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Abstract
Pix.PAN is a compact cylindrical magnetic spectrometer, intended to provide excellent
high energy particle measurements under high rate and hostile operating conditions in
space. Its principal design is composed of two Halbach-array magnetic sectors and six
Timepix4-based tracking layers; the latest hybrid silicon pixel detector readout ASIC
designed.Due to Pix.PAN’s compact and relatively simple design, it has the potential to
be used for space missions exploring with measurements of unprecedented precision,
high energy particles in radiation belts and the heliophere (solar energetic particles,
anomalous and galactic cosmic rays). In this white paper, we discuss the design and
expected performance of Pix.PAN for COMPASS (Comprehensive Observations of
Magnetospheric Particle Acceleration, Sources, and Sinks), a mission concept sub-
mitted toNASA’sCall “B.16HeliophysicsMissionConcept Studies (HMCS)” in 2021
that targets the extreme high energy particle environment of Jupiter’s inner radiation
belts. We also discuss PixPAN’s operational conditions and interface requirements.
The conceptual design shows that is possible to achieve an energy resolution of <12%
for electrons in the range of 10MeV-1GeV and <35% for protons between∼200MeV
to a few GeV. Due to the timestamp precision of Timepix4, a time resolution (on an
instrument level) of about 100ps can be achieved for time-of-flight measurements.
In the most intense radiation environments of the COMPASS mission, Pix.PAN is
expected to have a maximum hit rate of 44MHz

cm2 which is below the design limit of

360MHz
cm2 of Timepix4. Finally, a sensor design is proposedwhich allows the instrument

to operate with a power budget of 20W without the loss of scientific performance.
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1 Motivation

Before the launch of the satellite Explorer 1 on January 1st 1958, scientists expected
that charged particles could be trapped and form radiation belts. However, they
expected this to only occur during magnetic storms and therefore only exist tem-
porarily. The Explorer 1 was launched into an elliptical orbit with an altitude between
358 and 2550km, carrying a Geiger counter developed by a group at the University
of Iowa, led by James van Allen. The device was designed to measure high energy
ions (above 30MeV) and electrons (above 3MeV). Unexpectedly, it discovered a high
count rate starting at about 1000km. Early findings were puzzling, but later under-
stood to be a characteristic feature when exposed to too high radiation environments.
This was later confirmed with the launch of the Explorer 3 satellite. Van Allen quickly
understood that these high radiation areas are due to trapped charged particles in
Earth’s magnetic field, leading to the birth of the Van Allen Belts. [1, 2].

It stands to reason that any other planet which is sufficiently magnetized would
therefore also host radiation belts. This was confirmed for Jupiter, Saturn, Uranus and
Neptune [3, 4]. For Jupiter, its existence was first inferred through radio emissions
in the 1950s and later observed by Pioneer 10 in 1973 [5]. The radiation belts at
Saturn were first observed by Pioneer 11 in 1979 [6]. Voyager 2, the only probe so far,
was only able to nominally prove the existence of radiation belts near Neptune and
Uranus. Naturally, high energy particles can also be found in other regions besides
these radiation belts. They can be found throughout the planetary magnetosphere, in
the interstellar and intergalactic medium, in brown dwarfs or astrospheres of stars [7].
For the study of galactic cosmic rays (GCRs), simply measuring the particles in space
is insufficient to understand its origins and acceleration sites. Fortunately, radiation
belts allow for in-situ measurements to study the high energy physics processes (in
time scales of space missions). Combined with remote observations, the results allow
to further constrain models characterizing large scale astrophysical systems.

Owing to the growing interest in the research community and launch of many
missions in the past 65 years, much has been discovered about the Earth’s radiation
belts in terms of structure, origin and dynamical evolution. For example, it is now
know that there are two stable radiation belts around Earth1. Two dominant sources of
the high energy proton population in the inner belt (energies exceeding 100MeV) have
now been identified: i) Cosmic Ray Albedo Neutron Decays (CRANDs), a process
where cosmic rays (comprised of 90% protons at energies well above >10MeV) strike
nuclei in the atmosphere, producing a shower of secondary particles, some ofwhich are
free neutrons that escape decay into protons [8] (see Fig. 1), ii) solar energetic protons
fromcoronalmass ejections andflares [9]. The outer radiation belt consists primarily of
electrons with energies ranging from 100keV to 10MeV and ismore susceptible to the
solar activity. These populations are produced through a combination of local energy

1 A third radiation belt was discovered by the Van Allen Probes as a product of coronal mass ejections.
These are unstable and generally merge with the outer belt after a few weeks.
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Fig. 1 Artistic illustration of the CRAND process at Jupiter with the GCR cutoff rigidities at its magneto-
sphere [14, 15]

transfer and inward radial diffusion [10, 11]. The Van Allen Probes which launched
on August 30th 2012 and operated for 7years yielded further significant strides in
the field. Among the many findings [12], they showed that a temporary third electron
storage ring (for energies ≥2MeV) appears during intense solar activities. They also
found that, unlike the outer belt, no electrons with energies above 1MeV could be
found in the inner belt (at low altitudes). In combination with a balloon experiment
(BARREL [13]), they found that particle’s acceleration and subsequent breaking out
of the belt (and traversing to Earth) was linked to their electric charge and not their
mass. Their combined results have therefore greatly improved the predictability of
relativistic ion and electron populations and dynamics with respect to the interplay
with the solar activity.

Jupiter is of particular interest as its magnetic moment is 20,000 times stronger
than that of the Earth; it is the most intense in the solar system. There, particles have
been observed with energies in excess of 70MeV and 1GeV for electrons and protons
respectively [16, 17]. For protons, these energies can be as high as 100GeV, almost
50 times higher than what can be trapped on Earth. The contribution of electrons in
the radiation belt can be recognized through its synchrotron emission with the Karl
G. Jansky Very Large Array (VLA) [18], Low-Frequency Array (LOFAR) [19] and/or
Giant Metrewave Radio Telescope (GMRT) [20]. Jupiter’s inner magnetosphere is
influenced by a number of moons and satellites embedded in it. Io’s extreme vol-
canic activity, Europa’s sub-surface ocean, and the irregular inner satellites, such as
Amalthea, shape the radiation belts via an intriguing combination of source and loss
processes. Jupiter’s fast rotation and material from Io’s volcanoes that fills the sys-
tem, aid the magnetic field to push against the solar wind even further, leading to a
magnetosphere of enormous dimensions [21] within the volume of which, numerous
combinations of source, loss and acceleration processes may be operating that cannot
be realized at smaller systems like Earth, or even Saturn.

