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Abstract. GAINS (Gamma Array for Inelastic Neutron Scattering), currently installed at the GELINA (Geel
Electron Linear Accelerator) neutron source of the EC-JRC (European Commission-Joint Research Centre), is
one of the best instruments available worldwide for measuring high resolution, low uncertainty neutron inelastic
cross-section data relevant for both fundamental research and nuclear physics applications (like Generation IV
facilities). It features 12 HPGe detectors coupled with a 233U fission chamber for neutron flux monitoring.
The paper presents a short history of the GAINS development over the years and reviews some of the main
experimental results together with plans for future experiments.

1 Introduction

Even after more than a century since its discovery by the
Rutherford, Geiger and Marsden experiment [1], we still
do not fully understand the atomic nucleus. Understand-
ing the interaction between nucleons proved to be, and
still is, a many-body problem which is very difficult to
tackle both from an experimental and also theoretical point
of view. If such detailed knowledge of nuclear structure
would be available, it will allow in principle the calcula-
tion of all the interesting nuclear observables straight from
first principles. Unfortunately, such goals are still out of
our reach even though impressive progress has been made
in the last decades. Nonetheless, all this effort translated
into a plethora of nuclear models (both structure [2], [3]
and reaction mechanisms [4]) which try to reproduce as
best as possible some limited properties of the nucleus
while neglecting the others, hence, losing generality and
applicability. Nuclear physics has however an extensive
list of applications, from the energy sector to space travel,
which have stringent needs in terms of many nuclear ob-
servables like, as a typical example, cross sections. For
the latter, the technological applications need continuous,
extended, reliable and high precision cross-section data as-
sociated to many reaction channels [5]. Therefore, within
this ecosystem, the nuclear data fill in a very important
missing link: they bridge the gap between the stringent
needs of nuclear applications and the fundamental nuclear
physics research by providing many of the requested phys-
ical quantities. However, because most nuclear applica-
tions need very low uncertainty values and despite the
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progress already made, there is still much work to be done
in the field. Arguments as the ones given above apply
also to neutron-induced nuclear data, in particular, to the
neutron inelastic channel. For example, such cross sec-
tions are very important in the design and construction of
Generation IV nuclear facilities like fast reactors, accel-
erator driven systems, etc... These facilities will address
most of the current issues of the nuclear energy sector
such as safety, nuclear waste, fuel availability and many
others. Because the inelastic scattering is the most im-
portant neutron energy loss mechanism inside a fast nu-
clear reactor, the community requires a huge improvement
on the available neutron databases in terms of uncertainty
and incident energy range. The most relevant cases get
additional attention within the community with the latter
identifying several target nuclei of special interest. These
nuclei typically are listed on the High Priority Request
List (HPRL) [6] managed by the IAEA, which consists
of many reaction channels relevant for applications. Over
the years, our group studied neutron-induced inelastic re-
actions on several isotopes using two HPGe detectors ar-
rays: GAINS (Gamma Array for Inelastic Neutron Scat-
tering) [7, 8] designed for light and medium mass nuclei
(see Table 1) and GRAPhEME (GeRmanium array for Ac-
tinides PrEcise MEasurement) [24, 25] optimized for ac-
tinides (235,238U [26, 27]7 232Th [28], 182—184,186,nazw [29])

All of these experimental activities proved to be suc-
cessful providing relevant data to the community. In this
context, the present paper is dedicated to a short history
of the GAINS spectrometer [7] operating at the GELINA
(Geel Electron Linear Accelerator) neutron source [30] of
the EC-JRC (European Commission - Joint Research Cen-

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Table 1. The nuclei investigated up to now using GAINS. The
references and some comments are given.

Nucleus Comments

S2Cr [9] 2 HPGe detectors, analog DAQ
209Bj [10] 2 HPGe detectors, analog DAQ
208pp, [11] 4 HPGe detectors, analog DAQ
BNa [12] 8 HPGe detectors, digital DAQ
288 [13] 8 HPGe detectors, digital DAQ
76Ge [14] 12 HPGe detectors, digital DAQ
S6Fe [15] 8 HPGe detectors, digital DAQ
Mg [16] 8 HPGe detectors, digital DAQ
206py, [17] 4 HPGe detectors, digital DAQ
"Li [18] 12 HPGe detectors, digital DAQ
STFe [19] 6 HPGe detectors, digital DAQ
46=504 [20] 12 HPGe detectors, digital DAQ
S4Fe [21] 12 HPGe detectors, digital DAQ
160 [22] 12 HPGe detectors, digital DAQ
narNi [23] 12 HPGe detectors, digital DAQ
YF - Data analysis in progress

40Ca - Data analysis in progress

4N - Data taking in progress

tre) to measure neutron inelastic cross section data. This
setup uses y-spectroscopy and neutron-time-of-flight tech-
niques to extract the y and neutron energies, respectively.
We will shortly describe the GELINA facility and partic-
ular experiments performed by our group there, empha-
sizing interesting case studies, together with the main im-
provements done over the years to this setup. We will also
mention important upgrades of the data acquisition sys-
tem and future experiments our group plans to perform at
GELINA.

