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Abstract: In space application, hybrid pixel detectors of the Timepix family have been considered
mainly for measurement of radiation levels and radiation dosimetry in low earth orbits. By the
example of the Space Application of Timepix Radiation Monitor (SATRAM), we demonstrate the
unique capabilities of Timepix-based miniaturized radiation detectors for particle separation. Using a
novel method for proton spectrum reconstruction, we were able to measure the spectrum of protons
trapped in the inner Van-Allen radiation belt, for the first time with a single-layer detector. We assess
the measurement stability and the resiliency of the detector to the space environment demonstrating
that, even though degradation is observed, data quality has not been affected significantly over
more than 10 years. Based on the SATRAM heritage and the capabilities of the latest-generation
Timepix-series chips, we discuss their applicability for use in a compact magnetic spectrometer for
deep-space mission or in the high radiation environment of the Jupiter radiation belts, and their
capability for use as single-layer X- and y-ray polarimeter. The latter was supported by measurement
of the polarization of scattered radiation in a laboratory experiment, where a modulation of 80% was
found.

Keywords: Space weather; scatter polarimeter; hybrid pixel detectors; Timepix; dE/dX spectrometer;
low earth orbit; magnetic spectrometer; galactic cosmic rays; space instrumentation;

1. Introduction

Hybrid pixel detectors (HPD) of Timepix [1,2] technology have become increasingly interesting for
radiation monitoring applications in space science. While up to date, common space radiation monitors
rely on silicon diodes, achieving particle (mainly electron and proton) separation by pulse-height
analysis, detector stacking, shielding or electron removal by a magnetic field, the key advantage of
HPDs is that, in addition to the energy deposition measurement, particle signatures in the sensor are
seen as tracks with a rich set of features. These track characteristics can be exploited for identification
of particle type, energy, and its trajectory. Determining these pieces of information on a single layer
bypasses the need for sensor stacking or complex shielding geometries, so that HPD based space
radiation devices provide science-class data with a large field of view at an order of magnitude lower
weight and approximately half of the power consumption compared with commonly used space
radiation monitors.

While from 2012, Timepix has been utilized in Radiation Environment Monitors on-board ISS [3],
the first Timepix (256 x 256 pixels, 55 nm pitch) used in open space is SATRAM (Space Application
of Timepix Radiation Monitor) [4]. It is attached to the Proba-V satellite which was launched to Low
Earth Orbit (LEO, 820 km, sun-synchronous) in 2013 and has celebrated 10 years in orbit in May,
2023. During this time, it has been providing data for mapping out the fluxes of electrons and protons
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trapped in the Van-Allen radiation belt, e.g., by in-orbit maps of the ionizing dose rate dominated by
electrons in polar horn regions, as well as protons in the South Atlantic Anomaly (SAA) [5-7].

Over the years, different data analysis techniques have been successfully used for evaluation
of the complex data set: Analytic categorization relying on extraction of manually defined track
features, as well as novel machine learning approaches [7-9]. The success of SATRAM initiated
the development of advanced miniaturized space radiation monitors, based on Timepix3 [10]
and Timepix2 [11] technology. These are currently flown on the SWIMMR-1 (Space Weather
Instrumentation, Measurement, Modelling and Risk) [12] mission (launched in 2023) and shall
be used within the European Radiation Sensor Array (ERSA) [13].

Large area Timepix3 detectors (512 x 512 pixels, 55 pm pitch) were developed for the demonstrator
of the penetrating particle analyzer [14] (Mini.PAN), a compact magnetic spectrometer (MS) designed
to measure the properties of cosmic rays in the 100 MeV /n-20 GeV /n energy range in deep space
with unprecedented accuracy, thus providing novel results to investigate the mechanisms of origin,
acceleration and propagation of galactic cosmic rays and of solar energetic particles, and producing
unique information for solar system exploration missions. Precise per-pixel time measurement together
with a high spatial segmentation allows its use a single-layer Compton camera, thus making it an
interesting tool for directional hard X- or y-ray detection and polarization measurement in space.

2. Materials and Methods

2.1. Timepix series

Among the different readout ASICs developed in the Medipix collaborations, the Timepix series:
Timepix [1], Timepix2 [11], Timepix3 [2] and Timepix4 [15] were dedicated to single-particle detection
and tracking.

Timepix was developed within the Medipix2 collaboration [16]. It segments the sensor into
a square matrix of 256 x 256 pixels with a pixel pitch of 55 um and purely relies on a frame-based
readout scheme (dead-time >11ms). Each of the 65,536 pixels can be set to either of the three modes
of signal processing: Time-over-Threshold (ToT), Time-of-Arrival (ToA, resolution >10ns) and hit
counting. Timepix2, while still relying on the frame-based readout, provides additional features:
e.g., a simultaneous measurement of ToA and ToT, and an adaptive gain ToT mode for improved
spectroscopy at high energy deposition [17]. The key improvements of Timepix3 are a time resolution
below 2ns and the data-driven mode. The latter one hereby provides an almost dead-time free detector
operation by reading out only the pixels which are actually triggered by an ionizing particle, while all
other pixels remain active (per-pixel dead: ~475ns). Pixel hit rates up to 80 MHits s~! can be send off
chip at a bandwidth of 5.12 Gbps.

