2 51+7° 0.66
841.4+1% 55+ 8% 0.26
854.85+0.08°  0.35+0.03 582+1.02 38+3 - - -
26+2 854.9+ 0.2 2143 1.39
8552+0.1%8  16+3°® 2.77
900.89+0.19¢  0.20+0.03 3394071 2243 - - -
15+2 901.1+0.2f 14+2f 0.35
901.4+0.18  11+2% 1.41
918.99+0.08%¢  0.88+0.05 147425 96+6 - - -
66+4 919.30 +0.10° 65+8' 0.11
919.2+0.1%8  62+9¢ 0.41
926.00+0.14%¢  0.22+0.03 3.67+0.78 24+3 - - -
16+2 926.6 + 0.3 154+2f 0.35
926.4+0.1%8  154+2°8 0.35
963.31+0.07 1.34+0.05 22+4 147+7 963.30+0.10 16+2 1.57
100 963.30 +0.10° 100 -
100 963.5+0.18 100 -
995.84+0.17*¢ 0.10+0.02 1624039 11+2 - - -
7.46 +1.52 995.2 4+ 0.4 3.08+0.67" 2.64
9955+0.2%8  3.90+0.63% 2.16
1004.76+0.11  0.29+0.03 492+0.89 32+3 1005.5+1.6  1.7+03 3.43
2242 10055+ 1.6 11+2° 3.89
1005.1+0.2"  17+2f 1.77
1005.1+0.1f 18+2% 141
1085.70+0.13  0.34+0.03 5.64+1.03 3743 1085.8+03  2.1+0.3 3.31
2542 1085.8+0.3° 13+2¢ 4.24
1085.70 + 0.10° 29 +4f —0.89
1085.7+0.1°  30+4¢ -112
1111.91+0.09%¢ 0.64+0.04 10.7+1.8 70«5 - -
48+3 1112.03 + 0.06" 35+ 47 2.60
1112.1+0.1F  42+68 0.89
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Table7 (continued) This work From [14] [16]
E, (keV) PEy(90°)/(€Ey:ny) Ix(relative) < O'EY(90°) > E, (keV) Iyp(relative) R
x 1078 (count) (%) (mb) (%)
1388.67+0.12°  0.39+0.03 6.52+1.15 43+4 - - -
2942 1389.0+0.2°  17+2f 4.24
1389.1+0.1°f 16+2% 4.60
1408.04+0.15¢  0.22+0.02 3.69+0.70 2442 14089+1.2  23+0.6 1.50
16+1 1408.9+1.2° 14+4° 0.48
1407.9+0.2"  16+2f 0
1408.0+ 0.1  15+2% 0.45
1915.84+0.36  0.08+0.02 1.39+046 942 - - -

E, is the gamma-ray energy, Pp,(90°)/(eg,f¢,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

ACorrected for (n,y) interference from Sm. 5839 and 841 keV (unresolved doublet by Demidov). “confirmed
by Demidov’s isotopic measurement. %corrected for background interference. *from element measure-
ment [14]. ffrom isotope measurement [14]. £from isotope measurement [16]. Mincludes the intensity of the

790 keV line of *>Sm [16]

scattering reactions in '**Sm and '*8Sm, respectively. In
the isotopic measurement of 1485 m, Demidov, in [14], has
used the same line as a reference for intensities as in the
elemental measurement (550.2-keV line). The intensity
of (25+3) % of the 629.3-keV line from the elemental
measurement disagrees by a factor of 1.8 higher to that one
derived from the isotopic measurement, i.e. (14.2+0.7)%
[14]. For the 397.3-keV line of '**Sm, the intensities
disagreed by a factor 6 between elemental and isotopic
measurements in [14] when using as reference line the
1660-keV line of '**Sm. Note that the latter line is free
of any interference. For '*®Sm, the average intensity ratio
Ip/lppis 2.35+1.71 and improved to 1.24 +0.70 when no
correction is applied. In fact, the 550-keV line was also
strongly affected by neutron capture mainly in the iso-
tope '¥7Sm (550.1 keV [23]), but also in "**Sm (548.3 keV
[23]), %Sm (550.9 keV [23]) and **Sm (551.2 keV [23]).
The overall contribution to net counts was (62 +15) %
(see Table 10). With respect to [44], the capture line at
550 keV is listed with a question mark and an intensity of
1.2%. The intensity is in good agreement with the value
derived from [23], i.e. (1.12+0.07) %. Therefore, it is
very likely that Demidov et al. [14] did not correct this
line as its presence was at that time uncertain. The (n,y)
lines listed at 127.3 and 166.5 keV in [14] were given
with relative intensities of (4.6 +1.0) % and (2.7 +0.8)
%, respectively. In this work, intensities of (18.0 +2.9)
% and (4.7 +0.2) % were determined. However, relative
intensities of (6.9 +0.3) % and (1.8 £0.1) % were obtained
when the reference line at 549.6 keV was uncorrected. The
fact that the intensities from this work compare better to
the work of Demidov et al. [14] if no (n,y) corrections are
performed, is a further indication for missing or inaccurate

corrections for neutron capture in [14]. The intensities
of the lines of '*’Sm, '’?Sm and "’*Sm measured in this
work agree well with the values derived from the isotopic
measurements [14—16] using the reference lines free of
any interferences at 716 keV, 963 keV and 839 keV as
the contributions of (n,y)-lines were in most of the cases
negligible. The values of I/l are 1.04 +0.30 for '47Sm,
1.38 +0.49 for °2Sm and 1.42 +0.53 for '>*Sm. If no cor-
rection for neutron capture is applied, the values are statis-
tically consistent: 0.93 +0.28, 1.28 +0.52 and 1.24 + 0.60.
In the case of °°Sm, many lines are strongly affected
by the neutron capture lines, and better agreement with
the values from the elemental measurement in [14] was
obtained by using the reference line at 334 keV of *°Sm
instead of the 550 keV-line of '*3Sm. However, a large
difference was observed for some lines compared to the
isotopic measurement in [14]. Note that the 334-keV line
is also a strong capture line of the **Sm(n,y)!*°Sm reac-
tion which intensity given in [44], 83.26% is near the more
recent value of 86% [23]. The value of I/l is 2.57 +1.98
was not improved by neglecting the contributions of neu-
tron capture lines, 2.19 + 1.78. For the lines emitted by
several samarium isotopes, the average intensity I/l is
2.62 +2.30 and is improved to 1.15+ 1.06 without cor-
rections of neutron capture. Considering all data and no
correction for neutron capture yields an average intensity
ratio of Ip/lp;,=1.37+1.05, which can, besides the large
uncertainty, be considered as another hint for missing or
inaccurate corrections for neutron capture in the Atlas
[14]. In this case, the data show a better correlation with
a=1.42+0.10 and »=0.89+0.03 in Eq. (3) as shown in
Fig. 5. The histograms of the residuals R obtained with
and without correction of neutron capture are shown on
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Table 8 Prompt gamma rays of '**Sm induced by inelastic scattering of fission neutrons

This work From [14, 17]
E, (keV) P (90°) (e, i) Ix(relative) <05,(90°)> E, (keV) Ixp(relative) R
% 1078 (count) (%) (mb) (%)
81.90+0.04% 4.33+0.19 72+12 558+31 - - -
184.69 +0.03 3.85+0.12 65+ 10 497+23 185.06+0.06 46+5 1.62
448 + 49 185.06 + 0.06¢ 537+ 60¢ -1.15
184.88 +0.03¢ 479 +21° —0.58
745.48 +0.06>¢ 0.44+0.03 7.40+1.28 57+4 745.8 6.3+0.8 0.73
5146 745.39 + 0.08¢ 60 + 4¢ -1.25
745.50 + 0.04° 50 +2° —0.16
838.90+0.08° 0.86+0.09 14.4+2.7 112412 - - -
100 839.83 +0.08¢ 100 -
100 839.36 + 0.02¢ 100 -
1016.73+0.14° 0.40+0.03 6.71+1.20 52+4 1017.6 4.8+0.8 1.32
46+6 1018.00 + 0.08¢ 424+ 2¢ 0.63
1017.23 +0.10° 30+1° 2.63
1272.56 +0.48* 0.13+0.03 2.10+0.66 16+4 - - -
15+4 1272.5+0.2¢ 11.3+0.8¢ 0.90
1272.34 +0.07¢ 9.6+ 0.5° 1.39
1393.67 +0.12¢ 0.36+0.03 6.00+1.07 39+3 1392.6 6.1+£1.0 —-0.07
42+6 1394.46 + 0.07¢ 43424 —0.16
1393.83 +0.03¢ 34416 1.31
1432.95+0.15° 0.23+0.02 3.85+0.73 30+3 1432.2+1.6 27406 1.22
27+4 1433.0 + 0.4¢ 23424 0.89
1433.19 + 0.05¢ 23.7+0.9¢ 0.80
1439.76 +0.12 0.37+0.03 6.14+1.08 47+4 1440.2+0.6 24+05 3.14
4346 1440.08 + 0.10¢ 36+24 1.10
1440.05 + 0.10° 41.9+1.5¢ 0.18
1538.62+0.38° 0.10+0.02 1.65+0.45 13+2 - - -
1243 1538.2+0.44 6.0+ 0.8¢ 1.93
1538.35+ 0.14° 4.7+0.3° 2.42
1551.48+0.32° 0.10+0.02 1.74+0.49 13+3 - - -
12+3 1550.8 + 0.44 7.4+1.3¢ 1.40
1551.54 + 0.09° 5.9+0.3° 2.02
1624.42 +0.35%¢ 0.07 +0.02 1.23+0.39 9+3 - - -
8.1+2.5 1624.9 +0.64 3.0+0.7¢ 1.96
1624.87 + 0.12¢ 6.5+0.3¢ 0.63

E, is the gamma-ray energy, Pr,(90°)/(eg,fg,) the net counts 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, (90°) > the fission-neutron spectrum-averaged partial cross section
for gamma-ray production at an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

2Confirmed by Demidov’s isotopic measurement. ®corrected for (n,y) interference from Sm. °corrected for background interference. from iso-

tope measurement [14]. °from isotope measurement [17]

