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C. Lederer-Woods39, G. Lerner2, A. Manna20,40, T. Martínez3, A. Masi2, C. Massimi20,40, P. Mastinu41,
M. Mastromarco19,42, E. A. Maugeri29, A. Mazzone19,43, E. Mendoza3, A. Mengoni21,20, V. Michalopoulou27,
P. M. Milazzo15, R. Mucciola23,44, F. Murtas†45, E. Musacchio-Gonzalez41, A. Musumarra46,47, A. Negret11, A. Pérez
de Rada3, P. Pérez-Maroto22, N. Patronis30, J. A. Pavón-Rodríguez22, M. G. Pellegriti46, J. Perkowski7, C. Petrone11,
E. Pirovano28, J. Plaza3, S. Pomp48, I. Porras33, J. Praena33, J. M. Quesada22, R. Reifarth25, D. Rochman29,
Y. Romanets26, C. Rubbia2, A. Sánchez-Caballero3, M. Sabaté-Gilarte2, P. Schillebeeckx34, D. Schumann29,
A. Sekhar8, A. G. Smith8, N. V. Sosnin39, M. E. Stamati30, A. Sturniolo17, G. Tagliente19, D. Tarrío48, P. Torres-
Sánchez33, E. Vagena30, S. Valenta38, V. Variale19, P. Vaz26, G. Vecchio6, D. Vescovi25, V. Vlachoudis2, R. Vlastou27,
A. Wallner10, P. J. Woods39, T. Wright8, R. Zarrella20,40, P. Žugec12,
The n_TOF Collaboration (www.cern.ch/ntof)
1Instituto de Física Corpuscular, CSIC - Universidad de Valencia, Spain 2European Organization for Nuclear Research (CERN),
Switzerland 3Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Spain 4Istituto Nazionale di
Fisica Nucleare, Sezione di Pavia, Italy 5Department of Physics, University of Pavia, Italy 6INFN Laboratori Nazionali del Sud,
Catania, Italy 7University of Lodz, Poland 8University of Manchester, United Kingdom 9CEA Irfu, Université Paris-Saclay, France
10Helmholtz-Zentrum Dresden-Rossendorf, Germany 11Horia Hulubei National Institute of Physics and Nuclear Engineering, Ro-
mania 12Department of Physics, Faculty of Science, University of Zagreb, Zagreb, Croatia 13University of Santiago de Compostela,
Spain 14Universitat Politècnica de Catalunya, Spain 15Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy 16Department
of Physics, University of Trieste, Italy 17Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy 18Department of Physics, Uni-
versity of Torino, Italy 19Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy 20Istituto Nazionale di Fisica Nucleare, Sezione
di Bologna, Italy 21Agenzia nazionale per le nuove tecnologie (ENEA), Italy 22Universidad de Sevilla, Spain 23Istituto Nazionale di
Fisica Nucleare, Sezione di Perugia, Italy 24Istituto Nazionale di Astrofisica - Osservatorio Astronomico di Teramo, Italy 25Goethe
University Frankfurt, Germany 26Instituto Superior Técnico, Lisbon, Portugal 27National Technical University of Athens, Greece
28Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany 29Paul Scherrer Institut (PSI), Villigen, Switzerland
30University of Ioannina, Greece 31Istituto Nazionale di Fisica Nucleare, Sezione di Roma1, Roma, Italy 32Institut Laue Langevin,
France 33University of Granada, Spain 34European Commission, Joint Research Centre (JRC), Geel, Belgium 35University of York,
United Kingdom 36TU Wien, Atominstitut, Stadionallee 2, 1020 Wien, Austria 37Japan Atomic Energy Agency (JAEA), Tokai-Mura,
Japan 38Charles University, Prague, Czech Republic 39School of Physics and Astronomy, University of Edinburgh, United Kingdom
40Dipartimento di Fisica e Astronomia, Università di Bologna, Italy 41INFN Laboratori Nazionali di Legnaro, Italy 42Dipartimento
Interateneo di Fisica, Università degli Studi di Bari, Italy 43Consiglio Nazionale delle Ricerche, Bari, Italy 44Dipartimento di Fisica e
Geologia, Università di Perugia, Italy 45INFN Laboratori Nazionali di Frascati, Italy 46Istituto Nazionale di Fisica Nucleare, Sezione
di Catania, Italy 47Department of Physics and Astronomy, University of Catania, Italy 48Uppsala University, Sweden

Abstract. Radiative neutron-capture cross sections are of pivotal importance in many fields such as nucle-
osynthesis studies or innovative reactor technologies. A large number of isotopes have been measured with
high accuracy, but there are still a large number of relevant isotopes whose cross sections could not be exper-
imentally determined yet, at least with sufficient accuracy and completeness, owing to limitations in detection
techniques, sample production methods or in the facilities themselves.
In the context of the HYMNS (High-sensitivitY Measurements of key stellar Nucleo-Synthesis reactions)
project over the last six years we have developed a novel detection technique aimed at background suppres-
sion in radiative neutron-capture time-of-flight measurements. This new technique utilizes a complex detection
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set-up based on position-sensitive radiation-detectors deployed in a Compton-camera array configuration. The
latter enables to implement gamma-ray imaging techniques, which help to disentangle true capture events aris-
ing from the sample under study and contaminant background events from the surroundings. A summary on
the main developments is given in this contribution together with an update on recent experiments at CERN
n_TOF and an outlook on future steps.

