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Abstract

Prompt gamma-ray emission generated by the (n,n"y) reaction during irradiation of a NdCl; sample with fission neutrons
was studied with the instrument fast neutron-induced gamma-ray spectrometry (FaNGaS) at Heinz Maier-Leibnitz Zen-
trum (MLZ). We present relative intensities and production cross sections for 111 identified gamma lines of neodymium.
The results participate to extend and enhance literature on nuclear data. The detection limit of neodymium is 2.1 mg for a

measuring time of 12 h.
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Introduction

The measurement of prompt gammas released from various
nuclear reactions during the irradiation of samples or items
with a beam of free neutrons is a well-established method
for nondestructive chemical analysis. While prompt gamma
neutron activation analysis (PGNAA) using cold and thermal
neutrons [1] is mostly limited to small and thin samples,
prompt gamma analysis based on inelastic neutron scatter-
ing (PGAINS) offers the possibility to investigate large and
thick samples [2—4] owing to the higher penetration depth
of utilized fast neutrons. PGAINS is promising for the non-
destructive characterization of high-performance permanent
magnets like NdFeB, SmCo, AINiCo, which recycling is
of prime importance as they contain neodymium, praseo-
dymium, dysprosium, terbium, boron, samarium, nickel
and cobalt. Indeed, these elements are defined as critical
raw materials (CRMs) by the European Union due to their
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economic and technological importance and their delivery
risks [5, 6]. Their recovery from permanent magnets is one
particular action of the European Critical Raw Material
Act (§ 57) [7] to ensure a resilient supply. A prerequisite
for efficient recycling is the sorting of the different types
of magnets through the determination of their elemental
composition. Recently, it was shown with numerical simu-
lations that PGAINS in conjunction with a compact accel-
erator-based neutron source generating a high fast neutron
flux could be suitable for a rapid chemical analysis of neo-
dymium iron boron (NdFeB) permanent magnets in view of
their industrial recycling [8]. However, reliable and accurate
quantification necessitates knowledge on the cross sections
for production of prompt gamma rays induced by inelastic
scattering of fast neutrons i.e. (n,n"y) reactions or by other
reactions like (n,p) and (n,a). In previous works, the produc-
tion cross-sections of gamma rays emitted by interaction of
fission neutrons (average energy of 2.2 MeV) on 19 elements
(C,0,Na, Al Si, S, CL K, Ca, Ti, Fe, Ni, Cu, Zr, In, La, Ce,
Pr, Tb) were measured [9-17]. This was achieved by using
the FaNGaS (Fast Neutron induced Gamma-ray Spectrom-
etry) instrument operated at MLZ (Heinz-Maier-Leibnitz
Zentrum) [9, 12, 18].

In this work, relative intensities and production
cross sections of neodymium prompt gamma lines pro-
duced by inelastic scattering of fission neutrons on a
neodymium(III) chloride (NdCl;) sample are presented
and discussed with regard to available literature data. In
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«Fig. 1 Measured gamma-ray spectra in the energy range from 0 to
3000 keV. The spectrum of the NdCI3 sample (red) was obtained
during 8886 s counting live time and the spectrum of the beam back-
ground (black) during 51,506 s. Prompt gamma rays that are written
in black with an asterisk belong to either (n,py) reactions (S-35) and
(n,ay) reactions (P-32) on CI-35 or represent X-rays from neodym-
ium. Prompt gamma rays marked in black and bold are issued from
(n,n'y) inelastic scattering of fast neutrons on neodymium. Gamma
rays written in bold blue are induced by inelastic scattering reactions
on chlorine. Radiative capture gamma rays from CI-35 are marked
with light blue. Single and double escape peaks are indicated by the
abbreviations SE and DE, respectively. Our former publications [9,
18] provide information on the origin of relevant background lines

addition, cross sections measured for chlorine lines are
compared with the values obtained in [13]. Furthermore,
we give the elemental detection limit for neodymium.

Experimental

Prompt gamma radiation was generated upon interac-
tions of fission neutrons with a NdCIl; powder sam-
ple (mass: 1.87 g, Nd: 1.07 g, Cl: 0.79 g) and detected
using the FaNGaS instrument presented in [12]. The
powder was contained and irradiated in a small bag of
PTFE (polytetrafluoroethylene). The sample thickness
was estimated to be 3 mm. The sample was tilted by an
angle of 45° with respect to the incident beam direc-
tion. The thermal (107" MeV <E, < 1.4 x 107 MeV),
epithermal (1.4 x 1077 MeV <E,<0.06 MeV) and
fast (0.06 MeV <E_ <20 MeV) neutron fluxes at
sample position were (3.2+1.3)x10° cm™2 57!,

(2.9+0.8)x10°cm™2 s~ and (1.13 +0.04) X 108 cm~2s7!
[14], respectively. The neutron energy spectrum is given in
the supplementary materials of [16]. The sample was irra-
diated for 3.1 h and counted (live time) for 2.5 h. The dis-
tance between sample and the HPGe-detector of FaNGaS
was 67 cm. The gamma rays were measured at an angle of
90° relative to the neutron beam axis. The recorded spectra
are shown in Figs. 1 and 2. They were analyzed using the
HYPERMET-PC software [19]. Gamma rays generated
from (n,n"y) reactions were identified using the NuDat
3.0 database [20] as well as related nuclear data given in
[21-30]. Neutron capture lines were identified with the
PGNAA database, i.e. refs. [31] and [32].

The count rate of background lines was found to be
increased by a mean factor of 1.68 +0.16 due to the scat-
tering of a certain fraction of the neutrons from the sample
in the direction of the HPGe-detector. This factor was used
to correct interferences from background lines. Interfer-
ences arising from single and escape lines were corrected
with the correction curves and procedure given in [13].