Despite being studied for decades, the hazardous environment generated by the
extreme fluxes of penetrating particle radiation near the planet, has prevented us so
far from observing the most interesting region of Jupiter’s radiation belts in a com-
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prehensive way (with spacecrafts). Therefore, many fundamental questions remain
unresolved, especially with regards to particle source and acceleration to very high
energies. To date, fewmissions have approached Jupiter closer than its moon Io (which
is at 5.9 R j ). Pioneer 10/11 performed flybys and carried energetic particle detectors;
although these suffered from both saturation and degradation. Voyager 1 experienced
radiation damage [22]. Galileo performed many orbits through the equatorial belts,
albeit for >5 R j . Three orbits were within Io’s orbital limit but several of its energetic
particle detectors suffered problems with saturation and radiation damage. Juno [23]
regularly passes through the inner belts (from high latitudes) but is not instrumented
for the highest energy particles that are of interest here. In short, past and current mis-
sions were either insufficiently instrumented or did not approach Jupiter’s radiation
belts close enough.

Cassini, a mission which orbited Saturn for 13 years, only performed a flyby to
obtain a gravity assist to reach Saturn. At the end of Cassini’s mission, it approached
an uncharted region between the planet (Saturn) itself and the innermost D-ring. This
spawned new discoveries [24]. Among them was the discovery of a new innermost
radiation belt [25] whose population could primarily originate through the CRAND
process. This does not imply that this is also to be expected at Jupiter. It merely empha-
sizes that the exploration of Jupiter’s radiation belt (with proper instrumentation) could
lead to many new discoveries.

In 2019, a White Paper was submitted to Experimental Astronomy, titled “The in-
situ exploration of Jupiter’s radiation belts”, in response to the ESA’s Voyage 2050
Call [7]. The paper argues that Jupiter’s radiation belts and the vast magnetosphere
that encloses them constitute an unprecedented natural laboratory suitable for both
interdisciplinary and novel scientific investigations. From the perspective of ultra-
relativistic particles, an in-situ measurement will allow for ground-breaking advances
in all five outstanding science investigations as identified in the Voyage 2050 White
Paper. These are:

1. Adiabatic electron heating vs local electron radiation belt sources and losses;
2. Cosmic Ray Albedo Neutron Decay as universal proton radiation belt source;
3. The enigmatic origin of the heavy and light ion radiation belts;
4. High latitude charged particle acceleration as a universal radiation belt source;
5. The space weather of Jupiter’s radiation belts;

A novel mission concept to probe these fundamental science investigations, in
addition to other mysteries, is being developed by NASA, but has significant inter-
national contributions. The mission concept is called Comprehensive Observations
of Magnetospheric Particle Acceleration, Sources, and Sinks (COMPASS) and was
funded by NASA in preparation for the 2024-2033 National Academies of Science
Decadal Survey in Solar and Space Physics ([15]). COMPASS is designed to explore
the uncharted and hazardous regions of Jupiter’s radiation belts with highly capable
instrumentation. One important goal of COMPASS is to measure the relativistic elec-
tron and ion populations, ranging from eV to GeV, that form Jupiter’s intense radiation
belts (see Fig. 2 for amore detailed overview). The final report was submitted toNASA
on 21/Oct/2022. At the time of writing, the report is not yet publicly available. How-
ever, a summary in the form of a white paper is available through [26]. Pix.PAN is
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Fig. 2 Overview of on-board instrument for the COMPASS mission concept. Pix.PAN is the advanced
instrument concept for the URPD payload [27]

an advanced instrument concept for the Ultra-Relativistic Particle Detector (URPD),
whose design and expected performance are further elaborated upon in this article.
To successfully address the science goals/requirements outlined above, its instrument
must specify the performance criteria outlined in Section 2.

2 Instrument performance requirements

The Ultra-relativistic Particle Detector of COMPASS has the challenging task to mea-
sure the energy, direction, time, and composition of the most energetic particles that
can be trapped at Jupiter, covering electrons in the range of 10MeV to >1GeV, protons
and ions (in particular oxygen and sulfur ions) from 100 MeV/nuc to few GeV/nuc.
Detectors that measure particles of such energies (or even higher) and a large range
of ion masses operate routinely in the near-Earth geospace and usually target the
GCR spectrum. The latter comprises very low fluxes and varies slowly, so using slow
detector electronics is sufficient. Such instruments also benefit from operations at ≈1
AU that allows them to use relatively large resources in terms of mass and power.
Ultra-relativistic particles within the Earth’s magnetosphere are also at relatively low
intensity levels. At Jupiter, fluxes of electrons and ions at (ultra)relativistic energies
are many orders of magnitude higher than those of cosmic rays or Earth’s magneto-
sphere, more variable at short time scales in both intensity and composition and more
complex in terms of spectral shape compared to the regular power-law shape of GCRs,
as hinted by existing measurements and physical models [28]. Their distribution func-
tion has never been accurately observed. New discoveries about phenomena in this
energy range are expected and thus will provide clues to acceleration processes that
have never been studied in-situ.
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Energetic particles above about 100 MeV/nuc for protons and ions, and electrons
above about 10 MeV cannot be easily stopped, thus become “penetrating”, and can
interact with the detector material and produce a shower of secondary particles. There-
fore they cannot bemeasured accurately with the energetic particle instruments used in
previous space missions, e.g., the Relativistic Electron-Proton Telescope (REPT) [29]
or Relativistic Proton Spectrometer (RPS) instruments [30] on the Van Allen Probes,
which require that the particles stop in the detector, while complying with the strict
mass and power budgets of a deep space mission. Currently, the baseline design con-
sidered for the URPD on COMPASS a modified version of RPS. It determines the
energy of penetrating protons with a Cherenkov radiator up to ≈1 GeV, and for
ultra-relativistic electrons up to ≈50 MeV, whereas REPT, used as a baseline for
COMPASS’s Relativistic Particle Detector (RPD), can also resolve heavy ions up
to several 100 MeV/nuc, both satisfying the mission’s measurement requirements.
Jupiter’s magnetic field is so strong that, within Io’s orbit, it can trap >100 GeV pro-
tons,while trapped electrons of�100MeVand heavy ions of�100MeV/nuc are also
predicted by several models [31, 32], energy ranges that cannot be covered by either
RPS or REPT designs. Compared to the REPT, the RPS includes a Cherenkov system
for protonswhichmanage to penetrate all its silicon layers. This enables it to expand its
energy range from an initial 400MeV to 2GeV. Nevertheless, it should be noted that
the energy resolution is 30% at 50MeV and increases to 100% at 2GeV. To enhance
the scientific output of COMPASS by increasing the energy coverage for electrons,
protons and heavy ions, and to offer additional redundancy to the challenging mea-
surements by REPT and RPS, the concept of a compact magnetic spectrometer with
a high-resolution silicon tracker with particle identification and high-rate capabilities,
the Penetrating particle ANalyzer (PAN), has been proposed [33]. PAN is designed
to go above and beyond the current state of the art of energy range, targeting energy
resolutions reaching the 20-30% level for ultra-relativistic particles. Here, Pix.PAN is
an implementation of the PAN concept specifically adapted for Jupiter’s radiation belt
studies. It should be noted that the energy resolution goal, should be achieved within
the provided payload envelope. For a Jupiter mission, this implies a power budget of
20W, a maximum mass of 25kg (including shielding) and an (approximate) volume
of 25×25×25 cm3.