2 The GAINS (Gamma Array for Inelastic
neutron Scattering) spectrometer

GAINS is one of the several setups installed at the
GELINA neutron time-of-flight facility of the EC-JRC
Geel. GELINA is a pulsed, white neutron source cur-
rently operating at 400 Hz with a typical time resolution
of 2 ns [30]. It consists of a high intensity electron accel-
erator (E,=70-140 MeV) impinging on a depleted uranium
target. The neutrons are generated via (y, n) and (y, f) re-
actions in the uranium target and travel along flight paths
with different lengths (8 to 400 m) up to the cabins where
the measurements take place.

Even though the HPGe-detectors-based setup used by
our group at GELINA received its name (GAINS) only
around 2008, its mission actually started in 2000 when two
detectors, a 233U fission chamber and conventional elec-
tronics were used at a 200 m distance from the neutron
source to measure for the first time (n, n’y) cross sections
at this facility. Over the years, GAINS was upgraded grad-
ually to 4, 8 and finally 12 detectors. Also, the conven-
tional data acquisition was replaced by a digital acquisition
(DC440 Acqiris digitisers) after an extensive investigation
and comparison of the two systems. This led to increasing
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Figure 1. The neutron flux at the sample position in the 100-
m and 200-m measurement cabins located on FP 3 of GELINA.
Picture taken from Ref [21].

the y-ray detection efficiency by 15% at 1.4 MeV and up to
300% at 350 keV [31] when switching from conventional
to digital acquisition. In 2017, GAINS was moved to the
100-m measurement cabin in order to increase the neutron
flux (see Fig. 1). Table 1 lists all the nuclei investigated
over the years by our group together with the number of
the detectors and the acquisition system used in each of
these experiments.

Nowadays, GAINS is an array with 12 large volume
HPGe detectors running on flight path 3 at 100 m from
the neutron source (see Fig. 2). Here, the beam is col-
limated to a diameter of 61 mm while the 100-m flight
path allows for a good neutron energy resolution: 3 keV at
1 MeV and 80 keV at 10 MeV. The detectors are placed at
backward angles (110°, 125° and 150°) with respect to the
neuron beam direction mainly to decrease as much as pos-
sible the effects of the y-flash photons Compton-scattered
by the sample. The detectors have a y energy resolution
of around 2.5 keV (for the 1332 keV peak of °°Co) and
a 100% relative efficiency. The acquisition is digital and
consists of DC440 acqrris digitisers having 12 bits ampli-
tude resolution and a sampling frequency of 420 Msam-
ples/s. Each digitiser has two inputs and a common trig-
ger for two detectors. The data collected by the digitizers
are transferred to the PC where an online processing is
performed to determine the time and amplitude informa-
tion for each detected event [32]. Currently, the collab-
oration is working on an upgrade of the data acquisition
system. These activities were initiated by University of
Groningen. Several possibilities are investigated but, most
likely, the new system will be based on sTrRuck SIS3316-
250-14 SADC cards with 16 channels having a sampling
frequency of 250 Msamples/s and 14 bits amplitude res-
olution [33]. These digitisers will also have a GBE read-
out and will be triggered internally using an external gate.
Having a single digitizer module for all detectors is obvi-
ously advantageous as this, together with the bigger neu-
tron flux at 100 m as compared to 200 m, could allow us to
also perform coincidence measurements without the need
for synchronizing different digitizer cards.
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Figure 2. GAINS spectrometer operating on flight path 3 at
100 m from the GELINA neutron source.

We will keep, however, the neutron beam monitor-
ing based on a >»U fission chamber unchanged, given its
proven reliability over the years, its relative simplicity to
operate and the fact that >U(n, f) cross section [34] is a
very well-known standard. The fission chamber is located
around 1.7 m upstream the germanium array and it has a
typical efficiency around 85% after several corrections are
applied. The latter refer to polarization effects and correc-
tions for the fraction of fission fragments that stop inside
the 23U deposits of the fission chamber or are below the
alpha-FF discrimination threshold (see Ref. [35] for de-
tails).