Data analysis

The intensities and the production cross sections of the
prompt gamma lines were calculated and compared with the
data determined in [33] using the same method as described
in [16]. The factor fg, for gamma-ray self-absorption was
calculated by means of relation (2) given in [16] with a sam-
ple effective thickness of 0.42 cm and a sample density of
4.13 g cm™>. The values of the mass attenuation coefficients
were taken from the NIST (National Institute of Standards
and Technology) photon cross sections database XCOM [34,
35], including coherent scattering. The dependence of fz, on
the gamma-ray energy E, is depicted in Fig. 3. The relation
between the determined intensities (/) and the intensities
(Ixp) given in [33] was analyzed with the following semi-
empirical function:

Ig=a- () 1)

with a and b the coefficients returned by the fit of the data.
In addition, the agreement between the two sets of data was
deduced from the distribution of the residuals in unit of
standard deviation [c], calculated, as:

IR - IRD
(SIR)2 + (SIRD)2

where s is the absolute uncertainty of the intensity.

Interferences of gamma lines induced by radiative neu-
tron capture reactions in the isotopes 31, 2Nd, *°Nd and
145N d were identified. For their corrections, effective cross
sections < o > were calculated by convoluting the (n,y)-
reactions cross sections of the ENDF/B-VIIL.O library [36]
with the neutron energy spectrum using the NJOY Nuclear
Data Processing System (Version 2016) [37, 38]. The effec-
tive cross sections are given in Table 1. Because of large
uncertainties of the flux in the region of thermal neutrons,
cross sections given in the JANIS database [39] were used.
The neutron self-shielding factors determined by means
of numerical simulations with the Monte Carlo N-Particle
(MCNP, version 6.1) code [40, 41] were f, =0.813 for ther-
mal, f, =1.024 for epithermal and f, =1.010 for fast neu-
trons, respectively. These factors were used in the correction
for the intereferences arising from (n,y) reactions.

R =

@

Gamma rays of neodymium

In total, the measurement of NdCl, resulted in the identifi-
cation of 111 prompt gamma rays of neodymium related to
inelastic scattering reactions of fast neutrons. These gamma
rays are marked in Figs. 1 and 2 and their corresponding
data is given in Tables 3, 4, 5,6, 7, 8,9 and 10. From all 111
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«Fig.2 Measured gamma-ray spectra in the energy range from 3000
to 8000 keV. The spectrum of the NdCl; sample (red) was obtained
during 8886 s counting live time and the spectrum of the beam back-
ground (black) during 51,506 s. Prompt gamma rays marked in black
and bold are issued from (n,n'y) inelastic scattering of fast neutrons
on neodymium. Gamma rays written in bold blue are induced by
inelastic scattering reactions on chlorine. Radiative capture gamma
rays from Cl-35 are marked with light blue. Single and double escape
peaks are indicated by the abbreviations SE and DE, respectively. Our
former publications [9, 18] provide information on the origin of rel-
evant background lines

lines, 14 were associated to '*2Nd, 13 to "**Nd, 26 to '**Nd,
7 to '*°Nd, 24 to '*5Nd, 8 to '**Nd and 11 to '°Nd. Another
8 lines were found to be fed by two isotopes (multi-isotope
lines) each with significant contributions (see Table 10).
Interferences of lines issued from the 35C1(n,y)36C1,
2Nd(n,y) 3Nd, “3Nd(n,y)'*Nd and “SNd(n,y)'**Nd
reactions were corrected with the intensities derived from
[31] and [32], following the method described in [13]. For
45 lines contributions to the net counts were found above
1% and corrected. The contributions for the corresponding
lines are given in Table 2. Only several lines of chlorine
were Doppler broadened [42, 43]. The composition of the
NdCl; sample was verified from the measurement of the
PVC foil performed in our work on CeCl; [13]. From the
interference-free (with respect to data in [20]) chlorine lines
at 1185, 1763, 2645, 3002 and 3086 keV (see Figs. 1 and 2)
we calculate an average chlorine mass of (0.792+0.004) g,
that correponds well with the value derived from the stoi-
chiometry of the sample.

Gamma-ray intensities were determined relative to the
696-keV line of **Nd. They are presented together with the
values determined in [33] in columns 3 and 6 of Tables 3, 4,
5,6,7, 8,9, and 10. We have detected 39 of 44 lines listed
in the Demidov Atlas. From the nineteen lines unassigned
in [33] we observed the lines at 262.3, 334.2, 582.5, 657.9,
676.6, 748.0, 921.7, 946.6, 971.0, 1149.8, 1162.0, 1247.5
and 1333.1 keV with reasonable counting statistics. With
respect to data in [20, 24, 25, 27-29] we found that these
lines belong to the (n,n"y) reactions on neodymium.

For the gamma rays observed in this work at 1671.8 and
2135.1 keV, attributed to the inelastic scattering reactions
on "“Nd and '"*Nd, respectively, relevant interferences from
escape peaks were identified. These lines are interfered by
the double escape peak of the 2693.0-keV line of *3Cl and
the single escape peak of the 2645.0-keV line of >>CI. Using
the correction curves given in [13], contributions to the net
counts of (20+4%) and (54 +5%) were calculated, respec-
tively. For the two lines at 813.7 and 864.0 keV, both asso-
ciated to the 144Nd(n,n’y)"MNd reaction, contributions from
the single escape peak of the 1323-keV line (}**Nd) and of
the 1377-keV line (14++146Nd) were found to be below 1%
and therefore neglected.

