Eur. Phys. J. C (2023) 83:444
https://doi.org/10.1140/epjc/s10052-023-11602-y

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Experimental Physics

Gamma cascades in gadolinium isotopes

Peter Grabmayr?

Physikalisches Institut, Eberhard Karls Universitit Tiibingen, Auf der Morgenstelle 14, 72076 Tiibingen, Germany

Received: 19 December 2022 / Accepted: 9 May 2023 / Published online: 27 May 2023

© The Author(s) 2023

Abstract The compound nucleus model is employed to cal-
culate the y decay after neutron capture by the gadolinium
isotopes 'Gd and '7Gd. The respective y cascades are
analyzed for possible use in rare-event searches like OvSg8
decay as neutron-veto for neutron energies in the range from
0.1 keV to 10 MeV.

1 Introduction

Neutrinos are elusive particles, however of great interest in
astro- and particle physics and cosmology. Since many of
their properties are still unknown, large-scale experiments
and rare-events searches are setup or being devised. In some
way also the neutrons are involved in these experiments either
as background or as (intermediate) sensor, e.g. via the inverse
B decay or Cherenkov light production after capture.

Also neutrons are difficult to detect due to their missing
charge; they need to interact first with other nuclei producing
charged particles. Since they are abundantly produced in nat-
ural decays or by cosmic radiation, thus in general, they are a
nuissance producing backgrounds. Moderators and absorbers
set around the actual sensitive volumes are standard since
long times. Nowadays, these volumes are instrumented thus
efficiently improving the signal versus background ratio.

Gadolinium is known for its extremely high absorption
cross section at thermal neutron energies (~ 0.025 eV). In
particular the odd isotopes with mass A = 155 and 157
contribute strongly, despite their combined abundance in
natural gadolinium amounts only to ~ 30% [1]. For this
reason gadolinium is widely used for passive shielding of
thermal neutrons or to actively enhance the neutron detec-
tion. Gadolinium is often deployed when neutron tagging is
involved in neutrino experiments [2-9]. Also an air shower
experiment [10] has deployed Gadolinium. Gadolinium neu-
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tron capture therapy is another, actual medical application.
Apart from the photons, the internal conversion electrons
are the main producer of the electron—hole pairs responsible
for the energy transfer in the semiconductor type monitor.
Also therefore, the y spectrum must be well known for a
clear separation of signals from internal conversion of pho-
ton interactions [11,12].

The above mentioned experiments mostly imply thermal
neutron capture. Cosmic radiation however is known to pro-
duce also high energetic neutrons of several tens of MeV
kinetic energy, possibly in the vicinity of the sensors or within
the active volume with small chances for thermalization.
Albeit with lower probability, but possibly not negligible in
rare-event searches, these neutrons might excite nuclei even
at such energies where particle emission is energetically per-
mitted. This way isotopes might be produced whose decay
give signals emulating the ones searched for. Also the y cas-
cades might change since higher momenta transfer allow to
populate other intermediate states. In rare-event searches at
underground locations the muon flux in general is known.
However, the neutron flux produced by cosmic radiation or
by («, n) reactions due to the decay within the natural decay
chains is much less known; much less its energy distribution.
Rare-event searches must not miss the further small chance
that the muon veto has not responded and a fake signal might
be produced.

GEANT4[13] is widely used in medical and in physics
applications to simulate the reactions within the active vol-
umes and the structural materials. However, it seems that
the data base for neutron capture on gadolinium is not com-
plete (see e.g. Refs. [14, Fig. 2], [15, Fig. 5]). Thus, other
procedures have been developed including dedicated exper-
iments for verification [8,14—17]. These measurements aim
at the determination of the y cascades and of the feeding of
intermediate states. In 2021 a new model for photo-nuclear
reactions has been implemented in GEANT4.v11 [18].
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The OvBB experiment GERDA at Gran Sasso underground
laboratories has been completed with a total exposure of
€ = 127.2 kg year [19]. The experiment remained “‘back-
ground free” resulting in a limit for the half life of neutri-
noless double beta decay Tlo/”2=1.8x 102 year at 90% C.L.
GERDA is the only one of the leading Ov8 8 experiments where
half life Tlo/“2 and sensitivity S agree well. The follow-up

experiment LEGEND aims towards S = 10?8 year by enlarg-
ing the active mass towards the tonne-scale [20,21]. Being a
factor 25 larger calls for additional measures in reducing the
possible background induced by neutrons in order to keep the
proposed experiment “background free” as well. In particular
the production of the isomer " Ge might be an unwanted
source of signal-like events. Simulations [22] have shown
that 7" Ge can be produced by neutrons with energies upto
1 MeV. A good understanding of the feeding of all the inter-
mediate states and their y decay is of great importance for
designing background reductions schemes in hardware and
in software. For LEGEND, this holds for Germanium as well
as for Gadolinium.

The present work aims at a complete description of the
y decay after neutron capture on gadolinium up to neutron
energies of about 10 MeV, however focusing on the epither-
mal region. Internal electron conversion or g decay will not
be considered. The produced y cascades will serve as input
for Monte Carlo simulations of realistic setups, e.g., the LEG-
END-1 tonne [20]. MAURINA is a computer code developed
by Mario Uhl [23] as a follow-up of STAPRE. This paper
describes the models used in the code (Sect. 2) as well as the
relevant input parameters (Sect. 3). The reproduction of the
experimental cross sections is demonstrated in Sect. 4. The
resulting y spectra and multiplicities are shown for various
parameter sets in Sect. 5 and compared to published results.
A summary is given in Sect. 6.