3 The data analysis procedure

The data analysis procedure for our experiments at
GELINA is well described in Refs. [36] and can be divided
in three main steps:

e analysing the data collected by the HPGe detectors to
extract the y yields for all transitions,

e analysing the data collected by the fission chamber to
gain information about the incident neutron flux (the
fission-chamber yield)

e several corrections associated to these quantities: de-
tector and fission chamber efficiencies, neutron multiple
scattering, gamma-ray attenuation, etc.

We employ the digital trapezoid and constant fraction
discriminator algorithms [31] to analyse the raw data and
to determine time-amplitude list files for all the events of
interest collected by the detectors. Because a typical ex-
periment consists of months of data taking, this raises the
issue of adding the statistics from several runs. We do
this using in-house software which takes all list files and
constructs, for each detector, a time-amplitude matrix that
spans over the entire measurement campaign. Finally, we
project this matrix on the time and amplitude axes to get
the time and y-ray spectra, respectively. We use the time
information offered by the time spectra for incident neu-
tron energy calibrations while the amplitude spectra are
used to identify and integrate, with proper background

subtraction, the y peaks of all transitions of interest com-
ing from the inelastic channel. This allows us to extract
the vy yield as a function of neutron time of flight. This
quantity needs then to be corrected for HPGe detector ef-
ficiency and neutron multiple scattering and beam attenu-
ation inside the sample and on the surrounding materials.

To normalize the y yields and gain information about
the incident neutron flux, we have to analyze the data col-
lected by the fission chamber. Similarly to the HPGe de-
tectors, the raw data is sorted in a time-amplitude matrix
which is then projected to get the time and amplitude spec-
tra produced in the fission chamber. By separating the
a-radioactivity and neutron-induced-fission regions in the
amplitude spectra, we determine the fission chamber yield.
This is then corrected for fission chamber efficiency, polar-
isation effects and for the fraction of fission fragments that
are stopped in the 23U deposits [35].

Having all these quantities, we can then calculate the
differential y-production cross sections at 110°, 125° and
150° for all the observed transitions using the formula:

Y{(E)) erc pu As oy(Ey)

D

where 6; is the detection angle, E,, is the incident neutron
energy, I, is the y energy, Y is the number of counts mea-
sured by the detector j for a given y line, Ypc is the fis-
sion chamber yield, egp¢ is the fission-chamber efficiency,
&;(E,) is the photopeak efficiency of the detector j, oy(E,)
is the 22>U(n, f) cross section [34], py is the areal density
of the uranium deposits from the fission chamber, Ay and
A, are the 25U and sample atomic masses, p; is the areal
density of the sample and ¢, is the neutron multiple scat-
tering correction factor. The differential cross section can
be interpreted as the probability for y emission at 110°,
125° or 150°.

Making use of known symmetries of the y-emitting
system, we can use the Gaussian Quadrature Method to
calculate angle-integrated cross sections using the expres-
sion:

do o
7 Q(150 ,ED]
2
where 92(110°, E,)) and 92(150°, E,,) are the above differ-
ential cross sections at 110° and 150°, respectively. The
normalisation coefficients wyjoo = 0.65214 and w500 =
0.34786 are calculated by solving the system of equations
resulting from a series expansion of the differential cross

section in the Legendre polynomials basis as described in
Refs. [31, 36, 37].

do R
o(E,) = 47T[w110°E(110 ,Ep) + wisoe

4 Selected results

This section highlights some particular results obtained by
our group over the years using the GAINS spectrometer at
the GELINA neutron source of EC-JRC Geel.
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Figure 3. The vy production cross section of the first transition in
“Ti in comparison with previous experimental results and with
TALYS 1.8 theoretical calculations.

The main transition in “*Ti: a candidate for a y-ray
reference cross section for neutron-induced
reactions