The gamma lines listed at energies of 326.4, 439.1, 630.8,
1212.0 and 1446 keV in [33] were all unassigned and not
observed in this work. The 326.4-keV line was given with
a question mark and the comment "bg?" in [33]. In fact,
it is found to be associated to a background line of *Ge.
Data for the lines at 439.1, 630.8 and 1466 keV should be
reviewed with caution, since corresponding background
lines are given in [33] at 440.0 (*Na), 630.8 (origin unclear)
and 1463.3 keV (> Ge). Absence of justified transitions in
[20] for the 439.1-keV line could provide support that this
line does not belong to neodymium. At energies of 630.8
and 1212.0 keV no relevant line was identified in the meas-
ured spectrum, but several transitions could be possible
with respect to [20]. In fact, observation of a line around
1466 keV was hindered by the 1463-keV line from the
2Ge(n,n"y)"*Ge reaction produced in the HPGecrystal but
might be plausible with regard to data in [20].

We identified 72 new lines with respect to data in [33].
The aforementioned lines are all listed in [20] and from
these we assigned 10 to '42Nd, 7 to '*Nd, 18 to "Nd, 2 to
145Nd, 16 to '**Nd, 8 to '*3Nd, 8 to *’Nd. Another 3 lines at
852.4, 1243.3 and 1830.6 keV were found to be fed by two
isotopes, " Nd+ "Nd, *Nd + '**Nd and '**Nd + '“*Nd.
In Demidov’s measurement only one single transition
of the 148Nd(n,n'y)“‘gNd reaction, i.e. the 301.7-keV line
[33], was observed. The other lines of '“*Nd observed in
our measurement were not detected in [33] probably due to
their low relative intensities (below 5% in our work) or the
impossibility to resolve them from close neighboring lines.
The identification of the new lines at 474.0 ('*Nd), 527.0
(**¥Nd), 720.0 ("*°Nd) and 922.8 keV ("**Nd) results from
the better energy resolution of our spectrometer, resolving
doublets in lines given at energies of 476.6, 525.5, 722.7 and
921.7 keV, respectively, in [33]. The new lines detected at
energies of 882.4 and 1333.0 keV, respectively, are assigned
to the 6N d(n,n’y)”éN d reaction and could not be observed
by Demidov owing to close-lying background interferences
listed at 880.9 (**°Pb) and 1332.6 keV (®°Ni) [33]. Observa-
tion of the line at 1170.7 keV related to the (n,n’y) reaction
in 1“8 Nd in this work might have been hindered in [33] by a
background line listed at 1173.1 keV from ®Ni.

The lines observed in this work at 301.2, 722.0, 946.2,
1249.2 and 1376.6 keV were assigned to two different iso-
topes of neodymium, i.e. [#4+148Nd, 148+150Nq, 146+148Nq,
15+148Nq and 146N, respectively. In Demidov’s work
the 946.2- and 1249.2-keV lines were unassigned, while
the lines at 301.2, 722.0 and 1376.6 keV were associated
to '8Nd, ""°Nd and '“°Nd. In fact, the three aforemen-
tioned lines of Demidov et al. were also fed by transitions
in '*/Nd, '**Nd and "**Nd as further lines at 2073.1, 778.3
and 1022.4 keV from the same levels (2901.4, 2093.3 keV
in '%4Nd [26], respectively, and 1023.2 keV in *8Nd [29])
were clearly identified.
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Fig.3 Variation of the gamma-ray self-absorption factor f, as
a function of the gamma-ray energy E, for the measured NdCly
sample. The data points were obtained from NIST XCOM [34,
35]. The solide line represents the fit of the data with the follow-
ing relation: fgp, =a,+a- (1—e™Fr) +a;- (1-e**) with
ay=— 1.3968+0.0443, a,=0.1213+0.0082, a,=0.0018+0.0001,
a;=2.2442+0.0384 and a,=0.0143+0.0002 and E, in keV

The line observed at 502.0 keV was not assigned as no
plausible transition was identified in [20]. However, it might
correspond to a new transition not included in [20] yet, as
the counting statistics was acceptable (18.5% uncertainty).

With regard to [31], considerable interferences arising
from (n,y) reactions in 142Nd and '**Nd reactions were
expected for the lines observed at 617.4, 696.0, 741.6, 813.7
and 864.0 keV. The intensity ratios relative to Demidov’s
work were around one for all these lines except the 741.6-
and 813.7-keV lines, for which ratios of 1.87 +0.22 and
1.60+0.41 were obtained. These discrepancies might imply
either incorrect or missing interference corrections in [33].
Although detailed information for the treatment of (n,y)

interferences is missing in [33], Demidov et al. made use
of thermal neutron data listed in [44] (for elements with
Z<46) and [45] (for elements from Z=47 to Z=67, i.e.
Ag to Ho). Absolute gamma-ray intensities of (34 +1%),
84+5%), (15+6%), (12.6 £0.1%) and (10.8 £0.1%) were
derived for the lines mentioned above in order of increasing
energy according to data given in [31]. Intensities listed in
[45] from private communication with Rasmussen et al. of
23.7, 62, 5.90, 8.87 and 8.82% were found to show signifi-
cant deviations compared to the values obtained from [31],
in particular for the 741.6-keV line. One should be aware
that it is unclear if and which of the different data sets listed
in [45] were used by Demidov et al. for interference correc-
tions. In addition, the data in [45] seems to be inaccurate
compared to the most recent data listed in [31].

The intensities of the gamma lines obtained in this work
are plotted against the values listed in [33] in Fig. 4. The
average of the intensity ratios, i.e. Iz/Izp, is 1.03+0.34
which indicates a good agreement between the two meas-
urements. To verify the consistency further the residuals R
in units of standard deviation [c] are plotted in the form of
a histogram in Fig. 5. The fit of the data with a Gaussian
returns an agreement at the 1.5¢ level but indicates also a
relevant systematic effect as the centroid of the Gaussian is
R=0.33+0.12.

