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Abstract

Emission of prompt gamma rays in lanthanum and praseodymium nuclei triggered by (n,n’y) inelastic scattering reactions
of fission neutrons was investigated with the instrument FaNGaS (Fast Neutron-induced Gamma-ray Spectrometry) at Heinz
Maier-Leibnitz Zentrum (MLZ). We identified 125 gamma lines (54 for lanthanum and 71 for praseodymium), for which
we give the relative intensities and production cross sections. Presence of oxygen and chlorine in the samples was exploited
to verify previous measurements. Our results are consistent with available literature data but also enhance it as we detect
new lines and recognize a few false assignments. In addition, for a counting time of 12 h we estimated the detection limits
of lanthanum and praseodymium as 0.6 and 0.4 mg, respectively.
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Introduction

The non-destructive elemental analysis of materials based
on the detection of neutron-induced gamma radiation is a
well-established and powerful tool in nuclear science and
industry. The accuracy in mass quantification of this method
requires precise knowledge on nuclear data, in particular
gamma-ray production cross sections. In the case of Prompt
Gamma Neutron Activation Analysis (PGNAA) [1], vali-
dated databases exist [2—4], that provide the aforementioned
information. For Prompt Gamma Analysis based on Neutron
Inelastic Scattering (PGAINS), however, only one larger
set of data is available: the “Atlas of Gamma-rays from the
Inelastic Scattering of Reactor Fast Neutrons”, published
by Demidov et al. in 1978 [5]. This “Demidov Atlas” con-
tains peak energies and relative intensities of 7375 gamma
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rays for 105 different target materials (76 natural and 29
isotopically-enriched), measured with a Ge(Li) gamma-ray
detector that was oriented at an angle of 90° with respect to
the incident neutron beam axis. The emission of gamma rays
was induced by a fast-neutron spectrum with a mean energy
of about 0.6 MeV. For irradiation, the samples with masses
between 1 and 125 g were contained in a 25X 25 mm? holder
and tilted by 60° relative to the incident neutron beam [5, 6].
Although the data listed in the Demidov Atlas is valuable
and a relational database was built based on it [7], this work
was never validated and gamma-ray production cross sec-
tions are missing. To address this gap in nuclear data for fast-
neutron inelastic scattering and to provide enhanced nuclear
data that meets the currently observed demand [8—10], the
data listed in the Demidov Atlas is checked by measure-
ments with the FaNGaS (Fast Neutron-Induced Gamma-ray
Spectrometry) instrument [11-20] operated at MLZ (Heinz
Maier-Leibnitz Zentrum) for chemical analysis. FaNGaS uti-
lizes a beam of fission neutrons generated from an uranium
(93% 2*3U) converter plugged into the heavy water modera-
tor of the research reactor FRM II (Forschungs-Neutronen-
quelle Heinz Maier-Leibnitz) and extracted through the
beam tube SR10 into the irradiation room via a set of filters
and collimators [12, 14, 21]. The gamma radiation generated
by interactions of fast neutrons with the sample is measured
with an electromechanically-cooled high-purity germanium
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(HPGe) detector at an angle of 90° between neutron beam
and detector. The measurements performed with FaNGaS
enable the validatation of Demidov’s data on a relative scale
on the one hand, but do also complement it on the other hand
as the mean neutron energy of about 2.2 MeV is closer to the
value of a fission spectrum. In our previous works we could
demonstrate the necessity for a meticulous reevaluation of
Demidov’s data [14-20].

In this work, we report on the nuclear data obtained
from the measurement of the prompt gamma rays of lan-
thanum and praseodymium produced by inelastic scattering
of fast neutrons on a lanthanum(III) chloride heptahydrate
(LaCl;-7H,0) and a praseodymium(III) chloride heptahy-
drate (PrCl;-7H,0O) sample, respectively. Relative intensities
and fast-neutron spectrum-averaged partial cross sections
of the identified gamma lines are compared, with avail-
able literature data. Additionally, cross sections measured
for observed oxygen and chlorine lines are compared with
the values previously obtained in [17-19]. Furthermore,
we give the elemental detection limit for lanthanum and
praseodymium.

Experimental

Prompt gamma radiation was produced by interaction of fis-
sion neutrons with a LaCl;-7H,0 and a PrCl;-7H,0 powder
sample (LaCl;-7H,0O mass: 1.51 g, La: 0.57 g, C1: 0.43 g,
0: 0.46 g; PrCl;-7TH,0 mass: 1.49 g, Pr: 0.56 g, C1: 0.42 g,
0: 0.45 g). It was investigated with the FaNGasS instrument
[17, 19]. The powder was sealed into a small bag of PTFE
(polytetrafluorethylene). The thickness was estimated as
4 mm for both aforementioned samples. The samples were
fixed to a thin PTFE rod and tilted by an angle of 45° with
respect to the neutron beam direction. At sample position,
the fast-neutron flux was (1.13 +0.04) x 108 cm™2 s™! (neu-
tron-energy range: 0.06-20 MeV). The neutron flux (energy
range: 1071°-20 MeV) is given in Table 1 in the supplemen-
tary materials. The LaCl;-7H,0O sample was irradiated for
13.1 h and the PrCl;-7H,0O sample for 7.6 h. The samples
were counted (live time) for 10.9 and 6.3 h, respectively.
Perpendicular to the neutron beam direction, i.e. at an angle
of 90°, the gamma rays were detected at a sample-to-detector
distance of 67 cm. The HYPERMET-PC software [22] was
used to analyze the recorded spectra, which are depicted
in Figs. 1, 2, 3 and 4. Fast-neutron induced prompt gamma
rays were identified using the NuDat 3.0 database [23] as
well as related nuclear data from different evaluations for
all nuclides covered in this work [24-30]. Identification of
gamma rays from (n,y) reactions was done with the PGNAA
database [2].

As a certain part of neutrons scatters from the sample
towards the detector the count rate of background lines
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was found to be increased by a mean factor of 1.44 +0.08
and 1.68 +0.18, respectively, for the LaCl;-7H,0O and the
PrCl;-7H,0 sample. These factors were used in the interfer-
ence corrections of background lines. Relevant interferences
arising from single or double escape peaks were found in the
PrCl;-7H,0 spectrum and corrected with the curves given
in [18].