3 Pix.PAN conceptual design and simulation

Relativistic energetic particles, above about 100 MeV/nuc for protons and ions, and
above about 10MeV for electrons, cannot be easily stopped, thus becoming “penetrat-
ing”. Up until now penetrating particles have not been precisely measured outside the
Earth’s magnetosphere, while most of the time only their integrated fluxes are avail-
able. The state-of-the-art deep space energetic particle detection technology is based
on the so-called �E − E method, where the particle has to be stopped completely
in a series of thick solid-state detector layers so that its energy (E) can be measured,
while its identity is inferred by measuring the energy deposited in each layer (�E),
which is related to the speed and the charge of the particle through the well-known
Bethe stopping power formula. This method has been successfully applied in many
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missions, including the CRIS instrument [34] on the ACE mission, the HET [35]
instrument on Voyager 1, the CRaTER [36] instrument on LRO, the EPHIN instru-
ment on SOHO [37] and similar instruments on the GOES series of satellites [38], and
the Radiation monitor RADEM of the upcoming JUICE mission [39]. However, these
instruments are not able to precisely measure penetrating particles since, as explained
above, these particles can no longer be stopped by the detector. In addition, these
particles start to interact strongly with the detector material, producing a shower of
secondary particles which degrades substantially the energy resolution.

The same �E − E type of detectors have also been used in previous radiation belts
missions, such as the REPT [29] or RPS instruments [30] on the Van Allen Probes,
thus limiting seriously theirmeasurement capabilities for penetrating particles in terms
of energy resolution, particle identification and counting rate. Magnetic spectrometer
(MS) is a proven high precision detection technology for energetic particles, and has
successfully been used in large space missions (e.g., Pamela [40] and AMS-02 [41]) as
well as on smaller assemblies for intermediate energies (tens/hundreds of keV to few
MeV electrons) in missions like the Van Allen Probes (MagEIS instrument) and the
EPD/LEMMS and MIMI/LEMMS instruments on the Galileo and Cassini missions
respectively. In a MS, the momentum resolution, thus the energy resolution, has two
contributions: one, related to the magnetic field (strength and length) and the tracker
spatial resolution, increasingwith increasingmomentum; the other, due to themultiple
Coulomb scattering (MCS), decreasing with increasing momentum. With appropriate
instrument design, it is possible to mitigate these two effects to achieve a good energy
resolution over the desired energy range.

3.1 Conceptual design and enabling technologies

Penetrating particles carry critical information to unravel the complex physical
processes in planetary radiation belts and solar particle events. Additionally, their
measurements have significant impact on space weather and space radiation dosime-
try. To fill this critical technology gap, an instrument concept based on a compact
magnetic spectrometer and advanced silicon tracker technology called Penetrating
Particle Analyzer (PAN) [33] was proposed, in the context of deep space application,
with limited weight, dimension and power budget, but with high performance that
will allow for ground-breaking measurements. A magnetic spectrometer measures the
rigidity (momentum over charge p/Z) of a charged particle through its trajectory bend-
ing in a magnetic field, which then can be used to derive the momentum and energy
if the charge (Z) of the particle, can be independently identified.

An international consortiumwith physicists from the Czech Republic (the CTU and
UWB groups), Italy (INFN, Perugia Section) and University of Geneva was created
to pursue its technology development. A 3-year H2020 grant [42] was approved to
develop a technology demonstrator, called Mini.PAN. Development on this demon-
strator greatly aided in the understanding of its design weaknesses/strength. Its design
strengths (such as the mechanical compactness, high rate capability of the Pixel
sub-detectors and readout system) inspired the proposed Pix.PAN instrument for the
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Fig. 3 a)A sketch of the spectrometer layout of Pix.PAN key components, showing the two magnet sectors
and three tracking stations. b) Preliminary design of the mechanical structure of the Pix.PAN spectrometer,
excluding shielding and radiator material

COMPASSmission. The baseline layout of Pix.PAN is shown in Fig. 3a. It is a cylindri-
cal magnetic spectrometer with twoHalbach-arraymagnet sectors of 5cm in diameter,
each providing a dipole field of∼0.4 Tesla. Themagnets are sandwiched between three
tracking stations, each composed of two tracking layers 1cm apart, to measure both
the particle bending angle through each magnet, as well as its bending radius through
the full spectrometer. To satisfy the performance specifications of URPD, in particular
the extreme high hit rates (up to ≈60 MHz/cm2) and the harsh operating environ-
ment, the tracking stations will be implemented with hybrid pixel detector read out by
the latest version of the widely used, both on ground-based experiment and in space,
Medipix/Timepix series of readout ASICs [43], the Timepix4 [44]. Not only can the
Timepix4-based pixel detectors provide excellent tracking performance under high
rate and hostile operating conditions, they can also provide good timing and particle
charge measurements for particle identification.

Fig. 4 The Mini.PAN magnets: a) Design sketch; b)Magnet prototype; c) Single magnet under integrated
magnetic field measurement with stretched wire at CERN; d) 2-magnet assembly under 3D mapping of the
magnetic field with Hall probe at CERN
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3.1.1 Magnets

In the framework ofMini.PAN, the Halbach-array magnet sectors with NdFeB perma-
nent magnet blocs have been designed, produced, measured and assembled (Fig. 4).
The design requirements are mostly satisfied. The magnetic field strength along the
z-axis of the instrument is expected to be as shown in Fig. 5. The figure shows that
the stray field is less than 1mT beyond 70mm of the instrument openings (or 150mm
from the instrument center). The weight of each magnet is 0.8kg, for a total of about
1.6kg.

The demagnetization of permanent magnets by high doses of radiation have been
studied by many experiments (for a review see [45] or [46]). The degree of demagneti-
zation depends both on the radiation (particle type, energy and dose), the magnet itself
(material, dimension, manufacturer, preparation, etc.) and the operation temperature.
At the level of 100-200krad, SmCo permanent magnets would not be demagnetized.
Even with NdFeB magnets the radiation situation of Pix.PAN is manageable since:

• the total dose on the magnets behind the exterior instrument shielding is due to
MeV electrons, which are expected to cause much less demagnetization than high
energy protons and ions. According to one measurement [47] a magnetic flux loss
of 0.5% is expected after a dose of ≈ 1015 electrons

cm2 of 17MeV electrons, which is
above the electron dose expected for Pix.PAN.

• the operational temperature of the magnets of Pix.PAN is expected to be well
below 0◦C, which can substantially reduce the effect of radiation damage [48].

