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Abstract Thermal neutron detection plays a crucial role in numerous scientific and technical applications such as nuclear reactor
physics, particle accelerators, radiotherapy, materials analysis and space exploration. There are several challenges associated with the
accurate identification and quantification of thermal neutrons. The present work proposes a detailed characterization of a Timepix3
(TPX3) detector equipped with a Lithium Fluoride (6LiF) converter in order to study its response to thermal neutrons that are
identified through the 6Li(n,α)3H reaction. The TPX3-based test system has been installed at the HOTNES facility in ENEA and the
analysis highlighted its excellent performance showing high effectiveness in the identification of neutrons through morphological
analysis of tracks produced by alpha and triton particles, after accurate discrimination from the gamma background. With the use of
Monte Carlo simulations, it has been demonstrated that the main contribution is due to tritons and its signal can be used effectively in
the identification of thermal neutrons obtaining an efficiency of 0.9 % for 25 meV neutrons. This allows the TPX3 to have important
applications as an environmental monitor for thermal neutrons. This monitoring system can be simply realized and is easy to manage
because of its compact size and its digital acquisition that allows a real-time analysis.

1 Introduction

Thermal neutron detection represents a significant research and development area making it a valuable tool for ensuring greater safety
and effectiveness in multiple scientific applications, including industrial and medical domains. Thermal neutron detection is achieved
with different techniques depending on the particular application. These applications include neutron imaging, radiotherapy, nuclear
fusion, neutron activation analysis (used in various fields such as geology, archaeology, material science, and space exploration),
and so on. For many of these uses, it is important to provide a compact and real-time diagnostic system with good efficiency and
optimal discrimination of the neutron signals against background. The present work introduces a compact detection system based
on Timepix3 (TPX3) that can find useful applications in neutron radiation protection and neutron beam monitors. Timepix detectors
have already been exploited in high-energy physics experiments to monitor thermal neutrons [1, 2]. The focus of the paper is the
characterization of a TPX3 detector equipped with a layer of lithium fluoride (6LiF), 95.5% enriched in the lithium-6 isotope, for
thermal neutron detection. The measurements conducted at the HOTNES facility (ENEA Frascati) show a clear sensitivity of the
device to 25 meV neutrons by identification of the reaction products (alphas and tritons). TPX3 has been developed by CERN-
based Medipix collaboration [3] and falls into the family of complementary metal-oxide semiconductor imagers (C-MOS). This
innovative technology is the basis of a new generation of detectors that exploits the possibility of direct detection of the charge
released by particle interaction with the TPX3 material. It is different from other similar imaging devices that are based on indirect
detection using scintillators or photoconductive cathode, such as the Charge Couple Devices (CCD) and systems based on Thin-
Film-Transistors (TFT). In general, systems based on indirect conversion suffer degradation of the image due to the light spread from
the scintillator and the presence of an unavoidable level of noise [4]. Instead TPX3 is a direct conversion system that requires lower
power consumption with respect to other direct detection systems and the sensitive layer is separated and coupled to the read-out
electronics by means of the bump-bonding technique (hybrid pixel readout). Each pixel can be read out individually by means of
a dedicated read-out electronic channel that processes and digitalizes the signal, so the whole matrix can be managed with higher
flexibility. Moreover, TPX3 are compact devices and, due also to the high spatial resolution, the interaction of a particle is registered
as a track like for passive detectors (i.e. CR39), with a digital readout that provides the measurement of the released charge and
position. The estimated measured efficiency of about 0.9% is reasonable when compared to detectors that have 6LiF converters with
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similar characteristics [5]. These properties make TPX3 suitable as a beam monitor for both neutron beams available at reactors
(steady state) or accelerator-driven neutron sources (pulsed) for diagnostics purposes. As part of a research and development activity,
one may foresee its possible use as an in-beam detection system for neutron imaging and radiography [6]. Additionally, it can serve
as an environmental monitor for thermal neutrons, as an alternative to 6Li-based scintillators. Although the latter have an efficiency
on the order of 10%, the use of lower efficiency TPX3 is particularly useful in situations where beam intensity is significant, but
available space to locate the detector is limited. This work also highlights that, unlike other similar neutron detectors, the TPX3
device allows online neutron discrimination with respect to background particles, and it is compact and inexpensive in comparison
to CCD and scintillators.