The main motivation for measuring the neutron-induced
inelastic channel on several stable isotopes of titanium (we
used a "“Ti target) relates to nuclear data needs for struc-
tural materials in nuclear reactors. However, in this case
an additional motivation came from the ongoing effort of
the nuclear data community to establish a y-ray reference
cross section for neutron-induced reactions. Several can-
didates are under consideration. The main transition in
48Ty, at E, = 983.5 keV [38], is one such candidate due
to its several advantages: i) **Ti is the most abundant iso-
tope of titanium and has good mechanical and corrosion
resistance (easy target production) and ii) the main tran-
sition has a relatively large cross section and an extended
plateau region at around 1200 mb (see Fig. 3). The same
figure also displays the TaLys theoretical calculation [39]
for this transition using the default settings of the code.
One can see that, even though the theoretical curve de-
scribes very well the threshold and high energy ranges, it
greatly underestimates the plateau region by 200 mb. This
is also the case for the other transitions in **Ti [20] indi-
cating a poor quality neutron optical-model potential for
this target nucleus. Therefore, when also considering the
very good agreement with previously reported data for the
983.5-keV transition (see Fig. 3), the third motivation for
measuring titanium concerned reaction mechanisms: pro-
viding very reliable and low uncertainty cross sections to
constrain and improve reaction models.

Measuring individual resonances in the >>Mg
compound nucleus

The neutron inelastic channel on the even-even and rela-
tively low level density nucleus **Mg was studied at the
200-m measurement cabin of GELINA [16]. This long
flight path translated into a very good incident energy reso-
lution, around 1 keV at 1 MeV and 35 keV at 10 MeV, and
into more than 2500 cross section points for the most in-
tense transitions. Such a detailed excitation function gave

Figure 4. The neutron total inelastic cross section on 2*Mg, high-
lighting the 0-7 MeV region, in comparison with the CENDL-3.1
evaluation [42]. Picture taken from Ref. [16].

Table 2. Theoretical (p,) versus experimental level densities (o.)
obtained in the **Mg(n, n’y)**Mg measurement.

E,range E' Mg p, pe
(MeV) (MeV) (MeV~!) (MeV)
1.73-278 2.6 19 18
278-3.82 330 36 18
382487 434 53 10

rise to the following question: are the resonances we ob-
serve individual (resolved) states in the compound nucleus
or are they only overlapping of such states (Ericson fluc-
tuations)? To answer this question, we performed some
simple estimates of the level density in Mg as a func-
tion of incident (and excitation) energy. We first calcu-
lated, using the TaLys reaction code, all the angular mo-
mentum and parity values populated in the compound nu-
cleus. These values where then used as input quantities for
a phenomenological formula - based on the Back-Shifted
Fermi Gas model [39] and also on systematics for this
mass region [40, 41] - to calculate theoretical level den-
sity values (p,). The extracted results were compared with
the values (p.) obtained by a simple counting of the reso-
nances we see in Fig 4 for the total inelastic cross section
on **Mg.

Table 2 shows the results of this comparison for the
Mg compound nucleus. One can see that, at least in
the neutron energy range 1.73-2.78 MeV, we are indeed
able to separate individual states in the compound nu-
cleus whereas above this incident energy we can only ob-
serve overlapping of such states. More details on this in-
vestigation and the ?*Mg(n, n'y) experiment are given in
Ref. [16].

Inferring the neutron inelastic channel from
proton-induced cross sections

This section highlights the results of our group’s ongo-
ing study aiming to relate the neutron and proton inelastic
channels. If one would be able to infer neutron inelas-
tic cross sections from an easier-to-measure charged par-
ticles reaction, this would open the possibility for experi-
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ments on many very low abundance and/or high radioac-
tivity isotopes due to the very high charged particles beam
intensity that can be reached (typically orders of magni-
tude larger than the neutron beam intensity provided by
GELINA). This would translate into a much better signal-
to-background ratio thus allowing the y-production cross
section measurements for very weak transitions. In addi-
tion to this, a close comparison of neutron and proton re-
actions could yield new findings in respect to the reaction
mechanism presently used to model these reactions and,
in particular, can help better understand the role played by
the isospin-dependent terms [43, 44] of the nucleon-target
optical model potential.

We started this study in 2013 (see Ref. [45]) with
an idea inspired by the surrogate reactions method [46—
53]. In Ref. [45] we aimed to extract neutron inelas-
tic cross sections on 28Si from those obtained in an a-
induced reaction: 28Si(n, n’y)*Si versus 2Mg(a,ny)*8Si.
The two reactions proceed through the same compound
nucleus (*Si*) and have identical exit channels. In ac-
cordance with the Bohr hypothesis for compound nucleus
reactions [54], this should generate similar y-production
cross sections in the two cases. Ref. [45] concludes, how-
ever, that a direct attempt to obtain neutron inelastic cross
sections from the (a,n) reaction results in errors larger
than 80-100%. This is explained by the relatively large
difference in angular momentum populated in the com-
pound nucleus by the two projectiles and by the different
ground state spin of the two targets: 0* (*Si) and 5/2*
(*Mg) [45]. Moreover, in our subsequent study on 'O
and 28Si [22], we discuss why a surrogate-type approach
aiming to relate the neutron and proton inelastic channels
yields very limited results. This is due to the fact that in
this case the Weisskopf-Ewing approximation [55], which
is crucial within the surrogate approach, does not hold
when applied to the inelastic channel because of the rel-
atively low excitation energy of states populated by the
neutron and proton projectiles.