Timepix4 comes with an increased pixel matrix featuring 512 x 448 pixels with a pitch of 55 pm
(resulting in an area of ~7 cm?) [15]. Similar to Timepix3, it offers frame-based and data-driven readout
schemes, but with 8 x higher maximal hit rate. The time binning is improved to 195 ps. The readout
bandwidth can be up to 164 Gbps.

The ASICs can be coupled to different sensor materials by means of flip-chip bump bonding.
Currently available and tested sensor materials are silicon, CdTe, CZT and high resistivity chromium
compensated GaAs:Cr with thicknesses ranging from 100 pm to 2mm. Improvements in growth
techniques facilitate the availability of thick sensors with low defect density (CdTe, GaAs:Cr, CZT),
which profit from a higher y-ray detection efficiency and single layer tracking performance. Readout
systems for Timepix, Timepix2 and Timepix3 have been developed in the Medipix/Timepix community
relying on different communication protocols (see e.g., [18]).

2.2. The Space Application of Timepix Radiation Monitor (SATRAM)

The first application of a Timepix in open space was SATRAM (Space Application of Timepix
Radiation Monitor) on board the Proba-V satellite launched in May, 2013. The satellite is orbiting
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Earth in a Sun-synchronous orbit at an altitude of 820 km with an inclination of 98.7°. The orbit
duration is 101.21 min and the local time at descending node is between 10:30 a.m. and 11:30 a.m.. The
SATRAM module is encapsulated in an aluminium alloy compartment. It has a thinned area above
the sensor with a thickness of 0.5 mm. The module weighs 380 g, has a power consumption of 2.5W
and dimensions of 55.5 x 62.1 x 197.1 mm. The Timepix inside the module hosts a 300 pm thick silicon
sensor. The threshold is globally set to 8 keV. The detector is operated in ToT-mode with acquisition
times for consecutive frames set to 20's, 200 ms, and 2 ms to account for the different flux-levels in orbit.

Figure 1. Picture of SATRAM attached to Proba-V.

SATRAM'’s continued operation allowed measurements of fluxes of electrons and protons trapped
in the Van-Allen radiation belts continuously during its ongoing mission. Current proton and electron
separation relies on pattern recognition together with the dE/dX information. Recent work started
to use convolution neural networks (CNNSs) to improve classification accuracy [8]. Based on the
success of SATRAM, proposals to develop a Miniaturized Radiation Monitor (MIRAM) [10] and the
Highly Integrated Timepix-based radiation monitor (HITPix) have been funded by the European
Space Agency (ESA). The major differences that set these detectors apart from other commonly used
radiation monitors like ICARE [19,20] or the Standard Radiation Environment Monitor (SREM [21,22]
are single-layer particle discrimination capabilities, which allow for development of radiation monitors
of small dimensions, low mass with a large field of view.

2.3. Pattern recognition tools and particle separation

Detectors of the Timepix family are sensitive to a broad variety of particle species: from X-rays and
electrons with energies just above 3keV up to particles in the GeV range. The detector segmentation,
together with the charge transport properties of its semiconductor sensor create imprints in the pixel
screen (clusters or tracks), which are to some extend usable for particle identification.

A basic pattern recognition scheme was introduced in [23] in 2008. It defines six categories of
events: dots, small blobs, curly tracks, heavy blobs, heavy tracks, and straight tracks, each indicating
different particle species and energy deposition shown in Figure 2. This methodology purely relies on
the track morphology. Additionally, Timepix allows the use of the energy information, with which
properties like the deposited energy, cluster height (energy of the highest energy pixel in a cluster)
and the stopping power can be determined. Timepix can also provide timing information, but not
while simultaneously measuring the energy. This ability was added in subsequent generations with
Timepix2 and Timepix3. Together with increased energy resolution, the particle recognition capability
was thus improved.
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Figure 2. (a) Cluster shape classification scheme proposed by [23]. (b) 20s frame of the SATRAM
response to the radiation field as measured in space. The different shapes seen in the pixel matrix can
be categorized and exemplary tracks are labelled according to the scheme in (a).

A first attempt to identify particle species in radiation fields in space utilizing Timepix technology
was done in [6] using SATRAM data. Here, electrons and protons are the most abundant particle species.
The most significant properties used in this work were the track morphology from [23] mentioned
before, cluster height and stopping power. Monte Carlo simulations showed that for electrons the
cluster height is not higher than 300 keV and the stopping power is not more than 10 MeV cm?/g.
The simulations were done for spectra that are expected in the radiation belts, so for electrons with
energies up to 7 MeV and protons with energies up to 400 MeV. While accurately determining electrons
(correct classification in 98%), this method falls short in the identification of protons. High energy
protons (>100MeV) have a significant lower energy deposition and stopping power which is on par
with electrons. Especially protons that pass through the detector perpendicularly, and thus creating
only a short track, would often be misidentified as electrons.

The next step was to apply neural networks to improve particle identification. The first successful
use was from [8]. It used fast Monte Carlo simulations that created simplified particle tracks for
training of a CNN. In the simulation, all particle tracks were only one pixel in width. While electron
track are seldom wider than one pixel, proton tracks are usually two to four pixels wide. However,
it was shown that neural networks can be successfully used for particle identification in the case of
electron and proton dominated space radiation data. It was even shown that spectroscopic information
for protons at lower energies (<50 MeV) can be extracted.