Method

Given a prompt gamma ray of energy E,, which was pro-
duced by neutron capture or inelastic neutron scattering, the
net peak area, i.e. Pg,, can be generally described as [,
14-20]:

PEy = ]%NA “h- €gy " <6Ey> : <(D> : tc'fn'fmod 'ny (1)
where m (g) is the mass of the irradiated element, M
(g mol~!) the molar mass of the element, N » the Avoga-
dro number, A the abundance of the considered isotope,
€gy the full-energy-peak (FEP) efficiency, <op, > (cm?) the
spectrum-averaged isotopic cross section for gamma-ray
production, < @> (cm~2 s7!) the integral neutron flux in the
energy range of interest, ¢, (s) the counting (live) time, f,
accounts for neutron self-shielding and fg, for gamma-ray
self-absorption. Neutron moderation in water-containing
samples is expressed through the factor f;, 4.

The gamma-ray self-absorption factor f, was estimated
with the following expression [1, 31]:

1= 07!

T == @

S Ix
)
~

where [=0.57 cm is the effective thickness of the samples,
u/p (cm? g7 represents the mass attenuation coefficient
and p = 2.23 gecm™ and p = 2.25 g cm™ are the sample
densities of the LaCl;-7H,0 and the PrCl;-7H,0 sample,
respectively. The value of y/p was gained from the database
XCOM [32, 33], including coherent scattering. For several
gamma-ray energies ranging between 100 and 5000 keV
the corresponding fg, values were calculated after Eq. (2).
The dependence of the gamma-ray self-absorption factors
Sy on the gamma-ray energy E, is depicted in Figs. 5 and 6,
respectively. The data points were fitted with the following
semi-empirical function:

f=ay+a - (1—e“F)tay (1-ewF) (3)

with a,=-1.4201+£0.1571, a;=-2.2959+0.1499,
a,=0.0197 £ 0.0008, a;=1.008+0.0098 and
a,;=0.0020+0.0003 for the LaCl;-7H,0, and with
ag=—-1.4765+0.1432, a,=-0.1057 +0.0104,
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Table 1 Prompt gamma rays of '*La induced by inelastic scattering of fast neutrons
This work From Demidov Atlas [5] R
E, (keV) P, (90°)/ I (relative) (%) <o, (90°)> (mb) E, (keV) I (relative) (%)

(g, fp)x 1078

(count)
97.11+0.05 0.98+0.06 11.0+0.8 8.98+0.63 - - -
153.43 +0.12% 0.29+0.04 3.24+048 2.65+0.38 - - -
165.73 +0.04 63+2 702+31 574 +27 165.85+10° 930+150 —1.49
174.44+0.04° 2.28+0.19 26+2 21+2 174.6 +0.2 20+5 1.02
232.60+0.06 0.73+0.05 8.14+0.60 6.65+0.51 232.5+0.6 9.1+£1.0 -0.82
246.55+0.08* 0.33+0.03 3.73+£0.40 3.05+0.30 - - -
290.83 +0.04 1.54+0.07 17.3+0.9 14.1+0.81 291.3+0.2 16.5+1.5 0.43
307.92+0.05 0.76 £0.05 8.55+0.60 6.99+0.52 308.3+0.3 10.6+1.5 -1.27
330.14+0.04¢ 4.52+0.18 51+3 41+2 330.7+0.1 5445 —0.58
362.43+0.10 0.58+0.07 6.52+0.81 5.33+0.67 363.1+0.2 89+1.0 —1.85
402.61+0.07 1.08+0.10 12.1+1.2 9.86+0.98 403.8+0.2 9.8+1.5 1.19
424.43+0.05 1.77+0.12 19.8+1.4 162+1.2 4252+0.2 20+3 —-0.05
495.22+0.12¢ 0.32+0.06 3.56+10.70 291+0.55 - - -
579.35+0.07 0.34+£0.04 3.86+0.43 3.15+£0.38 581.3+0.5 7+2 —-1.53
1042.90+0.07 1.82+0.08 20+1 16.7+0.94 1043.1+0.3 15+4 1.30
1052.85+0.08 0.74+£0.06 8.29+0.71 6.77+0.60 1054.2+0.8 8+3 0.09
1090.70 +0.06° 2.62+0.34 29+4 24+3 1090.97 + 10 33+3 -0.73
1215.50+0.06 13.50+0.44 1517 124+6 1215.49+10 137+15 0.87
1219.24+0.06 5.77+£0.72 65+8 53+7 1219.10+ 10 8010 -1.17
1242.78 + 0.19* 0.30+£0.06 3.33+£0.65 2.72+0.55 - - -
1254.12+0.31 0.56£0.10 6.29+1.15 5.14+£0.93 - - -
1256.57+0.14 1.47+0.13 16.5+1.6 13.5+1.3 1256 25+3° —0.40
1310.65+0.07 4.60+0.15 52+2 42+2 1310.64+15 48+5 0.65
1370.49 +0.08¢ 1.36 £0.07 15.3+0.9 12.5+0.8 1370.5+0.2 16.6+1.5 -0.74
1381.38+0.12 0.74£0.06 8.26+0.72 6.75+£0.60 1381.1+0.2 6.6+0.7 1.65
1392.84 +0.09¢ 0.77+£0.04 8.63+0.57 7.06+£0.44 1392.4+0.2 8.7+0.8 -0.07
1420.53 +0.07° 8.91+0.28 100 82+4 1420.56 + 10 100 -
1476.28 +0.14 0.86£0.07 9.64+0.83 7.88+0.70 1476.1+0.4 6.6+0.7 2.80
1537.86+0.07 14.38+0.44 1617 132+6 1537.69+10 144+ 14 1.11
1558.33+0.08° 1.13+£0.17 12.7+£2.0 103+1.6 1558.5+0.2 11.8+1.2 0.37
1578.16 +0.07 6.85+0.22 77+3 63+3 1578.09+ 10 72+7 0.61
1595.20 +0.13%¢ 1.37+0.11 154+14 12.6+1.1 1595.6 18+3 —-0.80
1600.27 +0.14%¢ 1.01+0.06 11.3+0.8 9.22+0.64 1600.9+0.6 10£2 0.60
1625.55 + 0.22%°¢ 0.23+0.03 2.61+0.35 2.13+0.29 1626.7+0.8 3.1+04 -0.92
1683.10+0.08 2.99+0.11 34+2 27+1 1683.1+0.2 35+4 -0.34
1690.49+0.13 0.74 +£0.08 8.33+0.89 6.80+0.77 1690.6+0.3 104+1.5 -1.19
1716.14+0.09 3.72+0.19 4242 34+2 1716.11+10 37+4 1.00
1754.60+0.11 0.80+0.05 8.94+0.59 7.30+0.52 1755.0+0.4 104+1.2 -1.09
1797.09+0.11°¢ 0.45+0.03 5.03+0.36 4.11+0.31 1797.1+04 7.1+£0.8 -2.36
1853.68 +0.09 1.88+0.08 21+1 17.3+0.9 1853.64 £ 10 22+2 -0.39
1894.28 +0.23 0.38+0.05 4.28+0.53 3.50+0.48 1894.0 4.7+0.6 -0.52
1920.41+0.10 1.10+0.05 12.4+0.6 10.1+£0.6 1920.7+0.2 125+1.5 -0.09
2060.22+0.14 0.50+0.04 5.56+0.49 4.54+0.40 2060.9+0.5 6.6+0.8 —1.11
2070.58 +0.32* 0.39+0.05 4.43+0.53 3.62+0.48 2071.4+0.6 3.7+0.5 —1.11
2087.60 + 0.27° 0.37+0.05 4.11+0.55 3.36+0.47 - - -
2209.63 +0.47*¢ 0.24+0.05 2.71+0.58 2.22+047 2210.5+0.8 2 —-4.46
2243.79 +0.16° 0.45+0.04 5.01+£043 4.09+0.39 2244.6+1.0 2.8+0.5 337
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Table 1 (continued)