• shielding strategy can be optimized to minimize the demagnetization effect

Fig. 5 Magnetic field along the z-axis for theMini.PANdemonstrator (effectively equivalent for thePix.PAN
instrument). ‘0 mm’ refers to centre of the instrument between the magnets
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Fig. 6 a) Area of the Timepix4 quad assembly of a Pix.PAN tracking layer. The gap between a 2x1 sensor
is about 55μm. b) Photo of a single Timepix4 assembly with a 300μm silicon pixel detector. c) Photo of
the Mini.PAN Timepix3 quad assembly prototype

If it is necessary to use SmCo magnets2, due to their ∼20% lower magnetic field
compared to NdFeB ones, the magnets will need to be bigger to achieve the same
bending power. As a result, the weight of the 2-magnet system will be increased by
about 1kg, to about 2.6kg (excluding the impact on themass of the Pix.PANencasing).

3.1.2 Tracker

The bending of a charged particle due to the magnetic field is measured by a tracker: a
series of position sensitive detectors placed along the track of the particle. The tracker
of the Pix.PAN instrument consists of three tracking stations, each composed of two
tracking layers. Silicon strip or pixel detectors have been widely used in nuclear
and particle physics experiments, as well as in space (e.g., PAMELA and AMS).
Within the context of Mini.PAN, silicon strip detectors are used for the tracker design.
However, during the strongest solar particle events, and within planetary radiation
belts, it is very likely that pile-up (more than one particle entering the same detection
element at the same time) as well as readout saturation will occur. To cope with this
anticipated problem, the Mini.PAN consortium has investigated using the advanced
high-rate active hybrid silicon pixel sensor technology developed by the Medipix
collaborations [49], of which both the Geneva and CTU groups are members. In
this context the CTU and University of West Bohemia (UWB) groups developed a
protoype pixel module (Fig. 6a) consisting of four Timepix3 ASICs [50] arranged in
two rows bonded to a 300μm thick silicon pixel detector with 262,144 pixels of 55μm
pitch, covering a total area of 8 cm2, about 20% of the Mini.PAN acceptance. The
main concern of using the pixel technology in deep space is the power consumption
due to the large numbers of active pixels in the sensor. The Czech groups (within
the PAN consortium) have investigated the performance of Timepix3 with different
operational parameters providingmeans of reducing the power consumptionby a factor
of four without compromising the performance ofMini.PAN [51]. The Timepix3 quad
modules have been successfully tested individually and integrated into the Mini.PAN

2 We are referring to the scenario where the environmental requirements for the NdFeB cannot be satisfied
during the course of the mission.
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spectrometer built by the Geneva group in the CERN test beam facilities (Fig. 6c). Due
to the high-rate environment of Jupiter’s radiation belts, silicon Hybrid Pixel Sensors
based on the Timepix4 readout ASIC will be used for Pix.PAN (as shown in Fig. 6b).

Timepix is a series of hybrid pixel detector (HPD) readout ASIC developed by the
Medipix2 collaboration led by CERN since 1999, and has been widely used in particle
physics, nuclear physics, medical physics, and in space (for a review of Timepix
space application see [52]). Recently, a TimePix based radiation monitoring system,
HERA [53], was launched on Artemis 1 on November 16th 2022. Timepix4 [44]
is the 4th generation of the ASIC produced and validated in 2021. The Pix.PAN
tracking layer consists of siliconpixel detector readout by2x2Timepix4.TheTimepix4
chip measures 29.96x24.7 mm2, therefore the quad assembly can readout a silicon
pixel detector up to 60x50 mm2 in size, sufficient to cover the sensitive area of the
spectrometer, as shown in the left panel of Fig. 6. Note that Timepix3 quad assembly
has been successfully produced for Mini.PAN, as shown in the right panel of Fig. 6.

Timepix4 is a large area pixel detector readout chip with high rate capability, up
to a hit rate of 358 MHz/cm2. Each ASIC has 512×448 readout cells with 55μm
bump bonding pitch. In data-driven mode it has been demonstrated to operate with a
threshold of 800 electrons [44], which is about 1/14 of electron-hole pairs produced
by a minimum ionizing particle (MIP) in 150μm of silicon. The energy resolution is
≈1keV, corresponding to about 1.7% for the most probable energy loss by a MIP in
150μm of silicon. One important feature of the ASIC, as its name indicates, is that
it can provide a timestamp in 195ps bins, allowing to use the tracker also as a Time-
Of-Flight (TOF) detector, an additional handle for particle identification in Pix.PAN.
The tracking layers will also measure the charge number (Z) of the particles using the
dE/dx method thanks to the full analog readout capability of Timepix4.

Therefore, thanks to the powerful functionalities of Timepix4 the Pix.PAN instru-
ment will have only one type of sensor technology, which makes it simple and robust
to operate. There are also two important features: no trigger device is needed since
Timepix4 uses a data-driven readout scheme, and the readout is purely digital since
the ADC and TDC are fully integrated in Timepix4.

Silicon HPDs have been operated successfully in high radiation environment such
as in collider experiments at the LHC at CERN, which is harsher than the 100krad
expected for Pix.PAN. Radiation induced single event upset effects can be mitigated
by periodically refreshing the registers of the ASIC. The full configuration matrix of
Timepix4 can be updated within 100ms.

3.1.3 Silicon pixel detector geometry and connection scheme to Timepix4

The position resolution of a silicon pixel detector is mainly defined by the pixel
size, also called pitch. In the case of a magnetic spectrometer the position resolution
requirement is more stringent in the bending plane (perpendicular to the field lines)
than in the non-bending plane since the energy resolution is directly linked to the
precision of measuring the bending radius. To reach the 20-30% energy resolution
of ultra-relativistic particles required for URPD, a position resolution of 3-5μm is
needed, which can be provided with a pixel pitch of ≈10-17μm, but on the bending
direction only (see Section 3.2.1). The pixel pitch on the non-bending direction can
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be larger, up to the extent that the increased total capacitance of the “long pixel” will
not degrade substantially the noise performance of the detector. The current estimate
is that Timepix4 can still perform very well with a long pixel of 13.75μm×1760μm,
which is expected to substantially reduce the power consumption of the system (see
Section 4.1.3).

3.2 Expected performance

3.2.1 Energy measurement

The energy resolution of the spectrometer is determined by themagnetic field strength,
the path length of the particle in the magnetic field, and two key parameters of the
tracker: the position resolution and the thickness of the tracking layer. Since the resolu-
tion depends on the path length of the particle in themagnetic field, particles traversing
moremagnet sectors will have better resolution, but with a reduced geometrical accep-
tance. The PAN design allows to compensate the worsening of the energy resolution
at low particle energies through increased statistics: for high flux particles full passage
events can be used to profit from the best energy resolution, while for low flux events
the measurement precision is dominated by statistics, so accepting large number of
short passage events can bring significant improvement. The geometrical acceptance
of the Pix.PAN demonstrator layout, with two magnet sectors of 5cm in both length
and diameter, are about two or six cm2sr for particles passing two or one magnet sec-
tors, respectively. The corresponding opening angles are about 40◦ or 70◦, as shown
in Fig. 3.