After improving Monte Carlo simulations for Timepix data to also include charge sharing effects
(i.e., creating wider particle tracks for protons), another iteration of the NN was developed [7]. This
feedforward neural network created in the TensorFlow framework [24] uses seven features to classify
a cluster:

¢ the number of pixels in the cluster N;

* the deposited energy is defined as the sum of energies measured in the pixels of a cluster Egep, =
YN Ei;

¢ the maximal energy measured in a single pixel of the cluster Emax = max{Ey, ..., Ex };

¢ the linearity of the cluster, defined as the relative amount of pixel lying within a distance of one
pixel from the longest line segment between two pixels of the cluster;

¢ the roundness of the cluster;

¢ the average number of neighbouring pixels;


https://doi.org/10.20944/preprints202311.1087.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2023 doi:10.20944/preprints202311.1087.v1

50f21

* the sum of the absolute values of cubic and quadratic terms of a third order polynomial fit of the
cluster.

The NN consist of an input layer, two hidden layers with seven neurons each, and one output
layer. An overall testing accuracy of 90.2% was achieved, with protons being correctly classified in 89%
and electrons in 91% of cases. In orbit, proton fluxes are still difficult to determine accurately, given
that electron fluxes are often higher by about two orders of magnitude and electrons falsely identified
as protons are of the same order of magnitude as the protons.

For the NN to work properly, it is required that clusters are well separated from each other.
However, particle tracks inevitably overlap, when frames have longer acquisition time and/or the
fluxes are high. The NN is not able to recognize the two or more tracks, let alone identify what particle
species they are. To quantify this effect, the occupancy has been introduced. It is calculated by the
number of hit pixels divided by the number of available pixels. The result is expressed in percent. To
ensure that the NN can work properly, only frames with a maximum occupancy of 20% were selected
(low occupancy frames). For frames with higher occupancy (high occupancy frames) a different
method had to be applied.

To estimate the electron fluxes of high occupancy frames, a more statistical approach was chosen.
The first step was to determine a mean energy of all clusters depending on the geographical position
of the current measurement. The information was obtained by looking at the low occupancy frames in
the region and calculate a mean energy for all particle tracks that were measured in the area. Typically,
this local mean energy is higher in the SAA than the rest of the orbit due to the abundance of protons
in that region. The estimation of the number of particles in the frame was then obtained by dividing
the total measured energy in the frame by the local mean energy corresponding to the position of the
satellite and then multiplying this by the fraction of electrons, known from the previous low occupancy
frame. Both methods were explained in detail in [7].

2.4. dE/dX spectrum unfolding

Spectrum deconvolution refers to the decomposition of a complex signal into its contributing
spectrum components. There are many different iterative and statistical schemes that can be chosen for
this process. For this paper, the Bayesian deconvolution scheme was been chosen [25], which utilises
the Bayesian probability formula:

_ p(B|A)p(A)
P(A|B) - p(B) (1)

where p represents a generic probability function, | the given operator, and A and B some arbitrary
variables or system states. Despite the simplicity of the Bayesian formula it is quite powerfully and
used in many areas of physics and statistics. The formula conveys the probability of A having a
particular value or state given that B has a particular value or state, essentially relating two otherwise
unrelated states. The states A and B can be assigned some arbitrary distribution of two variables that
will be referred to as the cause vector (x¢) and the effect vector (xg). It can then be assumed there
exists an arbitrary probability distribution p(xg|xc) given by the formula

p(xelxc)p(xc) )

Pl =)

The approximate values of p(xg|xc) can be achieved through simulation. The remaining probability
values for a specific experiment can be obtained through the Bayesian iterative deconvolution algorithm
that is implemented using the library [26].

To use the Bayesian deconvolution algorithm, an incoming spectrum (xc) is related to the
measured spectrum (xg) in a so-called “response matrix”. In the present work, the response matrix
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relates dE/dX spectra to an incoming mono-energetic electron or proton field (Figure 3). Therefore, for
each detected track the stopping power was calculated as:

dE _ Yo Ei
dX  feensor X Psi X cos 6

®)

with the per-pixel energy of a particle trace E;, the sensor thickness tsensor = 300 um, the density of
silicon ps; = 2.33 gcm 3, and the reconstructed impact angle with respect to the sensor normal 6. The
latter was determined as described in [27]. Accounting for the expected particles and energies, the
response spectra were simulated in N, electron primary energy bins and N, proton primary energy
bins with a flat distribution from 0 to 10 MeV and 0 to 500 MeV, respectively, using the Allpix Squared
simulation framework [28]. It is worth noting that all electrons > 1 MeV are degenerate and protons
are asymptotically electron-like with increasing energy.

IS
=]
o
]

1071

Protons [MeV

200

=)
—
(=]
s
Normalised Fluence

Electrons [MeV]

5 10 15 20 25 30

dE/dx [MeV cm?g~1]
Figure 3. Graphical visualisation of the response matrix (p(xc|xg)) used for obtained through
simulation.

2.5. 3D reconstruction of particle traces within the semiconductor sensor - the use as a solid-state
time-projection chamber

Ionizing radiation interacting in the sensors creates free charge carriers, which start to drift
towards the electrode of opposing charge. During this drift motion, currents are induced at the pixels
in close vicinity. Due to the small pixel size compared to sensor thickness, detectable signals are only
induced if the charge carriers are close to the pixel side (small pixel effect), so that the measured time
corresponds approximately to the drift time across the sensor thickness.