This work From Demidov Atlas [5] R
E, (keV) P, (90°)/ I (relative) (%) <og, (90°)> (mb) E, (keV) I (relative) (%)

(egyfr)x 1078

(count)
2275.87+0.28° 0.26+0.08 2.88+0.89 2.36+0.73 2276.2+1.2 44+1.0 —-1.13
2385.58+0.24 0.25+0.04 2.80+0.42 2.29+0.37 2386.8+ 1.0 74+2.0 —2.25
2406.04 + 0.29* 0.28+0.04 3.09+0.44 2.52+0.37 2407.0+1.2 6.3+2.0 —1.57
2812.07 + 0.38%¢ 0.09+0.03 1.03+0.28 0.84+0.28 - - -
3115.34 + 0.36>¢ 0.19+0.04 2.08+£0.44 1.70+£0.36 - - -
3290.76 + 0.60* 0.15+0.04 1.66+0.40 1.35+0.36 - - -
3789.49 + 0.68* 0.16+0.04 1.82+0.47 1.49+0.37 - - -

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 determined with Eq. (1). R is the residual calculated by means
of Eq. (5). Gamma lines written in bold are not yet listed in [23, 29]. The uncertainty for P, (90°)/(eg,f,) is calculated from the uncertainty of
the net counts of the lines P, (90°) and the uncertainty of the full-energy peak efficiency eg, (3%) The uncertainty for <o, (90°) > is calculated

from the uncertainty of PE7(90°)/(sEnyy) and the uncertainty of the fast neutron flux (3.5%)

3Gamma-ray not listed in [29] yet; any other origins than **La(n,n’y)'*La excluded

®Maybe unresolved (n,y) capture line of '**La by Demidov at 163 keV[2]

“Corrected for background interference

d(n,y) interference above 1% corrected; contributions to net counts see text

®Imprecise fit at tip of "°Ge triangle at 1040 keV

dCorrected for contribution of the 35Cl(n,n’y)35C1 reaction with the partial cross section deduced from the PVC measurement, i.e. (58 +5)

mb[18]
€1254 and 1257 keV (unresolved doublet by Demidov)
fPossible uncorrected interference by the 2390-keV line of ''™n

a,=0.0020 +0.0002, a;=2.3469 +0.1356 and
a,;=0.0191+0.0007 for the PrCl;-7H,0 sample.

Due to several interferences arising from (n,y) neutron
capture reactions, the neutron self-shielding factors were
determined for both samples for thermal, epithermal and
fast neutrons from numerical simulations using the Monte
Carlo N-Particle (MCNP, version 6.1) code [34, 35] as
described in our previous work [19]. For the LaCl;-7H,0
sample values of f,=0.981 for thermal, f,=1.070 for epi-
thermal and f, = 1.014 for fast neutrons, respectively, were
obtained. For the PrCl;-7H,0 samples values of 0.976, 1.069
and 1.014 were found for thermal, epithermal and fast neu-
trons, respectively. As both samples contain approximately
30 wt% of water, moderation factors f;,,; were derived also
with the MCNP code for all three considered neutron-energy
ranges. In the case of the LaCl;-7H,O sample a value of
fnoa=0.2+2.8 for thermal and a value of f,, ;=1.6+0.3
for epithermal neutrons was found. For the PrCl;-7H,0
sample values of 6.1 +2.8 and 1.6+0.3 were estimated for
thermal and epithermal neutrons, respectively. For the fast
neutrons f;, 4= 1, for both samples For the correction of (n,y)
interferences, neutron spectrum-averaged (effective) cross
sections were determined by processing nuclear data of the
ENDEF/B-VIILO library [36] with the NJOY Nuclear Data
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Processing System (Version 2016) [37, 38]. The contribu-
tions to the net counts were calculated as described in our
previous work where we report on the measurement of a
TbCl;-6H,0 sample [19].