Introduction

A large number of neutron-capture reactions of astrophys-
ical interest have been measured utilizing the time-of-
flight technique in combination with total-energy detec-
tion systems [1, 2]. The former Moxon-Rae detectors [1]
were soon replaced with organic scintillators in combina-
tion with the pulse-height weighting technique aiming at
higher detection sensitivity and better accuracy [3]. Nowa-
days, organic C6D6-scintillators represent the state-of-the-
art in this field because they provide the fast time-response
required for high-resolution TOF measurements and they
show also an intrinsically small sensitivity to backgrounds
induced in the detector itself [2, 4, 5].

However, for measurements of astrophysical interest
in the keV neutron-energy range the signal-to-background
ratio in these detectors can be significantly deteriorated
by contaminant neutron-capture reactions in the walls and
surroundings of the set-up, as it was found in the Monte
Carlo study reported in [6, 7]. This effect is particularly
prominent when there is a large neutron-scattering in the
sample under study itself. As a consequence, the high
background level can hinder the measurement of capture
levels of interest, already beyond a few keV of neutron
energy [8–10]. This situation was already noticed in the
first measurements in the early 60’s, where massive lead
shielding was used, as it can be seen in Fig. 2 of [1] at Har-
well (UK), in Fig. 1 of [2] at ORNL (USA) and in Fig. 3
of [11] at FZK (Germany). See also [12] for more details
on these aspects. Indeed, contaminant neutron reactions
in the lead shielding itself made the situation worse and,
as a consequence, total-energy detection systems evolved
later towards lightweight set-ups, with as less surrounding
materials as possible, as shown in Fig.2 of [13] at CERN
n_TOF and in Fig.3 of [14] at IRMM-Geel. The follow-
ing section summarizes recent efforts to reduce the afore-
mentioned neutron-scattering γ-ray backgrounds from the
surroundings of the set-up by means of a new detector de-
velopment for TOF experiments.

Compton-imaging aided total-energy
detection systems

An alternative approach to reduce the effect of neutron-
scattered backgrounds without using a massive lead
shielding is gamma-ray imaging based on the Compton-
scattering law, also referred to as electronic collima-
tion [15]. This option was proposed and studied in detail
on the basis of MC simulations in [16]. A schematic figure
of the proposed total-energy detection system with imag-
ing, i-TED, is shown in Fig. 1 (a). The main underlying
idea is to gain information on the spatial origin (or incom-
ing direction) of the detected radiation, which can then be

Figure 1. Original design of i-TED as proposed in 2016 [16] (a)
and implementation at CERN n_TOF EAR1 for the measurement
of 79Se(n, γ) in 2022[17] (b).

utilized to reject gamma-rays that are not arising from the
sample under study. Compared to previous attempts based
on pin-hole gamma-cameras [18], electronic collimation
has the advantage that no massive mechanical collimator
is required. However, Compton cameras were never used
in the field of neutron-capture time-of-flight experiments
before and, therefore, several technical challenges had to
be overcome, which are summarized in table 1 and dis-
cussed in the following.

Among the main requirements, high energy- and
position-resolution are required in Compton imaging to at-
tain a high angular resolution which, in turn, enables the
background rejection [16]. Neither energy- nor position-
resolution can be satisfactorily achieved with organic scin-
tillators. The only alternative that still provided a suffi-
ciently fast time-response for TOF experiments was inor-
ganic lanthanum-halide crystals. In particular, LaCl3(Ce)
was chosen due to the smaller resonance-capture cross-
section for Cl than for Br. 3D-position sensitivity was
achieved by using pixelated SiPMs optically coupled to
the crystals [19]. The energy resolution was optimized
by using crystals with reflector around the walls and base
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Table 1. Main challenges for the implementation of Compton imaging in neutron-capture TOF experiments and solutions
implemented to overcome them. See text and quoted references for details.

Challenge Solution
High position resolution pixelated SiPM (1280 pixels) [19], ML-algorithms [19, 20]
High energy resolution lanthanum-halide crystals with reflector [21]

Low intrinsic neutron sensitivity LaCl3(Ce), 6Li-HDPE-absorbers [22, 23]
High (intrinsic) efficiency Large monolithic crystals, ML-algorithms [20, 24]

High (geometric) efficiency 4 imagers, scalable ASIC-elecronics (1280 channels) [22]
Fast time response LaCl3(Ce), SiPMs, TOFPET2 ASIC-readout [19, 25]