2 The models within MAURINA

The code MAURINA [23] has been developed by Mario Uhl
in the Nineties as expansion of the Hauser-Feshbach code
STAPRE [24]. MAURINA contains all the necessary routines
and is not dependent on any output from other programs. It
was written in FORTRAN- IV and it contains about 47,000
lines. For the present purpose the code has been adapted to
modern compilers (GNU Fortran 7.5); some arrays have been
expanded, e.g., to account for 198 instead of 50 discrete states
for each of the final nuclei. All input is read from one file.
Results can be stored in ROOT or ENDF6 format.

The code MAURINA provides several choices for the cross
section calculations. Here, only the ones used in this work
are listed below:
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1. compound nucleus model with the formalism according
to Hauser—Feshbach (HF) [25].

2. width-fluctuation correction for low energies [26].

3. level densities according to the back-shifted Fermi-gas
(FG) model [27-29]. or to a semi-empirical model con-
sidering shell effects [30]

4. spherical optical model for the calculation of particle
transmission coefficients [31-35].

5. pre-compound model by Kalbach [36].

The present calculations have been performed with the
Hauser—Feshbach mode as the basic model in order to calcu-
late the formation and decay of the compound nucleus and its
daughter nuclei. The formation is determined by the angu-
lar momentum (/) dependent transmission coefficients 7;(E)
of the projectile with respect to the target nucleus at energy
E. These coefficients are calculated from the spherical opti-
cal model. The cross section for formation of the compound
nucleus can be calculated by

ol(E) = mx* 21 + 1) - Ty(E) ()

where E is the transition energy and A the corresponding
wave length. All possible [ values have to be considered
when forming the compound nucleus with spin and parity
J7. The compound nucleus is assumed to loose all informa-
tion regarding the entrance channel o due to thermalization
and thus factorizes

0q,8(E) = 04(E) - Pg with 2)
Pp=Tg/ Y T 3)
i=J,l,7T,Ei

where o, (E) is the formation cross section of the compound
nucleus and Pg the probability for the decay into channel B.
Employing time reversal and reciprocity [37] the above Eq. 1
can be used also for the decay back into the ground state or
to an excited state considering proper summation over all
spin and angular momentum couplings. For high incoming
energies the decay into different particle channels has to be
taken into account. Considering the decay from or to high
excitation energies in the residual nucleus the large number
of levels is taken into account via the respective densities
p(E;, J;.T) [27-30,38].

3 Selection of model parameters

This work concentrates on the y decay after neutron capture
on the two gadolinium isotopes '°’Gd and '3>Gd. Thus, spe-
cial care for the parameters relevant to 1’3Gd and '°°Gd was
taken. Several parameters have been adapted from the calcu-
lations shown in Ref. [39]. Masses and Q values are taken
from Ref. [40].
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Table 1 Optical model potentials for the particle transmission coeffi-
cients

Particle Acronym References
Neutron McEllistrem+ [31]
Proton MANI-MELK [32]
Deuteron PEREY [33]
Triton BECGRE [34]
Helion BECGRE [34]
o MOD MCFAD [35]

Table 2 Lorentzians for '>°Gd and '*8Gd determining the photon
strength functions [39]

Multipole Energy [MeV] Width [MeV] Cross section [mb]
lSGGd
M1 7.62 4.00 2.03
E1(1) 3.00 1.00 0.40
E1(Q2) 11.20 2.60 180.00
E1(3) 15.20 3.60 242.00
E2 11.70 4.24 3.69
lSSGd
M1 7.58 4.00 1.79
E1(1) 3.10 1.00 0.35
E1(Q2) 11.70 2.60 165.00
E1(3) 14.90 3.80 249.00
E2 11.65 4.21 3.66
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Fig. 1 The E1 strength functions fg; for 156Gd (red, long-dashed,
3L0) and '98Gd (blue, dot-dashed) are presented. fg; for 156Gd (SLO)
calculated by Ref. [16] using 4 resonances (black, full) compares well.
An energy and temperature dependent width (green, dashed; ALO) was
suggested by M. Uhl [39]

Transmission coefficients

The transmission coefficients are calculated from standard
optical potentials as shown in Table 1. The spherical optical
potentials have been used despite the fact that several nuclei
are deformed.

The neutron optical potential had been taken as it was
modified by Ref. [39] in its imaginary amplitude by a factor

1.25 for improved reproduction of the total cross section. The
parameters for the « potentials have been slightly modified
for calculations at higher energies, which is of no relevance
in the present work. The mass and energy dependence of the
parameters is implemented as given in the literature.

The photon strength functions

Calculating the photon decay MAURINA considers the six
strength functions fyx; for M1, E1, E2, M2, E3, and M3
radiation. The strengths of the last three types were taken
from the single-particle model with 1 Weisskopf Unit/MeV.
For the first three types the strength functions are modeled
by resonances formed by up to 3 Lorentzians as specified in
detail in Table 2 and shown in Fig. 1.

The transmission coefficients Tx (¢, ) for multipole type
XL are related to the respective strength functions fx; (ey)
by

Txi(ey) = 2m &' fxi(ey) )

where the y-transition energy is denoted by ¢, .