Fig. 6. The fit with a Gaussian indicates an agreement
between the data at the 1.8¢ level for both cases. The shift
of the Gaussian centroid to 1.37 +0.06 reveals a relevant
systematic effect for the corrected intensities. When neu-
tron capture interferences were neglected the centroid has
shifted to 0.32 +0.13. All these results show that the cor-
rections for neutron capture carried out by Demidov et al.
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[14] using data from [44] were inaccurate or missed. Fur-
thermore, it is not indicated in [14] which cross section
data was used for the capture of epithermal neutrons. It
is only mentioned that the intensity of gamma rays could
differ from the one from the thermal neutron capture. The
partial cross sections for gamma-ray production are given
in column 4 of Tables 2, 3, 4,5, 6,7, 8, and 9.
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Table 9 Prompt gamma rays induced by inelastic scattering of fission neutrons in multiple isotopes of samarium
This work From [14]
E, (keV) P, (90°)/ (e, i) Ix(relative) <0p,(90°)> E, (keV) Ixp(relative) R

x 1078 (count) (%) (mb) (%)
144Sm+ I4SSm
1977.23+0.31 0.11+0.02 1.86+0.48 22+4 - - -
144Sm+ ISZSm
1584.75+0.32° 0.17+0.03 2.87+0.71 17+3 - - -
2120.54 +£0.46 0.11+0.03 1.87+0.60 11+3 - -
144Sm+ ]54sm
1475.05+£0.22 0.10+0.02 1.66+0.39 11+2 - - -
147G 4+ 1485
533.88+0.20* 0.29+0.05 4.83+1.11 32+6 - - -
725.57+0.07°¢ 0.41+0.03 6.85+1.19 46+4 - - -
1354.18 +0.12% 0.88+0.09 14.7+2.8 98+11 1352 8.5+2.0 1.82
1596.26 +0.18%¢ 0.32+0.03 5.42+0.97 36+4 - - -
147 4 1529
687.89+0.05¢ 0.69+0.04 11.6+1.9 48 + 688.3+0.4 6.1+1.2 243
809.08 +0.06* 1.02+0.06 17.1+29 72+ 810.5 11.3+1.2 1.86
147 4 1549
1069.78 +0.23 0.23+0.04 3.91+0.89 18+ 1069.2 1.6+0.4 2.37
1172.88 +0.20 0.20+0.03 3.30+0.68 15+ 1172 19+24 —-0.15
1317.46+0.29 0.23+0.04 3.78+0.90 17+ 1318.0+0.6 1.7+0.4 2.11
1120.26+0.18° 0.16+0.02 2.65+0.56 12+ - - -
148G 4 150G,
1344.48 +0.13%¢ 0.52+0.06 8.71+1.71 82+10 - - -
148 4 1529,
222.54+0.13* 0.08+0.01 1.37+0.31 6.1+0.8 222.8+0.6 2.1+04 —1.44
432.11+0.10*° 0.11+0.02 1.87+0.49 2 - -
1269.81+0.52 0.11+0.04 1.88+0.66 + - - -
1840.12+0.27 0.20+0.03 3.42+0.69 15+2 1842 24+05 1.20
1489 1 154
914.47 +0.08*¢ 0.55+0.04 9.18+1.59 47+ 913.0 5.1+1.0 2.17
937.32+0.10* 0.26+0.03 4.36+0.84 22+ - - -
1033.69 +0.22° 0.17+0.03 2.90+0.70 15+ - - -
1146.76 +0.13° 0.26+0.04 4.39+0.91 22+ - - -
149G 4 1505
402.74 +£0.20°¢ 0.70+0.05 11.8+2.0 97+38 - -
504.90+0.20¢ 1.92+0.08 32+5 266+ 14 505.6+0.6 34 5.47
859.45+0.20° 0.55+0.05 9.25+1.64 76 +7 857.6 6.0+ 1.97
1499 1 1525
1022.26 +0.17*° 0.19+0.02 3.26£0.64 14+1 - - -
149G 4 154
276.65 +0.03%¢ 1.73+0.34 29+7 13928 277.2 19.4+2.0 1.28
280.44 +0.10"¢ 0.13+0.03 2.13+0.66 10£2 - - -
150G 4+ 152§
251.17+0.09¢ 0.16+0.02 2.60+0.52 13+ 251.4+0.6 25+06 0.13
1170.35 +0.08> 0.89+0.09 149+2.38 76+ - - -
1193.52+0.08° 0.61+0.05 103+1.9 53+ 1194 5.7+0.8° 2.42
1296.84 +0.20 0.27+0.03 4.46+0.86 23+ - - -

ISOSm+ I54Sm
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Table 9 (continued)

This work From [14]
E, (keV) Py (90)(e i) I(relative) <0,(90°)> E, (keV) Ixp(relative) R

x 107 (count) (%) (mb) (%)
910.48 +0.08*¢ 0.30+0.07 5.00+1.40 29+7 - - -
921.04+0.08° 0.80+0.13 13.4+3.0 78+13 920.1 15+2f 1.53
1177.31£0.10%b¢ 0.32+0.07 5.35+1.44 317 - - -
lSZSm+ 154Sm
1398.33+0.20° 0.16+0.03 2.70+0.63 10+2 - - -
1457.26 +0.15° 0.42+0.03 7.10+1.23 25+2 - - -
144Sm+l47sm+1525m
983.56+0.16*" 0.18+0.02 2.93+0.59 12+1 - - -
144Sm+ 148Sm+15()sm
1308.80+0.21°¢ 0.23+0.03 3.80+0.80 31+4 - - -
147Sm+ 148Sm+152sm
1152.59 +0.27%° 0.15+0.04 2.56+0.72 8+2 - - -
1328.16 +0.33%°2 0.22+0.03 3.62+0.79 12+3 - -
147Sm+1498m+1525m
121.56 +0.03%¢ 11.97+2.20 200+48 631+118 121.6 198 +25 0.04
14SSm+ lSOSm+ISZSm
756.26+0.11 0.21+0.03 3.44+0.69 13+2 - - -
869.40+0.10>¢ 0.66+0.08 11.1+22 43+5 - - -
903.51+0.08 0.62+0.04 103+1.7 4043 903.5 3.4+06 3.76
14SSm+ISZSm+154Sm
968.30+0.14° 0.20+0.05 3.43+0.99 10+2 969.4+0.4 0.51+0.10 2.92
1495m+ lSOSm+152Sm
944.60+0.20 0.16+0.02 2.61+0.58 10+1 - - -
1495m+ lSOSm+154Sm
636.22+0.08° 0.24+0.03 4.06+0.76 16+2 637.0+0.6 0.85+0.15 4.14
753.12+0.15%¢ 0.23+0.03 3.89+0.75 1542 - - -
ISOSm+ lSZSm+154Sm
674.97 +0.05¢ 1.02+0.09 17.0+3.1 52+5 675.44 9.0+1.0 2.50

E, is the gamma-ray energy, Pr,(90°)/(eg, fp,) the net counts 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, (90°) > the fission-neutron spectrum-averaged partial cross section
for gamma-ray production at an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

Corrected for background interference. "confirmed by Demidov’s isotopic measurements. “corrected for (n,y) interference from Sm. 41170 and
1173 keV (unresolved doublet by Demidov). °1194 and 1197 keV (unresolved doublet by Demidov). £919 and 921 keV (unresolved doublet by

Demidov). & Corrected for (n,y) interference from Cl

Gamma rays of dysprosium

One hundred and forty-eight prompt gamma rays issued
from inelastic scattering of fission neutrons with dysprosium
were identified. These gamma rays are depicted in Figs. 3
and 4 and their data are given in Tables 12, 13, 14, 15 and
16. From the observed lines, 13 were assigned to 161Dy, 48
to 192Dy, 28 to 1Dy, 44 to '%*Dy. The other 15 lines are fed
by two dysprosium isotopes with significant contributions.
The lines identified as pure neutron capture lines are given
in Table 10. Their intensities were calculated using Eq. (2).
Like in the case of samarium, the interferences of the radia-
tive neutron capture in the (n,n'y)-lines were verified. The
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net counts produced in (n,y) lines were calculated according
to Eq. (2). For 103 lines, relevant contributions to the net
counts were found. For certain lines of the isotopes '¢!Dy
and '9?Dy, the calculated counts of neutron capture lines
exceed the measured counts by a factor of up to 3. Regard-
ing Table 10, the intensity ratio of neutron capture lines of
the isotopes follows no trend, but rather random. Therefore,
instead of taking a mean value as in the case of 1528m, the
lowest intensity ratios were used as a scaling factors to cal-
culate neutron capture counts. These factors are 0.46 +0.27
for '®'Dy and 0.33 +0.21 for '®’Dy. The uncertainties were
neglected in the conservative correction process for the net
counts produced by neutron capture. As with the samarium
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Table 10 Prorr{pt.gamma rays This work From PGAA database

induced by radlat.lve neutron Neutron capture 123, 24]

capture on samarium and Capture of thermal

dysprosium isotopes neutrons
Ey PEy/eEy'fy(Xlo_g) (og,) Ig, OFyth I, I /lg, w
(keV) (Count) (mb) (%) (b) (%)
1509
167.8+168.4 0.28+£0.01 68+30 13.1+6.6 11.7+3.4 11.7+34 1.12+0.65
1529
90.8+90.9+91.5 0.57+0.08 3617 1.08+0.40 8.1+3.0 392+1.45 0.28+0.14
127.3 1.08£0.04 68+30  2.04+0.70 153+1.1 7.40+0.53 0.27+0.09
182.5+182.9 0.28+0.03 17+8 0.52+0.18 3.53+1.12 1.71+0.54 0.30+0.14
354.8 0.21+£0.02 13+6 0.39+0.14 236+041 1.14+0.20 0.34+0.13
321.1 0.48+0.05 29+13  086+031 598+1.12 2.89+0.54 0.34+0.14
397.9 0.67+0.04 42+19 1.27+044 7.85+149 3.80+0.72 0.33+0.09
470.8 0.33+0.05 21+10  0.63+0.23 4.34+0.79 2.10+0.38 0.30+0.12
473.6 0.43+0.07 27+13  082+£030 520+£093 251+£045 0.32+0.13
622.7 0.35+0.04 22+10  0.66+024 3.29+082 1.59+0.40 0.41+0.18
660.0 0.35+0.04 22+10  0.67+£024 482+0.86 233+041 0.29+0.11
734.9 0.25+0.03 16+7 047+0.17 3.81+£0.75 1.84+0.36 0.25+0.10
5238.1 0.11+£0.01 7+3 0.21+0.07 2.36+041 1.14+0.20 0.18+0.07
5741.0 0.53+£0.13 34+17 1.02+043 10.1+1.9 4.88+0.92 0.21+0.10
5832.4 0.22+0.02 14+6 042+0.15 2.28+041 1.10£0.20 0.38+0.15
161Dy
321.84+321.9 0.11+£0.03 11+6 1.02+0.44 13.3+3.1 2.25+0.52 0.45+0.22
768.8 0.07£0.02 14 0.68+0.30 3.07+1.16 0.52+0.20 1.31+0.77
937.2 0.08 £0.02 8+4 0.73+0.31 7.40+2.64 1.25+045 0.58+0.32
5450.3 0.19+£0.02 18£8 1.71+£0.62 11.1+2.1 1.87+0.35 0.91+0.37
162Dy
289.5 0.10+£0.04 T4 0.31+0.18 2.67+0.27 136+0.14 0.23+0.13
318.1 0.11+£0.04 8+5 0.35+0.20 1.88+0.23 0.96+0.12 0.36+0.21
376.5 0.13+£0.05 040+0.23 090+0.12 0.46+0.06 0.87+0.51
398.9 0.12+£0.04 + 0.37+0.20 3.10+0.39 1.58+0.20 0.23+0.13
820.8 0.15+£0.03 106 045+021 1.88+0.23 0.96+0.12 0.47+0.23
5125.3a 0.24+£0.05 17+9 0.74+035 1.49+0.20 0.76+0.10 0.97+0.48
164Dy
5557.3 0.21+0.04 11+5 550+2.37 101+5 3.86+0.19 1.42+0.61
5607.7 0.35+£0.03 18£8 8.90+3.52 127+6 4.85+0.23 1.83+0.73

Ey is the gamma-ray energy, Pgy/egy-fy 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, /., the gamma-ray intensity

analysis, the gamma lines with a contribution above 90%
were assumed to be pure neutron capture y-rays.