2 Materials and methods

The experiment was performed with Cadmium Telluride (CdTe) Timepix3 equipped with 330 µm silicon deposited with a lithium
fluoride (6LiF) converter; the deposit was realized at ENEA Frascati. Before the experimental measurements, TPX3 has been
characterized through an equalization procedure, a spatial uniformity study, and calibrated through a source of 241Am. The used
thermal neutron source is HOTNES (HOmogeneous Thermal NEutron Source) which will be presented in section 3.

2.1 Lithium fluoride converter

A polycrystalline lithium fluoride (LiF) film enriched to 95% with 6LiF, nominal thickness 5 µm, was grown by thermal evaporation
in controlled experimental conditions on a silicon substrate of dimensions (14 × 14) mm2. The starting material consisted of
commercially-available 6LiF powder (Merck), heated at about 850 ◦C in a water-cooled tantalum crucible placed at the base of the
steel vacuum chamber. The silicon substrate, cleaned with a procedure based on the use of detergents in ultrasonic baths, was fixed
on a rotating substrate holder placed above the crucible at a distance of 22 cm. The pressure inside the vacuum chamber was below
1 mPa, prior to evaporation, while the substrate temperature was kept at 40 ◦C during the deposition process. The evaporation rate,
fixed at 1 nm/s, and the film total thickness were monitored in situ by an INFICON crystal sensor.

2.2 CdTe Timepix3

TPX3 is the upgraded version of the previous TPX1 detector. Like its precursor, it is a hybrid pixelated detector (Fig. 1a) composed
of an ASIC Timepix3 reading chip, based on C-MOS technology, bump-bonded on an active semiconductor sensor consisting of a
500 µm thick CdTe layer having an area of 14 × 14 mm2 and uniformly divided into a matrix of 256 × 256 pixels, each with an
area of 55 × 55 µm2 (Fig. 1b). The resulting assembly is mounted on a PCB board which manages the read-out functionality and
provides the high voltage for the semiconductor bias.

Data acquisition has been carried out through the Katherine control module [7] and the software package called MMtrack [8].
In this case, TPX3 is an n-on-p type detector biased at -150 V in order to ensure an efficient charge collection and minimize the
electronic noise. Ionizing particles reach the active volume passing through an Aluminum electrode layer (100 nm) that is used
to polarize the detector producing an electron charge that drifts towards the pixel inducing a current pulse signal: each individual
pixel is equipped with its own read-out electronics that is able to record the signal presence with a simultaneous measurement
of transported charge and its time of arrival with respect to a software or hardware reference start time. Each pixel has a Charge

Fig. 1 a The CdTe TPX3 on its
PCB board: the wire bondings can
be observed, in particular those
that provide the bias voltage;
b layout scheme of a TPX3
section showing the active layer
bump-bonded to the TPX3 chip
where the induced signal is
processed
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Fig. 2 a Layout schema of the
TPX3 acquisition modes: the CSP
provides an amplified triangular
signal that is compared to a
threshold level giving a
measurement of ToA time (when
the signal rises over threshold) and
ToT counts (the time the signal is
over threshold). The Ikrum
parameter manages the falling
edge of the triangular signal;
b layout schema of the data-driven
acquisition mode: when the shutter
is open, data coming from each
pixel are transferred immediately
and the pixels are again available

Sensitive Preamplifier (CSP) which acquires the current pulse caused by a particle interaction and creates a triangular output signal
that is compared to a threshold level (Fig. 2a); the time elapsed above the threshold is measured as a digital count by a 40 MHz
internal clock [9] and this is the ToT (Time over Threshold) mode that offers a digital measurement of the charge released. At the
same time, when the rising edge of the CSP signal exceeds the threshold, the arrival time of the signal due to particle interaction is
recorded and constitutes the Time of Arrival (ToA) of the particle with a maximum temporal resolution of 1.6 ns; ToA is compared
to a software or hardware reference time.