The E1 strength is the dominant one in the decay after
neutron capture at low neutron energies. The comparison of
fE1 for 156Gd shows that the differences between this work
with 3 resonances and that of Ref. [16] with 4 resonances
is marginal. However, there is a clear difference between
the two gadolinium nuclei °Gd and '38Gd. Also applying
the energy and temperature dependence of the width of the
Lorentzians (ALO) —as suggested by Ref. [41] and employed
for Gd by Uhl [39] — increases the tails and dampens the
resonance peaks.

The experimental levels

The energies, spins and parities of the ground and excited
states are taken from the most recent compilations of the
Nuclear Data Sheets [42,43]. In some cases spin and parity
had to be assumed. Up to ten branching ratios for each level
can be given. In case the compilation did not provide any
experimental values, these are taken from calculations using
the strength functions mentioned above. The ten strongest
branchings are selected. For 8Gd 196 level up to 3.65 MeV
have been entered, and 198 up to 2.81 MeV for 156G, respec-
tively.

Levels in the continuum

At higher energies the experimental information on indi-
vidual levels gets sparse and/or inaccurate. The number of
levels rises strongly with excitation energy as can be seen
in Figs. 2 or 3. Thus the energy region between the high-
est experimental level and the maximum excitation energy
defined by the incoming neutron energy is divided into bins.
Equal widths are taken except close to both ends of the contin-
uum or around particle thresholds, where a finer binning can
be chosen. Always the maximum number bins has been used
as there is a slight dependence of the results on the binning.
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Fig. 2 Binned experimental levels (open squares) of '%°Gd in com-
parison to the HFB predictions [38] (full dots) and the level densities
calculated by MAURINA for the back-shifted Fermi Gas (FG) and the
empirical (KRK) models are shown in the lower panel. The upper panel
shows the fraction of positive parity states per bin. A bin width of
100 keV was chosen
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Fig. 3 Same as Fig. 2 but for 8Gd

Several models for the calculation of the level density are
available in the code MAURINA. Two out of the 9 models have
been employed: (i) the empirical one by Kataria et al. (KRK)
[30] considering deformation and shell effects and (i7) the
standard back-shifted Fermi-Gas (FG) model in the formu-
lation by Lang [44] with the two parameters a for the level
density and A for the energy shift towards a fictive ground
state, respectively, are used in this work for comparison.

The KRK model had been used for the description of sev-
eral Gd isotopes in Ref. [39] and is adapted for the present
purpose. The FG model has been chosen to reproduce the
level densities calculated by Ref. [38] and shown in binned
form in Refs. [16,17]. Figures 2 and 3 show the quality of fit
(black dots and blue dashed line) and the respective param-
eters for 1°°Gd and '38Gd. In Table 3 these parameters are
compared with those from literature. It is noticed that these
values differ quite a bit, less for 1584,

A further comparison with experimental data sheds more
doubts on the HFB nuclear level densities. The experimen-
tally known levels given in Refs. [42,43] are taken into bins
of 100 keV (squares) and are plotted as function of excita-
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Table 3 Comparison of level density parameters for the back-shifted

Fermi gas model

156Gd ]Sng

a A a A
This fit 20.00 —0.17 18.00 —-0.17
Dilg [27] 18.14 0.15 17.83 0.28
Egidy [28] 18.45 0.36 17.91 0.28

tion energy for 1°°Gd (Fig. 2) and '%8Gd (Fig. 3). In contrast
to the HFB model the KRK parameterization describes the
increase of level density quite well for 1°Gd. However, for
158Gd only up to ~ 2.3 MeV there is agreement. Most likely,
some experimental information is still missing above that
energy. The difference between the HFB/FG parameteriza-
tion and the KRK is smaller for '>Gd than for 7°Gd.

The upper parts in Figs. 2 and 3 display the fraction of pos-
itive parity states as function of excitation energy. The num-
bers represent the respective counts for positive and negative
parity within the first 198 levels in those nuclei as given in
Refs. [42,43]. The parity fractions can be kept constant (;7)
or may decay and equilibrate via an exponential decrease up
to ~8 MeV (79).

The exciton model

The exciton model with standard parameterization is used.
The multiplier for the internal transitions is set to 150 MeV?
[45].

The energy scale

The maximum neutron energy has been chosen to be
10 MeV to produce an entry above the Q-value for the
(n,2n) reaction with Q = 6.434 and 6.359 MeV for
155Gd and '37Gd, respectively [40]. When 10 MeV neutrons

impinge on 3 Gd there are 11 nuclei energetically reachable:
154,155,156 153,154,155, 151,152,154g 151ppy and 148Nd:

in case of 157Gd these are just 9: 156,157,158 Gq, 155156157

153*154Sm and ISONd.

In both cases, proton and o emission occur on a negligi-
ble level. The charged particles are hindered strongly due to
their Coulomb barriers, even when the Q value is positive.
However, helions and tritons are included to be consistent for
the case of need for even higher neutron energies.

Calculations have been performed down to the lowest
energy of 0.1 keV, reaching the epithermic region. However,
an incoming neutron energy of 5 keV is chosen for compar-
ison of the parameters.