The intensities of the lines were calculated relative to the
754.3-keV line of '%*Dy (100%). They are given together
with the values determined in [14] from the measurement
of a Dy,05 sample with natural isotopic abundance in col-
umns 3 and 6 of Table 12, 13, 14, 15, and 16. Additionally,
for comparison to the intensities from the measurement of
isotopically- enriched Dy,05 samples ('®*Dy (95.2%) [14]
[18], 19Dy (92.5%) [19], %Dy (97.2%) [14], '*Dy (94.7%)

[20]), the intensities of the lines from each isotope were
calculated relative to the following lines: 184.8 keV for
162Dy, 250.5 keV for Dy and 168.7 keV for '‘Dy. The
values are given in bold in columns 3 and 6 of Tables 13,
14, and 15. We identified 76 of 92 lines given in [14] for the
measurement of the dysprosium sample with natural abun-
dance and the 65 lines listed in [14] for the measurement of
the isotopically-enriched samples (32 for '®Dy and 33 for
1%4Dy). All the lines observed for '®?Dy, %Dy and %Dy
were observed in the isotopic measurements performed in
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Table 11 Relevant contributions of neutron capture (n,y) reactions to gamma lines primarily identified as (n,n'y) lines of samarium

This work (n,n"y) PGNAA database (n,y) [23, 24] PEY(n,y)/PEy (%)

E, (keV) *Z E,inkeV (Z) Iz, (%)

121.5% 185 m + 150Sm + 12Sm  119.8 (12Sm) 3.36+1.41 4.15+1.46

149.9 144Sm 148.9 (*°Sm), 0.050+0.031 (**°Sm), 3.38+0.81
149.4 (*2Sm) 0.029 +0.005(2Sm)

222.5 148§ m 223.5 (°Sm), 0.012 +0.003 (**°Sm), 37+11
223.2 (2Sm) 0.29+0.05 (32Sm)

251.2 150§ m + 1528m 251.6 (***Sm), 0.32+0.01 (***Sm), 36+7
250.8 (1°Sm) 1.80+0.25 ("*°Sm)

254.3% 1499m 255.4 (°Sm), 0.031+0.005 (**Sm), 32+14
254.3 ("*Sm), 0.07 +0.02 ("*°Sm),
254.8 (328m) 0.50+0.09 (>2Sm)

268.8 1528m 269.2 (132Sm) 0.90+0.30 (>2Sm) 121432

276.6° 14999 m + 154Sm 276.1 (**°Sm), 1.05+0.43 (°°Sm), 17.4+5.6
276.7 (*’Sm) 2.21+0.56 ("*?Sm)

280.4 1995 m + 154Sm 280.2 (130Sm) 5.60+2.34 ("*°Sm) 49413

285.4 1499m 285.0 (1°Sm), 0.25+0.09 ("**Sm), 3.57+0.54
285.9 (***Sm) 1.64+0.14 (**Sm)

313.6 149 m 313.9 (°Sm), 0.025+0.007 ("*°Sm), 32+8
313.6 (°2Sm) 0.38+0.10(*32Sm)

333.4 150§ m 334.0 (***Sm), 86.4+1.7 ("**Sm), 40410
334.6 (1*%Sm) 0.13+0.02 ("*°Sm)

339.8 1528m 340.1 (**°Sm) 2.50+0.77 8.02+1.97

345.3 1509m 346.0 (**Sm), 0.76 +0.02 ("**Sm), 38+10
345.0 (*°Sm) 0.30+0.08 ("*°Sm)

402.7 1498 m + 150Sm 403.0 (***Sm), 0.79+0.02 (***Sm), 15.1+3.6
400.7 (*°Sm) 0.11+0.02 ("*°Sm)

405.8 150§ m 406.5 (***Sm), 0.63+0.02 ("**Sm), 20+4
404.6 (**Sm), 0.84+0.15 ("Sm),
407.4 (**Sm) 0.19+0.04 (>2Sm)
(ISZSm)

413.7 1489 m 413.4 (**Sm,) 10.8+2.6 (**’Sm), 77+ 14
413.8 (}32Sm) 3.6+ 1.1 (*’Sm)

432.1 1485 m 432.8 ("“7Sm) 3.28+0.82 72+19

438.7 150§ m 439.4 (*¥Sm), 51.6+2.8 (**Sm), 50+11
439.5 (*2Sm) 3.6+1.1 ("2Sm)

461.0 150§ m 461.9 (***Sm), 0.15+0.01 (***Sm), 7.03+1.67
459.8 (1°Sm) 0.22+0.06 ("*°Sm)

485.4 1509 m 486.0 (***Sm) 1.30+0.06 64+16

504.9 14995 m + 150Sm 505.5 (14°Sm) 1.32+0.20 9.53+2.29

549.6 1485 m 550.1 (*47Sm) 112+7 62+15

552.4 1489 m 552.0 (**2Sm) 0.11+0.03 1.77+0.47

583.6% 1509 m 584.3 (14°Sm), 8.7+1.2 (**Sm), 48+ 14
582.9 (**2Sm), 0.30+0.07 ("*2Sm),
582.1 (13*Sm) 23404 (*Sm)

590.2 1498 m 590.8 (**°Sm) 0.19+0.01 3.36+0.81

610.7 1485 m 610.7 (*’Sm) 26.9+4.7 7819

636.2 154Sm 636.3 (*°Sm) 1.64+1.90 12.6+3.3

663.4% 149§ m 663.6 (*°Sm), 0.22+0.10 ("*°Sm), 1.29+0.21
664.0 (13*Sm) 0.56 +0.05 ("**Sm)

666.0% 1509 m 667.1 (**Sm) 0.39+0.39 3.13+0.76

674.9 195 m + 152Sm + 1%*Sm  675.8 (14°Sm), 3.1+0.1 (**Sm), 32+8
672.5 ("*°Sm) 0.27+0.05 ("*°Sm)

687.9 47Sm + 152Sm 688.4 ("**Sm) 0.056 +0.007 1.23+0.30
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Table 11 (continued)

This work (n,n"y) PGNAA database (n,y) [23, 24] PEY(n,y)/PEy (%)
E, (keV) *Z E,inkeV (*Z) Iy, (%)
711.7 1509 m 712.2 (***Sm) 4.82+0.10 3749
715.9 147Sm 717.7 (*°Sm) 2.26+0.60 1.94+0.48
725.6 7S m + 148Sm 725.1 (3*Sm) 1.76+0.15 5.06+1.15
730.9 150§ m 731.20 (**Sm) 0.97+0.07 56+14
736.9 150§ m 737.4 (*¥Sm), 10.8+0.2 (**Sm), 42+16
736.2 (**°Sm) 0.50+0.20 ("*°Sm)
7413 47Sm 741.8 (***Sm) 0.30+0.05 1.68+0.44
745.5% 154Sm 745.0 (***Sm) 0.68+0.07 1.86+0.62
747.6* 150§ m 748.1 (**°Sm) 1.22+0.04 57+21
751.0 150 m 750.3 (***Sm) 0.21+0.07 16.9+13.7
753.1 154Sm 753.0 (**°Sm) 0.52+0.33 520+1.36
761.8 150§ m 761.4 (***Sm) 0.20+0.03 22+8
791.4 152§m 792.1 (*°Sm) 0.24+0.07 5.12+1.83
854.8 1528m 853.8 (*Sm) 0.95+0.15 3.28+0.75
859.4 1498 m + 15%Sm 859.9 (***Sm) 1.59+0.07 31+7
869.4 48Sm + 5% m + 152Sm  869.3 (1*°Sm) 2.15+0.11 33+9
910.5° 150§ m + 154Sm 911.0 ("**Sm), 0.79+0.05 ("**Sm), 30+16
909.4 (3*Sm) 0.37 +0.05 ("**Sm)
914.5% 1485 m + 154Sm 914.5 (3*Sm) 4.08+0.36 8.42+3.50
921.0% 150§ m + 154Sm 921.6 ("**Sm) 0.45+0.05 8.00+2.54
937.3 1489 m 935.6 (13*Sm) 1.95+0.54 8.51+2.05
947.7 147Sm 948.7 (3°Sm) 0.62+0.14 4.68+1.19
951.9 1499 m 951.3 (3°Sm) 0.85+0.17 16.0+5.3
968.3 1485 m 968.1 (3*Sm) 2.01+£0.20 10.8+2.6
995.8% 1528m 997.0(**Sm) 0.27+0.02 30«10
1016.7  *Sm 1016.6 (**°Sm) 0.77+0.07 23+6
1046.0  Sm 1045.7 (**°Sm) 0.56+0.79 143+44
10487  OSm 1049.1 (**°Sm) 0.36+0.36 6.77+1.64
1106.6*  'Y'Sm 1106.6 (>*Sm) 1.68+0.14 4.97+1.52
11222 Yo%Sm 1122.5 (**Sm) 0.58+0.04 43+11
11526  '“¥Sm 1152.2 (**Sm) 0.13+0.03 1.06+0.33
11703 OSm+'52Sm 1170.6 (***Sm) 4.15+0.19 42410
1177.3*  0Sm + '54Sm 1177.3 (**Sm) 1.03+0.06 33+15
11935 5Sm+'52Sm 1193.8 (**Sm) 1.91+0.06 32+8
1196.9°  'YSm 1197.3 (**Sm) 0.50+0.03 23+8
1246.6  %Sm 1247.0 (**Sm) 0.92+0.06 53+14
1308.8  "“Sm+'¥Sm+"%Sm  1308.7 (***Sm), 0.72+0.16 ("**Sm,), 3449
1309.1 (***Sm) 0.42 +0.05 ("**Sm)
1323.8*  1o%Sm 1321.9 (**°Sm) 1.37+0.16 36+9
13282 “8sm 1327.4 (*>C1), 1.22+0.19 (3>C1), 3.30+1.49
1327.8 (¥*Sm) 0.36+0.05 (**Sm)
13445  ¥Sm+150sm 1343.9 (*Sm), 43+1.0 (*Sm,), 42410
1345.8 (3*Sm) 0.74+0.09 (">*Sm)
1486.28  Sm 1485.6 (**Sm) 0.61+0.09 39+16

E, is the gamma-ray energy, “Z denotes the considered isotopes, I, is the absolute gamma-ray intensity and P, (n,y)/Pp, is the fraction of calcu-

lated neutron capture counts to the net counts in the gamma-ray peak

#Corrected for background interference
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Fig.5 Correlation between the relative intensities Iy of the prompt
gamma rays from inelastic scattering (n,n'y) reactions on samar-
ium measured in this work and the relative intensities I, obtained
from measurement with reactor fast neutrons [14—17]. Data points
of ¥1*Z3m indicate multi-isotope lines (see Table 9). Left: the
gamma lines measured in this work are corrected for neutron cap-
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Fig. 6 Histogram of the residuals R in units of standard deviation [o]
calculated with Eq. (4) showing the level of agreement between the
relative intensities of prompt gamma rays produced by inelastic scat-
tering on samarium derived in this work (corrected and uncorrected
for neutron capture interferences) with the data listed in [14—17]. The
data was fitted with a Gaussian, which is shown by the solid lines