The energy resolution of the spectrometer can be analytically estimated with the
Gluckstern formulas [54], which shows that a resolution at the level of 10% can be
achieved for electrons in the energy range of 10MeV-1GeV, and at the level of 25% for
protons from ∼100 MeV to a few GeV. Recently, we have implemented the Pix.PAN
instrument in the Geant4 particle detector simulation toolkit [55] to trace the particles
through the instrument, fully taking into account the effects of the particle interactions
within the detector. We have performed the analysis with Geant4 10.7.2 with the EM
physics package emstandard_opt0 and decay physics package enabled. The interacting
positions of the particle at the tracker layers are then fed into the GenFit package [56],
using the Kalman filter, to reconstruct the particle track in the magnetic field.

To derive the energy resolution, 105 particles were generated at z=−120mm with
a random deviation of ±1mm in the xy-plane. At generation, they only have the pz
component. 26 initial kinetic energy points were simulated to fully study the energy
range of interest. These are (in units of MeV): 10, 20, 50, 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 6000,
7000, 8000, 9000, 10000. The energy resolution after reconstruction with GenFit is
defined as the width of the residual distribution Rene

Rene = Erec − Etrue

Etrue
= �E

Etrue
(1)
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Fig. 7 Energy resolution vs. energy for electrons passing two (a) and one (b) magnet sector(s), from 10MeV
to 1GeV

where about 68% (1σ) of the events are contained. No specific event selection is
applied. Hits in each tracker layer, that are used for the fit, are taken from the average
coordinate of all the Geant4 steps in that layer.

The energy resolution of Pix.PAN with the nominal magnet system design and for
three configurations of the tracker position resolution and the tracking layer thickness
is shown in Figs. 7 and 8 for electron and proton respectively, for particles passing two
(left panels) or one (right panels) sectors. Currently, the configuration of 400μm thick-
ness with 5μm position resolution (black points in the plots) can be easily achieved,
while the configuration of 200μm thickness with 3μm position resolution (green
points) requires more advanced pixel detector layout and connection scheme. From
these figures, the expected energy resolution for particles traversing two (one) sec-
tors <12% (<20%) for electrons with energies from 10meV − 1GeV, and of <35%
(<40%) for protons of≈200MeV to a fewGeV.We note that Pix.PANwould have the
same detection characteristics for positrons and antiporotons. Trapped anti-particles in
a magnetosphere result from particle-radiation material interactions. They have been
detected at Earth, and are expected to be more abundant at Jupiter due to a variety of
radiation-material interactions taking place in the system [57, 58].

Fig. 8 Energy resolution vs. energy for proton passing two (a) and one (b) magnet sector(s), from 100MeV
to 5GeV
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The performance with the nominal configuration is already sufficient for the key
requirements of URPD on electron and proton. Themore “cutting edge” tracking layer
configuration of 200μm thickness with 3μm position resolution can be achieved
by using with thin pixel detector (150μm thick) with “long” pixels of 13.75μm
pitch bonded to a Timepix4 ASIC thinned to 50μm with through-silicon via (TSV)
connectivity.

There are indications that the ions in Jupiter’s inner radiation belts are mainly
partially ionized oxygen and sulfur ions [59]. The energy resolution for these ions will
be substantially worse than that of electrons and protons since they have high rigidities
for a given kinetic energy due to their higher mass and low charge number. From the
Gluckstern formulas, it is estimated that in the case of singly charged oxygen and
sulfur ions, energy resolution at the level of 50-60% can only be achieved for particles
passing two magnet sectors and with a tracker that has a position resolution of 3 μm.
For oxygen and sulfur this is in the energy range of ≈30 MeV/n to ≈350 MeV/n
and ≈20 MeV/n to ≈100 MeV/n respectively. For ions with higher ionization states
the energy resolution will be better due to their lower rigidities. The preliminary
Geant4+GenFit evaluation for singly charged and fully ionized heavy ions are shown
in Fig. 9. As expected, the energy resolution for singly ionized ions are worse than
protons, electrons, and fully ionized ions. The reconstructed energy distribution in the

Fig. 9 Energy resolution vs. energy for singly (top) and fully (bottom) ionized oxygen (a and c) and sulfur
(b and d) ions passing two magnet sectors as a function of the kinetic energy per nucleon
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energy range above 100 MeV/n for the singly ionized sulfur (see Fig. 9b) for a 250
μm thickness case is not consistent with the 200 μm thickness case. This results from
the, currently, incomplete fitting algorithm which (at the time of writing) is still being
investigated.

3.2.2 High rate capability

It is known that the main particle flux within Jupiter’s radiation belts are electrons and
protons3. The hit rates expected for Pix.PAN on board a Jupiter radiation belts mission
are estimated from the electron and proton fluxes from the physics-based Salammbo
model [31, 32, 61]. Given that in the baseline design Pix.PAN will use a 3mm Be
window, which will block out electrons below 1MeV and protons below 20MeV, a
maximum total (electron>1MeV and proton >20MeV) integral omnidirectional flux
of 1.4×108cm2s−1 is estimated at L4=1.59, of which 8×107cm2s−1 is from electron
and 6× 107cm2s−1 is from proton. Assuming an isotropic flux the maximum integral
flux is then 1.1 × 107cm2s−1.

The first two tracking layers of the first tracker station will have the highest hit
rate. With a Geometrical Factor of 4 cm2sr they are expected to have a maximum hit
rate of 44 MHz

cm2 , which is still about eight times below the hit rate limit of Timepix4

(360 MHz
cm2 ). The maximum hit rate of other tracking layers will be about three times

lower because electrons below 5MeV will be swept aside by the magnetic field.

3.2.3 Particle identification

The Pix.PAN instrument has 3 sets of measurements that can be used to identify the
particle: the bending direction, the time of flight, and energy depositions in the tracking
layers.

In the absence of positrons and antiprotons, a reasonable assumption in Jupiter’s
radiation belts, the identification of electrons is trivial, since it bends in the opposite
direction in the instrument to those of proton and ions. There are also extra handles
to separate electron from proton and ions: the energy deposited in the tracking layers
(dE/dx) and the time of flight (TOF).

As shown in the left panel of Fig. 10, the difference in the average dE/dx of electrons
up to 600 MeV is about 66 keV below that of proton. Assuming a reasonable 20%
resolution on the average dE/dx, this measurement can be used to separate electron up
to 600MeV from protons with about 5σ significance. Note that for particles traversing
twomagnet sectors six independent dE/dxmeasurements are available, while for those
traversing one magnet sectors four are available.