4 The neutron capture cross sections

Having prepared the level densities and transmission coeffi-
cients to be used, neutron capture cross sections can be cal-
culated and y cascades can be produced via a Monte Carlo
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Fig. 4 The excitation function of the ]55Gd(n,y)]56Gd reaction cal-
culated by the KRK model with a constant (¢, black full line) and a
decaying (7, blue dashed line) parity distribution are compared to four
experiments [46—49]. For comparison the green line shows that fraction
going through the J” = 2~ compound states. The magenta dashed line
gives the result for the FG parameterization

procedure within MAURINA. As reference the following data
set is chosen: use of all experimental levels, fg; with 3
Lorentzians (Table 2), the KRK model for level density in
the continuum and an exponential decrease of the positive
parity state fraction 7+ = 7 from 0.75 to 0.5 as shown in
Figs. 2 and 3. The choice of parameters is corroborated by
the cross sections for the (n,)) capture reactions on >3Gd
and '>7Gd, respectively.

The excitation functions of the neutron capture reaction
on '9Gd with the KRK model are displayed in Fig. 4 in

comparison with experiments [46—49]. The two KRK cal-
culations differ only in the treatment of the parity fractions
as function of excitation energy in '3°Gd. Both describe the
data satisfactorily down to about 5 keV. At rather low ener-
gies the calculations overshoot the data. At these energies
the data come closer to the line made by the fraction of those
compound states with J® = 27 (green, dot-dashed line)
only. The n_TOF Collaboration [50] recently has measured
the capture cross sections of '%>Gd and '>’Gd finding reso-
nances up to 1 keV, however without spin assignment. Ref.
[46] has found resonances up to 370 keV.

The other three parameterizations are off in scale by
50% at 5 keV incoming neutron energy as discussed later
(Table 4). The FG calculation (dashed magenta) remains off
very clearly also at high neutrons energies, while the others
(not shown) converge with increasing energies.

A similar good description of experimental data is
achieved for neutron capture on >’Gd for the standard
parameterization while showing the same discrepancies for
the FG calculation. Again the cross sections at epithermic
energies favors the assumption of J” = 27 resonances.
One notices, when replacing the higher experimental lev-
els in 8Gd (black dots in Fig. 3) by the level densities
of the continuum, that the cross sections (red dotted line in
Fig. 5) change only slightly. However, the y cascades might
be affected. Thus, the discussion in the following section will
concentrate on capture on 2>Gd.

Table 4 The mean

p J4
multiplicities M,, and cross Level dens. JE1 M Ony On oy
sections oy, for the reaction E, = 5keV
133Gd(n,y)'90Gd at 5 keV J
neutron energy for various KRK, 7 3LO 4.59 10.52 11.13 40.06
parameterizations as discussed KRK, 7¢ 3LO 4.60 11.16 10.49 51.14
in Sect. 3. 0 and oy are the KRK, ¢ ALO 4.20 5.64 14.22 25.56
total production cross sections d
for neutrons and s, 1 exc.,KRK, 3LO 4.63 5.58 11.29 40.89
respectively. The cross sections FG, ¢ 3LO 5.00 17.91 3.74 88.95
are given in [b]. The lower part E, = 1 MeV
shows the results for J
E, = 1 MeV and 10 MeV, KRK, 7 3LO 5.19 0.195 5.50 9.90
respectively KRK,7¢ 3LO 5.19 0.202 4.49 9.92

KRK, ¢ ALO 5.18 0.086 4.61 9.56
1 exc., KRK, ¢ 3LO 5.58 0.182 451 9.93
FG, ¢ 3LO 5.59 1.038 3.66 12.70
E, = 10 MeV

KRK, ¢ 3LO 6.62 1.68E—4 2.72 4.29
KRK, 7¢ 3LO 6.57 1.58E—4 2.72 4.29
KRK, ¢ ALO 6.48 1.30E—4 2.72 4.28
1 exc.,KRK, 74 3LO 7.12 1.64E—4 2.72 4.29
FG, ¢ 3LO 7.30 1.30E—3 2.72 3.64
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Fig. 5 The excitation function of the '>7Gd(n,y)!*8Gd reaction cal-
culated by the KRK model with a decaying (%) parity distribution
(black line) is compared to seven experiments [39,46-49,51,52]; the
J* = 2~ fraction is shown by the green dash-dotted line, the calcula-
tion with a reduced number of levels by the red dotted line and the FG
parameterization is shown by the magenta dashed line

5 The y spectra from neutron capture

At a neutron energy of E, = 5 keV the excitation func-
tion describes the capture data very well. The energy is low
enough to guarantee the prevalence of s-wave capture. For
each calculation shown in the following section 107 cascades
were produced.

5.1 The (n,y) reaction on 15Gd

The 107 y cascades after neutron capture on '>Gd have
been created with the standard parameters mentioned above.
They are analyzed for the multiplicity and the sequence of
decay. The top part of Fig. 6 shows the total y spectrum as
blue line on a logarithmic scale. The running sum is normal-
ized to unity and shown as red line on a linear scale. These
spectra have a binning of 1 keV. At low and high energies a
plethora of discrete transitions are clearly visible. They are
sitting on a broad continuum. Due to secondary interactions
in the various media most of the peaks will be indiscernible
in experiments except for extreme resolution.