[18, 19] and [20]. 26 of 92 lines were listed as tentative
assignments in [14], of which 21 lines were observed by this
work and assigned as (n,ny) transitions in Dy, according to
data given in [22, 32-35]. The origin of the lines at 245.3,
371.3, 548.5, 633.6, 728.5, 842.7, 1251.9, 1585.1, 1735.4
and 1685.8 keV from inelastic scattering reactions in Dy
have been confirmed by the isotopic measurements done in
[18—20]. The line at 842.7 keV was assigned to '**Dy and
16'4Dy. However, based on the intensities given in [19, 20],
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ture interferences. Right: the gamma lines measured in this work
are not corrected for neutron capture interferences. The fit of the
data with Eq. (3) is shown by the solid line with a=2.26+0.14 and
b=0.80+0.02 (left plot), and a=1.42+0.10 and »=0.89+0.03
(right plot)

this line is mainly fed by %Dy (87% for '®*Dy and 13%
for '®’Dy). The most intense line at 1124.6 keV from the
same level (E*=1390.5 keV [35]) was clearly observed in
this work. For the line at 1252.6 keV from '®’Dy, a signifi-
cant contribution to the net counts of (31+3) %, from the
single escape peak of the 1763.4-keV line resulting from
35Cl(n,n';/)35C1 was found. The lines from the elemental
measurement in [14] at 326.0, 538.5, 569.7, 846.6, 1217 .4,
1224.0, 1273.6, 1369.8 and 1705.6 keV were not observed
in this work. From the isotopic measurement, the following
lines have been observed for '2Dy: 327.0 and 1273.0 keV
[14], 1217.8 and 1223.3 keV [18], for '**Dy: 326.3, 538.3,
569.1, 1217.4, 1224.0 keV [14], 325.8, 846.6, 1217.0,
1223.9, 1371.0 and 1705.7 keV [20]. However, the lines
at 327.0 and 1273.0 keV were wrongly assigned to 92Dy,
as they were not mentioned in [22, 32] and not detected in
[18]. The line at 1273 keV could correspond to an unre-
solved doublet of '**Dy lines at 1271.4 and 1274.9 keV [20].
The line at 538.5 keV could correspond to the '**Dy line at
542.5 keV noticed as multiplet in [20]. The 569.7-keV line
was mentioned in [32] as a 164Dy line but was not included in
the energy level scheme. This line was not observed in [20].
The 1371-keV line is not included in the energy level scheme
of 164Dy [32]. The line at 326.0 keV was not observed in
this work due to background interference ("°Ge [2]). The
line at 1217.4 keV interfered with the 1219.2-keV line of
3C1(n,n'y)*CL. The 1224.0-keV line was not detected, prob-
ably due to the low mass of the sample. The lines at 538.5,
569.7, 846.6 and 1705.6 keV were not observed due to back-
ground interferences [1, 2]. Note that the aforementioned
lines were not assumed to be produced by (n,y) reaction in
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Tal?l;‘ 12 .Prompt gamma rays This work From [14]
of "*'Dy induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90°)(ep, fp)  Ip(elative)  <og,(90°)>  E, (keV) Iyp(relative) R
x 1078 (count) (%) (mb) (%)
48.62+0.13 2.83+0.71 138 +41 495+125 - - -
56.70+0.20 1.29+0.34 63+19 225+60 - - -
102.63+0.07 0.59+0.05 29+5 103 +9 - - -
128.46+0.20 0.09+0.03 4.17+1.55 15+5 - - -
157.00+£0.08*  0.35+0.04 17.0+3.2 61+7 - -
217.31+0.10 0.24+0.04 11.6+2.5 42+7 - -
230.18+0.13*  0.11+0.02 5.57+1.22 20+4 - -
292.02+0.11**  0.21+0.03 10.3+2.1 375 - -
343.25+0.25*  0.10+0.03 5.11+1.51 18+6 344.0+04 16+4 -2.55
549.62+0.10 0.20+0.02 9.96+1.88 36+4 - -
588.34+0.12 0.16+0.04 7.78+2.20 28+7 589.8+0.2 8.5+1.5 -0.27
607.85+£0.11*  0.22+0.05 10.7+2.9 39+9 606.8+0.5 41«5 5.24
826.46+0.26 0.14+0.05 6.77+2.53 24+9 8259+0.2 43+0.8 0.93

E, is the gamma-ray energy, P, (90°)/(eg,f,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector R is the residual calculated by Eq. (4)

4Corrected for (n,y) interference from Dy. bcorrected for (n,y) interference from Cl. ‘corrected for back-

ground interference

Dy, as they should have also been observed in this work
then.

Compared to the elemental measurement in [14], 68
new y-lines were identified. All lines were specified in [22,
32-35] and among these, 9 were associated to l(’lDy, 22
to '%’Dy, 10 to Dy, 23 to '**Dy and 4 to more than one
contributing isotope. A total of 40 lines was confirmed by
the isotopic measurements [14, 18-20]. The identification
of new lines is mainly associated with the improved energy
resolution and the higher mean energy of the neutron beam
of FaNGaS. In particular, the observation of relative new
low energy gamma lines (below 120 keV) was the result of
the lower energy threshold of the spectrometer. In contrast to
[14], the doublets at energies of 267.4,294.7, 310.0, 548.5,
980.6, 1556.4 and 1585.1 keV were successfully resolved.
The new lines at 238.2, 607.9 and 982.6 keV could not be
observed by Demidov et al. due to the background interfer-
ence [14]. The intensity plot is depicted in Fig. 7. The fitted
values of the coefficients in Eq. (3) are a=2.26+0.10 and
b=0.71+0.02. The calculated average intensity ratio I/l
of 1.76 +1.64 indicates a large discrepancy, which is prob-
ably due to inaccurate corrections for neutron capture inter-
ferences like in the case of samarium. The lines observed
at 267.4 (1%°Dy) 337.8 ('**Dy), 495.8 keV (1*Dy), 975.4
(164Dy), and 1025.8 keV(lMDy) were found to have a large
interference with the (n,y) reactions in Dy, with contribu-
tions of (92 +34) %, (106 +35) %, (161 +59) %, (108 +41)
% and (102 +£42) %, respectively. The line at 337.8 keV
was emitted from a level at 766.2 keV above g.s. [34], from

which another line at 414.4 keV was observed. The latter
one has a contribution of neutron capture of (76 +£25) % (see
Table 17). Taking the large uncertainty into account, it might
be possible that this level is fed only by neutron capture.
For the 495.8-keV line (E*=884.3 keV [34]) another line
at 532.3 keV was also observed due to inelastic scattering
in 19*Dy. The 532.3-keV line interfered with the neutron
capture line of '>Dy and has contributed to the net counts
by (23.7 +7.8) %. The reference line of 754.3 keV of %Dy
has been strongly contaminated by a (n,y)-line of 6Dy,
with a contribution to the net counts of (50 +15) %. The
contributions of neutron capture in the reference lines at
168.7, 184.8 and 250.5 keV used in the measurements of
isotopically-enriched samples [18—20] are somewhat less
with (23.6+8.9) %, 31 +9) % and (37 +12) %, respec-
tively. By omitting the correction from the neutron capture,
a similar average intensity with Ip/Iyp ratio of 1.55+1.33
was deduced. The correlation coefficients, a=1.91 + 0.08
and »=0.75+0.02 (see Fig. 7) are about the same as with
correction. The agreement is reasonable for the intensities
of the lines of '%'Dy, '®*Dy and the lines associated to more
than one dysprosium isotope with respective Ip/Iz-values
of 0.76 +0.61, 0.99+0.56 and 0.99 + 73. The values of
I/, for 192Dy and '**Dy were 1.82 +1.54 and 2.25 +2.02,
respectively. The values were significantly improved by the
correction applied for the neutron capture to 1.56+1.23 and
1.88 +1.67, respectively. The histograms of the residuals R
obtained with and without correction of neutron capture are
shown in Fig. 8. The data agrees at the 2.2¢ level in both
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Table 13 Prompt gamma rays of '*>Dy induced by inelastic scattering of fission neutrons

This work From [14, 18]
E, (keV) PEV(90°)/(eEY~ny) Iy(relative) < GEY(9OO) > E, (keV) Iyp (relative) R
x 1078 (count) (%) (mb) (%)
184.83+0.03*¢ 7.14+0.54 348 +60 937+78 185.07+0.10 400+ 80 -0.52
100 185.07 +0.10" 100
185.0+0.2° 100
185.00 + 0.01° 100
219.78 +0.10 0.19+0.03 9.09+2.13 2444 - - -
2.66 + 0.46 220.08 + 0.24° 0.26 + 0.047 5.20
235.65+0.10°¢ 0.09 +0.02 4.22+1.06 11+3 - - -
1.26 +0.30 234.1+0.3° 0.8+0.3° 1.08
235.98 + 0.08? 1.41 4+ 0.09° —0.42
282.44+0.03° 0.96+0.08 47+8 126+11 282.9+0.2 45+8 0.18
134+15 282.94+0.2" 11+3° 0.72
282.8+0.2° 12+1° 0.78
282.88 +0.02P 15.5+0.8° -1.23
310.72+0.14° 0.04+0.01 1.79+0.54 5+1 310.0+0.3 9.0+0.4¢ 1.88
0.56 +0.15 311.22 +0.05° 1.20 + 0.08° —-3.76
333.48+0.04° 0.56+0.05 27+5 T4+7 3342+0.3 24+4 0.50
7.84 +0.92 334.240.3" 6.00 + 1.56" 1.02
334.140.2° 43+0.5° 3.38
334.07 +0.01° 5.97 +0.30° 1.93
371.16+0.22° 0.19+0.04 9.17 +2.44 25+5 371.3+0.3 41409 1.95
2.66 +0.59 371.3+0.3" 1.03+0.30" 2.46
372.7+0.2° 1.9+0.5° 0.98
372.20 + 0.09° 1.65 + 0.10° 1.69
528.71+0.24° 0.07 +0.02 3.25+1.05 9+3 - - -
0.98 +0.29 529.29 +0.12P 0.80 + 0.06P 0.61
543.16+0.29 0.13+0.03 6.56+1.69 16+4 - - -
1.82+0.44 543.54 +0.12P 1.12 + 0.08P 1.56
556.11+0.16° 0.07 +0.02 3.50+0.96 9+3 - - -
0.98 + 0.29 556.33 +0.19? 0.45 + 0.05? 1.80
565.27+0.10° 0.19+0.03 9.23+2.12 25+4 565.6+0.2 16+2 -2.32
2.66+ 0.47 565.6 +0.2" 4.00 + 0.94" -1.27
565.77 + 0.22P 0.27 + 0.05P 5.06
677.62+0.09 0.16+0.02 7.65+1.53 21+3 678.0+0.2 11+2 —1.33
2.24+0.33 678.0 +0.2" 2.75+0.74" —0.63
678.05 +0.137 0.42 + 0.047 5.47
696.58 +0.09° 0.47+0.06 23+5 62+8 696.9+0.4 28+3 —-0.86
6.59 + 0.98 696.9 + 0.4" 7.00 +1.59" —0.22
698.4 +0.10° 442° 1.16
697.29 + 0.02P 53+0.3° 1.26
729.63+0.27° 0.15+0.03 7.07+1.70 19+4 728.5+0.2 6.2+0.9 0.45
2.10+0.45 728.5+0.2" 1.55+0.38" 0.93
728.40 +0.134 0.82 + 0.064 2.82
770.44 +0.10%¢ 0.09+0.02 4.57+1.08 1243 - - -
1.26 +0.30 770.96 + 0.224 0.22 + 0.049 3.50
794.86 +0.05° 0.65+0.07 32+6 86+ 10 795.40+0.10 22+3 1.49
9.10 +1.20 795.40 + 0.10" 5.50 +1.33" 2.00
795.5 +0.2° 942° 0.04
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Table 13 (continued)
This work From [14, 18]
E, (keV) Pp,(90°) (e, fiy) Iy (relative) <0p(909>  E, (keV) Iyp, (relative) R
x 1078 (count) (%) (mb) (%)
795.31+0.01° 9.6 +0.5P 0.38
807.13 +0.04*¢ 2.09+0.14 102+17 274421 807.54+0.10 80+8 1.17
29+3 807.54+0.10" 20 +4" 1.80
807.6+0.2° 27+3° 0.47
807.50 +0.01° 27.1+0.1° 0.63
878.70+0.16° 0.13+0.03 6.19+1.61 17+4 - - -
1.82 +0.44 878.54 +0.10° 0.84 + 0.06° 2.21
881.93+0.05*¢ 2.33+0.19 113+20 305+27 882.34+0.10 72+8 1.90
33+4 882.34 +0.10" 18+4" 2.65
882.3+0.2° 28 +3° 1.00
882.27 +0.01° 26.1+0.1° 1.72
887.82+0.05¢ 1.88+0.13 92+16 247+19 888.18 +0.10 53+6 2.28
26+ 888.18+0.10" 13+3" 3.06
888.3+0.2° 17 +2° 2.50
888.27 +0.01° 24.4+1.2°P 0.50
916.72 £0.05¢ 0.50+0.05 24+4 65+7 917.10+0.10 2242 0.45
7.00 + 0.88 917.10+0.10" 5.50+1.20" 1.01
917.0 +£0.2° 4.4+0.5° 2.57
917.089 + 0.01° 5.4+0.3P 1.72
944.16 +£0.06° 0.23+0.04 11.4+2.7 31+6 944 .4 20+2 -2.56
3.22+0.61 944.4" 5.00+1.12" —1.40
944.3+0.3° 3.4+0.5° —-0.23
944.444 +0.02° 3.94+0.20° -1.12
980.10 £ 0.06*¢ 0.27+0.04 13.0+2.9 35+5 980.6+0.2 12+2f 1.91
3.78+0.63 980.6 + 0.2" 3.00+0.78" 0.78
980.3 +0.5° 2.7+04° 1.45
980.352 +0.02° 5.11+0.26° —-1.95
1021.83+0.14%¢ 0.05+0.01 2.21+0.64 5.96+1.21 - - -
0.70+0.15 1022.07 +0.16° 0.38 +0.05° 2.02
1091.96 £0.07° 0.37+0.03 18.2+3.3 49+6 1092.0 11.3+£2.2 1.74
5.18+0.57 1092.02" 2.82+0.79" 2.42
1092.1 + 1.0° 4.0+0.8° 1.20
1092.23 +0.02° 4.26+0.22°P 1.51
1124.63 +0.08*¢ 0.13+0.02 6.17+1.42 17+3 1124.8+0.2 7.8+1.6 —-0.76
1.82+0.31 1124.8 +0.2" 1.95 +0.56" 2.42
1125.5+0.5° 2.6+0.4° 1.20
1124.95 +0.03° 2.36+0.13° —1.61
1129.24 +0.06%“# 0.61+0.06 30+5 80+8 1129.7+0.2 17+3 2.22
8.54+1.06 1129.7 +0.2" 4.25+1.13" 2.77
1129.8 +0.5° 54+0.7° 2.47
1129.12 +0.01° 6.7 +0.3° 1.67
1187.61+0.12°¢ 0.13+0.02 6.12+1.32 17+3 1187.7+0.2 9.7+1.9 —-1.55
1.82+0.31 1187.7 +0.2" 2.43+0.68" —0.82
1187.6 +0.2° 1.8+0.4° 0.04
1187.74 + 0.04° 2.52+0.13° —2.08
1195.16 +0.11° 0.63+0.05 31+5 82+7 1195.20+0.10 20+4 1.72
8.82+0.97 1195.20 + 0.10" 5.00+1.41" 2.23
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Table 13 (continued)