The partial gamma-rays cross sections, averaged over the
fast-neutron spectrum are given in column 4 of Tables 3, 4,
5,6,7,8,9 and 10. For the case of the multi-isotope lines,
the partial cross sections were evaluated with the sum of the
abundances of the involved isotopes.

E, is the gamma-ray energy, P, (90°)/(eg, X fg,) the net
counts in the gamma-ray peak divided by the full-energy-
peak efficiency and the gamma-ray self-absorption factor, /5
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

Table 1 Effective cross

. . Neutron-energy range  107°-1.4 x 1077 MeV 1.4 x 107-0.06 MeV  0.06-20 MeV
sections < ¢ > for (q,y) rt?agtlons (thermal) (epithermal) (fast)
produced from the irradiation
of the NdCl; sample and Cross sections <ou>(b)  <op>b)P  <op>0P < Gepi > (b) < Op, > (mb)
interfering with (n,n’y) lines of
interest BCl(n,y)*°Cl 38(19) 43.61(1) 43.5(4) 0.37(1) 0.72(19)

H2Nd(n,y) ' *Nd 16.3(79) 18.68(3) 18.7(7) 0.12(2) 23.3(26)
SNd(n,y) ' **Nd 282(137)  323(1) 325(10) 5.01(70) 44(5)
SNd(n,y)"*6Nd 37(18) 44(3) 42(2) 9.14(12) 39(5)
i 0.813 1.024 1.010

The < 6> -values are calculated as described in our previous work [14]. Neutron self-shielding factors f; for
all three neutron-energy ranges considered were determined by means of Monte Carlo simulations with the

MCNP6 [40, 41]

#Mean value of cross sections from various data libraries provided in JANIS [39]

b: values from [31]
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Table 2 Relevant contributions of neutron capture (n,y) reactions to gamma lines primarily identified as (n,n’y) lines of neodymium

This work (n,n"y) PGNAA database (n,y) PEY(n,y)/PEy (%)
E, (keV) Az E,inkeV ('Z) Iz, (%)
426.0 14Nd 426.7 (*¥Nd) 1.45+0.06 6.63+1.73
476.2 144Nd 476.8 (*¥Nd) 4.88+0.20 9.62+2.74
545.2 150Nd 546.8(1**Nd) 2.29+0.27 2.84+0.56
588.8 146N d 589.5 (1Nd) 27.8+1.8 10.1+2.3
617.4 144Nd 618.1 (**Nd) 34+1 9.65+1.85
696.0 1%Nd 696.5 ("**Nd) 84+6 5.11+0.98
735.4 146N d 734.4 (*¥Nd), 735.9 (*$Nd) 0.23 +0.03 ("*Nd), 13.7+0.8 ("*Nd) 6.82+2.03
741.6 1BNd 742.1 (**Nd) 75+8 13.8+1.1
778.3 144Nd 778.6 (*¥Nd) 2.00+0.08 6.52+1.34
813.7 144Nd 814.1 (**Nd) 127+1.6 6.49+1.25
864.0 1%4Nd 863.9+864.3 ("*Nd) 13.5+0.4 6.42+1.24
936.1 148Nd 936.9 (3Cl) 0.52+0.01 2.76+0.72
979.9 14Nd 980.6 (‘Nd) 3.06+0.12 6.91+1.78
1002.3 146Nd 1003.2 ("3Nd) 0.35+0.04 1.51+0.33
1006.7 192Nd 1007.3 (*3Nd) 0.23+0.02 1.58+0.58
1016.5 146Nd 1016.9 ("**Nd), 1017.0 ("¥Nd) 0.39+0.03 ("*Nd), 0.72+0.03 (**Nd) 1.96 +0.54
1022.4 18Nd 1023.1 (*3Nd) 0.23+0.02 1.41+0.47
1136.7 14Nd 1136.9 (13Nd) 1.78 +0.37 13.1+3.6
1161.7 15Nd 1162.7 (3CI) 2.31+0.09 8.20+2.37
1170.7 48Nd IIZS().8+1171.8 keV ('Nd), 1170.9 0.41+0.16 (***Nd), 0.47+0.15 (*°Cl) 8.41+3.15
(>Ch
1323.4 146Nd 1323.8 (**Nd), 1323.9 ('Nd) 0.27+0.03 ("*Nd), 0.72+0.03 ('Nd) 1.88+0.52
1340.1 192Nd 1340.3 (**Nd) 0.95+0.08 ("*Nd) 13.5+3.8
1376.6 144Nd + 6Nd 1376.2 (**Nd) 1.90+0.08 ('*Nd) 2.45+0.54
1382.0 148Nd 1383.9 (**Nd) 1.5240.46 (“>Nd) 3.58+0.29
1413.1 144Nd 1413.2 (*Nd) 4.80+0.19 (“*Nd) 11.6+3.6
1481.7 144Nd 1482.0 ("¥Nd) 1.5440.07 ("“*Nd) 7.87+1.78
1493.6 1%4Nd 1493.8 ('Nd) 1.5440.05 ("“*Nd) 28.7+11.2
1556.0 1Nd 1555.8 (14°Nd) 5.32+0.62 (">Nd) 4.25+0.47
1560.8 144Nd 1560.8 (1Nd) 1.02+0.04 ("*Nd) 124+3.0
1671.8 144Nd 1671.7 (**Nd) 4.90+0.53 ("“*Nd) 159+3.2
1689.5 146N d 1690.7 (*Nd) 0.22+0.04 ("*Nd) 2.21+0.59
1743.9 146Nd 1743.6 (*¥Nd) 0.22+0.04 ("*Nd) 1.50+0.36
1788.3 146N d 1787.8 (*°Cl) 0.54+0.02 >CI) 10.5+3.9
1830.6 1%Nd + 6Nd 1828.5 (*>CI), 1831.9 ("*Nd) 0.34+0.02 (3CI), 0.46 +0.02 ("*Nd) 8.19+2.45
1851.4 1BNd 1852.8 (142Nd) 1.85+0.30 3.57+1.04
1885.0 144Nd 1885.0 (1*Nd) 0.22+0.03 3.22+1.51
1894.9 1%4Nd 1895.7 (13Nd) 0.98+0.034 6.58+1.65
1910.0 1%Nd 1909.0 (*3Nd) 0.76 +0.04 470+1.14
1935.5 I5Nd 1937.0 (*°Cl) 0.46+0.03 7.76 +2.40
2022.4 144Nd 2022.1 (*°Cl), 2022.5 ("*Nd) 0.49+0.02 (*>CI), 0.16 +0.02 ("*Nd) 12.1+4.1
2035.6 1BNd 2034.6 (*°Cl), 2036.1 ('*Nd) 0.73+0.02 (*>CI), 0.18 +0.01 ("*Nd) 15.0+5.8
2073.1 144Nd 2075.4 (*°Cl), 2072.7 (**Nd) 0.76 +0.02 (*>CI), 0.82+0.03 ("*Nd) 8.52+2.97
2135.1 1BNd 2132.3 (3Nd) 0.45+0.02 ("*Nd) 3.35+0.69
2185.2 144Nd 2185.6 (1Nd) 0.70+0.03 ("*Nd) 2.98+0.63
2845.3 192Nd 2845.5 (*°Cl) 1.06 +0.01 5.43+1.31