With this in mind, in Refs. [22, 23], we undertook
a different approach to this problem. In order to mini-
mize the differences generated by the nucleon-target opti-
cal model potential, we choose a proton-induced reaction
on the same target. We measure the proton-induced in-
elastic cross sections at the 9 MV Tandem Accelerator of
the Horia Hulubei National Institute for Physics and Nu-
clear Engineering, Magurele-Bucharest, Romania (details
on the experimental setup we use in these experiments can
be found in Ref. [22, 37]).

References [22, 23] show that, if the Coulomb bar-
rier is removed in the incoming channel, the neutron and
proton reactions behave very similarly (at least at the op-
tical model stage of the calculations). In particular, the
two projectiles populate practically identical angular mo-
menta and parities in the compound nucleus while gener-
ating very similar transmission coefficients, direct contri-
butions, compound elastic and reaction cross sections (see
Figs. 9, 10 and 11 of Ref. [23]).

Exploiting all these similarities, we obtained a proce-
dure - involving also theoretical input - able to relate the

Experimental (n, ny) —
Experimental (p, py) HH
TALYS 1.9 - default (n, ny) —
TALYS 1.9 - tuned (p, py)
TALYS 1.9 - (n, ny) inferred from (p, py) —

E,~1778.9 keV (*°si)

1200

800

400

o [mb]
o

300

150

E, (E,) [MeV]

Figure 5. The results, given by the "taLys 1.9 - (n, ny) inferred
from (p, py)" curves, of our study aiming to relate the neutron
and proton inelastic channels on 28Si and '°O (see Ref. [22] for
full details).

neutron and proton inelastic channels with reasonable pre-
cision. It mainly consists of four steps:

e measure the proton-induced inelastic channel,

e model these cross sections as good as possible, using
state-of-the-art reaction codes like taLys 1.9 [39], and
extract a tuned optical model after fixing its proton pa-
rameters using the constraints offered by experimental
data,

¢ infer a neutron optical model potential on the same tar-
get nucleus by removing the Coulomb term and invert-
ing the sign of the Lane term [43, 44] of the tuned proton
potential,

e use the neutron-inferred potential to calculate neutron
inelastic cross sections and compare the results with the
experimental data measured at GELINA.

Figures 5,6 display the results we obtained using this
approach for the main transition in '°0, 28Si and ®Ni (see
Refs. [22, 23] for the other transitions). In general, we are
able to infer a neutron potential that describes a little better
the neutron experimental data, as compared to the neutron
default potential implemented in Tarys 1.9. Unfortunately,
this is not the case for 8Si where strong electromagnetic
effects in the outgoing channels are clearly seen. With
these reservations, the n-inferred cross sections show both
the Lane-consistency of the nucleon optical model poten-
tial employed by reaction codes like TaLys and also that the
isospin symmetry can be used, to a certain extent, to relate
the neutron and proton inelastic channels. However, the
improvement is only marginal and we refer the interested
reader to Section V of Refs. [22, 23] for a detailed discus-
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Figure 6. The results, given by the "n-inferred" curves, of our
study aiming to relate the neutron and proton inelastic channels
on Ni (see Ref. [23] for full details).

sion of the observed discrepancies and possible ways to
mitigate the main issues of our calculations, as currently
implemented.

5 Conclusions

This paper gives a short history of the GAINS spectrome-
ter currently installed in the 100-m measurement cabin on
FP3 of the GELINA neutron source of the EC-JRC, Geel,
Belgium. We present the main upgrades performed over
the years to this setup together with some selected exper-
imental results on '°0, >*Mg, 28Si and “8Ti. As for future
planned experiments at GAINS we note:

e '“N and 3¥Cl - part of the Work Package 2 (New nu-
clear data measurements for energy and non-energy ap-
plications) Task 2.3 (Neutron elastic and inelastic scat-
tering and neutron multiplication cross sections) within
the Grant Agreement No. 847552 - SANDA (Supply-
ing Accurate Nuclear Data for energy and non-energy
Applications) european project and

e Fe - this is a second measurement of our group on this
isotope and it is motivated by the issues rose by the com-
munity, see Ref. [56] for details.
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