This work From [14, 18]
E, (keV) P (90°)(e i) Ix(relative) <0,(90°)> E, (keV) I (relative) R
x 1078 (count) (%) (mb) (%)
1195.0 +0.3° 7.940.9° 0.69
1195.10 + 0.01° 9.0+0.4° -0.17
1252.56 +0.19%" 0.21+0.02 10.1+1.8 27+3 1251.9 2+1 3.92
2.94+0.36 1251.9" 0.50 + 0.27" 5.42
1252.5+0.5° 1.1+04° 342
1252.79 + 0.06° 1.44 +0.08° 4.07
1276.50 +0.07¢ 0.95+0.07 46+8 124410 1276.6+0.2 26+5 2.12
133+ 1.4 1276.6 +0.2" 6.50 + 1.80" -0.82
1276.9+0.3° 8+1° 0.04
1276.56 + 0.02° 11.5+1.97 —2.08
1308.61 +0.17°¢ 0.19+0.03 9.10+1.96 25+4 - - -
2.66 + 0.47 1308.64 + 0.06° 1.78 + 0.10° 1.83
1311.53+0.22 0.09 +0.02 4.20+1.09 11+3 - - -
1.26 +0.29 1309.3 +0.4° 1.2+04° 0.12
1312.3+0.3? 0.28 + 0.04? 3.35
1319.59+0.14° 0.16+0.02 7.89+1.52 21+3 - - -
2.24+0.33 1319.5+0.2° 1.8+0.5° 1.14
1319.65 + 0.04? 2.44+0.14° —0.56
1372.35+0.11¢ 0.36+0.03 175+32 47+4 1372.7+0.5 9.4+2.4 2.05
5.04+0.57 1372.7+0.5" 2.35+0.76" 2.83
1373.1+0.3° 2.1+0.9° 2.76
1372.80 + 0.047 3.50+0.18° 2.58
1403.95+0.47 0.07 +0.02 3.57+1.07 10+3 - - -
0.98 + 0.29 1404.0 + 0.03P 0.31 + 0.047 2.29
1438.84 +0.341 0.09+0.02 430+1.14 1243 - - -
1.26 +0.30 1438.6 +0.3P 0.28 + 0.047 3.24
1556.41+0.16 0.17+0.02 8.38+1.74 23+3 1556.4+0.8 8.6+2.21 1.51
2.38+0.33 1556.4+0.8" 2.15+0.70" 0.30
1556.4 +1.0° 1.3+0.5° 1.80
1556.67 + 0.10P 1.65 + 0.09? 2.13
1585.67+0.19 0.15+0.02 7.52+1.45 20+3 1585.1+1.2 17+3% —1.11
2.10+0.32 1585.1+1.2" 4.25+1.13" -0.50
1585.2+0.4° 0.6+0.3° 3.42
1585.62 + 0.10P 1.09 +0.07° 3.08
1901.48 +0.33" 0.07+0.02 3.54+0.93 10+3 - - -
0.98 + 0.29 1901.0 + 1.0° 0.5+0.2° 1.36
1902.29 + 0.12P 1.09 +0.07° —0.37
1919.01£0.33° 0.09+0.02 4.43+1.22 1243 - - -
1.26 +0.30 1918.8 +0.5° 0.5+0.2° 2.11
1918.80 + 0.13P 1.00 +0.07° 0.84
1982.58 +0.33%™ 0.07+0.01 3.18+0.82 9+1 - - -
0.98 + 0.29 1981.0 +1.0° 0.5+0.2° 1.36
1982.55 + 0.13P 1.08 +0.07° -0.33
1999.65 +0.20° 0.15+0.02 7.22+1.55 20+3 - - -
2.10+0.32 1999.3 +0.5° 0.3+0.2° 4.77
1999.98 + 0.167 1.00 +0.07° 3.36
2020.85+0.21¢ 0.05+0.01 2.45+0.70 T+1 - - -
0.70 +0.15 2022.1+0.3° 0.38 + 0.047 2.06
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Table 13 (continued)

This work From [14, 18]
E, (keV) P (90°)(e i) Ix(relative) <0,(90°)> E, (keV) I (relative) R
x 1078 (count) (%) (mb) (%)
2048.04+0.27 0.08+0.02 3.69+1.01 10+3 - - -
1.12+0.29 2045.5+1.0° 0.50 + 0.30P 1.48
2047.79 + 0.19° 0.50 + 0.057 2.10
2241.54+0.36° 0.04+0.01 2.07+0.74 6+1 - - -
0.56 +0.15 2240.4 + 0.4° 0.35 +0.057 1.38
2734.31+0.26 0.07 +0.02 3.35+0.98 9+3 - - -
0.98 + 0.29 27343 +1.0° 0.23 +0.057 2.55
2746.29+0.34 0.08+0.02 3.76+1.14 10+3 - - -
1.12+0.29 2745.0+1.2° 0.26 + 0.057 2.92

E, is the gamma-ray energy, Pp,(90°)/(¢g,fz,) the net counts 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, (90°) > the fission-neutron spectrum-averaged partial cross section
for gamma-ray production at an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

2Corrected for background interference.’confirmed by Demidov’s isotopic measurement.corrected for (m,y) interference from Dy. 9308
and 311 keV (unresolved doublet by Demidov). assigned as (n,y) neutron capture line of Sm, as the capture contributions are approxi-
mately 100%; net counts, intensities and cross sections are calculated neglecting the capture counts and are given to support the discussion.
f980 and 983 keV(unresolved doublet by Demidov). fcorrected for (n,g) interference from CI. "corrected for the contribution of single escape
paeak of 1763 keV (31% of net counts). icorrected for the contribution of single escape peak of 1951 keV (4.1% of net counts). 11554 and
1556 keV (unresolved doublet by Demidov). k1582 and 1586 keV (unresolved doublet by Demidov).corrected for interference from 3’Cl with
(65,(907))=(2.38+0.56) mb from the CeCl; measurement [8] (42% contribution to the net counts). "corrected for interference from 130 with
(057(90")) =(201 +£28) mb from the CaCO; measurement [3] (53% contribution to the net counts). "from elemental measurement [14]. °from iso-
topic measurement [14]. Pfrom isotopic measurement [18]

cases. Without any correction, the residual distribution is
centered at 0.82 +0.05 and is shifted at 1.16+0.10 after cor-
rections. Therefore, an incomplete and inaccurate correction
for neutron capture interferences was assumed. However, in
contrast to Sm, it cannot be concluded that the neglection
of interferences arising from neutron capture would lead to
the agreement between the data. The intensities of the lines
free of any (n,y)-interferences at 167.2 keV (161Dy+ l(’SDy),
244.7 keV (1Dy), 588.3 keV (*'Dy), 677.6 keV (**Dy),
911.2 keV ('**Dy) and 965.6 keV ('**Dy) were deter-
mined relative to the 244.7 keV line. The values obtained
(474 +£35) %, 31 +8) %, (31 +4) %, (39+8) % and (47 +£5)
% were found in good agreement with those derived from the
elemental measurement in [14], i.e. (441 +141) %, (25+6)
%, (30+£8) %, (33+8) % and (28 +7) %. This observation
confirms that the deviations were due to interferences of
(n,y) reactions. The partial cross sections for gamma-ray
production are given in column 4 of Table 12, 13, 14, 15,
and 16.

Detection limit

The detection limit (DL), which represents the smallest
amount of pure element than can be detected, was calcu-
lated by means of relation (6) given in [11] from the beam

background. The DL of samarium and dysprosium were
determined from their most intense gamma lines at
333.4 keV (3°Sm) and 184.8 keV (!92Dy) for a counting
time of 12 h and a net count uncertainty of 50%. Due to
the non-negligible contribution of radiative capture in
149Sm and in '°Dy and '**Dy (see Table 11 and 16), ele-
mental cross sections of < 6;/(900) >= 967 mb for the
333.4-keV line of ’Sm and < 0,(90°) >=285 mb for

the184.8-keV line of '®’Dy were determined. Considering
a net counts uncertainty of 50% the smallest amounts of
samarium and dysprosium that can be detected are 0.6 mg
and 1.6 mg, respectively.