Gamma rays of lanthanum

Fifty-four prompt gamma lines issued from the
39La(n,n’y)'*La reaction were measured. The gamma rays
are marked accordingly in Figs. 1 and 2 and their corre-
sponding data is provided in Table 1. Interferences with lines
of the *>Cl(n,y)*°Cl, "*¥La(n,y)"*°La and '*La(n,y)'*°La
reactions are corrected with the intensities taken from [2]
and the procedure described in [19]. For § lines relevant
contributions to the net counts were corrected: 330.1 (1.3%),
495.2 (9.2%), 1370.5 (1.4%), 1595.2 (2.8%), 1600.3 (18.2%),
1625.6 (11.5%), 2812.1 (24.8%) and 3115.3 keV (23.7%).
Several chlorine lines are Doppler broadened [39, 40]. The
composition of the LaCl;-7H,0 sample was verified using
the data of the PVC foil measured in our work related to
CeCl, [18]. The chlorine lines at 1185, 2646, 2694, 3002,
3085 and 3103 keV (see Figs. 1 and 2) free from interfer-
ences according to data in [23] were used to calculate an
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Fig.1 Gamma-ray spectra in
the energy range 0-3000 keV
acquired during 39,357 s count-
ing live time for the LaCl;-7H,0
sample (red) and during

51,506 s for the beam back-
ground (black). Prompt gamma
rays induced by (n,py) reactions
(S-35), and (n,ay) reactions
(P-32) on CI-35 as well as
X-rays from lanthanum are writ-
ten in black with an asterisk.
Prompt gamma rays issued from
(n,n’y) inelastic scattering of
fast neutrons on lanthanum (La-
139) are written in black and

107

N
n

Counts

/318
ZZ 233235 237

o1 288

K&
\
Z

2

- 330

308
\

7906 CI-37
‘} 931 CI-35

bold. Prompt gamma rays from
(n,y) reactions in lanthanum
(La-139) are written in black.
Gamma rays of chlorine from

200

T T T T T T T T T
400
Energy (keV)

inelastic scattering are written
in bold blue. Lines in light blue
are radiative capture gamma
rays from CI-35. Abbreviations
SE and DE indicate single and
double escape peaks, respec-
tively. The origin of prominent
lines attributed to the beam
background is discussed within
our former publications [12, 14]

1215

1219 (+ CI-35)

1091
1165 CI-35
1254

1185 CI-35

s

1043
T

1243
1257

1421

1311
1327 CI-35
1370
1726 CI-37
1763 CI-35 (+ La-139)

1381

1393
1951 CI-35 (+ La-139)

1959 CI-35

1854

Z’

1894

1900 CI-37
1920

1755
1991 S-35

1982 0-18 + DE 3002

103 J T T T
1000

T T T T T T T T T r
1400 1600 1800
Energy (keV)

2000

10* 7

Counts

2348 S-35*
SE 2863

2841 CI-35
2863 CI-35

2812

10° —T
2000 2200

average chlorine mass of (0.43 +0.02) g, which matches well
with the value derived from the the stoichiometry of the
sample, 0.43 g.

The intensities of the lines were determined relative to the
1420-keV line of '*La and are presented together with the
values given in [5] in columns 3 and 6 of Table 1. We have

T T
2400 2600
Energy (keV)

2800 3000

detected 43 of 51 lines listed in the Demidov Atlas. A total of
24 lines listed in [5] were unassigned. Of these, we observed
the lines at 174.6, 232.5, 291.3, 308.3, 330.7, 363.1, 403.8,
525.2, 581.3, 1853.6, 2276.2 and 2385.6 keV. Aforemen-
tioned lines were found to belong to the *’La(n,n’y)'*’La
reaction with respect to [23, 29]. Unassigned lines at 1626.7,

@ Springer
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Fig.2 Gamma-ray spectra 5000
in the energy range 3000— " S 3
8000 keV acquired during 4500 2 E 2
39,357 s counting live time 4000 & 5P P
for the LaCl;-7H,0 sample " 5]
(red) and during 51,506 s for 3500 - 8 §
the beam background (black). i) N
Prompt gamma rays issued from g 3000 8 - - -
(n,n’y) inelastic scattering of &) 3 i 2 9 3
fast neutrons on lanthanum (La- 2500 g 8 L, g o g
139) are written in black and T b T OEg g o
bold. Prompt gamma rays from 2000 3
(n,y) reactions in lanthanum 1500 -
(La-139) are written in black.
Gamma rays of chlorine from , —
inelastic scattering are written 3000 3200 3400 3600 3800 4000
in bold blue. Lines in light blue Energy (keV)
are radiative capture gamma
rays from CI-35. Abbreviations 2500
SE and DE indicate single and
double escape peaks, respec- s o
tively. The origin of prominent E §§ 3
lines attributed to the beam 2000 48 22 %
background is discussed within g3 7 8 =
our former publications [12, 14] E 2 9 % E
£ 4 0§ o ogl_ g -
S 1500 - | Tl 8 g o 3
W
500 71T 71 T T T T L T T T
4000 4250 4500 4750 5000 5250 5500 5750 6000
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@ @ ©
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O | . ! o E
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o *\M‘«J WO, “m” oot
[0 s I L I R E L AL N L L AL B R R R
6000 6250 6500 6750 7000 7250 7500 7750 8000
Energy (keV)

2071.4, 2210.5, 2244.6 and 2407.0 keV were observed in
our measurement with missing data in [23, 29]. However,
we assigned those lines also the (n,n’y) reaction in '*’La
since other reactions channels were carefully excluded. In
fact, some of those lines could belong to a direct transition to
ground state (g.s.) as corresponding levels are listed in [29]
but without any gamma-ray data yet.
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The lines listed at energies of 846.8, 1462.6, 1613.6,
1766.0, 1951.4, 2298.0, 2314.2 and 2356.1 keV given in [5]
have not been detected in our work. For the lines at 846.8,
1462.6, 1613.6 and 2314.2 keV no assignment was done by
Demidov et al. and they could be present but obscured in
our measurement due to background interferences with lines
of *°Fe and *°Mn, "*Ge, *°Fe and N [12, 14]. Absence of
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Fig.3 Gamma-ray spectra in
the energy range 0-3000 keV
acquired during 22,580 s
counting live time for the
PrCl;-7H,0 sample (red) and
during 51,506 s for the beam
background (black). Prompt
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plausible data for those lines in [23, 29] provides support
that they do probably not belong to '*La. The lines at 1766.0
and 1951.4 keV were not observed due to interferences
from chlorine, i.e. the 35Cl(n,n’y)”Cl and the 35Cl(n,y)%Cl
reactions. The line at 1766.0 keV belongs to a level at
1766.4 keV above g.s. and another line at 1600.3 keV was
observed in this work [29]. The 1951.4-keV line as well as
the line at 2456.1 keV could correspond to a direct transition

T T T T T T T T T
2400 2600 2800
Energy (keV)

3000

to g.s. not yet listed in [23, 29]. No data is available for the
2298.0-keV line in [23, 29], but absence of this line in our
work might be related to the detection limit (lanthanum mass
of 0.57 g in this work vs. 18 g in [5]).