The right panel of Fig. 10 shows the expected time of flight for electron and proton
as a function of rigidity. For a particle traversing twomagnet sectors, forwhich the time
ismeasured at six points, the resolution on the average of these sixmeasurements<t6>

3 There are also substantial contributions of sulfur and oxygen. Their fluxes are comparable to those of
protons up to 10MeV [60].
4 L is the distance in planetary radii between the center of a planet and the apex of a magnetic field line
and is commonly used to organize particle distributions in planetary radiation belts.
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Fig. 10 a) Average �E (energy loss) in 150μm silicon for electron, proton and alpha particles vs rigidity;
b) Time-of-flight for particles traversing two or one magnet sector(s) for electron and proton vs rigidity

is about 82 ps, since the Timepix4 can provide a timestamp with <200 ps precision.
At a rigidity of 440 MV, which corresponds to an electron of 440 MeV or a proton
of 100 MeV, the difference in <t6> between electron and proton is 672 ps, leading
to a separation power of ≈5.8σ . Applying the same calculation to a rigidity of 1GV
particle (1GeV electron or 455MeVproton) the separation power is≈4.4σ . In the case
where a particle traverses only one magnet sector, the number of time measurement
is four and resolution on their average <t4> degrades to 200/

√
4 = 100 ps, and the

separation power is reduced to≈2.6σ and≈2σ , for particles with a rigidity of 444MV
and 1GV, respectively.

Themainmethod for ion identification is through the determination of its charge (Z)
by measuring the energy deposited in the tracking layers, using the “dE/dx” method,
which depends on the speed of the particle (βγ ), and scales with Z2. For particles
traversing two magnet sectors six independent measurements are available, while for
those traversing one magnet sectors four are available. The energy deposit of highly
ionized O and S ions are larger than the saturation point of Timepix4 but since their
energy deposits spread over many pixels they can still be separated by using the cluster
size to correct the saturation effect [62]. In addition, the TOF information can be used
as an additional handle to identify ions, in particular the singly ionized O and S ions
in the energy ranges that has 50%-60% energy resolution.

3.3 TRL evaluation

All the detector components of Pix.PAN, the Halbach-array magnets and Timepix
silicon hybrid active pixel sensor assembly have been used in space before, the same
as the magnetic spectrometer measurement method. The actual implementation of the
Pix.PAN is new, but prototypes magnets and quad Timepix assembly have been pro-
duced and tested in the Mini.PAN program. Although new prototypes with Timepix4
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Fig. 11 Corner of the Pix.PAN pixel sensor showing the pixel size (magenta square), some of the double
metal connection between the pixels and the bonding pads of Timepix4 (cyan circle), with other connection
locations indicated (black crosses)

need to be produced and tested we still can consider the TRL of Pix.PAN at five or
six.

There are two key technology R&Ds that are needed to be addressed:

• Silicon pixel detector geometry and connection scheme to Timepix4 optimized for
the Pix.PAN application for COMPASS;

• Real time data processing with Machine Learning algorithm implemented on AI
capable hardware.

3.3.1 Silicon pixel detector geometry and connection scheme to Timepix4

As discussed in Section 3.1, a key feature of the Pix.PAN instrument is the silicon
pixel sensor geometry that is adapted for the specific spectrometer application. To
achieve the required position resolution with a power budget suitable for deep space
instrument, and within the current manufacturing capabilities, the Pix.PAN team has
converged on a sensor with “long pixels” of 13.75μm×1760μm. To connect this
non-standard pixel detector to the 55μm×55μm square readout cells of Timepix4
a specific “pitch adapter” will be integrated into the pixel sensor using a “double
metal” structure. The preliminary pixel geometry and connection scheme developed
together with the Finnish company ADVACAM OY5 is shown in Fig. 11. With this
connection scheme not only 7/8 of analog power is saved, part of the digital power can
also be saved since the number of ADC and clock generators will be reduced. Since
the Timepix4 requires the top and bottom sides to be free for wire-bonding, a Pix.PAN
sensor can cover twoASICs, therefore a tracking “quad” layer contains 2-pixel sensors
read out by four Timepix4 ASICs, as shown in Fig. 12c. The total number of pixels in
a layer is 114,688, therefore 688,128 for the whole instrument.

This sensor geometry needs to be first validated with the Timepix4 simulation in
terms of noise performance. Then sensor prototypes need to be produced to evaluate
the energy resolution achievable with various sensor thickness, which affects both the
signal to noise ratio, and the multiple scattering effect. To minimize dead space the

5 ADVACAM is specialized in semiconductor sensor production an packaging. They also develop radiation
(imaging) detectors.
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Fig. 12 Some preliminary drawings of the Pix.PAN pixel quad layers. a) and c) Front view of a the tracker
layer. b)Rear view of the tracker layer with cutouts underneath the sensor to reduce the material the particle
traverses through. A simplified set of components can also be seen which supply power and transmit data.
The current design implementation uses wire bonds for high rates. As a result, due to the bonds, there will
be gap within the Timepix4 quad (see c))

advanced interconnect TSV technology can be used to connect the ASICs to a carrier
PCB, which will have cut out areas under the ASICs to minimize dead material on the
passage of the particles. Note that TSV connectivity has already been foreseen in the
Timepix4 design and its TSV processing and assembly procedures are currently being
developed by several institutions, including the Fraunhofer Institute for Reliability
andMicrointegration (IZM) in Germany. Given its complexity the quad assembly will
need to be validated with prototypes and space qualified, for both mechanical and
thermal aspects.

3.3.2 Tracking quad layer

A key hardware task for Pix.PAN is to develop the tracking quad layer, taking into
account the science and space requirement in terms of mounting precision, minimal
material in the sensitive space, low weight and mechanical and thermal stability. Simi-
lar objects had been successfully built in the context of Mini.PAN (although Timepix3
technology was used instead). At the time of writing, the production for a Timepix4-
base quad is underway. Figure 12 shows some simple sketches of the Pix.PAN quad
layers. The development (bymembers of the PANconsortium)will be led by theCzech
teams based on the experience on the Timepix3 quad layer, with the participation of
the Geneva group to ensure that the science and operation requirements are met, as
well as a smooth integration into the tracking stations (also referred to as “tracker
modules”). In the first phase two quad layers, one with 300μm sensors and another
with 150μm sensors will be produced and validated, followed by a series production
to produce up to 10 quad layers in total for the construction of tracking stations for
the instrument prototype development.