Conclusions

Prompt gamma rays of samarium and dysprosium induced
by (n,n'y)- and (n,y)-reactions were measured by irradiat-
ing a SmCl;-7H,0 and a DyCl;-6H,0 sample with fission
neutrons. For samarium, we identified 140 prompt gamma
lines associated with the (n,n'y)- reaction (2 of 144Sm, 13 of
97Sm, 14 of '¥Sm, 9 of '**Sm, 20 of *°Sm, 18 of 1**Sm,
12 of *Sm and 52 lines of more than one isotope) and
15 mainly from (n,y) reaction (1 from '**Sm and 14 from
152Sm). In the case of dysprosium, 148 lines were associ-
ated with the (n,n'y)-reaction (13 to 161Dy, 48 to 162Dy, 28
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Table 14 Prompt gamma rays
of 193Dy induced by inelastic
scattering of fission neutrons
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This work From Demidov Atlas [5]
E, (keV) Pp,90°)(ep, fp) Ir(relative)  <og,(90°)>  E| (keV) Ixp(relative) R
% 1078 (count) (%) (mb) (%)
93.78 +0.06* 0.59+0.06 29+5 7848 - - -
3245 93.81+0.02¢ 13.2+0.9¢ 3.70
177.39+0.04*  0.39+0.04 19.0+3.5 52+6 - - -
21+3 177.45+0.01¢ 10.7+0.6°  3.37
207.86+0.04*  1.06+0.05 52+8 141+8 208.15+0.10 94420 -1.95
5747 208.15+0.10¢ 58 +18¢ —0.05
208.15+0.01° 41.5+2.5° 2.08
244724005  0.51+0.03 25+4 67+4 2453402  34x6 -125
27+4 2453+0.2¢ 21 +4¢ 1.06
245.07+0.01° 282+1.5° —0.28
250.52+0.03* 1.85+0.23 90+18 246 +32 250.94+0.10 161+35 —1.80
100 250.94+0.10¢ 100
250.90 + 0.01° 100
262.75+0.04*° 1.42+0.09 69+12 189+ 14 263.20+0.10 82+15 —-0.68
78 +11 263.20+0.10¢ 51+14¢ 1.52
263.11+0.01° 62.8+3.2° 1.33
266.21+0.13*  0.07+0.02 3.18+0.92 9+2 - - -
3.78+1.18 266.61+0.05° 4.3+0.4° —0.42
305.71+0.12*  0.10+0.02 468+122 1343 - - -
5.40+1.27 306.34+0.01° 6.4+ 0.4 -0.75
315.70+0.06*  0.13+0.03 6.22+1.95 17+4 3162+03  23+4 —3.77
7.03+1.84 3162+0.3¢  14+4¢ —1.58
316.33+0.01° 19.1+1.0° —5.76
350.55+0.03* 0.32+0.09 158+4.8  43+12 351.22+0.10 84+11 —5.68
17+5 351.22+0.10¢ 52+13¢ —2.51
351.19+0.01° 59.6+3.1° —7.24
353.67+0.04*  0.67+0.13 33+8 90+18 354.29+0.10 52+6 —1.90
36+14 354.29 +0.10¢ 32+ 8¢ 0.25
354.24+0.01° 48.9+2.6° —0.90
385.32+0.07*  0.24+0.06 11.9+3.3 33+8 385.8+03  16+4 -0.79
13+4 385.8+0.3¢  10+3¢ 0.60
385.63+0.04° 10.4+0.8°  0.64
389.06+0.04*  0.89+0.19 43+12 118+25 389.82+0.10 72+7 —2.09
48+ 12 389.82+0.10¢ 45+11¢ 0.18
389.76 +0.14° 58.0+2.9° —0.81
401.31+0.05*  0.61+0.08 30+6 81+11 402.1+02  31+4 —0.14
3346 40214024 19459 1.73
401.96+0.01° 31.9+1.6° 0.18
406.94+0.13*  0.16+0.04 7764209 2145 - - -
8.65+2.41 407.62+0.01° 6.8+04°  0.75
421.08+0.05*  0.72+0.16 35+ 10 96+22 421.90+0.10 64+6 —2.49
39+10 421.90 + 0.10¢ 40 + 9¢ —0.07
421.84+0.01° 50.3+2.6° —1.09
427.00+0.04*  0.48+0.08 23+5 64+12 4274402 2342 0
26+5 427.4+02¢ 14439 2.06
427.66+0.01° 32.2+1.6° —1.18
435.60+0.17¢  0.09+0.02 4474139 1243 436.8+03  9.7+0.9 -3.16
4.86+1.23 436.8+0.3¢  6.02+1.42¢ —0.63

436.78 +0.06° 2.41+0.24° 1.30
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Table 14 (continued) This work From Demidov Atlas [5]
E, (keV) Pp,90°)(ep, fp) Ir(relative)  <og,(90°)>  E| (keV) Ixp(relative) R
% 1078 (count) (%) (mb) (%)
440.45+0.05*  0.33+0.04 16+3.1 44+6 4413403  16x2 0
18+3 441.3+03% 994254 207
441.11+0.01° 21.4+1.1° —1.06
47472+0.03*  0.58+0.07 28.0+5.5  76+11 4755402 2443 0.64
3145 4755+02¢ 15+ 49 2.50
475.39+0.02° 36.3+24° —0.95
478.73+0.04*  0.22+0.04 10.7+2.5 29+5 4794402  22+3 —2.89
12+3 479.4+02¢  14+4¢ —0.40
479.38+0.02° 27.8+1.9° —4.45
541.03+0.17  0.20+0.03 9.63+224  26+4 - - -
11+2 541.55+0.01° 7.9+ 0.4 1.52
552.32+0.13*  0.09+0.02 435+1.04 1243 - - -
4.86+1.23 553.02+0.01° 7.9+ 0.4 -2.35
558.85+0.10*  0.05+0.01 2.58+0.75 T+1 - - -
2.70 +0.63 559.55+0.02° 1.5+0.3¢ 1.72
633.30+0.13*  0.24+0.03 11.7+2.3 32+4 633.6+£02  7.5+2.0 1.38
13+2 633.6+0.2¢  4.66+1.60° 3.26
633.94+0.04° 6.1+0.4°  3.38
637.32+0.19*  0.08+0.02 3.66+1.16  10+3 - - -
4.32+1.21 638.02 +0.03° 5.8+ 0.4° —1.16
710.90+0.13*  0.12+0.02 5924140  16+3 711.57+0.10 15+2 -3.72
6.49 +1.35 711.57 +£0.10¢ 9.32+2.38¢ —1.25
711.46 +0.02¢ 13.7+0.7° —4.74
726.84+0.19*"  0.19+0.03 931+1.95  25+4 - - -
10+2 727.60 +0.02¢ 5.79 +0.18° 2.10

E, is the gamma-ray energy, P, (90°)/(eg,fg,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

4Corrected for (n,y) interference from Sm. bcorrected for background interference. “corrected for (n,y) inter-
ference from Cl. “from elemental measurement [14]. *from isotopic measurement [19]

to 19Dy, 44 to Dy and 15 to more than one isotope) and
12 mainly to neutron capture reaction (4 from '*'Dy, 6 from
162Dy and 2 from '®Dy). Many (n,n'y)-lines of samarium
and dysprosium were found to be affected by the interfer-
ences with the (n,y)-lines mainly produced by the capture
of epithermal neutrons. Subsequently, their contributions
to the net counts were corrected. Relative intensities and
fission-neutron spectrum-averaged partial production cross
sections of the gamma rays were presented. Compared with
the measurements performed with the samples of natural
abundance [14], due to the better energy resolution of our
detector and a relative higher neutron beam energy, 80 and
68 additional lines were detected for samarium and dyspro-
sium, respectively. The measured relative intensities agree
with the values obtained from irradiation of samples of

natural abundance [14] or isotopically enriched [14-20] with
reactor fast neutrons at 1.8 o level for samarium and 2.2¢
level for dysprosium. Large discrepancies between the set
of data indicates a systematic effect due to interferences of
(n,y) reactions and implies that corrections for neutron cap-
ture were inaccurate or missed in [14]. Besides the fact that
detailed information on the correction process was missing
in [14], there are two aspects that one should consider and
critically review: (1) it is unlikely that the databases used in
[14] for capture lines, i.e., [44] were complete in those days,
and secondly (2) it might be that the values available in those
days were inaccurate compared to those listed in existing
databases [23, 24]. The discrepancies in relative intensity
compared to [14-20] can also be attributed to the differ-
ence in the neutron energy spectra. Indeed, the irriadiation

@ Springer



3850

Journal of Radioanalytical and Nuclear Chemistry (2026) 335:3823-3857

Table 15 Prompt gamma rays
of '®*Dy induced by inelastic
scattering of fission neutrons
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This work From [14, 20]
E, (keV) P90 ep fr)  Iprelative)  <0p(90°)>  E, (keV) Igp(relative) R
% 1078 (count) (%) (mb) (%)
123.26+0.16 0.14+0.03 6.58+1.89 16+3 - - -
2.65 +0.60 123.32 +0.06' 2.8240.141 —-0.28
148.65 +0.06 1.06+0.05 52+8 141+38 148.7+0.3 26+8 2.29
2042 148.7+0.38 6.50+2.388 434
148.7+0.2" 71+17" 491
148.70 +-0.01 6.83+0.23  6.54
168.74+0.03%° 5.28+0.38 257 +44 61950 169.0+£0.2 400 +80 —1.57
100 169.0+0.28 100
168.8+0.2" 100
168.84 +0.01! 100
214.89+0.03% 1.79+0.20 87417 210425 215.23+0.10 140+25 -1.75
34+4 2152340108 35498 —-0.10
214.9+0.2" 34480 0
215.10 +0.01 41.6+ 1.1 —-1.83
277.04£0.04*° 0.700.09 34+7 82411 277.6+0.2 50+10 —-1.31
132+1.9 277.6+0.2¢ 1254358 0.18
277.7+0.2"0 12.5+2.6" 0.22
277.49 +0.01! 17.5+0.41 —221
294.21 +0.04* 0.17+0.04 8.09+2.49 20+5 294.7+0.2 51107 -3.10
3.2240.79 294.7+0.2% 128+3.6%¢ —1.49
294.7+0.2" 7.8+1.3" -3.01
294.55+0.011 143+0.3' —-13.1
308.48+0.11¢ 0.26 +0.04 127429 3145 - - -
4.92+0.83 309.3+0.2" 41+1.3" 0.53
309.18 +0.15' 4444011 0.66
461.59 +0.05" 0.19+£0.02 9.18+1.70 22+2 462.2+0.4 83+1.1 0.43
3.60 +0.46 462.2+0.4" 2.08+0.50" 224
461.26 +0.13 0.32+0.03  7.11
464.94+0.06* 0.08 +0.02 4.09+1.19 10+2 - - -
1.51+0.39 465374015  0.60+0.08  3.05
522.67+0.13° 0.11+0.02 5.49+1.48 1342 - - -
2.08+0.41 523.2+1.0" 0.4+02" 3.68
523.33+0.021 1.54+0.05 131
548.18 £0.09° 0.18+0.02 8.83+1.74 212 548.5+0.5 9.0+2.0° 2.98
3.41+0.45 548.5+0.5¢ 225+0.675  4.94
548.5+0.2" 124020 4.49
548.82 + 0.03 2.51 + 0.06 1.98
585.24+0.05" 0.49+0.05 2445 58+6 585.63+0.10 31+3 -1.20
9.28+1.16 585.63+0.108  7.75+1.72%  0.74
585.5+0.2" 6.1+0.7" 235
585.98 +0.01 10.94+0.24°  —1.40
610.57+£0.11%¢ 0.50+0.06 24+5 58+6 - - -
9.47 +1.32 611.0+1.0" 1.0+0.7" 5.67
611.17 + 0.01* 6.59+0.14° 217
651.77+0.20 0.09+0.03 4.28+1.42 10+3 - - -
1.70 +0.58 652.23+0.01'  2.51+0.06° —1.39
673.12+£0.04* 0.78+0.10 38+8 92+12 673.66+0.10 38+4 0
1542 673.66+0.108  9.50+2.15%  1.87
673.7+0.2" 12.5+2.0" 0.62
673.74 +0.01 20.7 +0.5' -2.76
687.83 +0.04* 2.13+0.29 104+21 250+35 688.46+0.10 94+10 0.43
40+6 688.46+0.108  235+53%  2.06
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Table 15 (continued) This work From [14, 20]
E, (keV) P90 ep fr)  Iprelative)  <0p(90°)>  E, (keV) Igp(relative) R
% 1078 (count) (%) (mb) (%)
688.4+0.4" 51+7" —1.24
688.42 + 0.011 62.8 + 1.4 -3.70
754.31+0.04° 2.05+0.32 100 241438 754.86+0.10 100 -
39+7 754.86+0.108 25418 1.98
754.8+0.2" 49470 -1.01
754.81+0.011 61.8+1.41 -3.19
761.34+0.04 1.96+0.25 95+19 230+30 761.87+0.10 75+8 0.97
3745 761.87 +0.108  19+4% 2.68
761.7+0.2" 37+6M [1}
761.81+ 0.01! 60.4 +1.31 —4.53
781.89+0.05 0.75+0.04 36+6 88+6 782.31+0.10 18+2 2.85
14+1 782.31+0.108  4.50+1.0° 6.71
782.3+0.2" 6.5+1.3" 4.57
782.40 +0.011 10.99+0.24° 2,93
911.16+0.11 0.20+0.02 9.93+1.88 24+3 911.4+0.2 1242 -0.75
3794047 911.4+0.2% 3.00+0.788  0.87
911.1+0.4" 11+02" 527
911.34 + 0.03! 1.63+0.05  4.57
955.25+0.28 0.09+0.02 429+1.24 10+2 - - -
1.70 + 0.40 954.57 + 0.241 0.15+0.020  3.87
965.61+0.10 0.24+0.02 11.8+2.2 29+3 965.1 10+2 0.60
4.55 +0.50 965.1¢8 25040718 236
966.2+1.0" 1.7+0.7" 3.31
965.91 + 0.01 293+0.09  3.19
982.64 +0.20°¢ 0.13+0.02 6.24+1.40 15+2 - - -
2.46+0.42 982.1+1.0" 1.3+0.3" 225
982.93 + 0.02! 2.1940.07  0.63
1001.84 +0.21%¢ 0.13+0.03 6.38+1.72 1543 - - -
2.46 +0.42 1000.2+1.0" 0.5+0.2" 4.21
1002.35+0.04  0.93+0.04  3.63
1072.07 £0.26 0.11+0.02 5.30+1.30 1343 - - -
2.08+0.41 1072.18+0.13'  0.36+0.03'  4.18
1412.18 £0.224° 0.05+0.01 2.61+0.71 6+1 - - -
0.95+0.20 1411.48+0.09°  0.89+0.07  0.28
1515.81+0.18%¢ 0.11+0.02 539+1.24 1342 - - -
2.08 + 0.41 1515.6+0.5" 1.2+0.2"0 1.93
1515.94+0.03'  1.91+0.08  0.41
1543.64 +0.46° 0.10+0.02 4.75+1.34 11+3 - - -
1.89 4+ 0.40 1543.2+0.6" 04+01" 3.61
1543.00+0.16'  0.22+0.03'  4.16
1553.96 +0.34° 0.10+0.02 4.89+1.36 12+2 - - -
1.89 +0.40 1555.5+1.0" 0.5+02" 3.11
1554.50 +0.07  0.80+0.04°  2.71
1581.62 +0.28° 0.11+0.02 5.43+1.35 1343 - - -
1.89 4+ 0.40 1582.0+0.5" 0.6+0.1" 3.13
1581.31+0.03'  1.97+0.08°  —0.20
1600.88+0.13*>f  0.27+0.03 133425 32+4 1599.8+0.8 7.8+23 1.62
5.11+0.67 1599.8 + 0.8 ¢ 1.954+0.698 328
1601.3+0.2" 1.5+0.3" 4.92
1601.53+0.021  3.63+0.13  2.17
1641.97 +0.14>F 0.22+0.03 10.6+2.1 26+4 1642.8+0.8 54+1.6 1.99
4.17 +0.64 1642.8+0.8% 13540488 477
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Table 15 (continued) This work