In comparison to [5] eleven new lines were identified.
Only the lines at 97.1, 495.2 and 1254.1 keV are specified
in [23, 29]. The 97.1-keV could not be seen by Demidov
et al. as the gamma-ray threshold was set to 120 keV [5]. It
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is unclear why the 495.2-keV line had not been observed in
Demidov’s measurement, since another line at 232.6 keV
from the same level (2032.8 keV above g.s. [29]) was
observed also by Demidov et al. The line at 1254.1 keV
represents a resolved doublet in our work with the line at
1256.6 keV and it could not be observed by Demidov et al.
due to the worse detector resolution. For the new lines identi-
fied at 153.4,246.5, 1242.8, 2087.6, 2812.1, 3115.3, 3290.8

@ Springer

Energy (keV)

and 3789.5 keV no data is available in [23, 29]. However,
due to acceptable peak statistics ranging between 9.5 and
26.7% and the careful exclusion of any other reaction chan-
nels, these lines are proposed as new (n,n"y) lines of '*’La.
In particular, the lines at 2812.1, 3115.3 and 3789.5 keV
could indeed belong to direct transitions to g.s., since the
required level energies are known from '*La(y,y")'*’La
reactions [29, 41] with incident gamma-ray energies between
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Fig.5 Dependence of the gamma-ray self-absorption factor fg, on the
gamma-ray energy E, for the LaCl;-7H,0O sample. The data points
were obtained from NIST XCOM [32, 33].The solid line displays the
fit of the data after Eq. (3)
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Fig.6 Dependence of the gamma-ray self-absorption factor fg, on
the gamma-ray energy E, for the PrCl;-7H,0 sample. The data points
were obtained from NIST XCOM [32, 33]. and the fit of the data after
Eq. (3) is shown by The solid line displays the it of the data after
Eq. (3)

1.2 and 4.1 MeV, overlapping well with the mean neutron
energy at FaNGasS.

The relative intensities derived in our work are plotted
versus the values listed in [5] in Fig. 7. The relation between
the two sets of data is expressed by

Ir=a-(Igp)" )

with a=0.86+0.12 and b=1.02 +0.05.
The average value of the intensity ratio, i.e. Ip/Ipp, is
0.95 +0.27 and shows a good agreement between the two

Fig.7 Correlation between the relative intensities Iy of the prompt
gamma rays produced by inelastic scattering (n,n’y) reactions of fast
neutrons on lanthanum (La-139) determined in this work and the rela-
tive intensities I, given in the Demidov Atlas [S]. The solid line rep-
resents the fit of the data with Eq. (4)

Frequency f

-10 -5 0 5 10

Fig.8 Histogram of the residuals R, calculated with Eq. (5) in units
of standard deviation [c], showing the agreement between the relative
intensities of gamma rays from the '*’La(n,n’y)'*La reaction derived
in this work with the data listed in [S]. The solid line displays the fit
of the data with a Gaussian

measurements. To check the consistency further, the two
data sets are shown in Fig. 8§ as a histogram of the residu-
als R in units of standard deviation [c], calculated as:

IR - IRD

(SIR)Z + (SIRD)2

R =

®

The fit with a Gaussian indicates an agreement between
the data at the 1.3c level. The shift of the centroid by
—0.42 show a relevant systematic effect.

@ Springer



962

Journal of Radioanalytical and Nuclear Chemistry (2025) 334:953-967

The partial cross sections for gamma-ray produc-
tion, calculated by means of Eq. (1) with a flux of
(1.13£0.04) x 108 cm™2 57!, are given in column 4 of
Table 1.

Gamma rays of praseodymium

Seventy one lines assigned to the '*!'Pr(n,n’y)'*!Pr reac-
tion were measured. They are labeled in Figs. 3 and 4 and
their corresponding data is provided in Table 2. Interfer-
ences of radiative capture lines from the **Cl(n,y)**CI and
141Pr(n,y)'*?Pr reactions are corrected using the intensities
given in[2] and the procedure described in [19]. For 9 lines
relevant contributions to the net counts were corrected:
359.3 (3.7%), 547.9 (33.9%), 974.6 (8.1%), 1375.2 (1.4%),
1640.2 (2.2%), 1785.9 (1.5%), 2042.9 (6.4%), 2158.3 (6.6%),
3115.6 keV (18.6%). The composition of the PrCl;-7H,0
sample was checked in the same way as for the LaCl;-7H,0
sample (see above). The average chlorine mass was deter-
mined to (0.43+0.01) g and found to agree well with the
value derived from the sample stochiometry, 0.42 g.

Relative intensities were determined using the 1126-keV
line of '*!Pr as reference line (100%). They are presented
together with the values given in [5] in columns 3 and 6 of
Table 2. We have detected 57 of 77 lines listed in [5]. A total
of 23 lines listed in [5] had been listed without any assign-
ment. Of these, we observed the lines at 218.3, 273.3, 749.2,
861.5, 1023.1, 2027.1, 2061.4, 2136.2, 2159.7, 2352.8,
2403.9, 2453.6, 2581.2 and 2603.1 keV. Aforementioned
lines were found to belong to the "*'Pr(n,n’y)*!Pr reaction
with respect to [23, 30]. Another line at 1825.2 keV [5],
unspecified in [23, 30], was also related to inelastic scatter-
ing on '*!Pr in our work as all other origins were carefully
ruled out.

For the lines observed at 1506.0, 2082.1, 2104.8, 2135.5
and 2354.3 keV escape-peak interferences were identified.
These peaks were interfered by the lines at 2017.2 (*'Pr,
SE), 3103.1 (*’Cl, DE), 2614 (*®®Pb, SE), 2645.3 (*3Cl, SE)
and 2864 keV (¥Cl, SE). The contributions to the net counts
of the aforementioned lines were estimated using the cor-
rection curves given in [18]: (3.5+0.5%) for the 1506.0-,
(56 £ 18%) for the 2082.1-, (60 £4%) for the 2104.8-,
(41 + 3%) for the 2135.5- and (17.6 + 3.6%) for the 2354.3-
keV line.

