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Abstract. The STEREO experiment measures the electron antineutrino spectrum emitted in a research
reactor using the inverse beta decay reaction on H nuclei in a gadolinium loaded liquid scintillator. The
detection is based on a signal coincidence of a prompt positron and a delayed neutron capture event.
The simulated response of the neutron capture on gadolinium is crucial for the comparison with data,
in particular in the case of the detection efficiency. Among all stable isotopes, **Gd and '"Gd have
the highest cross sections for thermal neutron capture. The excited nuclei after the neutron capture emit
gamma rays with a total energy of about 8 MeV. The complex level schemes of '*°Gd and '*®Cd are a
challenge for the modeling and prediction of the deexcitation spectrum, especially for compact detectors
where gamma rays can escape the active volume. With a new description of the Gd(n, ) cascades obtained
using the FIFRELIN code, the agreement between simulation and measurements with a neutron calibration
source was significantly improved in the STEREO experiment. A database of ten millions of deexcitation

cascades for each isotope has been generated and is now available for the user.

The STEREO experiment [1] detects electron antineu-
trinos produced in a compact research reactor at the In-
stitut Laue-Langevin (ILL) in Grenoble, France. With the
STEREO data, it is possible to test the hypothetical exis-
tence of a sterile neutrino in the eV mass range [2]. An-
tineutrinos are detected via the inverse beta decay reac-
tion (IBD) . +p — e + n in a gadolinium (Gd) loaded
organic liquid scintillator (LS) [3]. The positron ionization
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gives rise to a prompt signal —related to the antineutrino
energy—, while the neutron thermalizes and diffuses in the
liquid. The gamma emission following the radiative cap-
ture of the neutron creates a delayed signal after typical
coincidence time of a few tens of us.

The capture time can be strongly reduced by the ad-
dition of Gd with its very high cross section for thermal
neutron capture (~ 10° barn for some of the isotopes) to
the LS. At a Gd-concentration of 0.2wt.% in STEREO,
the average capture time is 18 us, one order of magni-
tude lower than for an unloaded scintillator where cap-
ture is mainly by hydrogen (H). More than 80% of the
neutrons are captured on Gd. The resulting excited Gd-
nuclei decay to the ground state by emitting on average
four gammas with a total energy of about 8 MeV. This is
well above the typical energies of the natural radioactivity
backgrounds and the 2.2 MeV line of H(n, ), providing a
clean detection channel. Therefore, several past, present,
and upcoming neutrino detectors take advantage of the
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Fig. 1. Sketch of a «y-cascade simulated in FIFRELIN.

Gd-loaded LS technology. All of these experiments rely
on a precise knowledge of the Gd-deexcitation process,
where the gamma multiplicity and single energies are es-
pecially relevant for segmented and/or compact detectors
such as STEREO. These quantities play a crucial role in
the reconstructed spectrum of the experiments, since high
energy gammas are more likely to escape the detector or
leave only a part of their energy via Compton scattering,
and populate thereby the tail of the reconstructed peak.
The DANSS experiment, for example, reported some ten-
sion between calibration and simulation data in the low
energy part of the Gd spectrum [4]. To determine the neu-
tron detection efficiency in the Daya Bay experiment, four
different models are used to estimate the gamma energy
and multiplicity distributions [5]. An accurate modeling
of these distributions is also of major relevance in water
Cherenkov detectors with Gd-loading [6], since the light
production is very sensitive to the energies of the sin-
gle gammas due to the Cherenkov threshold. Therefore,
a good understanding of the cascade for the most rele-
vant isotopes 1°6Gd and '°®*Gd is of primary importance
to reduce the systematic uncertainties. However, none of
these isotopes have complete experimentally known nu-
clear level schemes and branching ratios up to 8 MeV. The
cause of small discrepancies between the STEREO data and
simulation was identified to be largely due to an inaccurate
description of the gamma deexcitation of the Gd nuclei.
By using '°6Gd* and '"8Gd* gamma cascades from the
nucleus deexcitation code FIFRELIN developed at CEA-
Cadarache (France) these discrepancies are reduced.