The charge carrier (electrons e and holes &) drift along the z-axis of the device can be described by

z?e:—‘uexg 4
0 =pp < E (5)

where p,,;, is the mobility of electron and holes, respectively. For planar silicon sensors in hole
collection a linear parameterization of the electric field can be used:

= Up 2Uclep d -
E - 732 + d2 X E —Z | ey, (6)

where d denotes the sensor thickness, Ug is the bias voltage and Ugep, is the depletion voltage. While
Ugep depends on the quality of the sensor and should be determined individually, we can use Ugep =
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2
40V x (W) as a rule of thumb. For semi-insulation planar sensors (CdTe, CZT, and GaAs:Cr)

with ohmic contacts, we assume a linear electric field across the sensor thickness

E= %e}. 7)
While the charge carrier drift motion can be described analytically, the induction process requires
numeric calculation (iterative simulation). Therefore, the charge carrier drift motion and the amount
of deposited charges were considered to create a look-up table relating the energy deposition and
measured time stamp to the interaction depth (see [29]).
The methodology was applied to silicon and CdTe sensors of thickness 500 pm [30,31] and
2mm [29] finding z-resolutions of ~30 pum and 60 um, respectively. Figure 4 shows typical event
displays of 3D reconstructed particle trajectories measured in relativistic particle beams.
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Figure 4. 3D reconstructions of tracks; (a) 120 GeV/c pion passing through a 500 pm thick silicon
sensor; (b) high energy electron, (c) fragmentation reaction measured during exposure of a 2 mm thick
CdTe sensor to a 180 GeV/c pion beam; (d) Cosmic muon with a 3D line fit. Fitting the trajectory allows
a trajectory reconstruction with precision of < 200 pm evaluated at a distance of 1 m. From [29,30].

2.6. Single-layer Compton camera and scatter polarimetry

Fine pixelation and 3D reconstruction within the sensor allows the use as a single-layer Compton
camera. Therefore, the Compton electron has to be detected together with the scattered X-ray
photoelectron. With the Compton electron detected at 7, depositing energy E, and the scattered
photon detected at 7, with energy E7, we can define Compton cones around the axis defined by the
directional vector rg;, = 7,/ — 7, with tips located at 7 [32]. The opening angle is given by

1 1
cosﬁzl—mczx —_— = = (8)
) (E’v Ev)
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with mec? = 511keV being the electron rest energy and E, = E, + E! [32].

Polarized incoming radiation will create an asymmetry in the scattering angles evaluated in
the detector pixel plane. Compton scattering differential cross section for a single X-ray photon is
described by Klein-Nishina formula [33]

2
de 12 (E, E, E, .2 2
5== <E7 ETY + E—% — 2sin*(B) cos”(¢ — ¢p) ©

where r, = 2.818 x 107! m is the classical radius of electron, f is the angle of the outgoing photon with
respect to the direction of the incoming photon and ¢ — ¢y is the angle between scattering plane and
polarization plane. The scattered photon preferentially flies perpendicularly (¢pref — 9o = 90° =
c08?(@pref — @0) = 0) to the polarization of the incoming photon.

A concurrent detection of Compton electron with photoelectron therefore allows for X-ray
polarimetry. We take the detector’s x-axis as reference and determine the angle ¢ as cos ¢ = 7dir¢x/|rg;|
where ¢é; is the x-axis unit vector. For partially polarized photon impact, the scattering angles ¢ will be
distributed as

f(@) = A(ucos (2(¢ — o)) +1), (10)

where A is a scaling factor, y is modulation, and phase ¢y determines the polarization direction of the
incoming X-rays with respect to x-axis. Here we assumed that our detector is equally sensitive in all
azimuthal directions ¢. The degree of polarization is then

H
P = , 11
H100 ()
where ji199 denotes the modulation response to a 100% polarized X-ray impact, which can be calibrated
in simulation [34] or in a field of known polarization.

3. Results
3.1. Space heritage - SATRAM and its 10 years of operation as a radiation monitor

3.1.1. Measurement stability - noisy pixel appearance and removal

In this section, the state of SATRAM in terms of radiation induced effects on data quality shall
be quantified. This will be done by looking at the amount of noisy pixels that may occur over time
in a different quantity. Noisy pixels are defined as pixels exceeding the overall countrate statistically
significant. While most of the identified noisy pixel were recoverable and dissappeared after resetting
the detector configuration, some became permanently noisy. The latter, were masked (removed from
the data set) and, thus, are not considered in the analysis. Given that there are 65,536 pixels, the loss of
a few hundred pixels is negligible for the overall data quality.

To determine if a pixel is noisy one usually takes an arbitrarily high number of frames and counts
how often a each pixel has send a signal. In the case of this study, the noisy pixel search was done on
the time-scale of 1 week. The number of counts measured in each of the pixels within this time period
are registered in a histogram. The resulting distribution was then fitted with a Gaussian distribution,
obtaining the mean Npyean and the standard deviation . We define the threshold for a pixel to be
considered as noisy, Nmax, as

Niax = Nmean +5 X 0. (12)
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This procedure was done for every consecutive week from the beginning of available data in
August, 2014!, until the 30" of June, 2023. Furthermore, this analysis was done separately for the
three different acquisition times. Naturally, more pixels will have sent a signal in longer frames than
in shorter ones, which could have skewed the distributions. The resulting relative numbers of noisy
pixels are shown in Figure 5.