The 20 lines listed at energies of 179.6, 268.3, 277.5,
302.1, 339.9, 352.7, 523.6, 558.6, 723.6, 893.0, 981.7,
1140.3, 1292.6, 1696.8, 1961.9, 2282.9, 2313.8, 2414.4,
2462.4, and 2559.6 keV given in [5] have not been
observed in our measurement. For all of the aforemen-
tioned lines plausible data is provided in [23, 30], except
the lines at 179.6, 268.3, 277.5, 2282.9, 2414.4, 2462.4
and 2559.6 keV. At these energies no gamma-ray peak
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with relevant statistics was observed in our spectrum.
Missing data in [23, 30] could provide support that these
lines probably do not belong to '*!Pr. The unobserved lines
listed at energies of 302.1, 339.9, 352.7, 523.6, 558.6,
723.6 and 893.0 keV in [5], had relative intensities rang-
ing between 1.3 and 4.0%. In fact, the level of many of
those lines was also excited in our measurements. Absence
of these lines, however, is attributed to the lower praseo-
dymium mass irradiated (0.56 g in our work vs. 9.2 g in
[5]). The lines at 981.7, 1140.3, 1292.6, 1696.8, 1961.9
and 2313.8 keV could not be uniquely identified in this
work due to background interferences with 2°8Pb, "°Ge,
YAr, 1oMn, 7Ge, *>Cl and '*N. The line at 1140.3 keV is
not specified in [23, 30]. For this aforementioned line as
well as the lines at 2414.4 and 2559.6 keV, respectively,
definitely a mistake by Demidov et al. must be concluded,
since neither the level energies nor the gamma-ray ener-
gies provided in [5] are found in [23, 30].

On the other hand, compared to [5] we have identified
14 new gamma lines. These include the lines at 311.2,
948.5, 974.6, 1264.3, 1872.3, 2042.9, 2082.1, 2119.1,
2267.1, 2419.5, 2437.1, 2563.6, 3111.6 and 3127.7 keV.
All of the aforementioned lines are specified in [23, 30].
The lines at 2414.4 and 2559.6 keV in [5] could corre-
spond to the lines observed at 2419.5 and 2563.6 keV in
our work. The 974.6-keV line could not be uniquely seen
by Demidov et al. due to a doublet structure in [5] with the
line listed at 972.2 keV. The 1264.3-keV line was emitted
from a level at 2382.2 keV above g.s. [30], from which
we also observed the line at 861.0 keV. As the latter one,
however, was observed by Demidov et al. it is surpris-
ing and unclear why the line at 1264.3 keV had not been
observed. The same observation could also apply to the
lines at 311.2, 1872.3, 2042.9 and 2437.2 keV, for which
other lines from the respective excited levels had been
observed by Demidov et al. We attribute the absence of the
remaining lines to deviations in the different level excita-
tion due to the different neutron-energy spectra.

The intensity plot is shown in Fig. 9. The values
have been fitted with Eq. (4), yielding the coefficients
a=0.86+0.07 and »=1.00 +0.03.

The average value of the intensity ratio, i.e. Ip/Iyp, is
0.91 +£0.27 indicating a good agreement between the two
sets of data. The residual histogram is depicted in Fig. 10.
The Gaussian fit of the data results in an agreement level
of 1.3c.The Gaussian centroid is shifted by —0.46, point-
ing out a systematic effect.

The partial cross sections for the production of iden-
tified gamma-rays, averaged over the fast-neutron spec-
trum and calculated by means of Eq. (1) with a flux of
(1.13+0.04) x 108 cm™2 57!, are given in column 4 of
Table 2.
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Table 2 Prompt gamma rays of '*'Pr induced by inelastic scattering of fast neutrons
This work From demidov atlas [5] R
E, (keV) Pr, (90°)/ Ix(relative) (%) <og, (90°)> (mb) E, (keV) I (relative) (%)