The falling edge of the triangular signal is characterized by a time constant controlled by the Ikrum (Krummenacher current)
parameter: slower time constants correspond to low Ikrum values and vice versa. As a consequence, the number of the ToT clocks
can be tuned in order to not saturate the available digital scale. Timepix3 detector supports “data-driven” acquisition: in a set time
window all switched-on pixels are transferred continuously so that all the particle flux can be followed in time. For each pixel, all
data (pixel coordinates, ToT and ToA) are registered in a 48 bit word of which 10 bit are for ToT acquisitions (Fig. 2b). The ToA
range can also cover longer time intervals until 10000 s from the acquisition start. A single pixel has a dead time of 450 ns and this
value tends to increase with the number of activated pixels per unit time; however, in this work, the registered times are not affected
by this dead time: the low flux measured does not give an additive contribution to the dead time and all data are registered correctly.

2.3 CdTe Timepix3 charge calibration

Before carrying out the calibration measurements the detector was subjected to a threshold equalization procedure and the minimum
optimal threshold level was obtained by applying an additional value common to all the pixels to minimize the number of noisy
pixels. Then some of the highly noisy affected pixels have been masked and not included in the acquisition. However, this procedure
does not affect the data quality because of their negligible number in respect to all of the matrix pixels. A single particle interaction
turns on a group of pixels (cluster) and, for each pixel, the ToT acquisition provides a measurement of a fraction of the released
charge. Then the total charge released by a particle is measured by summing all the ToT contributions of the adjacent pixels; the result
defines the ToT volume and is measured in clock counts (Fig. 3a). In this case, the response of the detector must be characterized
for heavy particles and then an energy calibration procedure has been performed with alpha particles that produce clusters with tens
of pixels. In order to remove the radiation background, clusters lower than two pixels have not been counted. In this case, an alpha
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Fig. 3 a ToT values of a pixel cluster; b energy response at different distances of the alphas source (in black the normalized histograms of the experimental
data and in other colors their gaussian fits)

Fig. 4 ToT energy calibration of
TPX3 with high energy alpha
particles from 241Am

energy scan with 241Am source was used in order to change alpha energies [10]; the source was placed on a linear stage by varying
the distance from the detector surface with a step of 5 mm. Alpha particles are emitted by 241Am with an energy of about 5.5 MeV;
these particles lose energy interacting with air and energy spread increases as well, therefore with a scan of the source-to-detector
distance we can produce different energies. Furthermore, a PVC mask with a 1 mm hole was used in order to select only the incident
alphas in the perpendicular direction. In this way, seven energy values from 1.3 to 5.0 MeV have been obtained with a relative energy
resolution between 9 and 5% for energies higher than 2 MeV (Fig. 3b).

The experimental setup was simulated with the CERN version of the Fluka Monte Carlo software [11] to estimate the alpha
energy reaching the detector as a function of the source-to-detector distance (from 4.6 to 34.6 mm) and the simulated values have
been correlated to the measured mean ToT values in order to obtain the energy calibration curve, as shown in the graph of Fig. 4:

As can be observed, for zero ToT the calibration curve for heavy particles reaches a minimum energy value of about 1 MeV that
has been considered as the minimum cut-off energy to be applied also to the measurements on the reaction products coming from
the neutron converter. Lower energies (in the keV range) are measured, but the calibration curve has a different slope [12].

3 Experimental measurements and data analysis

Experimental measurements have been performed on the HOTNES neutron source, a passive source based on Am-B. The neutron
spectrum produced by the 241Am-B source has its peak at about 3 MeV. The HOTNES source has been conceived to obtain a uniform
neutron flux of thermal neutrons [13]. This has been realized by placing the Am-B source in the lower part of a cylindrical cavity
with polyethylene walls. A layout scheme of the polyethylene structure (sketched in blue) containing the Am-B source is shown in
Fig. 5a.