102 =
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Figure 5. Relative number of pixel classified as noisy on a weekly basis from August 2014 to the end of
June 2023 for the Timepix in SATRAM. The number of noisy pixels stays below 0.6% until the end of
2021. In 2022, numbers are rising with a maximum of about 22% near the end of the year. The detector
recovered in 2023.

It can be seen that the number of noisy pixels until the end of 2021 are below 0.6%. In 2021, there
are two increases over a few weeks in spring and autumn. The same can be seen for the year 2022, but
with significant increase in the number of noisy pixels. No definite explanation has been found for the
increase nor for the periodicity.

In 2023, the detector seems to have recovered. A careful inspection of the data has shown that
most of the data is measured as expected. There are a few cases, where the matrix gets filled up to a
large portion, while being in the corresponding region of space where no high fluxes of radiation are
expected. While the statistical method for noisy pixel determination used here is not suitable to detect
this kind of behavior, these frames stand out and were excluded from analysis by comparison of their
count rates with previous and subsequent frames.

The distribution of noisy pixels over the pixel matrix can be seen in Figure 6 for the years 2015 on
the left and 2022 on the right. In 2015, most noisy pixels are concentrated in the lower left corner. This
is a well-known firmware issue of SATRAM and was present already from the beginning.

These pixels have been excluded from analysis in all previous studies. In 2022, the pixels in the
lower left corner are still noisy and seem to have worsened. Additionally, pixels along the edge are
showing increased noise behaviour. The edge pixels being noisy can be observed in many frames
acquired in 2022. However, their position makes it easy to mask them and eliminate them from analysis.
Their exclusion results in reduction of the usable detector area by 21%.

! Data was available from the 1st of April, but the final set-up of the settings were achieved in August.
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Figure 6. Noisy pixel distribution over the Timepix sensor for the years (a) 2015 and (b) 2022. The pixels
in the lower left corner got damage during launch of the Proba-V satellite. The color bar represents
how often the pixels were considered noisy, on a weekly basis and across all three acquisition times.

A follow up analysis, using the same method for noisy pixel detection, but for a reduced number
of pixels has been done. The noisy pixels in the lower left corner and the edge pixel as seen in
Figure 6(b) has been masked (excluded). The result is presented in Figure 7. The number of noisy
pixels were greatly removed to below 0.2%, except for a short period in late 2022, where about 10% of
pixels were identified as noisy. This effectively shows that by reducing the active area of the sensor
through masking the problematic areas, SATRAM provides reasonable data during its entire 10 years
of operation.
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Figure 7. Same as 5, but excluding noisy pixels from the lower left corner and pixels on the edges of
the sensor as seen in 6(b). The number of noisy pixels is greatly reduced.

3.1.2. Mapping out electron and proton fluxes in orbit

Figure 8(a) and 8(b) show the fluxes of electrons and protons classified with the method described
in Section 2.3. The majority of particles present in the radiation environment in LEO are protons (up to
400 MeV) and electrons (up to 7MeV) that are trapped by the Earth’s magnetic field. For electrons,
three distinct structures are discernible, i.e., the northern polar horn, the southern polar horn, and
the South Atlantic Anomaly (SAA). The northern and southern polar horns correspond to the points
at which the satellite passes through the Earth’s outer radiation belt. The SAA is present due to the
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satellite crossing the Earth’s inner radiation belt. This crossing is possible due to the incline of the
Earth’s magnetic dipole combined with the deviation of the Earth’s magnetic centre with respect to the
Earth’s centre of mass. While the outer radiation belt consists of electrons, the SAA is the only area in
SATRAM’s orbit, where a non-negligible flux of protons should be present. Thus, protons seen in the
polar horns (in Figure 8(b)) are interpreted as misclassified electrons.

Electron fluxes from 2015 to 2021 . Proton fluxes from 2015 to 2021 .
10° -~ 10
; .

P
100 150
Longitude [°],Latitude [°]

(@

Figure 8. Electron and proton flux rates as measured with SATRAM at 820 km altitude in low earth
orbit, averaged over the years from 2015-2021.

3.1.3. Measurement of the proton spectrum in the SAA

Figure 9(a) shows the g—i spectrum reconstructed for the central region of the SAA. Therefore,
frames with occupancy <5% recorded within the area defined by longitude € | — 70, —25[ and
latitute € ] — 40, —12[ were selected. The occupancy cut is required to reduced the probability of
track overlap resulting in improper g—)E( determination. During 2016-2018 operation, the total effective
measurement time was 92s.

Applying the unfolding methodology defined in Sec. 2.4 to the measured spectrum, we find
the yellow curve in Figure 9(b). To understand the energy dependent “background” contribution of
electrons, the methodology was applied to simulated data. Therefore, the expected electron spectrum
was extracted from SPENVIS [35] using AE-8 MIN [36] and used as input for detector response
modelling with Allpix2 [28]. The output of the simulation is processed in the same way as the
measured data finding the blue curve in Figure 9(b). The electron contribution becomes visible for
the energy region above ~ 100 MeV and dominates the count rate above ~140MeV. The final proton
energy spectrum presented in Figure 9(c) was obtained by bin-wise subtraction of the measured and
the simulated electron-background spectra.
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Figure 9. (a) g—ﬁ spectrum measured in the SAA used as input for the unfolding methodology; (b)
Results of the unfolding methodology described in Sec. 2.4 to the g—f( spectrum of (a) ( ). The
electron contribution determined in simulation (blue line, see text for details); (c) The final proton energy
spectrum was determined by bin-wise subtraction of the yellow and blue curves of (b). The data was
measured withing the SAA (longitude € | — 70, —25], latitute € | — 40, —12[) at 820 km altitude with
SATRAM.

