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Abstract. Neutron capture cross-section measurements are fundamental in the study of
astrophysical phenomena, such as the slow neutron capture (s-) process of nucleosynthe-
sis operating in red-giant and massive stars. However, neutron capture measurements via
the time-of-flight (TOF) technique on key s-process nuclei are often challenging. Dif-
ficulties arise from the limited mass (~mg) available and the high sample-related back-
ground in the case of the unstable s-process branching points. Measurements on neutron
magic nuclei, that act as s-process bottlenecks, are affected by low (n,y) cross sections
and a dominant neutron scattering background. Overcoming these experimental chal-
lenges requires the combination of facilities with high instantaneous flux, such as n_TOF-
EAR?2, with detection systems with an enhanced detection sensitivity and high counting
rate capabilities. This contribution reviews some of the latest detector developments in
detection systems for (n,y) measurements at n_TOF, such as i-TED, an innovative de-
tection system which exploits the Compton imaging technique to reduce the dominant
neutron scattering background and s-TED, a highly segmented total energy detector in-
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tended for high flux facilities. The discussion will be illustrated with results of the first
measurement of key the s-process branching-point reaction ”Se(n,y).

1 (n,y) measurements for the s-process: challenges and solutions

Neutron capture reactions play a fundamental role in the slow neutron capture (s-) process of nucle-
osynthesis operating in red-giant and massive stars [1], which is responsible for the formation of about
half of the elements heavier than iron. However, neutron capture measurements via the time-of-flight
(TOF) technique on key s-process nuclei are challenging. As a consequence, for many nuclei, uncer-
tainties in the stellar (n,y) cross sections are still significantly larger than the very precise abundance
observations [1].

Among the relevant isotopes that still present large uncertainties, one can identify neutron-magic
nuclei which act as s-process bottlenecks [2]. These nuclei feature very low (n,y) cross sections
and the accuracy of the TOF experiments is limited by the dominant neutron scattering background.
Sec. 2 describes a new development aimed at suppressing this background and enhancing the detection
sensitivity.

Experimental efforts are also focused on the measurement of unstable nuclei which act as branch-
ings of the s-process and yield a local isotopic pattern which is very sensitive to the physical conditions
of the stellar environment [1]. The limited sample mass available and the high background induced
by the sample activity represent the major challenges to experimentally access the (n,y) cross sections
of these isotopes [2]. To overcome these limitations, new facilities with higher neutron fluxes are
needed. Indeed, this was the aim of building n_TOF-EAR?2 [3], that thanks to its flight path of only 20
m, became a world-leading facility in terms of instantaneous flux. Moreover, after the recent upgrade
of the spallation target, an additional increase of 30-50% in the flux is expected [4]. In order to profit
from the high flux of EAR2, one requires also a new generation of radiation detectors with higher
granularity, as discussed in Sec. 3.

Recently, the first TOF measurement on the unstable "°Se has been proposed and carried out at
CERN n_TOF [5]. The branching at 7°Se is particularly well suited for determining the thermal con-
ditions of the stellar environment thanks to the strong thermal dependence of its beta decay rate [1].
For this experiment, 2.7 mg of 7Se were produced by means of neutron irradiation of an enriched
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Figure 1. Total counts and background components as a function of the neutron energy measured with the
PbSe ("8+7°Se) sample in EAR1 (left) and EAR2 (right). The first resonances of 7°Se are highlighted.
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208ph78Se alloy-sample in the high-flux reactor at ILL [5, 7]. The relevance of having a higher in-
stantaneous flux has been clearly observed in this measurement (see Fig. 1). While in EARI1 [6],
the total count rate is dominated by the sample radioactivity, in EAR2 [3], thanks to the enhanced
(n,y)-to-activity ratio in EAR2, 7Se resonances are clearly visible. Some preliminary results of this
measurement are discussed in Sec. 4.

2 i-TED: suppressing n-induced background via y-ray imaging

Neutron-capture time-of-flight (TOF) measurements at CERN n_TOF have been usually carried out
with detection systems based on liquid scintillators, such as C¢Dg, which are particularly convenient
because of their fast time-response and low intrinsic sensitivity to scattered neutrons [8]. However,
they present limited background rejection capabilities. In particular, in TOF capture experiments on
nuclei with low capture-to-scattering ratio (see Sec. 1) a large background component arises from
scattered neutrons that get subsequently captured in the surroundings of the C¢Dg detectors [9]. This
background has represented the dominant contribution in previous (n,y) experiments in the energy
range of interest for nucleosynthesis studies [10].

Relative efficiency (%)

Background reduction

4
£
Absorber (A) B

Figure 2. Left: Final i-TED array used in the recent 7Se(n,y) experiment at CERN n_TOF EARI. Right:
Background reduction factor at 10 keV and relative (n,y) efficiency as a function of the Compton imaging cut
(see text for details).

To reduce this dominant source of background, a system based on Total-Energy Detection (TED)
with y-ray imaging capability, so-called i-TED, has been recently proposed [11]. i-TED exploits
the Compton imaging technique with the aim of determining the direction of the incoming y-rays.
This allows the rejection of events not originating in the sample, thereby enhancing the signal-to-
background ration (SBR). This novel detection system has been fully developed and optimized in the
recent years [12, 13]. The final i-TED array (see Fig. 2) consists of 4 Compton cameras comprising in
total 20 LaClj crystals, and it has been used in 2022 at n_TOF EARI for the aforementioned Se(n, v)
reaction measurement.