(2]
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g 10 N 0.8
o 104 i 0.6
A )
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T P
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Fig. 6 The y-cascades from (n, y) on '3>Gd employing the standard
parameterization. Top: the total y spectrum in '*°Gd and the running
sum normalized to 1 (red line). Middle: the stacked spectrum for the
multiplicities M; the inset shows the distribution of multiplicity M.
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Bottom: the sequence of y-quanta within the cascade. The color code

is valid for the middle and bottom graph. 8+ indicates that all higher

entries have been added
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Fig. 7 The running sums for multiplicity and y-sequence spectra shown in Fig. 6

The middle part of Fig. 6 displays the multiplicity distri-
bution as histogram in the inset and the respective spectra in
stacked form in the main graph. For the latter a binning of
5 keV was employed. The multiplicity M = 1 is connected
solely with the ground state transition (red line, for the color
code refer to the bottom panel). Its intensity is 0.9% of the
total spectrum. The highest photon energy found for M = 2
is provided by the transition to the first excited state com-
bined with a rather low photon, however also other combina-
tions are observed. One notices that with higher M the direct
transitions to the low lying levels decrease — corresponding
to high y energies —, while the transitions between the lev-
els become more important as observed in the low energy
part of the y spectrum. The mean multiplicity amounts to
M,,(KRK) = 4.59.

The individual ys can be ordered by their occurrence
within the cascade as shown in the bottom panel. Again,
a binning of 5 keV was applied. One realizes, that the low
lying discrete levels are populated primarily by the first y in
the cascade. The secondary and following y's produce spec-
tra each being smooth above E, ~ 3 MeV. The structures at
E, < 2.81 MeV belong to transitions between the discrete
levels.

For multiplicity and sequence spectra the respective run-
ning sums have been normalized to 1. They are displayed in
Fig. 7. For Veto purposes it might be interesting to understand
what fraction of ys has passed a defined energy threshold.
Thresholds of 30% and 50% are indicated in the two graphs.
It is noticed, the higher the multiplicity or the later in the
sequence a y occurs the faster a fixed threshold is surpassed.

°Gd(n,y)'*°Gd E,=5 keV ‘

[
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2000 4000 6000  energy sum 8000
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o
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Fig. 8 They spectrafromthe 135Gd(n,y)!3Gd reaction after applying
acut at E;, = 1 MeV (same notation as in Fig. 6)

Thresholds and cuts

In experiments there always will be a certain electronic
threshold, in some cases also a physical motivated one, e.g.,
for Cerenkov light production by the y's in water. Exemplify-
ing, a cut on individual ys with E, = 1 MeV is applied, and
the change in spectra for multiplicity and sequence is shown
in Fig. 8. A direct comparison to Fig. 6 is in order, except
for the top panel, where summed energy is displayed. The
maximum multiplicity decreases strongly as seen in the inset
of the middle panel and thus the centroid. The upper ends
of the consecutive multiplicity spectra differ just by 1 MeV,
whereas those of the sequence spectra increases with each
step. The respective running sums saturate at much lower
energies than shown in Fig. 7.
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Fig. 9 The y spectra from the >>Gd(n,y)!>°Gd reaction after apply-
ing a cut at E;, = 1 MeV (blue) and 2 MeV (green), respectively.
Top: spectrum of the single y energies; Bottom: spectra of the summed
energy; the inset shows the expanded top region

For demonstration the effects of cuts of E. = 1 MeV and
2 MeV, respectively, are demonstrated. Figure9 (top) dis-
plays the spectrum of individual ys. The cut of E. = 1 MeV
(blue) removes 30% of the low energetic ys, but still retains
all cascades. In contrast, E. = 2 MeV (green) removes 58%
of the y's while keeping 99,7% of the cascades. In the bottom
graph of Fig. 9 the summed energy of each cascade is shown
with the inset giving an expanded view of the top region.
A strong direct population of the low lying discrete states
is observed, even stronger for the lower cut. The lower cut
allows higher sums within a single cascade, thus the median
y energy is higher for E, = 1 MeV. The bumpy structure
of a width of about 1 MeV reflects the threshold (blue his-
togram) whereas the cut E. = 2 MeV produces less marked
structures (green histogram).

Other parameterizations and higher energies

In Sect. 3 the level density parameterization according to
the Fermi gas model has shown a lesser agreement with the
experimental data, but fits those provided by Ref. [16]. As
shown in Fig. 4 also the cross sections cannot be reproduced.
On the other hand, the resulting cascades show similar gross
features. The average multiplicity amount to M,,(FG) =
5.00. This seems only a small difference to M,, (KRK), how-
ever averages are hiding details. Still, the smallness of differ-
ence can be explained by the fact that (i) the increase intensity
with excitation energy is similar and (ii) only relative pop-
ulations of states are finally relevant. Similarly, when using
the energy dependent E1 strength (ALO) or removing the
experimental levels (except for one fictive excited state at
E, = 1 keV) or keeping the ratio between positive and neg-
ative parity states constant at 7¢ = 0.75, the mentioned pat-
terns remain roughly the same within the spectra.

As understood from Fig. 4 and as can be seen in Table 4,
the cross sections differ quite strongly due to different abso-
lute level densities at the excitation energy in the compound

@ Springer

nucleus defined by the incoming neutron energy. Also the
fE1 strength function changes the decay pattern.