(egyfm)x 1078

(count)
145.30+0.03 54+2 812+40 889+45 145.45+0.05 1200 +200 -1.90
218.42+0.11 0.19+0.05 2.80+0.81 3.06+0.81 218.3+0.5 32+09 -0.33
272.88 +0.04* 0.79+0.05 11.8+0.8 12.9+0.9 273.3+0.2 18+4 —-1.52
311.22+0.36 0.16+0.03 2.34+0.42 2.56+0.49 - - -
359.35+0.11° 0.38+0.05 5.68+0.75 6.22+0.85 359.8+0.6 4.1+0.8 1.45
530.11+0.11* 0.15+0.03 221+048 2.42+0.49 530.88+0.10 24+0.7 -0.23
547.86+0.23° 0.12+0.02 1.85+0.33 2.02+0.34 546.4+0.3 20+04 —-0.30
649.52 +0.04 2.44+0.10 36+2 40+2 650.34+0.10 35+8 0.17
668.48 +0.07* 0.26+0.03 3.90+0.51 4.27+0.51 668.88 +0.10 6.0+1.0 -1.87
735.73+0.29 0.12+0.03 1.73+£0.52 1.90+0.48 736.0+0.3 28+04 -1.63
748.72+0.15% 0.18+0.03 2.62+0.39 2.87+0.49 749.21+0.10 5.8+0.6 —4.42
860.96+0.12* 0.10+£0.02 1.52+0.37 1.66£0.33 861.5+0.2 2.1+£04 -1.07
948.47+0.13 0.23+0.04 3.49+0.60 3.82+0.68 - - -
971.64+0.05* 5.63+£0.18 84+4 92+4 972.24+0.10 83+8° -3.14
974.64+0.11° 0.37+0.03 5.51+0.49 6.04+£0.53 - - -
1022.47+0.14 0.09+£0.02 1.29+0.31 1.42+0.32 1023.1+0.2 3.7+0.6 -3.56
1117.10£0.10* 0.50+0.05 7.50+£0.74 8.22+0.87 1117.65+0.10 7.6+0.7 -0.09
1126.40+0.05 6.70+0.21 100 110£5 1126.90+0.10 100 -
1146.80+0.06 2.30+0.09 34+2 38+2 1147.24+0.10 34+4 0.07
1264.30+0.24 0.11£0.02 1.68+£0.33 1.84+0.34 - - -
1290.31+0.08 1.39+£0.08 211 23+1 1290.0+0.4 2710 -0.62
1298.18 +0.06* 2.02+£0.09 30+2 33+2 1298.74+0.10 33+4 —0.64
1306.45+0.06 3.42+0.11 513 56+3 1306.85+0.10 50+ 0.20
1311.61+0.06 3.31+0.11 49+3 54+3 1312.13+0.10 5145 -0.29
1347.98 +0.06* 3.62+0.21 54+4 59+4 1348.70+0.10 47+4 1.29
1375.23+0.11° 0.54+£0.05 8.00+0.75 8.76 +£0.87 1375.7+0.3 12+3 -1.29
1434.83+0.09* 3.00+£0.13 45+3 49+3 1435.34 505 -091
1451.73 +0.09 0.61£0.05 9.09+0.71 9.95+0.89 1452.21+0.10 13+2 —1.84
1456.89+0.08* 1.11+0.06 16.6+1.1 182+1.2 1457.52+0.10 17+2 -0.18
1506.04 +0.19 0.30+£0.03 4.47+0.50 4.89+0.52 1506.9+0.5 6.1+£0.2 -3.04
1520.68 +0.07 3.29+0.11 49+3 54+3 1521.13+0.10 5145 -0.34
1579.61 +0.09 0.63+0.04 9.45+0.68 10.3+0.7 1580.2+1.0 6.3+0.7 3.23
1607.78 +0.08 1.37+0.05 201 22+1 1608.30+0.10 20+2 0.21
1640.18 £0.11*° 0.50+£0.05 7.48+0.74 8.19+0.87 1641.2+0.2 7.2+0.8 0.26
1651.03 +0.08 2.05+0.08 31+2 33+2 1651.48+0.10 33+3 -0.71
1657.19+0.14 0.31+0.03 4.66+0.51 5.10+£0.52 1658.0+0.2 32+09 1.91
1666.81 +0.08 1.02+0.05 15.2+0.9 16.7+1.0 1667.28 +0.10 13+3 0.71
1708.19+0.09 0.76 £0.04 11.3+0.7 12.4+0.8 1708.75+0.10 14+3 -0.87
1785.90 +0.09° 0.85+0.05 12.8+0.9 14+1 1786.45+0.10 16+2 —1.48
1811.92+0.14* 0.28+0.03 4.11+0.43 4.50+0.51 1812.9+0.2 5.8+0.6 -2.28
1824.57 +0.27° 0.14+0.03 2.09+0.45 2.29+0.50 1825.2+0.3 2.0+0.5 0.13
1829.99 +0.22 0.28+0.04 4.11+0.63 4.50+0.66 1830.5+0.3 34+04 0.95
1841.80+0.11 0.89+0.05 13.2+0.9 14.5+0.9 1842.22+0.10 12+2 0.56
1854.68 +0.16 0.45+0.07 6.74+1.04 7.38+1.18 1854.9+0.6 7+2 -0.12
1857.62+0.14 0.65+0.07 9.72+1.10 10.7+1.2 1858.4+0.5 9+2 0.32
1872.30+0.24 0.17+0.03 2.59+0.48 2.83+0.51 - - -
1900.19+0.11° 0.58+0.04 8.62+0.65 9.44+0.73 1900.90+0.10 11+2 -1.13
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Table 2 (continued)

This work From demidov atlas [5] R
E, (keV) Pg, (90°)/ Iy(relative) (%) <og, (90°)> (mb) E, (keV) I (relative) (%)

(egyfe) x 1078

(count)
1975.79 +£0.29 0.26+0.05 3.87+0.70 4.23+0.83 1975.7+0.3 52+0.6 —1.45
2017.21+£0.19% 0.19+0.03 2.81+0.40 3.07+0.50 2018.8+0.5 44+0.6 —-2.20
2026.63 +0.15 0.30+0.03 4.55+0.51 4.98+0.53 2027.1+0.3 11+3 —-2.12
2042.87+0.31° 0.13+0.02 1.89+0.33 2.07+0.33 - - -
2060.97+0.16 0.33+0.03 4.90+0.48 5.37+0.52 2061.4+0.3 3.7+0.6 1.57
2082.08 +0.29¢ 0.05+0.01 0.80+0.20 0.88+0.18 - - -
2104.82+0.19¢ 0.19+0.01 2.84+0.23 3.11+0.20 2105.3+1.0 22+0.6 0.99
2119.11+0.34 0.13+0.03 1.87+0.39 2.05+0.48 - - -
2135.54+0.15¢ 0.32+0.02 4.81+0.39 5.27+0.38 2136.2+0.7 3.0+09 1.84
2158.33+0.24° 0.21+0.03 3.11+0.41 3.40+0.50 2159.7+0.5 43+0.8 —-1.33
2191.22+0.27 0.11+0.03 1.60+0.41 1.75+0.48 2192.7+1.5 33+0.7 -2.10
2247.71+0.15 0.31+0.03 4.64+0.48 5.08+0.52 2248.8+0.5 53+0.8 —0.70
2267.07+0.43 0.12+0.03 1.72+0.44 1.88+0.47 - - -
2273.95+0.36* 0.08+0.02 1.21+0.30 1.32+0.33 2274.6+0.5 1.9+0.6 —-1.04
2354.29+0.369 0.18+0.03 2.64+0.49 2.89+0.49 2352.8+0.5 2009 0.63
2403.74+0.33 0.14+0.03 2.11+0.46 2.31+0.50 2403.9+0.5 3.0+09 —0.88
2419.53+0.37 0.15+0.04 2.29+0.56 2.51+0.67 - - -
2437.12+0.32 0.15+0.03 2.20+0.39 2.41+0.49 - - -
2452.70+0.19 0.29+0.02 4.40+0.41 4.82+0.37 2453.6+1.0 4+2 0.20
2563.55+0.32 0.12+0.02 1.84+0.34 2.02+0.34 - - -
2582.26+0.25% 0.16+0.02 2.32+0.32 2.54+0.33 2581.2+1.5 3.1+09 —-0.82
2601.50+0.25 0.21+0.03 3.11+0.43 3.40+0.50 2603.1+1.0 4+2 —-0.44
3115.56+0.70 0.09+0.03 1.40+0.40 1.54+0.51 - - -
3127.71+£0.43 0.11+0.03 1.67+0.44 1.83+0.50 - - -