3.3.3 Real time data processing

For an implementation on a Jupiter mission the real-time on-board processing of the
Pix.PAN raw data is mandatory. As explained previously the data processing of a MS,
including the track reconstruction and particle identification, are well understood, but
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typically implemented as software algorithms running on computer clusters where
power consumption is not the main concern. For the COMPASS application where
the required data output is well-defined for the science objectives, the data processing
can be optimized in terms of precision vs power consumption, using more advanced
approaches such as Machine Learning based algorithms, which are particularly suit-
able for the multivariate problems of tracking and particle identification, and can profit
from the emerging AI capable electronics hardware, such as the Xilinx Kintex Ultra-
scale XQRKU060 Space-Grade FPGA. The expected data rates are further discussed
in Section 4.1.6.

4 Pix.PAN interface requirement definition

4.1 Operational environment of Pix.PAN

4.1.1 Survival temperature

SmComagnets can operate in a very large temperature range. NdFeBmagnets undergo
a spin reorientation at low temperature resulting in a decrease of magnetic field. This
transition happens at temperature around -135◦C. Themaximumworking temperature
of NdFeB magnets depend on the manufacturing grade and can vary between 80◦C to
about 230◦C. For example the magnet sectors produced for Mini.PAN uses the N48H
grade magnets, which has maximum working temperature of 100◦C. The Timepix
hybrid pixel detector has been shown to work in low temperature, down to -135◦C [63]
(although a repeat with the latest generations) and in vacuum from -20◦C to 80◦C [64].
It is therefore likely that the survival temperature of Pix.PAN will depend more on
structural consideration than the functioning components of the device. For this reason,
a survival temperature range of -70◦C to 70◦C is proposed.

4.1.2 Temperature operation

Both the magnets and the tracker perform better at low temperature in terms of noise
and resolution. Since the magnet is thermally isolated from the tracker, a relatively
low operation temperature, e.g. -30◦C can be envisioned. How low the operation
temperature on the pixel detector assembly can be achieved will depend on the cooling
system to remove about 20W of power expected. The aim is to operate the tracker
below -10◦C. As a matter of fact, the temperature stability is more important than
the absolute temperature value (as it impacts the tracker mechanical stability due to
thermal expansion/contraction). For Pix.PAN the requirement is < ±2◦C per hour
during science data taking periods.

4.1.3 Power consumption

The power management of the Timepix4 is highly flexible. When running at the
full capacity it consumes about 0.5 W cm−2, which would lead to 60 W for the
full instrument. However, each readout cell can be individually switched on and off,
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allowing the optimization of power for specific use case. In the case of Pix.PAN since
good position resolution is only needed in the bending plane, “long” pixels instead of
square pixels detector can be used. For a sensor with a pixel size 13.75× 1760μm2 as
proposed above, the number of readout cells is reduced by a factor of 8, thus reducing
the total power consumption to 25W. Furthermore, the number of readout links can
be between 2 and 16, and the readout clock can be run at different frequencies, both
can be optimized according to the application case to reduce the power consumption.
With more power savings from the digital and analog front end, it is possible to fit the
average power consumption of the device to a 20Wpower budget. This can be achieved
through, e.g., the configuration settings (such as a “low power” mode) or choice of
clock speed. For TimePix3, these studies were already performed [51]. Similar studies
for Timepix4 are currently underway. Note that the power consumption of the device
can be dynamically managed according to the orbit and science need since it takes less
than 100ms to fully reconfigure the ASICs. Additional power to cool and perform the
on-board data processing is expected to be on the COMPASS platform side. For the
latter, this may add an additional peak power of 5W, depending on peak particle rate.
Facing deep space and assuming a platform temperature of 0 ◦C, Pix.PAN does not
require active cooling.

4.1.4 Weight

As mentioned in Section 3.1, the two NdFeB magnet sectors in the Pix.PAN weigh
about 1.6kg, and if it is necessary to use SmComagnets it will increase to about 2.6kg.
The tracking layers are very light since they consist of only the pixel detector (150 −
200μm), the Timepix4 ASIC (50μm thick) and supporting PCB. The supporting
structure with thermal connection to radiators and cables will add a few kg. It is
expected to total weight excluding the shielding and radiators should fit within an 8kg
mass budget.

4.1.5 Radiation dose

A dedicated Pix.PAN model with shielding is implemented in Geant4 to characterize
the instrument and simulate the dose for each tracking layers. The Pix.PAN spectrom-
eter is implemented as shown in Fig. 13a, with two magnet sectors and six sensor
layers (Fig. 13b). The thickness of the pixel sensor is 300μm while that of the ASIC
is 100μm. The two cylindrical NdFeB permanent magnet sectors provide a dipole
field of 0.4 T. Each sector has a tube-like shape with an inner radius of 25 mm and an
outer radius of 35mm, made from 16 segments that are encased in an Aluminum shell
of 3mm thick. The shielding is modeled as a hollow cuboid of 101×101×150mm3,
5mm thick, with an opening at one end (Fig. 13 right). It is composed of tungsten and
weighing about 6.4kg. At the opening a 3mm beryllium shield is placed to block low
energy electrons below ≈800keV. Note that the large mechanical support shown in
the right panel of Fig. 3 is not included, which will provide extra shielding.

The radiation dose is evaluated for Sensor #0 (nearest to the opening) and Sensor #5
(last layer). First, in order to understand effects of particle types, particle energy, geom-
etry, and magnetic field, isotropically distributed protons and electrons are injected
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Fig. 13 Visualization of the (preliminary) Pix.PAN mass model in GEANT4 with (a) and without (b)
shielding. There are six blue layers, each denoting a Timepix4 sensor. These are numbered from 0 (near
the opening/front) to five (near the back)

from a circular plane with a radius of 2 cm at the front and back of the instrument
(separate simulation batches). For each simulation scenario the magnetic field in the
instrument has been enabled/disabled.

Figure 14 shows the average proton dose as a function of the primary particle energy
with and without the magnetic field enabled, for both front and back injections. It can
be seen that irrespective of injection point, the impact of the magnetic field on protons
is negligible, reflecting the fact that protons can only pass through the Be plate with
energies above 20 MeV (above 80 MeV for tungsten shielding). At these energies, the
proton cannot be significantly bended by the magnetic field. It shows also that Sensor
#0 will have the highest dose, predominantly from protons of 20-50MeV arriving
from the front.

Fig. 14 Comparison of the average dose for protons as a function of primary energy when the magnetic
field is enabled and disabled, for particles injected from the front (a) and from the back (b). The “smoothed”
Bragg peak for the tracker layers located furthest away from the injection point results from the energy
deposit of the secondaries produced as the particle traverse through the instrument
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Fig. 15 Comparison of the average dose for electrons as a function of primary energy when the magnetic
field is enabled and disabled, for particles injected from the front (left) and from the back (back)

The impact of the magnetic field effect is more evident for electrons, shown in
Fig. 15, due to its lower mass. Most of the electrons below 20 MeV entering from the
front will not reach Sensor #5 because of the magnet sweeping (Fig. 15 left), which
will also reduce by 50% the dose on Sensor #0 from electrons entering from the back
(Fig. 15 right). Taking into account the fast-falling electron spectrum at Jupiter, the
highest dose is still on Sensor #0 from front entering electrons of a few MeV.