E, is the gamma-ray energy, 47 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 line
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Tal?!g 3 Promp t gamma ray.s This work From Demidov Atlas [33] R

of "*“Nd induced by inelastic

scattering of fission neutrons E, (keV) PEy(9OO)/(€Ey X ny) Ix(relative) <0Ey(90°) > E, (keV) Ix(relative)

x 1078 (count) (%) (mb) (%)

303.87+0.12 0.18+0.03 1.15+£0.17 14.7+25 - - -
335.79+0.07 0.45+0.04 2.89+0.26 36.9+3.5 3342+0.3 81+1.0 -5.04
502.05+0.19* 0.10+0.02 0.66+0.13 - - - -
524.34+£0.05 2.32+0.08 149+0.7 190+9 5254940.10 14.5+1.5°> 0.62
636.09 +0.27 0.11+0.03 0.69+0.20 8.81+2.42 - - -
641.41+0.16 0.11+0.03 0.69+£0.19 8.81+2.42 - - -
875.56+0.11 0.19+0.02 1.21+£0.14 155+1.7 - - -
970.79 +0.12° 0.19+0.02 1.21+0.15 155+1.7 971.0+0.7 21+£05 -1.70
1006.72+0.17%¢  0.14+0.03 0.93+0.18 11.9+2.6 - - -
1340.09+0.14%  0.06+0.01 0.40+£0.09 5.11+0.87 - - -
1575.61+0.07  7.48+0.29 48+2 613 +32 1575.85+0.15 41+4 1.54
2384.14+0.14  0.27+0.02 1.73+£0.15 22.1+1.8 - - -
2583.26+0.25°  0.29+0.03 1.87+0.19 23.9+2.6 - - -
2845.33+0.17° 0.21+0.02 1.34+0.12 17.1+1.7 - - -

E, is the gamma-ray energy, P (90°)/(¢g, X 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. The residual R is defined in the text by Eq. (2)

“Line is attributed to neodymium, but not listed in [20]
5524 and 527 keV (doublet not resolved by Demidov)
“Corrected for background interference

dCorrected for (n,y) interference from neodymium

®Corrected for (n,y) interference from chlorine

beam and detector. The residual R is defined in the text by
Eq. (2)
Corrected for (n,y) interference from neodymium
bCorrected for background interference
474 and 476 keV (doublet not resolved by Demidov)
dCorrected for contribution of DE from 2693-keV line of
33C1 (20.1% of net counts)
®Corrected for (n,y) interference from chlorine

Gamma rays of chlorine

The prompt gamma lines of chlorine were also analyzed,
and the associated partial cross sections were determined.
From all 29 lines observed in the measurement of the CeCl,
reported in [13], the lines at 4111 and 4622 keV from
the 35Cl(n,n’y)35C1 as well as the 4010-keV line from the
37C1(n,n"y)*"Cl, respectively, were not observed. We assign
absence of the aforementioned lines in the NdCl; spectrum
to the detection limit. In addition, data for the lines at 930
(*°C), 1572 (*S) and 78 keV (*?P), respectively, must be
reviewed carefully as they contain uncorrected contributions
of (n,n'y) reactions in neodymium with respect to data listed
in [20]. Considering the associated uncertainties, the data
of both measurements shows an acceptable agreement with
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each other as shown in Fig. 6. Larger deviations for a few
lines could be explained with poor counting statistics.