E, is the gamma-ray energy, Pp,(90°)/(¢g,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 determined with Eq. (1). R is the residual calculated by means
of Eq. (5). The gamma line written in bold is not yet listed in [23, 30]. The uncertainty for P, (90°)/(eg, fg,) is calculated from the uncertainty of
the net counts of the lines P, (90°) and the uncertainty of the full-energy peak efficiency &g, (3%) The uncertainty for <o, (90°) > is calculated
from the uncertainty of P, (90°)/(eg,f,) and the uncertainty of the fast neutron flux (3.5%)

#Corrected for background interference

b(n,y) interference above 1% corrected; contributions to net counts see text

€972 and 975 keV (unresolved doublet by Demidov)

dCorrected for escape peak interference

®Gamma-ray not listed in [30] yet; any other origins than *'Pr(n,n’y)'*'Pr excluded

fCorrected for contribution of the 37Cl(n,n’y)37Cl reaction with the partial cross section deduced from the CeCl; measurement, i.e. (2.38+0.56)
mb[18]

Taking the uncertainties into account, aforementioned val-
ues are in good agreement with the values achieved in our
work on CaCO; [17],1.e. 201 +28 mb and 2.20 +0.37 mb,
respectively. Additionally, they also agree well with the

Prompt gamma rays of oxygen and chlorine

The partial cross sections of the prompt gamma lines of
oxygen and chlorine were also determined by means of

Eq. (1). For the 1981-keV line from "*0(n,n’y)'®0, values
of 172 +22 mb and 180 +26 mb, were derived from the
LaCl;-7H,0 and the PrCl;-7H,0 spectrum, respectively.
Values of 2.56 +£0.29 mb and 2.69 + 0.40 mb were derived
for the 6129-keV line from the 16O(n,n’y)l‘SO reaction.

@ Springer

values obtained in our previous work on TbCl;-6H,0, i.e.
213+40 mb and 2.22 +0.31 mb [19]. The 1981-keV line
was corrected for the contribution of the double escape
peak of the 3002-keV line (*>Cl) in both cases.
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Fig.9 Correlation between the relative intensities Iy of the prompt
gamma rays generated by inelastic scattering (n,n’y) reactions of fast
neutrons on praseodymium (Pr-141) measured in this work and the
relative intensities Iy listed in the Demidov Atlas [5]. The solid line
shows the fit of the data with Eq. (4)
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Fig. 10 Histogram of the residuals R, calculated with Eq. (5) in units
of standard deviation [c], showing the agreement between the relative
intensities of prompt gamma rays from the '*'Pr(n,n’y)'*'Pr reaction
derived in this work with the data listed in [5]. The solid line displays
the fit of the data with a Gaussian

For chlorine, 29 lines were observed in the LaCl;-7H,0
measurement, whereas the lines at 1702, 3918 and
4623 from the *>Cl(n,n’y)*Cl, the line at 1900 keV
from the *’Cl(n,n’y)*’CI and the 775-keV line from the
33Cl(n,py)*’S reactions, respectively, were not observed
in the PrCl;-7H,0 measurement, due to a lower count-
ing time. The ratios of measured partial cross sections to
the values obtained in our previous work on CeCl; [18]
are shown in Fig. 11. The data of both measurements
agree well with each other considering the associated

uncertainties. Larger deviations for a few lines are rea-
soned in poor counting statistics.

Detection limit

In this work, the detection limit (DL) is defined as the small-
est amount of a pure element that is irradiated over a certain
time and that results in a net signal above the background
with a certain standard deviation ¢. The value of the DL can
be determined with Eq. (1) from the minimum peak area
Pp,(c) that could be expressed according to [42] as:

Pg,(c) = ﬂ (6)
c
where By, is the area of the background below the gamma
line of interest and ¢ a predefined value for the relative
uncertainty of the peak area. As a small sample mass is
expected, the neutron self-shielding and gamma rays self-
absorption can be neglected, i.e., f, = land fz, =1 in Eq. (1).
The DL of lanthanum and praseodymium was calculated
for the most intense gamma line and for a counting live time
of 12 h. The HYPERMET-PC [22] software was used to
estimate the value of B, from the beam background. For
a value of ¢=0.5 in Eq. (6) corresponding to a peak area
uncertainty of 50%, the smallest amount of pure element that
can be detected is 0.6 mg for lanthanum (139La, Ey =165.7
keV, <o, (90°) > =574 mb) and 0.4 mg for praseodymium
("*'La, E,= 1453 keV, < 65,(90°) > =889 mb).

Conclusions

Prompt gamma rays of lanthanum and praseodymium
induced by inelastic scattering reactions were measured with
the FaNGaS instrument by irradiating a LaCl;-7H,0 and a
PrCl;-7H,0 sample with fission neutrons. For the correction
of relevant interferences arising from (n,y) neutron capture
lines the previously redetermined thermal and epithermal
neutron-flux values given in [19] were used along with the
correction procedure described within [19].

We identified 54 lines from the '**La(n,n’y)'*’La and 71
lines from the "*'Pr(n,n’y)*'Pr reaction, respectively. Rela-
tive intensities as well as fast-neutron spectrum-averaged
partial production cross sections of the aforementioned
gamma rays were presented. Compared to the work of
Demidov et al. [5] additional gamma lines (11 for lanthanum
and 14 for praseodymium) were detected due to the better
energy resolution of our detector and a higher mean excita-
tion neutron-energy. Furthermore, as 13 lines of lanthanum
and 1 line of praseodymium are unreported in [23] yet, this
work can help to expand the level and decay schemes of

@ Springer
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Fig. 11 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 [18].
The comparison with the LaCl;-7H,0 measurement is depicted on
the left, the comparison with the PrCl;-7H,0 measurement on the

these elements. The agreement of our relative intensities
(1.30 level for both measurements) is in reasonable agree-
ment with the values provided in [5]. The detection limits
of lanthanum and praseodymium were determined as 0.6
and 0.4 mg, respectively, for a counting time of 12 h. Fur-
thermore, the partial production cross sections for the lines
of oxygen and chlorine match well with the values obtained
in [17-19].
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right side. The solid lines represent the mean value of the ratios, i.e.
0.89+0.17 and 0.90+0.23, respectively, while the dash-dotted lines
display the corresponding error margins corresponding to one stand-
ard deviation

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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