3.2. Large area Timepix3 detectors as tracking modules in a magnetic spectrometer

The development of a penetrating particle analyzer (mini.PAN) started in January 2020 in
collaboration with the Department of Nuclear and Particle Physics (DPNC), University of Geneva
and the National Institute of Nuclear Physics (INFN), Perugia Section. Mini.PAN employs
position-sensitive (pixel and strip) detectors and (fast) scintillators to infer the particle type and
velocity of GeV particles (and antiparticles) passing through the instrument’s magnetic field by
measuring their bending angles, charge deposition and time-of-flight. Once in orbit this device allows
a precise measurement of flux, composition, spectral characteristics and directions of penetrating
cosmic-rays and antimatter searches over the full solar cycle. While such measurements exist within
the heliosphere, Mini.PAN is designed as a compact instrument with low mass operating at low power.
Thus, it will allow use in deep space or on smaller satellites. Figure 10a) shows the developed pixel
module featuring 4 Timepix3 detectors in a 2 x 2 geometry (quad), giving a 7.92 cm? area with 262,144
pixels at a pixel pitch of 55 um. Figure 10b) shows the pixel module integrated into the demonstrator.
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a) b)

Figure 10. (a) Picture of the Timepix3 2 x 2 module developed for the use in demonstrator of a
penetrating particle analyzer; (b) Timepix3 quad integrated into the Mini.PAN front end.

Figure 11 shows tracks and the stopping power spectra measured with the developed device
at different angles within a relativistic hadron beam (90% pions), measured at the CERN SPS. The
distributions are modelled as the convolution of a Landau curve, describing the physics the particle
energy loss in the sensor, smeared with a Gaussian, whose width indicates the detector’s energy
resolution. Rotation of the device allows to study this resolution at different deposited energy. We find
0(83.2keV) = 4.1keV (5%), 0(97.1keV) = 6.4keV (6.6%) and o (180keV) = 13keV (7.2%).
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Figure 11. Energy deposition spectra measured with the Timepix3 quad module in a 180 GeV /¢ pion
beam fitted with a Landau curve convolved with a Gaussian: (a) at perpendicular particle impact; (b)
at 30 degrees and (c) at 60 degrees impact angle with respect to the sensor normal.

A detailed study of the temperature influence on the device performance and different operational
parameters providing low power operation have been presented [37]: In the best case, a power
consumption of ~2W for the entire quad was achievable.

3.3. Capabilities of Timepix3 as a Compton camera and scatter polarimeter

The capabilities of a single-layer Timepix3 for use as a Compton polarimeter, was studied in a
laboratory experiment. The experimental setup is shown in Figure 12(a). X-rays from a Hamamatsu
microfocus tube were collimated onto a relatively large plastic target (dimensions: 2 x 2 x 2cm?)
placed at a distance of 21.5 cm to the collimator. The tube voltage was set at Uy = 75 kV with a tube
current of [ipe = 60 pA. A 1mm thick pixelated silicon sensor (55 nm pixel pixel pitch) attached to
Timepix3, reverse biased at 400 V, was used to detect the scattered X-rays.
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Figure 12. (a) Experiment design; A collimated beam from a Hamamatsu microfocus X-ray tube
hits a plastic target creating polarized X-rays which are absorbed in a 1 mm thick Timepix3 detector.
The detector was placed at 90° to the axis defined by the tube and scattering target. A tube voltage
Upgpe = 75kV was used at tube current I, = 60 A; (b) Energy histogram of the selected pairs of
clusters. Compton scattering clusters with energies < 3.5keV could not be detected due to per pixel
detection threshold.

The detector was placed at 16 cm from the target in a way that the X-rays of the highest degree
of polarization (scattering off the target at 90°) can be recorded. Using the detector in data-driven
operation, we search for coincidentally detected pairs of clusters using a floating time window of At =
65ns (drift time of holes across the whole thickness of the sensor). We refer to a set of coincidentally
detected clusters as “coincidence group”. Coincidence groups larger than 2 clusters were omitted
from the analysis. The cluster with higher energy E’ in each coincidence pair was assumed to
be a photoelectron deposited by the scattered photon, while the lower energies E. are assigned
to Compton electrons. The incoming photon energy is reconstructed by summing the two energy
measurements E, = E + E,. Using Eq. (8), we calculate cosine of the scattering and select only pairs
with —1 < cosp < 1.

We can apply further cuts to achieve as high modulation y as possible while retaining enough
statistics. A cut on pixel plane distance d = \/Ax? + Ay? between the clusters 1.0mm < d < 10.0 mm
has been found producing modulation around 80 %. Figure 13 shows the measured scattering angle
distributions fitted with Eq. (10), showing also the modulations y and phase shifts ¢ found by fitting.
In order to demonstrate that the seen modulation is in fact an effect observable in the laboratory frame
and not inherent to the technology, the detector was rotated around the axis defined by the target and
detector. The observed phase shifts ¢( are consistent with the angle offsets. Histogram of energies
of the selected clusters is in Figure 12(b). Clusters labelled as Compton electrons and photoelectrons
are well separated. There are no Compton scattering clusters with energies < 3.5keV due to per pixel
detection threshold.