Detection limit

We define the detection limit (DL) as the smallest quantity
of element that produces a net signal above the background
over a given counting time. Neutron self-shielding and
gamma-ray self-absorption were neglected and the value of
the DL calculated from relation (6) given in [16] using the
measured beam background and assuming a counting live
time of 12 h. The most intense line of neodymium, i.e. the
696-keV line arising primarily from the **Nd(n,n’y)!*Nd
reaction contains a contribution of about 5% produced by
radiative capture in “3Nd (see Table 2). Since, for a given
neutron-energy spectrum, the interfering capture reaction
will always play a relevant role, an effective elemental cross
section of < ogy(90°) > = 354 mb was determined for this
line with an integral neutron flux of
(1.16+£0.04)x 103 cm™2 s 7. Considering a net count uncer-
tainty of 50%, the smallest amount of neodymium that can
be detected is 2.1 mg ("**Nd, E, =696.0 keV, < of,(90°) >
=354 mb).
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Table 4 Prompt gamma rays

Wi s - . g This work From Demidov Atlas [33] R
of ""“Nd induced by inelastic
scattering of fission neutrons E, (keV) Pp(90°)/(eg, X fgy)  Ip(relative)  <op,(90°)>  E, (keV) Ix(relative)
x 1078 (count) (%) (mb) (%)

580.62+0.19 0.17+0.03 1.07+0.19 30x5 583.5+0.6 1.6+0.3 —-1.52
741.59+0.04° 1.55+0.06 9.98+0.51 283+15 7423403 102 —0.01
1227.95+0.06 0.74+0.05 476+0.38 135+10 1228.1+0.4 5.8+0.8 -1.17
1407.06+0.07° 0.75+0.04 483+0.28 1379 1408.0+0.8 6.0x+1.5 -0.77
1431.14+£0.08° 0.69+0.03 4.47+026 1277 1431.8+0.6 4.9+0.8 -0.51
1536.06 +0.30 0.11+0.02 0.69+0.13 19+4 - - -
1556.00+0.10*®  0.33+0.02 2.13+£0.16 60+4 1557.0+1.2 2.0+0.5 0.25
1851.40+0.19* 0.17+0.02 1.07£0.16 30+4 - - -
2011.76 +£0.32 0.08+0.02 0.54+0.13 15+4 - - -
2035.61 +0.35**¢  0.06+0.01 0.38+0.07 11+x2 - - -
2063.50+0.53 0.11+0.03 0.72+0.17 20+6 - - -
2098.61+0.39° 0.05+0.01 0.34+0.07 9.6x1.9 - - -
2135.15+0.21*¢  0.14+0.01 0.87+£0.08 25+2 - - -

E, is the gamma-ray energy, P (90°)/(¢g, X fg,) the net counts in the gamma-ray peak divided by the full-
energy-peak efficiency and the gamma-ray self-absorption factor, 7 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. The residual R is defined in the text by Eq. (2).

4Corrected for (n,y) interference from neodymium

PCorrected for background interference

“Corrected for (n,y) interference from chlorine

dCorrected for contribution of the single escape peak of the 2645-keV line of *>CI (54% of net counts)

Conclusion

The emission of prompt gamma rays in neodymium induced
by inelastic scattering of fission neutrons in a NdCl; sample
was studied, taken into account relevant interferences from
(n,y) neutron capture lines. Contributions of neutron capture
to the net counts of up to about 29% were found.

In total, we identified 111 prompt gamma lines from the
(n,n'y) reactions in neodymium (14 of 142Nd, 13 of '*3Nd,
26 of '**Nd, 7 of '**Nd, 24 of '*°Nd, 8 of '**Nd, 11 of "’Nd
and another 8 related to two isotopes). Another line observed
at 502 keV is proposed as a new line associated to fast-neu-
tron inelastic scattering on neodymium, as all other reaction

channels were carefully excluded. Relative intensities and
fast-neutron spectrum-averaged partial production cross
sections of the gamma rays were presented. Compared to
the work of Demidov et al. [33] we were able to detect 72
additional lines due to the better energy resolution of our
detector and a higher mean neutron-energy. The measured
relative intensities are in acceptable agreement with the
values provided in [33] (1.50 level). The detection limit of
neodymium was estimated as 2.1 mg for a measuring time of
12 h. Furthermore, the partial gamma-ray production cross
sections of the chlorine lines are comparable with the values
obtained in [13].
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Table 5 Prompt gamma rays of '**Nd induced by inelastic scattering of fission neutrons