Table 4 shows for various parameterizations the mean
multiplicity M, , the capture cross sections '>3Gd(n,y)'7°Gd,
and a,f’ and Jf , the total production cross sections for neu-
trons and ys, respectively. These data are given for three
neutron energies of £, = 5keV, 1 MeV and 10 MeV, respec-
tively. For the lowest energy, the numbers differ from each
other in every aspect. While M, for the (KRK, 7%, 3LO)
and (KRK, ¢, 3LO) models are almost the same, the con-
stant parity ratio produces more photons as seen in (n,y)
and a)f’ . In contrast the other two KRK variants are lower
in M, and (n,y). The FG parameterization produces y's at
the expense of neutrons. At E,, = 1 MeV one recognizes a
certain grouping of the results which at 10 MeV clearly dis-
tinguishes the KRK and FG parameterization. At higher neu-
tron energies more particle channel open up, thus allowing
for more neutrons and/or y's to be emitted while the capture
reactions becomes negligible. The cross sections of the cap-
ture process at 10 MeV coincide for the KRK model, however
disagree much stronger from the FG model than at low neu-
tron energies. This is clearly an effect of the different level
density. However, the production cross sections o,/ and O’)f ,
respectively., are indistinguishable; they are about 4 orders
of magnitude larger than the (n,y) process. The multiplici-
ties increase moderately with incident neutron energy. They
differ even at 10 MeV for the different model assumptions.
Tuned parameters for the residual nuclei other than >3Gd
might change the absolute numbers for o,/ and of at higher
energies but the general pattern will remain.

At energies up to the threshold for the (n,2n) reaction
(Qn,2n = 6.434 MeV) the spectra look like stretched ver-
sions of Fig. 6. Figure 10 demonstrates the changes in the y
spectra after neutron capture for incoming neutron energy of
10 MeV, well above Oy 2p. For E;, = 10 MeV one notices in
the spectrum a reduction of the direct population of the low-
est state and an increase at low energies due to the transitions
between the discrete states.

The dominant channels are elastic and inelastic neutron
scattering. Due to the Coulomb barrier the other channels are
strongly suppressed even at 10 MeV. The '3>Gd(n,p)!>°Eu
reaction as the strongest of those with charged reaction prod-
ucts is on the level of mb, similar in size to the capture reac-
tion. Neutrons and y's are produced by a factor 10* more
abundantly than any charged particle. The fraction of pre-
equilibrium reactions amount to 14% at 10 MeV incident
energy, less than 1 permille at 1 MeV respectively.

The spin dependence of the y decay

For a better understanding of the results the population of
the involved states in the compound nucleus are shown in
Fig. 11 for two energies, namely E,, = 5 keV and 10 MeV,
respectively. The absolute population (dashed lines), where
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Fig. 11 The population of the states with J7 in the compound nucleus
156G after the 1°°Gd(n,y )¢ Gd reaction with neutron energiesof £, =
5 keV and 10 MeV, respectively

the arbitrary units are equal to barns, is differentiated for spin
and parity of the compound states as well the ones normal-
ized by the Hauser—Feshbach denominator (full lines). As
expected, the s-wave character of the capture process pre-
vails at the low energy. Starting from J7 = 3/2~ in 3°Gd
the coupling rules allow only J™ = 17 and J™ = 2 states
in 1°Gd to be reached by £ = 0. Figure 11 indicates that
regarding the population of CN states there is almost no dif-

ference to thermal capture as long as the assumption of a
statistical process holds. Other £ transfers contribute at least
4 orders of magnitude less. The positive parity states (green)
are more evenly distributed than the negative ones (red). The
relative small differences between the dashed and the full
lines are a result of the prevalence of y decay. The picture is
quite different for £, = 10 MeV. The distributions are wide
and smooth. Differences between positive an negative parity
states appear only for rather high J. The normalization by a
factor ~ 10° shows that capture is a minor channel at incom-
ing energy of 10 MeV or equivalently at excitation energy of
about 18 MeV for 1°Gd.

Selecting a specific compound state within the code allows
one to emulate the y decay of resonances in the thermal
region. At E, = SkeV the J7 = 17 and J* = 27 states
are produced with 3.06 b and 6.28 b, respectively; in sum the
two states amount to 98% of the total capture cross section.
At E, = 10 MeV their contributions amount to 8% only.

In Fig. 12 the multiplicities of the y cascades are shown
for the two selected states J* = 1~ and J” = 27 and
the two neutron energies E, = 5 keV and E, = 10 MeV,
respectively. In addition, the multiplicity distributions for
J™ = 10"/~ are given. All are normalized by the respective
sum. The distributions differ marginally for the two states
J7™ =17 and 27, but the higher energy broadens and shifts
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Fig. 12 Normalized y multiplicities in percent after the
155Gd(n,}/)156Gd reaction with neutron energies of E, = 5 keV
and 10 MeV, respectively, separately for the compound states with
JT=17,J"=2"and J" =107/~

them by one unit. In contrast, a clear shift is observed for the
decay from both the J™ = 10+4/— states.

The similarity in multiplicities of the two states J7 =
17 (red) and J™ = 27 (blue, middle graph) is astounding.
Therefore, the y cascades for the two states are compared in

Fig. 13 between themselves and to the FIFRELIN results [8]
at thermal energies. The most notable differences between
cascades starting from J” = 1~ or J* = 27 are the relative
transition rates to the ground and first excited state. For J* =
17 almost equal rates are observed while the decay from the
J™ =27 compound state favors the first excited state, which
is a 2% state, over the 0 ground state by a factor 10*. This
can be easily related to the relative strengths of E1 over M2
transitions. The top graph of Fig. 13 displays the ratio of the
two y spectra showing further discrepancies are to be found
mostly at the low and high end of the spectra. Note, that the
multiplicities do not reflect these differences.