The minimal time (tmin) measured by a single cluster within a coincidence pair defines the time
reference used for the calculation of the relative 3D coordinates (as described in Section 2.5). Figure 14
shows the Compton camera reconstruction using simple back projection with weighted cones. The
empirical weight function favors cluster pairs with higher energy of Compton electrons E, (less
uncertainty in cos f), absolute time of arrival difference || At|| being close to either 0.0ns or 65ns and
large distance d (less uncertainty in cone axis vector).
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Figure 13. Modulations measured within the detector plane presented at different angles around the
axis defined by the target and detector.
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Figure 14. Application of the single-layer Compton camera reconstruction to the measured data.

4. Discussion

4.1. Timepix-based radiation monitors

In contrast to commonly used space radiation monitors, Timepix-based devices provide the
capability to separate different particle classes with a single-layer detector. This allows the development
of competitive low mass (~100 g) radiation detectors which inherently provide an almost 477 field of
view. In the present contribution, we have outlined these capabilities by the example of SATRAM,
which has been operated in open space for more than 10 years.
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While Timepix can be considered as a noise-free individual particle detector, due to single-event
effects appearing in chip registers, individual pixels can “lose” their configuration becoming noisy
until their configuration is reset [38]. Long-term irradiation additionally results in electronics baseline
shifts, which could affect the noise behavior of the entire sensor. We have studied the appearance
of noise patterns in the measured data by searching for outlier pixels with unphysically high count
rate. For the first 8 years of operation, the number of such pixels was consistently on the level of 0.6%.
During 2022 operation, the number of noisy pixels reached values of up to 22% and recovered in 2023.
It was found that the noise level increase in particular affected pixels at the edges of the sensor, which
were subsequently excluded reducing the relative amount of noisy pixels to 0.1% (with the exception of
a short period in late 2022 with up to 10%). While the effectively used detector area had to be reduced
by 21% for 2022 operation, the overall data quality and scientific reach of the detector was not affected.

The current limitation of SATRAM compared, e.g., with the Energetic Particle Telescope, was its
insensitivity to resolve the spectral characteristics of the incoming radiation. Within in the present
work, we have overcome this problem - at least for protons - using a novel spectrum unfolding
methodology. For the first time, we were able to present a proton energy spectrum measured with a
single-layer device in low earth orbit. Comparison of the obtained result with previous measurement
and predictions is out of the scope of this work. The energy selective detection of electrons in the LEO
radiation environment still remains unsolved, and should be addressed in future development, e.g.,
by implementing multi-detector devices of with sensors of differing stopping power or by adding
electron stopping filters to the backside of the sensor.

A drawback of Timepix is that measurements are taken in frames of predefined acquisition
times. Thus, at changing radiation fluxes, overexposure of frames occurs, leading to track overlap and
misclassification of events. Selection of frames with low occupancy mitigated this issue at the cost of
losing measurement time. This issue was addressed with the design of next generation Timepix ASICs.
For example, Timepix2 provides “online” monitoring of the frame occupancy with automatic frame
termination once a preset amount of columns is triggered; Timepix3 implements a data-driven mode,
where only pixels triggered by radiation are read out all others remain active. The latter, however,
comes with the possibility of high measured data rates. Considering typically limited resources
for data storage and downlink, this imposes the requirement for an on-board data compression.
Therefore, methodology and algorithms are needed which can analyse the data at low computing
power. Development going in this direction has been started.

4.2. Towards astroparticle physics application

Highly spatially segmented detectors with decent time resolutions are a valuable asset also for
astroparticle physics instrumentation. In contrast to the space weather and radiation dosimetry studies,
where small detectors are beneficial, astrophysical observations usually require detectors of large area
to cope with low flux rates.

4.2.1. From Mini.PAN to Pix.PAN

A Timepix3 quad detector was developed for application in Mini.PAN, which is a two-sector
magnetic spectrometer proposed for an in-situ spectrally resolved measurement of the galactic cosmic
ray fluxes. The developed detectors have an effective area of 7.92 cm?, segmented in 262.144 pixel of
55 x 55um?. In the current instrument design they are mainly supplemental detectors adding high
flux capabilities, an additional charge and position measurement. Their limited spatial (dx = % pm
= 16 pym) and temporal resolution (~2ns), prevents them from being used as a standalone tracker
(requirement: dx < 7um) or as a segmented time-of-flight module (requirement: dt < 200ps). As
outlined in [39], these issues can be overcome by the latest generation of Timepix-series chip, namely
Timepix4, inherently providing a time granularity of < 200 ps, combined with an adapted sensor
design using a “pitch adapter” to create rectangular pixels of 13.75 x 1760 pum? area. The small pitch in
bending direction is sufficient for measuring the curvature of particles in the range up to 10 GeV/c with
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the baseline Mini. PAN Halbach magnets of 0.5 T [14]. The lax requirement in non-bending direction
further allows to save power by switching off 7/8 of the pixels. The production and testing of the
novel sensor design has been started.

The Pix.PAN design relies on three tracking stations, each consisting of a stack of two Timepix4
quads [39]. While synchronization of 24 detectors at picosecond precision requires careful electronics
design, relying on a single detector technology represent a significant simplification compared
to Mini.PAN. The high-rate capability of Timepix4 will allow for application in harsh radiation
environments, such as the Jovian radiation belts.