This work From Demidov Atlas [33] R
E, (keV) P, (90°)(eg, X fg,) Iy(relative) <0g,(90%)> E, (keV) Iy(relative)
x 1078 (count) (%) (mb) (%)
426.02+0.16* 0.22+0.04 1.42+0.26 21+4 - - -
476.15+0.14*° 0.49+0.07 3.16+0.47 46+7 476.6 3.0+1.0° 3.27
617.41+0.04* 3.14+0.12 20+1 294+15 618.04+0.12 20+3 0.08
695.97 +0.04* 15.53+0.49 100 1450+ 68 696.60+0.15 100 -
778.31+0.08* 0.29+0.02 1.85+0.16 27+2 778.6+0.6 1.6+0.2 0.97
793.91+0.26 0.08 +£0.02 0.53+0.13 7.65+1.93 - - -
813.68 +0.04* 1.86 +0.07 12.0+0.6 173 +9 814.2+0.2 6.4+0.7 6.15
864.01 +0.04* 1.99+0.07 12.8+0.6 186 +9 864.5+0.2 8+2 2.29
979.93 +0.09*° 0.41+0.03 2.67+0.18 39+3 980.7+0.5 2.8+0.6 -0.21
1081.63+0.22 0.06+0.01 0.39+0.09 5.68+0.97 - - -
1094.28 +0.22 0.18+0.02 1.14+0.15 16.5+1.9 - - -
1136.65+0.12*° 0.12+0.01 0.76 +0.08 11.1+1.0 - - -
1388.42+0.23 0.16+0.02 1.03+0.15 15+2 - - -
1413.11 +0.08*° 0.37+0.03 2.39+0.19 35+3 14133 +1.0 24+0.8 —-0.02
1451.26 +0.18 0.22+0.03 1.43+0.19 21+3 - - -
1481.70+0.19* 0.18+0.02 1.17+0.15 17+2 - - -
1493.55 +0.25%° 0.04+0.01 0.25+0.07 3.62+0.91 - - -
1560.80+0.14% 0.07+0.01 0.47+0.07 6.80+1.00 - - -
1671.75+0.12%4 0.21+0.02 1.35+0.11 19.6+2.0 - - -
1739.24+0.12 0.28+0.03 1.79+0.18 26+3 - - -
1885.01 +0.46*° 0.07+0.02 0.44+0.13 6.34+1.82 - - -
1894.91+0.24* 0.14+0.02 091+0.15 132+19 - - -
1910.03 +£0.23? 0.16+0.02 1.00+0.16 145+19 - - -
2022.40+0.39*¢ 0.05+0.02 0.35+0.11 5.07+2.03 - - -
2073.11+0.18*>¢ 0.19+0.02 1.20+0.12 174+19 - - -
2185.17 £0.23% 0.23+0.02 1.50+0.15 22+2 - - -
Tal?lg 6 Prompt gam@a ray.s This work From Demidov Atlas [33] R
of "*Nd induced by inelastic
scattering of fission neutrons E, (keV) Pp,(90°)/(ep, X fp,)  Ip(relative) <o, (90°)>  E, (keV) Iy(relative)
x 1078 (count) (%) (mb) (%)

657.01+0.04 1.50+0.05 9.68+0.44 402+19 6579+02 123+1.3 - 191

675.18 +£0.05 0.42+0.02 2.73+0.16 113+7 676.6+04 2.3+03 1.26

747.65+0.05*  0.58+0.08 3.72+0.55 155422 748.0+0.5 3.1+£04 091

920.52+0.10°  0.31+0.05 2.01+£032 84+14 921.7+04 3.9+05° 0.16

1161.73+£0.14° 0.31+0.03 1.97+0.18 82+8 1162.0+1.2 1.6+05 0.69

1177.06+0.23*  0.09+0.02 0.56+0.14 23+5 - - -

1935.52+0.37° 0.07+0.02 042+0.13 17.5+5.0 - - -

E, is the gamma-ray energy, P (90°)/(¢g, X 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. The residual R is defined in the text by Eq. (2)

4Corrected for background interference
921 and 923 keV (doublet not resolved by Demidov)

“Corrected for (n,y) interference from chlorine
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Tal?!:g 7 Promp t gamma ray.s This work From Demidov Atlas [33] R

of ""°Nd induced by inelastic

scattering of fission neutrons E, (keV) PEY(90°)/(€EV X ny) Iy(relative) <0EY(90°) > E, (keV) I(relative)

x 1078 (count) (%) (mb) (%)

262.34+0.10 0.25+0.03 1.61+£0.19 32+4 262.3+0.6 1.3+0.2 1.12
453.20+0.03 14.44+0.51 93+4 1866+93 453.94+0.10 90+9 0.29
474.00 +0.06" 0.53+0.05 3.42+032 69+7 - - -
555.02+0.08 0.32+0.03 2.06+0.18 41+4 - - -
588.84+0.03° 2.69+0.11 17.3+£09 348+19 589.69+0.15 16+2 0.61
735.35+£0.04° 2.06+0.07 132+06 266+13 736.0+0.3 12+2 0.59
790.43 +£0.09 0.28+0.02 1.80+0.16 36+3 789.8+0.6 1.8+0.2 0.01
882.40+0.12 0.30+0.03 1.91+0.18 38+4 - - -
922.83+0.11% 0.31+0.02 1.99+0.17 40+3 - - -
100227 +0.15°  0.23+0.03 1.50+0.18 30+4 - - -
1016.54+0.08°  0.56+0.03 3.61+£024 73+5 1015.9 5.8+1.0 —2.13
1149.52+0.09*  0.25+0.02 1.64+0.13 33+3 1149.8+1.2 1.4+05 0.45
1168.11+0.26  0.15+0.03 0.94+0.19 19+4 - - -
1181.78+£043  0.10+0.02 0.61+0.14 123+2.5 - - -
1323.38+0.10°  0.52+0.03 335+£022 67+4 - - -
1332.97+0.11 0.47+0.03 3.03+£022 61+4 1333.1+0.7 3.1+06 -0.10
1470.91+0.08*  0.46+0.07 2.95+045 59+9 - -
1523.66+0.13  0.30+0.02 1.92+0.17 38+3 - - -
1665.65+047  0.05+0.02 0.34+0.10 6.79+2.73 - - -
1689.51+0.29°  0.10+0.02 0.63+0.12 12.6+2.5 - - -
1743.95+0.18°  0.14+0.02 0.93+0.14 18.7+2.7 - - -
1788.29+0.37°  0.05+0.02 0.35+0.10 6.97+2.80 - - -
1881.47+0.46  0.12+0.03 0.75+0.17 15+4 - - -
2119.99+£048  0.11+0.03 0.69+0.17 14+4 - - -

E, is the gamma-ray energy, Pr,(90°)/(eg, X 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. The residual R is defined in the text by Eq. (2)

dCorrected for background interference

®Corrected for (n,y) interference from neodymium

Corrected for (n,y) interference from chlorine
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Table 8 Prompt gamma rays
of '®Nd induced by inelastic
scattering of fission neutrons

Table 9 Prompt gamma rays
of 'Nd induced by inelastic
scattering of fission neutrons