From [14, 20]

E, (keV) Pr,(90)(eg, )
x1078 (count)

Ix(relative) < GEY(9O°) > E,, (keV) Iyp(relative) R
(%) (mb) (%)

1666.41 +0.20° 0.25+0.03

1674.35+0.29%° 0.10+0.02

1684.63+0.17 0.16+£0.02
1722.69 +£0.22° 0.39+0.04
1735.98 +0.15* 0.31+£0.03

1836.16+0.20*¢ 0.11+£0.02

1840.69 +0.22 0.13+£0.02
1859.35+0.15¢ 0.21+£0.03
1905.09 +0.43¢ 0.09+0.02
1910.13+0.27 0.09+0.02
1980.04 +£0.23° 0.15+0.02
2509.58+0.32 0.09+0.02

1642.6+1.0" 2.0+0.7" 2.29
1642.81+0.08  4.28+0.16°  -0.17

122423 29+4 - - -
473+ 0.66 1668.1+1.0" 0.7+0.3" 5.56
1667.26 +0.03'  1.95+0.08°  4.18
5.00+1.27 12+2 - - -
1.89 +0.40 1674.95+0.03'  2.51+0.10' —-1.50
7.84+1.66 1942 1685.8 3.8+1.1 2.03
3.03+0.43 1685.8%8 0.95+0.338  3.84
1683.0+0.5" 0.9+0.2" 3.93
1684.75+0.03'  2.49+0.10°  1.22
18.9+3.6 45+5 1724.0+0.8 50+15 3.56
7.39+0.92 1724.0+0.8¢ 12540458 6.00
172326 +0.03°  3.40+0.14° 429
152429 37+4 1735.4+0.8 84+1.7 2.02
5.87+0.71 1735.4+0.8% 21040458 448
1735.0+0.5" 244070 348
1736.17+0.021  4.71+0.18  1.58
5.49+1.23 1342 - - -
2.08 +0.41 1838.5+1.0" 1.0+0.3" 2.12
1836.18+0.06'  0.64+0.03'  1.94
6.11+1.37 1542 - - -
2.46+0.42 1840.70 +0.04°  1.55+0.07  2.14
104+22 25+4 - - -
3.98+0.64 1858.7+0.5" 0.7+0.2" 4.89
1859.81+0.06'  2.28+0.09°  2.63
4.60+1.27 11+2 - - -
1.70 + 0.40 1906.2+1.0" 0.8+03" 1.80
1905.98 +0.07°  0.94 + 0.05 1.88
459+1.22 11+2 - - -
1.70 +0.40 191017 +0.07°  0.72+0.04  2.44
7.36+1.55 18+2 - - -
2.84+0.43 1979.0+0.5" 1.1+03" 332
1979.86+0.03'  1.73+0.06'  2.56
4.16+1.02 10+2 - - -
1.70 + 0.40 2509.77+0.16¢  0.39+0.03'  3.26

E, is the gamma-ray energy, Pp,(90°)/(eg,f,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

iCorrected for (n;y) interference from Dy.

bcorrected for background interference. “confirmed by

Demidov s isotopic measurements. %292 and 294 keV (unresolved doublet by Demidov). ©548 and 550 keV
(unresolved doublet by Demidov). fcorrpcted for (n,y) interference from Cl. #from elemental measurement
[14]. “rom isotopic measurement [14]. 'from isotopic measurement [20]

at the IRT and IR-8 reactors would induce different excita-
tion level of the nuclei than in this work. Finally, the detec-
tion limits of samarium and dysprosium were estimated as
0.6 mg and 1.6 mg for a measuring time of 12 h. This excel-
lent sensitivity indicates that magnet samples can be rapidly

@ Springer

characterized by means of the PGAINS technique with
the FaNGaS instrument confirming the simulation results
obtained in [4] in view of their sorting for an efficient recy-
cling at industrial scale.
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Table 1§ Prompt gamma This work From [14]
rays of induced by inelastic
scattering of fission neutrons in E, (keV) PEy(9O°)/(€Ey'ny) Iy (relative) <0Ey(90°) > E, (keV) Ixp(relative) R
multiple Dy isotopes x 1078 (count) (%) (mb) (%)
161Dy 4 102Dy
80.60+0.06* 7.04+0.57 343 +60 528 +47 - - -
161Dy 4 183Dy
167.20+0.04* 2.42+0.11 118+19 183+10 167.3+0.2 15040 -0.72
285.14+0.04* 1.22+0.08 59+10 92+7 285.8+0.2 71+15 —0.66
161Dy 4 164Dy
532.33+0.08*°  0.17+0.02 824+1.66 2243 533.7+0.2 6.6+1.0 0.85
162Dy 4+ 163Dy
247.31+0.06* 0.33+0.03 16.0+2.8 22+2 247.9+0.2 23+4 —-143
347.00+0.05% 0.13+0.03 6.40+1.93 9+2 347.4+0.3 20+4 —-3.06
572.25+0.15% 0.11+0.02 5.36+1.29 T+1 572.8+0.3 15+2 —-4.05
162Dy 4 164Dy
842.65+0.06°  0.43+0.05 21+4 26+3 842.7+0.2 27+3 —-0.60
1610.82+0.22  0.16+0.02 7.70+1.63 19+2 - - -
1648.06+0.16%° 0.24+0.02 11.9+2.2 15+1 1649.8+0.8 7.4+22 1.45
163Dy 4 164Dy
211.68+0.04% 1.71+0.13 83+14 106+9 212.06+0.10 119+23 -1.34
238.21+0.10 0.14+0.02 6.66+1.48 8+1 - - -
414.42+0.07* 0.16+0.04 7.73+£2.32 9+2 - - -
162Dy 4 163Dy
259.54+0.04° 1.96+0.14 95+16 83+7 260.00 145+30 —-1.47
646.86+0.04>°  0.38+0.02 18.3+3.0 16+1 647.2+0.2 6.3+09 3.83

E, is the gamma-ray energy, Pg,(90°)/(ep,fr,) the net counts 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 <65, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. R is the residual calculated by Eq. (4)

#Corrected for (n,y) interference from Dy. bCorrected for background interference. ‘Corrected for (n,y)

interference from Cl

1000

I, (%)

0,01 T T T T T
0,01 0,1 1 10 100 1000

lrp (%)

Fig.7 Correlation between the relative intensities Iy of the prompt
gamma rays from inelastic scattering (n,n'y) reactions on samar-
ium measured in this work and the relative intensities I, obtained
from measurement with reactor fast neutrons [14, 18-20]. Data
points of **'Dy indicate multi-isotope lines (see Table 9). Left: the
gamma lines measured in this work are corrected for neutron cap-

1000

0,01 T T T T
0,01 0,1 1 10 100 1000

ko (%)

ture interferences. Right: the gamma lines measured in this work
are not corrected for neutron capture interferences. The fit of the
data with Eq. (3) is shown by the solid line with a=2.26+0.10 and
b=0.71+0.02 (left plot), and a=1.91+£0.08 and »=0.75+0.02
(right plot)
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Table 17 Relevant contributions of neutron capture (n,y) reactions to gamma lines primarily identified as (n,n'y) lines of dysprosium