4.2.2. Compton scatter polarimetry

At last, we have presented a simple laboratory experiment demonstrating the capability of
Timepix3 to be used as a single-layer Compton camera and scatter polarimeter. Therefore, we profited
from the capability of reconstructing the locations of the interaction of ionizing radiation withing thick
sensors in 3D enabled by nanosecond-scale drift time measurement. We measured the modulation
for X-rays from a microfocus tube (tube voltage: 75kV) scattered at 90 degrees in a plastic target to
be pmeas. = 80%. This represents an improvement of ~29% compared with previous work [34] using
Timepix in a similar experiment (finding a modulation of 62%).

To further understand the detectors capability, a simulation in Geant4 [40] with X-rays hitting a
14.08 x 14.08 x 1.0 mm? silicon sensor was carried out. Simulated X-ray beams were monoenergetic,
non-dispersive, had a uniform spatial distribution, and were arriving at an angle of 90° to the sensor
plane. Three types of beams were simulated: unpolarized, 100 % polarized with polarization direction
at 0°, and 100 % polarized with the polarization vector oriented at 30° to to the sensor’s x-axis. Only
events with the photon interacting twice in the sensor were selected. The same cuts on cos 8 and distance
d were made as for the experimental data. Interactions with an energy deposit Egep, < 3.5 keV, resembling
the per pixel energy threshold, were omitted. We find that for 100% polarization in the incoming photon
energy range from 45 to 75keV a modulation p199p > 92% could be achieved. Further simulation using a
proper detector response simulation are the topic of future work. These will help to find optimized event
selection criteria and obtain ground truth data samples as input for machine learning techniques.

We can further assess the performance of the device by the Minimum Detectable Polarization
(MDP) at 99% confidence level, describing the degree of linear polarization detectable within a given
acquisition time. Neglecting background, it can be estimated as [34]:

4.29

#100 X v/ Naet”

where Ny, is the number of detected scatter electron-photon pairs and 199 the modulation measured
at 100% polarized radiation. We can solve Eq. 13 for Ny, to estimate the minimal amount of detected
scatter events

MDPggq, = (13)

4.292
2 x MPDggo, 2
H1o0 99%

With p190 = 92% (from the simulation) and MPDggo, = 10%, we find Nge; = 2000.

The possibility to use different sensor materials of various thicknesses with the same Timepix
readout ASIC hereby allows selection of sensors optimized for the desired photon energy range. The
larger area and lower power density per unit area of Timepix4 will further enhance applicability for space
research. Thus, future work should study the capabilities of thick CdTe (available up to 2mm) and CZT
(up to 5mm [41]) devices for measurement in the hard X-ray band, terrestrial y-flashes or y-ray bursts.

Nget = (14)

5. Conclusions

In summary, we have demonstrated that Timepix-familiy detectors” capability of single-layer
particle tracking and particle species separation allows a production of competitive radiation monitors
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with one order of reduction in mass and covering almost the entire solid angle range. Application
of novel methdology utilizing the Timepix3 time resolution for reconstruction of the z coordinate
provides 3D reconstruction of particle tracks, which in “thick” sensors enables their use as single-layer
Compton camera and scatter polarimeter. Here, the possibility to combine the readout ASIC with
sensors of different materials provides means of optimization for different X- and y-ray bands. While
currently Timepix3 detectors are integral part of particle spectrometers for measurements of galactic
cosmic ray properties (Mini.PAN), the latest-generation Timepix4 could be baseline technology of
future magnetic spectrometers adding high rate capability and electronics simplification (Pix.PAN).

Author Contributions: Conceptualization, B.B. (Benedikt Bergmann); Formal analysis, D.G (Declan Garvey), S.G.
(Stefan Gohl), and ] J. (Jind¥ich Jelinek); Funding acquisistion, B.B., Investigation, ]J.J., Methodology, B.B., S.G., D.G.
(Declan Garvey) and ] .J.; Project administration, B.B., Resources, P.S. (Petr Smolyanskiy), Software, S.G., D.G. and
J.J.; Supervision, B.B. and S.G., Validation, S.G., D.G. and ].J.; Visualization, S.G., D.G., and ].J.; Writing—original
draft preparation, B.B.; Writing—review and editing, S.G., D.G., ].J., and P.S.; All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Czech Science Foundation under grant number GM23-04869M.

Data Availability Statement: All SATRAM data are available through the online tool https:/ /satram.utef.cvut.cz/.
Other presented data and used reconstruction codes are available upon request.

Acknowledgments: Successful launch and operation of SATRAM would not have been possible without Stanislav
Pospisil, Carlos Granja, and Alan Owens.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ASIC Application Specific Integrated Circuit

CdTe Cadmiumtelluride

CZT Cadmiumzinctelluride

GaAs:Cr  Chromium compensated Galliumarsenide
CNN Convolution Neural Network

ESA European Space Agency

EPT Energetic Particle Telescope

HITPix Highly Integrated Timepix radiation monitor
HPD Hybrid pixel detector

ICARE Influence sur les Composants Avancés des Radiations de 1’'Espace
LEO Low Earth Orbit

MIRAM Miniaturized Radiation Monitor

MS Magnetic Spectrometer

MPD Minimum Detectable Polarization

NN Neural Network

PAN Penetrating Particle Analyser

SAA South Atlantic Anomaly

SATRAM  Space Application Timepix Radiation Monitor

SPENVIS  Space Environment Information System

SREM Standard Radiation Environment Monitor

SWIMMR  Space Weather Instrumentation, Measurement, Modelling and Risk
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