The FIFRELIN code is developed for the evaluation of
fission data and has already proven its ability to make
accurate predictions regarding neutron and gamma prop-
erties [7-9]. It provides important information on crucial
parameters like the gamma multiplicity and the particle
energies. The code is made of two parts: one is the assign-
ment of the initial state of the fission fragment and the
other is the deexcitation process. For the STEREO experi-
ment, only the deexcitation part is used. Once the initial
states are given, a set of nucleus level schemes is sam-
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Table 1. Threshold energies for '**Gd and '*®Gd used in
FIFRELIN.

| EMPL (MeV)  E'™it (MeV)  EM (MeV)
156Gd 1.366 5.306 6.605
158G 1.499 5.402 6.376

pled allowing to take into account nuclear structure un-
certainties. The deexcitation processes are then performed
within a Monte-Carlo Hauser-Feschbach framework, based
on Becvéi’s algorithm [10], and extended to the n/+ emis-
sion by Régnier [11].

After a thermal neutron capture (E, = 25meV),
the 1°6Gd* and '"®Gd* nuclei have an excitation energy
approximately equal to the compound nucleus neutron
separation energy S, (E, < S,), equal to 8.536 MeV
and 7.937MeV, respectively. Knowing the °°Gd, ®7Gd
ground state spin-parity J™ = 3/27, the selection rules
give to the excited nuclei a parity —1 and two allowed
spins of 1A and 2h. Following the latest nuclear data eval-
uations [12-14] a 2% spin is assigned to both nuclei, corre-
sponding to their first resonance spin. In FIFRELIN, a real-
ization of the nuclear level scheme (fig. 1) uses all the ex-
perimental knowledge and the missing information comes
from nuclear models:

— for E < ERPL 3]l the energy levels are known and are
retrieved from the Reference Input Parameter Library
(RIPL-3) database [15]. If a spin and/or a parity are
missing, the code samples them from the momentum
and parity theoretical distributions detailed below.

— for ERIPL o B < Elmit only a few levels are ex-
perimentally determined. Additional discrete levels are
then sampled until the level number matches the the-
oretical level density. This is done until E'"™it  defined
by a nuclear level density set to 5-10* MeV~! (default
value).

— for E > E'"Mit_ the number of levels is innumerable
and corresponds to the continuum. Therefore, levels
are gathered in energy bins (dE = 10keV by default)
having a specific J™ given by a model.

The values of ERPL Elimit and EM for the relevant Gd
isotopes are given in table 1. The theoretical nuclear level
density p(FE, J,7) used to complete the level scheme is

p(E, J,m) = piot(E) P(J|E) P(r) (1)

with ptot (F) the total nuclear level density, P(J|E) the en-
ergy dependent angular momentum distribution and P(7)
the parity distribution. The positive and negative parities
are assumed to be equiprobable, P(r = +1) = 0.5. The
angular momentum distribution is

_(J+1/2)2>

P(IIE) = 202(E)

2J+1 < @)

202(E)

with 02(E) the spin cut-off parameter defining the dis-
persion of the nucleus angular momentum. More infor-
mation on its origin and its parametrization can be found
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in [15,16]. The total nuclear level density follows the Com-
posite Gilbert Cameron Model (CGCM) [17], using the
Constant Temperature Model (CTM) at low energy and
the Fermi Gas Model (FGM) at high energy

CGOM () piot (E), for E < Ey, 3)
Pto =
. PLiM(E), for E > Eyy,

with Ej; the energy where the CTM and FGM nuclear
level densities match along with their derivatives. The
CGCM parametrizations used here can be found in [15].

During a deexcitation step, all the transition probabil-
ities I,(i — f,a) to go from a given initial state () to
a final state (f) in emitting a particle p with given prop-
erties (a) are computed. Then, one transition is sampled
among all of them. Generally, models only give access to
the average partial width I',(I — F,«a) associated to a
transition from an initial set of levels (I = [E, J™];) to a
final set (F' = [E, J™]s), having both a given J7:

FP(I_)F7a):<ZFP(i_>f7a)> : (4)
icl

feF

Finally, the partial width to go from I to F' is

Ly (I —F, 0)=T (e, @)8(a, J7, T )y —F)p(Ey, J7)AE

(5)
where €, is the transition energy, and with 6(«, JT, J}T)
accounting for spin and parity selection rules, y(I — F)
the Porter-Thomas factor simulating the transition prob-
ability fluctuation described by a x? distribution with
[p(Ei, JT)AE x p(Ey, JF)dE] degrees of freedom [18] and
p(Ey, J7)dE the number of levels in F.