As can be observed, there is a polyethylene block in front of the source which has the role of thermalizing the energetic neutron
together with the walls. As a result, a uniform neutron flux is produced inside the cylindrical cavity, in particular on some planes at
defined distances from the source. The plane at 50 cm has been characterized and the measured neutron flux is approximately equal
to 763 ± 11 neutrons/ (cm2 s), while the neutron spectrum has a peak at 25 meV, as shown in Fig. 5b.
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Fig. 5 a General scheme of the
HOTNES facility and TPX3
reference position on the
iso-fluency surface at 50 cm from
the source (red block); b neutron
spectrum: open dots are the
experimental values while the
continuous line comes from
MCNP simulation [14]

Fig. 6 a Aluminum mask with the silicon sheet deposited with the 6LiF layer; b TPX3 equipped with aluminum mask: the upper area of TPX3 is not covered;
c TPX3 with its control module Katherine after installation on aluminum support placed at 50 cm from the neutron source

Fig. 7 Image of the integrated
response of the TPX3 device
showing alpha and triton tracks
registered in correspondence of
the two different areas, with
(below) and without (upper)
converter. The number of
observed tracks on the converter
covered area is about one order of
magnitude greater in respect to the
not covered area

3.1 Measurements at the HOTNES facility and experimental results

For this experiment, the TPX3 has been equipped with an aluminum mask (Fig. 6a) that sustains the silicon substrate with the 6LiF
deposition side directed toward the TPX3 surface. Because of the presence of wire bonding, the silicon sheet is placed at a distance
of 3 mm and, in order to study the effect of the converter, covers one-half of the TPX3 surface (Fig. 6b).

Then TPX3 with its Katherine control module has been placed on an aluminum plane support located 50 cm away from the Am-B
source (Fig. 6c). The Katherine is controlled remotely through an Ethernet cable. For this type of measurement, the TPX3 has been
biased at −150 V and 32 experimental runs were performed, each in data-driven mode with a time width of 900 s. The threshold
has been set at the minimum value over the noise level and then there is no further cut on charge. The Ikrum value was set to a value
of 15 because of the expected higher measured charges that can saturate the available digital scale. By selecting a temporal range of
300 s, the image of the integrated ToT is like the one shown in Fig. 7.
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Fig. 8 a 2D plot distribution after application of thermal neutron filter cluster criteria for the measurement;b alpha and triton peaks in ToT volume distributions

It is clear that the number of cumulated tracks on the side with the converter is much more than those observed on the side without.
In particular, tracks with a high number of pixels and high ToT volume are observed. In fact, depending on the type and energy of the
interacting particle, the cluster assumes different shapes and, in order to allow the identification of the particles themselves, a series
of morphological and charge parameters can be defined. In this case, three main parameters have been identified to discriminate
the clusters due to reaction products: “cluster size” (CS), i.e. the number of adjacent pixels in a single cluster; the “ToT volume”,
previously defined, and “Roundness” (Rnd), i.e. the ratio between the diameter of the circumference having the same cluster area
and the length separating the two most distant pixels in the cluster. Using these parameters and by defining specific cuts on CS and
Rnd it is possible to discriminate and identify the tracks of interest due to reaction products (alpha and triton particles) and remove
the gamma and beta background. A series of tests on tracks morphology confirmed the same constraints on some parameters of
previous works [15]: in this case, an optimal discrimination versus gamma and beta background is obtained with cuts on CS and Rnd
respectively greater than 5 and 70. Using these cluster filter criteria the background was minimized and a good division between the
signal below 6LiF and the rest of the detector was achieved. Lower roundness values can be used, but there is a set of particles with
CS below 10 that can be easily confused with gamma tracks. Therefore, the set roundness value was chosen in order to have a clear
discrimination of alpha and triton tracks, even though this results in a decrease in efficiency. For this measurement, the 6LiF region
is well visible in figure 7. Applying these same constraints, in the ToT range beteween 1 and 2000, the 2D plot of ToT volume versus
CS (Fig. 8a) shows three distinct populations and, in the histogram of ToT volume (Fig. 8b), a clear extended peak after a minimum
is observed at high ToT values.