The code FIFRELIN is specially designed for calculat-
ing the fission process at thermal energies [53] and it is not a
full-fledged Hauser—Feshbach code dealing with higher exci-
tation energies. The authors [8] have provided a file with 107
y cascades after neutron capture on Gadolinium. For these
calculations they had assumed the capture to proceed via a
J™ = 27 compound state. Out of these cascades 63% have
just one additional electron emitted with 89 keV, the transi-
tion from the first excited to the ground state. 1.4% are with
other single electron emission and 4.9% of the cascades con-
tain two or more electrons; this leaves 31% cascades with y's
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Fig. 13 y-cascades from (n,y) on '3>Gd separately for compound
nucleus spins J” = 17 and 27 in comparison to those from FIFRE-
LIN [8] and the respective multiplicities (insets). Bottom: spectra for
J™ = 2~ by FIFRELIN selecting y's only and (with offset of 10°) for y's
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and the electrons from the first excited state at 89 keV; Middle: spectra
for J/ = 17 and 2~ by MAURINA. Note the offset of 100 for J© =2
Top: ratio of counts for /7 = 1~ and 2~ from MAURINA
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Fig. 14 y-cascades from (n,y) on '37Gd employing the standard
parameterization. Top: the total y spectrum in '>3Gd and the running
sum normalized to 1 (red line). Middle: the stacked spectrum for the

only. For the comparison to the results of MAURINA the “y's
only” spectrum (blue, bottom graph) is generated and also a
second one, where cascades with a single 89 keV electron are
added (magenta). Both spectra show the same asymmetry in
the population of the first two states as seen in the J7 = 2~
calculation by MAURINA. However, the multiplicity spectra
are broader and the spectra exhibit some regular, fence-like
structure. Possibly the theoretical states as well as the rem-
nants from the binning of the continuum are the cause. The
latter might pose no problem in simulations of setups with
moderate energy resolution.

5.2 The (n,y) reaction on 157Gq

Figure 14 gives the results for the standard calculation on
the (n,y) reaction on '3’Gd. The spectra are rather simi-
lar to those for 13°Gd, except for the differences due to the
different Q values [40]. The additional neutron is bound in
158Gd by 7.936 MeV; the 157Gd(n,2n) threshold amounts to
0(n2n)=6.359 MeV. Also the energy of the highest experi-
mental level or equivalently the beginning of the continuum
states at £, = 2.81 MeV and 3.65 MeV for 156Gd and 198Gd,

80|00
photon energy [keV]

multiplicities M; the inset shows the distribution of M. Bottom: the
sequence of y-quanta within the cascade. The color code is valid for
the middle and bottom graph

Table 5 The mean multiplicities M,, and cross sections o, for the
reaction 177Gd(n,y)!98Gd at 5 keV neutron energy. o,/ and ayp are the
total production cross sections for neutrons and ys, respectively. The
cross sections are given in [b]. The lowest line gives the result when
using only 108 excited states

Level dens. fE1 M, Ony of of
E, =5keV

KRK, 7¢ 3LO 4.29 5.39 17.22 23.14
KRK, 7¢ 3LO 431 5.68 16.93 24.49
KRK, 74 ALO 447 565 1696 2524
1 exc.,KRK, ¢ 3LO 453 448 18.14  20.13
FG, ¢ 3LO 500 450 13.83 39.51
108 exc.,KRK, ¢ 3LO 432 523 1738 2253

respectively, show their influence in the y spectra differently
in the ranges 0 — E, and S, — E..

The cross sections shown in Table 5 for various data sets
do not differ that much between each other as compared to
those for the reaction on >3Gd. Still the results for the FG
set are quite off in accordance with Fig. 3. It is interesting to
realize that the capture cross section oy, for 1>’Gd is lower
by about a factor of 2 compared to that for 1>3Gd, which is
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Fig. 15 y-cascades from (n,y) on '37Gd separately for compound
nucleus spin 27 in comparison to those from FIFRELIN [8] and the
respective multiplicities (insets). The binning amounts to 1 keV. Bot-
tom: spectra for J” = 27 by FIFRELIN selecting ys only and (with

quite opposite to the situation at thermal energies [1]. The
mean multiplicities M, are slightly lower in '>Gd than in
156Gd.

The results for higher neutron energies or cuts are too simi-
lar to those of 13°Gd described above, that a discussion is only
warranted for specific setups with defined media and sen-
sors. The only significant difference appears through the low
number of experimental levels in the range from E, = 2.5to
3.65MeV (see Fig. 3). When only the 108 experimental levels
have been used instead of 196 and the level density formula
being employed for higher excitation energies, the numbers
do not diverge significantly (Table 5). The differences to the
data set with 1 excited state only are more pronounced.

For a more sensitive comparison, the y spectra are com-
pared in Fig. 15 concentrating on J™ = 2~ compound states
only. The y spectra for the data sets with the two different
number of experimental levels are shown in the middle panel
with a 1 keV binning. The differences become more clear in
the their ratio dividing the full (196 levels) by the reduced
(108 levels) spectrum (top panel). The strong differences at
both end of the spectra are mostly due to small statistics. In
general, deviations from unity are found at all energies with
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offset of 10°) for ys and the electrons from the first excited state at
80 keV; Middle: y spectra for J* = 2~ by MAURINA with 108 and 196
experimental levels. Note the offset of 10° for the spectrum with 108
levels; Top: ratio of counts for spectra with 196 and 108 levels

the most prominent ones around 5 MeV by those y s feeding
discrete states directly.