At S,, neutron emission is unlikely. Conversion elec-
trons are taken into account using the Brlcc code [19]. For
gamma emission, the average partial width (I, (e, XL))
depends on the emitted gamma energy (e,), its type X
(electric or magnetic), its multipolarity L and the radia-
tive strength function model (fxr,):

Iy (ey,XL) = €%L+1fXL(€w)/P(Ei’ J7). (6)

The E1 transition is described by the Enhanced Gener-
alized Lorentzian Model (EGLO) which is a Lorentzian
function where an asymptotic term is added to better
reproduce low energy experimental data [15,20]. The
other XL transitions are best described by a Standard
Lorentzian Model (SLO) [21] defined by

EGLO Bn SLO €
paufer) = BB

where B,, is the neutron binding energy and R a nucleus
mass dependent ratio. More details can be found in [15].

The STEREO simulation is based on GEANT4 li-
braries [22] and includes the detailed geometry of the
detector, the description of its response with special
emphasis on light emission and collection [1]. Neutron
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Fig. 2. Energy distribution of the cascade deexcitation prod-
ucts: the GLG4sim simulation provides only gammas (dashed
blue), whereas both gammas (red) and conversion electrons
(gray) are generated in the FIFRELIN simulation.

transportation is handled by the NeutronHP libraries,
in which microscopic interaction cross-sections are from
the ENDF /B-VII.1 evaluation. Standard deexcitation pro-
cesses in GEANT4 do not offer a satisfactory treatment on
an event-by-event basis regarding energy conservation. As
a consequence, when a neutron is captured on a Gd iso-
tope, standard NeutronHP processes are bypassed and an
user-defined process is used in the STEREO simulation.
An empirical gamma-cascade treatment was initially per-
formed using an additional support for the GLG4sim pack-
age [23], developed specifically for neutrino detection in
LS. This implementation gave satisfactory results in larger
detectors for well contained energy depositions. In the
new STEREO simulation, the deexcitation cascades from
FIFRELIN are directly used. In both cases, the deexcita-
tion products are generated isotropically. For natural Gd,
the gamma multiplicity per cascade is about 4, and differs
only by a few percents between GLG4sim and FIFRELIN.
The major difference between the codes can be seen in the
energy distribution of single deexcitation products, pre-
sented in fig. 2. About 15% of the gammas generated in the
FIFRELIN simulation have an energy higher than 3.5 MeV,
while they only account for 7% in the GLG4sim model-
ing. Recently, independent measurements [6] have shown
that these high-energy gammas are needed for an accurate
description of the cascade. This is of primary importance
for the STEREO detector since at such energies around
5MeV, the mean free path of a gamma in the LS is 40 cm,
comparable to the characteristic size of a STEREO cell.
Conversion electrons are present in about 70% of the cas-
cades with a most probable energy of 70keV. Due to very
low emission probability, electrons of more than 200 keV
represent less than 1% of the sample.

In the STEREO experiment, the neutron response —
characterizing the delayed signal— is monitored using an
americium-beryllium (AmBe) source deployed regularly in
5 of the 6 identical 91 cm high target cells at 5 different
vertical levels (10, 30, 45, 60 and 80 cm from the bottom).
Neutrons are produced at a 15 - 103s7! rate through the
reaction: a+%Be — 2C+n. In about 60% of the cases [24],
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Fig. 3. Reconstructed energy spectra from neutron captures
from an AmBe source in a central (upper plot) and a top po-
sition (lower plot). Data points are in black, and GLG4sim
(FIFRELIN) simulation is in blue (red).

the neutron emission is accompanied by a 4.4 MeV gamma
from carbon deexcitation. A coincidence selection is then
applied to isolate the neutrons from these gammas and
to get a clean and pure neutron capture sample with-
out background: delayed signals are searched in a time
window of 100 us after a prompt 4.4 MeV gamma signal,
and contributions from random coincidences (accidental
background) are statistically subtracted. The resulting de-
layed energy spectrum is presented in fig. 3, where both
the 2.2MeV peak from H(n,~) and the ~ 8 MeV from
Gd(n, ) are visible, along with the simulations. The shape
of the tail over all the energy range is greatly improved
with the FIFRELIN description, for central positions, as
well as for border positions, more sensitive to escaping
gammas. Performing a Kolmogorov-Smirnov test on the
tail from 3 to 7MeV, we find an agreement with a proba-
bility of 11%, providing no indication for a systematic ef-
fect in the description at the central position, whereas the
test showed clear incompatibility between data and the
GLG4sim spectrum at more than 5 standard deviations.
As expected, the presence of higher energy gammas tends
to correct the balance between low and high energy events
in the tail. The STEREO energy scale being anchored to the
low energy gamma of >*Mn [1], the mean positions of the
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reconstructed peaks are artificially higher than literature
values, due to quenching effects. These non-linearity ef-
fects are calibrated and taken into account in the STEREO
simulation. In order to assess the improvement of this new
simulation without considerations on any residual linear
systematic effect on the energy scale, the reconstructed
energy of both simulations is scaled such that the mean
position of the H(n,v) peak from the simulation matches
the data. In this way, the agreement for the Gd(n, ) peak
is evaluated relatively to the H capture peak at 2.2 MeV,
and an agreement for the Gd mean peak position at the
sub-percent level is achieved with the FIFRELIN simula-
tion.