According to the calibration curve, the energy corresponding to this peak is approximately 2.3 MeV, while the energy of the
minimum is about 1.5 MeV. Taking into account that alphas and tritons are produced over a 2π solid angle and undergo auto
absorption inside the converter itself and in the air layer, it is expected that an energy of 2.3 MeV is consistent with the triton energy.
Applying the same discrimination criterion (CS > 5 and Rnd > 70), the estimated measured efficiency is about 0.9%.

3.2 MC simulations and comparison with experimental data

The experimental set-up of the TPX3 board with the aluminum mask equipped with 6LiF converter has been simulated using the
MC Fluka code [11]. In this case a uniform neutron beam has been sent on the detector with an energy of 25 meV. Then the spectra
of the alpha and triton particles entering the detector area were obtained in order to highlight the energetic contributions of the two
reaction products (Fig. 9).

As can be observed, the simulated alpha spectrum is represented by a broad continuum that extends from 0 until 1.5 MeV, while
the triton spectrum is localized to higher energies with a broad maximum from 2.3 to 2.5 MeV. These simulations are consistent
with the experimental data and demonstrate that the main contribution to the experimental peak is due to triton interactions. Then
the two observed main populations shown in Fig. 8 a are due to alphas and tritons together and only tritons, respectively. In the same
plot, a mild population with higher CS and ToT volumes can also be observed, which has not been investigated but has a negligible
weight for the efficiency measurements of the present work. According to these results, the simulated efficiency is 1.64%, equal to
the sum of 0.47% from alphas and 1.17% from tritons. The calibration curve provides for a minimum measurable energy value on
heavy particles of about 0.98 MeV, then applying this lower energy cut on the simulated spectra, the corrected simulated efficiency
is 1.22%, the sum of 0.08% from alphas and 1.14% from tritons. Comparing the measured efficiency with the simulated one it finds
that the presented simulation overestimates the measured efficiency by a factor of 1.3.
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Fig. 9 Simulated alpha and triton
spectra when the active
area-converter distance is equal to
3 mm

Fig. 10 Simulated alpha and triton
spectra with 6LiF deposited
directly on TPX3 surface

4 Conclusion and future developments

TPX3 pixel detector coated with one layer of 6LiF converter represents a good solution for thermal neutron investigation and can be
successfully used for real-time measurements. In fact, this detector is a compact diagnostic system and presents relevant features: 2D
configuration, simultaneous measurement of ToA and ToT with a high time resolution, high spatial resolution and count rate, clear
sensitivity to thermal neutrons with rejection of background gamma particles and low-level noise (high ratio of threshold/noise).
Moreover, CMOS technology with bump-bonding allows a direct measurement of the charge with the possibility to use different
sensor materials (e.g. Si, GaAs, etc.). The use of 6LiF converter layer is attractive thanks to the relatively high energy values of
the reaction products; however, the effects of self-absorption limit the effectiveness of neutron detection and it is necessary to
find solutions that allow an efficiency increase. According to the presented results, the neutron efficiency depends on converter
mask properties, its positioning with respect to the chip, and the criteria applied to cluster analysis. An alternative way to improve
efficiency is the deposition of the converter film directly on the surface of the TPX3; in this case, dedicated MC simulations (Fig. 10)
demonstrate an increase in efficiency with a value of 1.7%, the sum of 0.4% from alphas and 1.3% from tritons.

At the moment, there are several ideas to improve efficiency by a converter in contact to TPX3 and an increase of converter’s
thickness as described in other works [16, 17]. The presented study demonstrates the possibility of realizing an effective monitor
for thermal neutrons based on the innovative properties of TPX3. In the framework of radiation protection (for example, at nuclear
or research sites) continuous monitoring of thermal neutrons is vital for safety and risk management and TPX3 could provide an
effective and compact detection method. In addition, this type of device can be used for neutron diagnostics and imaging in materials
science, art analysis and biomedical research. Compared to 6Li-based scintillators, which can be bulky and require a large installation
space, the TPX3, thanks to its small size, could be particularly useful in situations where the beam intensity is significant, but the
available space is limited.
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