The feasibility of the proposed background rejection method was experimentally demonstrated
with an early i-TED prototype by measuring the *°Fe(n,y) reaction at CERN n_TOF-EARI [14].
A background reduction factor of 3.5 was achieved with respect to state-of-the-art C¢Dg detectors
(see red line in the right panel of Figure 2). The major drawback of the imaging selection is the
drop of relative efficiency after applying an imaging cut, shown with blue lines. The line with squares
corresponds to the efficiency relative to the situation with no imaging cuts while the line with triangles
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shows the efficiency in coincidence mode relative to the one of the scatter crystal operated in single
mode, which has a maximum value of 8% indicated with the solid blue line. New methods based on
Machine Learning (ML) algorithms have been applied to overcome this limitation in efficiency. The
reader is referred to Ref. [14] for the details.

3 s-TED: segmented detection volumes for high flux facilities

The high instantaneous flux of n_TOF-EAR2, which has been further enhanced in the latest upgrade
of the facility [4], induces counting rates beyond 10 MHz in the existing C¢Dg¢ detectors (0.6-1 L
volume) [8]. Moreover, the intense y-flash arriving to the experimental hall, leads to severe experi-
mental difficulties [15]. Among others, counting-rate and time-of-flight dependent variations of the
photo-multiplier (PMT) gain and large pile-up effects have been observed.
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Figure 3. Left: s-TED detector cells in the innovative ring configuration used in EAR2 (right). Right:(n,y)
counting rate measured at EAR2 with the PbSe(’®*7°Se) sample in beam using 2 large C4Dj detectors (black) and
9 s-TED cells in ring configuration (red).

In order to overcome the aforementioned limitations of conventional TEDs based on relatively
large C¢Dg volumes, a segmented array of small-volume C¢Dg detectors, so-called s-TED, has been
developed [16]. Each detection cell contains only 49 ml scintillation liquid, 12-to-20 times less than
previous designs. The original idea of s-TED was to replace each of the conventional C¢Dg¢ detectors
by an array of 3x3 cells [16] in order to preserve a similar overall efficiency. To achieve an optimum
efficiency and SBR for the (n,y) measurements on the unstable %Nb [17] and 7°Se, the s-TED cells
have been arranged in a compact-ring configuration around the capture sample shown in the left
panel of Fig. 3. This innovative setup minimizes the distance (4.5 cm) to the capture sample under
study, and thus enhances the sensitivity in a significant manner compared to the larger conventional
C¢Dg detectors placed at 17 cm [17], as it is shown in the right panel of Fig. 3. The larger SBR
achieved with the ring of s-TED cells has been key to identify the weak 7°Se(n,y) resonances measured
in a sample containing only 2.7 mg of ’Se embedded in 3.9 g of a eutectic lead-selenide (***Pb’Se)
sample.

4 First results of ”Se(n,y) using new detection systems

The first (n,y) measurement on 79Se has been just carried out at CERN n_TOF using the two new
detection systems described in this work. Choosing the best combination of detection system and
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experimental area is a key aspect for the success of challenging capture measurements on unstable
targets.

Given the small amount of 7’Se and the high activity of the sample, n_TOF-EAR2 was the best
solution to achieve good statistics and minimize the sample activity background (see Sec. 1). On the
other hand, 99.7% of the Se in the sample was 78Se, for which a high resolution measurement was
carried out at n_TOF EAR1 [18]. The latter facility was thus better suited for a reliable assessment
of the 78Se contribution. Besides the radioactivity, a high background was expected from neutron
scattering due to the large 2°Pb content (3 g) in the sample. To suppress both sources of background,
the usage of the innovative i-TED array was the best solution. This system applies imaging to reduce
the n-induced background, as described in Sec. 2, and thanks to the LaCl; crystals it features a very
good energy resolution ( 5% FWHM at 662 keV), which enables to set precise energy selections to
reduce the activity background. However, the maximum acquisition rate of its data acquisition system
is of 500 kEvents/s which represents, at this time, a limitation for its use at EAR2. For all of the above,
i-TED was chosen for the measurement at EAR1, while the measurement at EAR2 was carried out
with the new s-TED detectors to fully exploit the high flux of the facility and optimize the sensitivity,
as discussed in Sec. 3.
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Figure 4. Preliminary (n,y) counting rates measured at EAR2 with the PbSe("®*7°Se) sample in two neutron
energy ranges.

The preliminary analysis and background subtraction of the measurement carried out at EAR2
show promising results. The obtained (n,y) counting rate on the PbSe(’8*7°Se) sample compared to
an ancillary measurement of a pure "8Se sample (see Fig. 4) indicates that between 10 and 15 capture
resonances in 7°Se+n have been measured for the first time in the energy range from 30 eV to 2.5 keV.

5 Summary and outlook

This work has presented recent detector R&D developments carried out at CERN n_TOF, that try to
solve existing limitation and shortcomings in previous approaches used for determining (n,y) cross
sections of relevance for the s-process. i-TED applies Compton imaging aimed at improving the
signal-to-background ratio for measurements affected by large neutron-induced backgrounds, such
as the neutron magic nuclei acting as s-process bottlenecks. New facilities with higher instanta-
neous neutron flux, such as n_TOF-EAR2, facilitiate the TOF capture measurements on radioactive
s-process branching nuclei. However, exploiting the full potential of this facility requires new detec-
tors, such as s-TED, a new array of very small-volume C¢Dg detectors, capable of dealing with the
counting rate conditions and optimizing the signal-to-background ratio.

These two novel detection systems have been used in the challenging (n,y) measurement on the
key s-process branching 7Se. The R-Matrix analysis of the final yield, followed by a statistical
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analysis will allow the calculation of the semi-empirical cross section up to 300 keV, from which the
MACS at different kg7 can be determined. This will provide the first experimental constraint to actual
spread of theoretical calculations of the Se MACS compiled in KaDoNiS.
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