The neutrino detection uncertainty in STEREO is dom-
inated by the systematic uncertainty on the delayed neu-
tron detection efficiency. Beyond selection cuts related to
the event topology [2], the delayed event of an IBD candi-
date is required in this article to be within a time window
of (0.5-70) us after the prompt signal. The largest inef-
ficiency is coming from the (4.5-10) MeV energy cut on
the delayed event set in order to select only Gd events.
The lower threshold is chosen to maximize the signal-to-
background ratio and to minimize the systematic uncer-
tainties, and it is clear from fig. 3 that a significant part
of the Gd events —with large energy leakage— is not in-
cluded. The correct description of the spectrum over the
full energy range is therefore essential.

To quantify the impact of the event selection cuts, the
neutron capture spectra are divided in two parts: a H win-
dow (1.5-3) MeV and a Gd window (3-10) MeV. The ra-
tio of events in the Gd window (Ngq) and the total sum
(Nga + Npg) is defined as the Gd-fraction (gq)

Naa

= e 8
Nu + Nad ®

€Gd
The impact on the delayed selection cuts (time and en-
ergy) are evaluated by defining the IBD efficiency eipp,
fraction of events in the (Ngq) passing the tighter delayed
selection used in the neutrino analysis:

N(4.5-10) MeV and (0.5 us <AT<70 us) (9)
Naa

E€IBD =

The total delayed detection efficiency eyt is then the prod-
uct of these two terms:

Etot = €Gd " EIBD- (10)

The numbers in table 2 illustrate that the STEREO
data favor the Gd spectrum from the FIFRELIN events as
compared to the GLG4sim simulation. Using GLG4sim,
the ratio R = ePata /sMC quantifying the agreement be-
tween data and MC for the total efficiency was found to
be 0.9537 at the most central calibration point as shown
in table 2. In the new simulation, M matches the data
within 1% (R = 0.9953). For £gq, small discrepancies re-
main, mainly in the border positions. The data/MC ratio
of egq is very sensitive to the treatment of the neutron
propagation. In particular the modeling of neutron scat-

tering and thermal diffusion in the detector as well as the
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Table 2. Ratios Data/MC of the partial (g4, emsp) and to-
tal efficiencies for GLG4sim and FIFRELIN simulations, in the
case of the deployment of the AmBe cell at a central position
(second column) and at a border position (third column). Only

statistical uncertainties are quoted.

Cell 4 (central) | Cell 1 (border)

central position | top position
bata  vmc  GLG4sim | 0.9744 £ 0.0003 | 0.9436 £ 0.0013

€Gad /€Gd

FIFRELIN | 0.9918 £ 0.0003 | 0.9682 £ 0.0013
cData /MO GLG4sim | 0.9814 £ 0.0004 | 0.9957 £ 0.0018
FIFRELIN | 1.0035 £ 0.0005 | 1.0091 £ 0.0019
eData /MO GLG4sim | 0.9562 £ 0.0005 | 0.9396 + 0.0025
FIFRELIN | 0.9953 £ 0.0006 | 0.9770 £ 0.0022

neutron detection cross-section could induce an additional
mismatch. The border regions are more sensitive to such
inaccuracies. Therefore, as an extreme case, the calibra-
tion data at the top of cell 1 was investigated, for which
the source was located only 12cm (8 cm) from the target
wall (cell top). Overall very good data/MC agreement is
achieved for e;gp due to the improvements related to the
new simulation input of FIFRELIN (see fig. 3).

In summary, the correct description of the deexcita-
tion process of the Gd nuclei after neutron capture is cru-
cial for neutrino detection experiments using Gd in gen-
eral. In particular, this is the case for small detectors sen-
sitive to gamma escape such as STEREO. Since nuclear
level schemes are not completely experimentally known,
nuclear models are needed. The STEREO description of
the Gd cascade was greatly improved using the FIFRELIN
nuclear code, making benefit of the most updated nuclear
databases and user feedback on nuclear evaluations.
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