Bunch t◦ time-stamp reference for TOF Customized electronics with external CERN PS-trigger [22]

which, however challenged the position reconstruction be-
cause of the severe pin-cushion effects [21]. Therefore,
new algorithms had to be developed for the reconstruc-
tion of the γ-ray hit position in the scintillation volume
itself. The use of ML-techniques enabled position reso-
lutions of 1-3 mm fwhm in the three space coordinates of
the crystal volume with useful field-of-views of 70%-80%
of the full crystal surface (50×50 mm2) [19, 20]. The fi-
nal system comprised an array of four Compton imagers,
with a total of 1280 pixels and readout channels. A pic-
ture of the final system installed at CERN n_TOF EAR1 is
shown in Fig. 1 (b). Because of the large number of chan-
nels, the acquisition-system of n_TOF, based on digitizer
modules, could not be used. i-TED was therefore instru-
mented with latest generation of ASIC-based TOFPET2
front-end readout electronics, which were originally de-
veloped for high-resolution medical PET imaging [19, 25].
In terms of Compton imaging, the performance of the re-
sulting i-TED apparatus was very satisfactory but, for its
implementation in TOF experiments further developments
were required for time-stamping the t◦-value of each pro-
ton bunch and also for reducing the intrinsic neutron sen-
sitivity. The latter was accomplished by means of cus-
tomized 6Li-enriched high-density polyethylene absorbers
(6Li-HDPE). More details can be found in [22]. Technical
and proof-of-concept validation measurements were car-
ried out with one i-TED module in 2018 at CERN n_TOF
EAR1 using the 56Fe(n, γ) reaction as reference, which
was also measured with C6D6 detectors as reference. As
reported in [22], the results allowed to validate the tech-
nical developments implemented in i-TED and the pro-
posed methodology for active background rejection via γ-
ray imaging. The main limitation found was related to the
analytical algorithm for background rejection which, how-
ever, could be overcome also with more advanced methods
based on ML-techniques, as reported in [22].

Status and outlook

In 2022 the first physics measurement with the full i-
TED array was carried out at CERN n_TOF EAR1 (see
Fig. 1). The system was used to measure, for the first
time, 79Se(n, γ) with high resolution over a broad neutron-
energy range [17]. An eutectic lead-selenide (208Pb78,79Se)
alloy sample was produced for this experiment, as de-
scribed in [17, 26]. The TOF-measurement of this sam-
ple was particularly challenging because of two reasons.

Figure 2. Count-rate vs. neutron-energy spectrum of 79Se(n, γ)
measured with i-TED in EAR1 (a) [27]. Spectrum of 197Au(n, γ)
measured with one i-TED prototype in EAR2 for proton-beam
intensities between 2×1012 and 7×1012 protons/bunch (b).

Firstly, the large 208Pb content in the sample induced a cor-
respondingly large neutron-scattering γ-ray background in
the surroundings. Secondly, a large γ-ray activity was also
present in the sample due to activated impurities of 75Se-
and 60Co, leading to activities of 5 MBq and 1.4 MBq,
respectively. Fig. 2 shows first preliminary data mea-
sured with i-TED for the 79Se(n, γ) at EAR1 with i-TED,
still without any use of γ-imaging [27]. The sample-
radioactivity (red line) has been significantly suppressed
by means of a relatively high-energy threshold in the data.
The main remaining background contribution is due to
neutron-scattering in the lead- and sample-encapsulation,
as shown by the blue and green lines, respectively. Next
steps in the data analysis will therefore focus on imple-
menting the ML-based imaging-algorithm developed in
[22] to reduce this remaining background component. The
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outcome will be crucial for understanding to which ex-
tent the imaging-technique can help in this type of experi-
ments. At present, the main limitation of i-TED is related
to its count-rate capability, which is constrained to about
500 kEvents/s per detector. This feature presently prevents
its application with very high-peak neutron-fluxes, as it is
the case of EAR2. This statement is illustrated in Fig. 2
(b), which shows the 197Au(n, γ) count-rate per bunch as a
function of the neutron energy measured with one i-TED
module placed at 36 cm from the neutron beam line us-
ing a 0.1 mm thick sample. Several runs with different
proton-beam intensities were made and it was found that
a reduction by a factor of three was required in the nom-
inal intensity to avoid severe dead-time effects in the i-
TED data. In the future, this limitation could be somewhat
mitigated with the use of pixelated inorganic crystals, al-
though they are more expensive and less efficient. How-
ever, the main factor limiting the i-TED count-rate capa-
bility is the ASIC-based readout electronics, which show
an intrinsic count-rate constrain of <600 kHz per read-
out channel. Considering the swift advance of microelec-
tronics, new generations of readout chips based on 65 nm
CMOS ASIC technology [28, 29] may help in the near fu-
ture to overcome this performance limitation. Finally, an
aspect which was found in [22] to have a remarkable im-
pact in the attainable signal-to-background ratio of i-TED
is the coincidence-time resolution or CTR. Efforts are be-
ing made with i-TED to bring this parameter down to a
few 100 ps, which would allow one to maximize its per-
formance in terms of background rejection. In this respect,
future developments achieved within the 10 ps CTR Chal-
lenge task-force, proposed by the Crystal Clear Collabora-
tion [30], could help also to push i-TED performances one
step further.
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