This work (n,n'y) PGNAA database (n,y) PEy(n,y)/PEy (%)
E, (keV) “Z E,inkeV ('Z) Iz, (%)
80.6 161py, 162y 80.6 (1°'Dy) 14.54+0.75 7.58+2.31
93.8 163py 93.8 (1%2Dy) 0.27+0.04 4.41+1.45
148.7 164py 148.7 (**'Dy) 0.63+0.08 5.96+1.81
157.0 16lpy 157.0 (***Dy) 0.24+0.01 2.13+0.76
168.7¢ %Dy 168.7 (1*2Dy), 168.7(!Dy) 1.48+0.23 ('Dy), 14.8+1.9 ('**Dy) 23.6+8.9
177.3 163Dy 177.4 (\**Dy), 177.4('%Dy) 1.23+0.60 ('2Dy), 0.24 +0.04 (\**Dy) 30+9
184.8°0 19Dy 184.8 (''Dy), 184.8('*Dy) 345+ 1.4 ("°'Dy), 19.6£2.0 (‘*Dy) 3149
207.9 163Dy 207.9 ('’Dy) 0.13+0.04 1.31+0.41
211.7 163Dy, 164Dy 211.7 (*'Dy), 211.7(**Dy) 0.96+0.11 ("*'Dy), 1.78 +0.24 (1*’Dy) 12.0+3.2
214.9 164Dy 214.9 ('%*Dy) 9.20+0.70 35+11
235.7 162Dy 236.6 (''Dy) 0.98+0.04 37+11
2473 162Dy, 163Dy 247.3 ('%'Dy) 0.74+0.17 215
250.5 163Dy 250.5 ('Dy) 10.6+1.3 37+12
259.5 162Dy, 163Dy, 142Dy, 259.5 (1°1Dy), 259.5 (*Dy) 7.31+0.40 (**'Dy), 1.10+0.13 (1*’Dy) 22+5
262.88 19Dy 262.7 (1%Dy) 0.69+0.17 5.15+1.97
266.2 163Dy 266.2 (1Dy) 1.00+0.13 61+21
267.4 163Dy 267.4 (1%Dy) 1.32+0.29 92+34
277.08 Dy 277.0 ({5Dy) 4.52+0.53 43+16
282.4 162Dy 282.4 (1%'Dy) 6.87+0.39 25+8
285.1 1o1py, 163y, 285.1 ("Dy) 1.84+0.82 13.6+4.3
292.0 lolpy 292.0 (*°C1), 292.0('*Dy) 0.271+0.004 (*CI), 0.10+0.03 ('*°Dy) 531+1.65
294.2 164Dy 294.2 ('%Dy) 8.33+0.72 85+26
305.7 163py 305.7('%Dy) 0.092+0.024 9.03+3.38
310.7 162py 310.7 ("*'Dy), 310.7 (‘**Dy) 1.85+0.36 85+24
315.7 163py 315.7 ("Dy) 6.16+0.16 83+27
3335 162py 333.5 ("'Dy) 4.32+0.39 27+8
3433 1oy 343.2 ('’Dy), 343.2 ('*Dy) 0.04+0.01 (">Dy), 0.48 +0.06 (‘*Dy) 16.8+6.2
347.0 162Dy, 163Dy, 347.0 ("*>Dy) 4.62+0.81 80+25
350.6*°  '®Dy 350.5 ('>Dy), 350.5 (‘*Dy) 223422 ('Dy), 1.97+0.10 (‘*Dy) 88+33
353.7 163py 353.7 (*>Dy), 353.7 (‘*Dy) 7.25+4.62 ("Dy), 0.66+0.15 (‘*Dy) 54+18
3712 162py 371.2 (**Dy) 1.84+0.22 50+17
385.3 163py 385.3 (2Dy), 385.3 (*Dy) 2.81+0.58 (>Dy), 4.66+0.12 (‘*Dy) 65+22
389.1 163py 389.0 (>Dy) 157+1.6 65+21
401.3 163py 401.3 (**’Dy) 3.31+0.42 35+11
406.9 163py 406.9 (**’Dy) 0.67+0.09 7.76+1.93
414.4 163py, 164Dy 414.4 (***Dy), 414.4 (‘**Dy) 3.21+0.42 (!%Dy), 4.14+0.68 ('**Dy) 76 +25
421.1 163py 421.0 (*2Dy), 421.0 (***Dy) 14.5+2.0 (*2Dy), 1.58 +0.04 (!%Dy) 68+22
427.0 163py 427.0 (**'Dy), 427.0 (‘“Dy) 3.83+0.49 (1%'Dy), 1.46+0.23 ('*>Dy) 49+15
435.6 163py 435.6 (*°Cl), 435.6 (‘*’Dy) 0.93+0.01 (3C), 0.027 +0.004 ('°Dy) 7.51+2.53
440.5 163py 440.4 (*'Dy), 440.4 ('“Dy) 0.56+10 (‘°'Dy), 1.15+0.21 (**Dy) 31+10
461.6 164py 461.6 (**’Dy) 0.39+0.09 179458
464.9 164py 464.9 (**Dy) 5.09+0.13 7024
474.7 163py, 474.7 (**'Dy), 474.7(1°2Dy), 474.7 (**Dy) 0.27+0.10 (**'Dy), 3.50 +0.46 (‘*°Dy), 42+11
1.30+0.10 (>Dy)
478.7 163Dy 478.7 ('%Dy) 5.06+1.63 46+ 16
528.7 162Dy 528.7 ('’Dy), 528.7 ('%Dy) 0.19+0.03 (2Dy), 0.73 +0.12 (1**Dy) 42+14
532,38 16lpy, 194Dy 532.3 ('2Dy) 0.65+0.09 23+9
548.2 164Dy 548.2 (%Dy) 0.50+0.05 9.50+3.42
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Table 17 (continued)
This work (n,n'y) PGNAA database (n,y) PEy(n,y)/PEy (%)
E, (keV) “Z E,inkeV ('Z) Ip, (%)
552.3 163Dy 552.3 (1%2Dy) 0.16+0.02 15.6+5.6
556.1 162Dy 556.1 ('*Dy) 0.29+0.02 13.7+5.6
558.9 163Dy 558.8 (12Dy) 0.69+0.32 57+20
565.3 162Dy 565.3 (12Dy), 565.3 (1%Dy) 0.029 +0.004 (**’Dy), 0.78 +0.94('**Dy) 125+4.1
572.3 162Dy, 163Dy 572.2 (‘'Dy) 3.38+1.41 62+15
585.2 164Dy 585.2 (12Dy), 585.2 (1%Dy) 1.41+0.35 ('’Dy), 3.21 +£0.09 ('**Dy) 35+8
607.9° 6Dy 607.8 (’Dy) 1.37+0.16 39+16
610.6 164Dy 610.6 (‘’Dy) 0.08+0.0
1 1.56+0.52
633.3 163py 633.3 (*°C1), 633.3 (**'Dy), 633.3 (">Dy)  0.34+0.06 (*°Cl), 1.05+0.16 ("*'Dy), 27+6
0.35+0.05 ('“’Dy)
637.3 163py 637.3 (**’Dy) 0.73+0.16 51+19
646.9 l62py, 163py, 164Dy 646.9 (15'Dy) 2.74+0.21 6.07 +1.82
673.1 164py 673.1 (\*2Dy), 673.1 (‘**Dy) 0.32+0.04 (>Dy), 5.10+1.22 (***Dy) 42+16
687.8 164py 687.8 (**Dy) 141+14 41+13
696.6 162py 696.6 (1°'Dy), 696.6 (2Dy) 2.91+0.29 (''Dy), 0.14+0.02 (‘*’Dy) 25+7
710.9 163py 710.9 (**'Dy), 710.9 ('“Dy) 2.00+0.21 ("'Dy), 1.16 +0.15 (‘*’Dy) 64+16
726.8% 19Dy 726.8 (**’Dy) 0.72+0.18 28+12
754.3 164py 754.3 (**Dy) 19.2+1.6 50+15
761.3 164py 761.3 (**Dy) 123+1.1 40+12
770.4* 12Dy 770.4 (**’Dy) 0.98+0.13 52422
781.9 164py 781.9 (**’Dy) 0.16+0.02 2.13+0.67
794.9 162py 794.8 (1*'Dy), (***Dy) 5.99+0.42 ('Dy), 0.86+0.18 (‘*’Dy) 37+9
807.1*  162py 807.1 (**'Dy), 807.1 ('2Dy) 10.7+0.6 (**'Dy), 1.79+0.42 ('*Dy) 26+9
842.7¢0 162Dy, 184Dy 842.6 (°'Dy), 842.6 (12Dy) 2.71+0.82 ("'Dy), 0.29+0.04 (\*’Dy) 28+9
878.7 162py 878.7 (**'Dy), 878.7 (1%2Dy) 0.97+0.27 (*'Dy), 0.18 £ 0.02 (**’Dy) 3510
881.9* 192Dy 881.9 ('Dy), 881.9 (12Dy) 16.1+0.9 (**'Dy), 0.18 +0.02 ('’Dy) 2749
887.8 162Dy 887.8 (1°'Dy) 9.17+0.58 19.5+5.8
916.7*4 9Dy 916.7 (''Dy), 916.7 ('°°Dy) 4.75+0.48 (°*'Dy), 0.53+0.07 (\*’Dy) 37«15
944.2 162Dy 944.1 (''Dy) 6.34+0.38 57+17
980.1* 192Dy 980.1 (''Dy) 7.49+0.47 58+22
1001.8 %Dy 1001.8 (***Dy) 1.10+0.13 47+ 16
1021.8% 192Dy 1021.8 (**'Dy) 0.70+0.27 44 +21
1072.1 %Dy 1072.1 (***Dy) 0.20+0.02 16.2+5.9
10920 Dy 1091.9 (**'Dy) 2.38+0.37 2447
1124.6* 9Dy 1124.6 (**'Dy) 3.52+0.30 58+25
1129.2¢ 162Dy 1129.2 (*°CI), 1129.2 (**'Dy) 1.90+0.02 (*CI), 5.02+0.41 (**'Dy) 30«11
1187.6 9Dy 1187.6 (**'Dy), 1187.6 (1*Dy) 1.41+0.37 ("*'Dy), 0.12+0.02 ('*Dy) 40+ 11
11952 Dy 1195.2 (**'Dy), 1195.2(1%°Dy) 3.17+0.38 (1%'Dy), 0.41 +£0.09 ('>Dy) 24+6
1252.6° 19Dy 1252.6 (1%°Dy) 0.11+0.02 7.76+1.93
12765  '9Dy 1276.5 ('°'Dy), 1276.5 ("*’*Dy) 7.23+1.72 ("*'Dy), 0.13+0.03 (‘*’Dy) 28+7
1308.6  '9Dy 1308.6 ('°'Dy) 1.50+0.36 28+9
13724 9Dy 1372.3 (1'Dy) 2.11+0.36 2347
1412.2¢  '%py 14122 (**Dy) 0.61+0.07 30+15
1528.9 %Dy 1528.9 ('%°Dy) 0.51+0.09 42+15
1600.9° %Dy 1600.9 (3CI), 1600.9 (**’Dy) 3.67+0.21 (CD), 0.15+0.03 (‘%Dy) 11.2+3.7
1648.1  '9Dy, '%py 1648.0 (3°CI), 1648.1 (***Dy) 0.53+0.02 (°CI), 0.29 +0.04 ('*Dy) 5.38+1.59
1674.4* %Dy 1674.3 ('%“Dy) 0.48+0.07 153+6.9
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Table 17 (continued)

This work (n,n'y) PGNAA database (n,y) PEy(n,y)/PEy (%)
E, (keV) “Z E,inkeV ('Z) Iy, (%)

17227 %Dy 1722.7 (**Dy) 0.42+0.05 4.08+1.46
1736.0 %Dy 1735.9 (‘%*Dy) 0.51+0.05 5.89+2.11
18362 %Dy 1836.1 (‘*Dy) 0.43+0.08 12.7+4.8
20209 'Dy 2020.8 (*°Cl), (**Dy) 0.49+0.02 (*C), 0.33 +0.07 (1**Dy) 2349

22415 9Dy 2241.5 (‘%Dy) 0.44+0.07 29+13

E, is the gamma-ray energy, 4Z denotes the considered isotopes, I, gy 1 the absolute gamma-ray intensity and Pp,(n,y)/Pp, is thefraction of calcu-

lated neutron capture counts to the net counts in the gamma-ray peak

Corrected for background interference. "corrected for the contribution of the single escape peak of 1763 keV

80

with correction for neutron capture
without correction for neutron capture
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Fig.8 Histogram of the residuals R in units of standard deviation [o]
calculated with Eq. (4) showing the level of agreement between the
relative intensities of prompt gamma rays produced by inelastic scat-
tering on samarium derived in this work (corrected and uncorrected
for neutron capture interferences) with the data listed in [15-19-21].
The data was fitted with a Gaussian, which is shown by the solid lines
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