@ Springer

This work From Demidov Atlas R
[33]
E, (keV) PEv(goo)/(gEv X ny) Ix(relative) <6Ey(900) > E, (keV)  Ix(relative)
x 1078 (count) (%) (mb) (%)

449.93 +0.07 0.68+0.09 4.35+0.61 261436 - - -
489.00+0.13% 0.16+0.05 1.03+0.29 62+19 - - -
527.03+0.10 0.21+0.03 1.36+0.20 81+12 - - -
936.11+0.16 0.22+0.03 1.40+0.18  84+12 - - -
1022.42+0.15*¢  0.17+0.02 1.07+0.14 64+8 - - -
1170.67+0.34>¢  0.11+0.02 0.68+0.16 41+7 - - -
1382.01+0.28° 0.14+0.02 0.87+0.14 52+8 - - -
1426.71£0.22 0.15+0.03 0.99+0.17 60+12 - - -

E, is the gamma-ray energy, P (90°)/(¢g, X fg,) the net counts in the gamma-ray peak divided by the full-
energy-peak efficiency and the gamma-ray self-absorption factor, /5 the relative intensity of the gamma-ray
and <op,(90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. The residual R is defined in the text by Eq. (2)

4Corrected for background interference
bCorrected for (n,y) interference from chlorine

“Corrected for (n,y) interference from neodymium

This work From Demidov Atlas [33] R
E, (keV) P,;~Y(90")/(8,:-y X ny) Iy(relative) < UEV(90°) > E, (keV) I(relative)
% 1078 (count) (%) (mb) (%)

130.05+£0.03 4.10+0.15 26+1 1615+82 129.97+0.10 424+5 -3.02
250.87+0.04 1.38+0.05 8.87+0.44  543+27 251.12+0.10 10.1x1.1 - 1.04
338.44+0.16 0.17+0.03 1.11+£0.21 68+12 338.4+0.6 22+0.5 —-2.01
372.35+£0.20 0.29+0.05 1.84+0.34  112+20 - - -
545.22+0.08% 0.26+0.02 1.67+0.15 102+9 - - -
552.47+0.14  0.15+0.02 0.97+0.13 59+8 - - -
719.95+0.07 0.50+0.03 324+021 198+14 - - -
755.59+0.14  0.09+0.02 0.59+0.11 368 - - -
1061.50+0.19 0.17+0.03 1.08 +£0.22 66+12 - - -
1069.90+£0.11 0.21+0.02 1.38+0.14 85+9 - - -
112478 +0.13  0.14+0.02 0.91+0.11 56+8 - - -

E, is the gamma-ray energy, Pp,(90°)/(eg, X 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 <o, (90°) > the fission-neutron spectrum-averaged partial cross section for gamma-ray production at
an angle of 90° between neutron beam and detector. The residual R is defined in the text by Eq. (2)

4Corrected for (n,y) interference from neodymium
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Table 10 Prompt gamma rays of neodymium induced by inelastic scattering of fission neutrons in multiple isotopes
This work From Demidov Atlas [33] R
E, (keV) 4 P (90°)(e, X fi,) I(relative) <05,(90°) > E, (keV) I(relative)

x 1078 (count) (%) (mb) (%)
301.23+0.03 14Nd + “8Nd 4.41+0.14 28+1 332+16 301.71+0.10 37+4 —-2.04
722.01+£0.09 148N d + 5ONd 0.36+0.03 2.34+0.19 71+6 722.7+0.4 4.1+0.5° 2.65
852.42+0.18 ONd+"Nd  0.28+0.04 1.80+0.29 45+7 - - -
946.16+0.12 H4ONd+!¥Nd ~ 0.23+0.03 1.50+0.17 23+3 946.6+0.8 1.5+0.4 0.00
1243.28+0.16 19Nd + 4ONd 0.12+0.02 0.80+0.14 10.8+1.8 - - -
1249.25+0.12 ONd+Nd  0.21+0.02 1.33+0.15 33+3 1247.5 1.5+0.6 -0.28
1376.56 +0.07°¢ Nd+%Nd  0.76+0.04 4.90+0.28 4143 1377.2+0.6 40+0.6 1.36
1830.60+0.315¢ 1%Nd + 5Nd 0.10+0.02 0.63+0.12 5.27+1.07 - - -

E, is the gamma-ray energy, 47 denotes the contributing isotopes, P, (90°)/(eg, X 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. The residual R is
defined in the text by Eq. (2)
4720 and 722 keV (doublet not resolved by Demidov)

bCorrected for (n,y) interference from neodymium

“Corrected for background interference

dCorrected for (n,y) interference from chlorine
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Fig.4 Correlation between the relative intensities Iy of the prompt
gamma rays issued from fission-neutron inelastic scattering (n,n'y)
reactions on neodymium measured in this work and the relative inten-
sities Iy listed in the Demidov Atlas [33]. Data points of X*YNd
indicate multi-isotope lines (see Table 10). The solid line represents

100

the fit of the data with Eq. (1) witha=0.98+0.10 and b=0.97+0.05
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Fig.5 Histogram plot of the residuals R in units of standard devia-
tion [c], demonstrating the agreement between the relative intensities
of prompt gamma rays induced by inelastic scattering on neodymium
derived in this work with the data listed in [33]. The data was fitted
with a Gaussian, which is shown by the solid line
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Fig.6 Ratio of gamma-ray production cross sections <o,(90°)>in
mb for chlorine lines from (n,n"y) and (n,py) reactions obtained in this
work compared to these obtained in our previous work [13]. The solid
line represents the mean value of the ratios, i.e. 1.01 +£0.25, while the
dash-dotted lines represent the error margins corresponding to one
standard deviation
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