The bottom panel shows the results by FIFRELIN again
for ys only and also when in addition the electron of 80 keV
from the decay of the first excited state is added [8]. Just
37% of the cascades are made by y transitions only, 64%
contain a single electron of 80 keV, while 1% come with
one electron of any energy, and 6.1% of the cascades contain
between 2 and 4 electrons. The gross features of both spectra
are rather similar. The regular pattern again are due to transi-
tions between the theoretical states FIFRELIN assumes. The
dominant direct transition from the capture state is to the
first excited state due to the dominant E'1 strength. There is
no direct decay to the ground state in contrast to MAURINA
where an albeit rather small fraction is observed.

The ratio of J™ = 17/J7 = 27 is similar to that for
156Gd.

6 Conclusion

With the improved version of MAURINA, a code for Hauser—
Feshbach calculations, cross sections and y cascades have
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been calculated in the epithermal energy region up to 10 MeV.
The cascades provide more detailed information than the
multiplicities alone. For a first test case calculations of neu-
tron capture on the Gadolinium isotopes '>3Gd and '°’Gd
has been chosen since these quantities will be helpful in the
design of the veto properties of LEGEND-1000 or any other
Gd-loaded sensors in rare-event searches. While MAURINA
does not consider electron or § emission, its energy range
is not restricted to the thermal region. This will be impor-
tant for estimates considering background contributions by
non-thermal neutrons produced from cosmic radiation in the
vicinity of the sensitive materials.

Statistical model calculations are extremely dependent on
the choice of the several models within and their parameters;
and thus the results may be off easily by a factor of 2. In the
present case the main interest is in the neutron energy range
1 keV to 1 MeV for neutron tagging. Thus, pre-compound
emission or other direct reactions contribute negligibly. In
this energy range only neutrons or y's will be emitted reduc-
ing the number of active reaction channels further. The main
groups of parameters have been discussed in this paper as
they are (i) the multipole strength for the electro-magnetic
transitions, (ii) the optical potentials for the relevant incom-
ing and outgoing particles, and (iii) the discrete levels and
level density parameters for the continuum. As explained
in the specific subsections, the main parameters have been
taken from successful calculations of other papers or adjusted
to reproduce respective data. Unreasonable parameter sets
lead to quite strong deviations as can be seen e.g. in Fig. 4
or Table 4 @ 1 MeV for o;,, while ol changes much less
and multiplicities M), remain almost constant. Since not all
parameters could be pinned down sufficiently, uncertainties
for individual quantities are estimated to be around 25%. The
overall uncertainty for cross sections is estimated to 15%.
Relative quantities like the spectra from cascades will come
with <10% uncertainty. At 10 MeV neutron energy more
reaction channels will be open and pre-compound emission
starts to contribute, thus increasing the uncertainties for the
cross sections to 30-40%.

MAURINA can reproduce very well the experimental data.
Close to 200 levels with their spin-parity have been provided.
It was made certain, that in particular the E'1 strength function
and the level densities are consistent with literature. The cross
sections in the epithermal region are larger for '>Gd than
for 137Gd, which is opposite to the thermal region. However,
both are significantly smaller at epithermic energies. Since
within MAURINA specific compound states with defined J7
can be selected, the calculated cascades can be used in case
of thermal neutron capture also because in both cases the
energy transfer is negligible. Thus, y cascades from reso-
nant neutron capture can be emulated reliably. Differences
in the cascades have been shown explicitly for J* = 1~
and 27, respectively. Specifically, direct population of low

lying levels is selective on the spin-parity of the compound
state. While mostly the epithermic regime was investigated,
some differences at higher energies are indicated. At 10 MeV
other reaction channels have opened and the (n,y) reaction
becomes negligible.

The present HF calculations by MAURINA are compared to
two other model calculations [8,16,17], respectively, with-
out considering the specific modulation caused by the exper-
imental setup. For the first analysis it is noted, that their
HFB level densities are much larger than those inferred from
experimental data. If the energy dependence of the various
level density models would be identical then the cross sec-
tions would be different, but the y cascades would just scale.
However, due to the non-linear behavior of the density mod-
els, the y cascades will differ. The FIFRELIN calculations
[8] of the cascades are restricted to J™ = 2~ resonances. In
addition, they show fence-like effects due to the intermediate
continuum states compared to a smooth continuum of MAU-
RINA, which might be a nuisance in high resolution experi-
ments. The comparison shows that the increased efforts for
the more complex calculations pays off for high resolution
experiments and detailed analyses.

The present input set for MAURINA allows for improved
calculations in the epithermic energy range for both isotopes
155Gd and '37Gd and by combination for natural Gadolin-
ium. The y cascades can be used for realistic simulations of
experimental setups. The large realistic set of discrete levels
will be in particular useful for simulation of coincident exper-
iments. For neutrons in the higher MeV range direct reaction
contributions as inelastic scattering or one-nucleon transfers
must be investigated. For natural Gadolinium additionally
it might be necessary to consider contributions by the other
even isotopes. Similar calculations will be performed for Ger-
manium to support the suppression of possible background
due to 77" Ge in the upcoming Ovpp-experiment LEGEND.
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