With these basic validations of the dose calculation, following successive steps
towards ever increasingly realistic dose estimates are taken:

• Inject particles isotropically from a sphere covering the full instrument. A sphere
of a 12.5 cm radius with Pix.PAN at its center is used.

• Use a “realistic” electron and proton input spectrum along a representative orbit
at Jupiter’s radiation belts. The kinetic energy spectra of electron and proton
omnidirectional fluxes were computed with the ONERA JOSE-Salammbô spec-
ification model. JOSE-Salammbô employs an empirical model for L>9 and
uses the Salammbô physics-based model for L<9 [65]. The electron and proton

Fig. 16 Anticipated primary proton and electron flux when Pix.PAN is about 2.01Rj from Jupiter with a
latitude and longitude of 0.41 ◦ and 332.3 ◦ respectively
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fluxes computed here rely on the latest version of Salammbô for L<9 [31, 32].
Figures 16 and 17 shows the electron and proton spectrum at a distance of 2.01 RJ
from Jupiter with this model. At this location the electron and proton fluxes are
high. For dose estimates a combined particle spectrum is randomly generated by
sampling the appropriate particle energy and type. This also allows to check the
spectra of secondary particles impacting on the detector elements (right panel of
Figs. 16 and 17)

• Finally, the accumulated dose during the course of the full trajectory/mission can
be estimated for the COMPASS mission using JOSE-Salammbo fluxes computed
all along the COMPASS trajectory. The trajectory is designed in a way to satisfy
both the in-situ and remote sensing observations required for the mission and to
mitigate radiation. It comprises 14 elliptical orbits, with fast crossings through the
belts’ hazardous region, as well as a high and low latitude phase. For each point
on the trajectory, 108 particles are injected on the sphere. Based on the input flux
and injected particle number the ’equivalent time in space’ is derived (i.e. ’seconds
it takes for the number of particles to pass through the instrument’). As the flux
varies with respect to the platform’s position, it allows us to obtain the dose rate
for protons and electrons as a function of the elapsed mission time. The results are
shown in Fig. 18. It can be observed that overall, the electron dose rates are about
100 times higher compared to the proton dose rates, and the accumulated dose rates
rise sharply towards the end of the mission when the space craft is approaching

Fig. 17 Flux spectra of electrons, protons and photons inside each Timepix4 sensor. The injected energy
spectra of protons/electrons is taken from Fig. 16
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Fig. 18 Accumulated dose for each Pix.PAN sensor with the magnetic field enabled as a function of the
COMPASS mission time, from electrons (a) and protons (b) flux

within 10 Rj radius to Jupiter. The total dose at the end of the mission is not larger
than 120 krad, at the same order ofmagnitude estimated by the COMPASSmission
design team. This is actually a very encouraging result as the mass model used in
this evaluation does not include the mechanical support structure and any mutual
shielding by the spacecraft body.We therefore anticipate the dose to be even lower,
which will be quantified in the next iteration of the simulation. The fact that the
radiation dose is predominantly due to MeV electrons is also a very positive since
radiation damages to silicon and NdFeB magnets are expected to be smaller than
compared to same total dose produced by protons and heavy ions.

4.1.6 Data processing

The data processing of a magnetic spectrometer with silicon tracker is well known
and have been exercised in many ground and space based experiments, with typical
algorithms for hit finding, hit pattern recognition and track fitting for the momentum
measurement, and the dE/dx and TOF reconstruction for particle identification. In
general data processing is done “offline”, after transferring the raw data to a long term
storage, although real-time track reconstruction and momentum measurement have
been implemented in a few ground-based experiments, e.g., the online track trigger
systemSVT [66] of theCDF experiment at Fermilab, and its subsequence development
FTK [67] for the ATLAS experiment at CERN, using the Associated Memory parallel
lookup table method.

In the case of Pix.PAN for the URPD application real time data processing is
mandatory. Each hit in the Timepix4 detectors is written in 64-bit data packages. The
information includes timing, energy and associated housekeeping data. Assuming the
particle flux simulated by JOSE-Salammbo at L=2, the expected raw data rate is
82.7GB/s. By imposing a first order event selection criteria (through a sliding time
window over the hits in each layer) the data rate can be reduced to 6.3GB/s and
845MB/s for particles passing through one and two magnet segments respectively.
Two points must be noted: i) At L=2 the particle flux is highest along the orbit.
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In less radiation intense regions (along the orbit) the proton and electron integral
flux can reduce by about two and three orders of magnitude respectively [31, 32,
61]. ii) The study does not account for the added shielding from the mechanical
structure as well as the spacecraft. This will therefore reduce the data rate even further.
Nevertheless, the preliminary estimates already stress the importance/need of on-board
data processing. Dedicated software tools can be written for it for quick on-board
analysis. Alternatively, growing choices of ML (Machine Learning) capable hardware
(FPGA and microprocessors) can be implemented. Alternatively, the data volume can
be reduced at the expense of temporal resolution by only gathering it every 10 s (instead
of every second). Data compression software tools may also be implemented to further
reduce the transmitted data.

4.2 Interface requirements towards COMPASS instrument

At the time of writing this document, there is no clear design available for the COM-
PASS instrument. It is therefore not possible to provide a clear interface requirement.
Nevertheless, based on the environment limitations discussed in Section 4.1, it is
possible to list several minimal requirements. These are:

• COMPASSmust ensure that Pix.PAN remainswith an operating temperature range
of -30◦C to 70◦C

• The Thermal control system must allow for temperatures to fluctuate within
<±2◦C per hour

• COMPASS must provide 20W of power for the full payload
• COMPASS should have an available mass budget of at least 8kg (excluding
Pix.PAN’s external shielding)

• COMPASS must have a sufficiently powerful on-board computer for immediate
data processing (this can also be included within the envelope of the Pix.PAN
payload design)

• COMPASS must have an on-board data storage system for temporary high data
rates which can be transmitted when the space probe is in a low radiation area

If these requirements cannot be satisfied then it can lead to a low precision (tem-
perature instability) or even total loss (exceeding survival temperature limits) of the
energy measurement. As far as the electronics are concerned, a malfunction of the
power supply and back-end electronics can lead to a complete payload failure. There-
fore, redundancy is needed. Finally, an unexpected data rate can lead to loss of data
because of down-link rate/onboard memory limits, degrading the overall collected
statistics.

5 Summary and outlook

We have presented Pix.PAN, a Timepix4-based compact magnetic spectrometer, in
this white paper within the context of COMPASS, a mission concept intended to study
Jupiter’s radiation belts. The conceptual design, expected performance and TRL were
discussed. Our studies have shown that despite the harsh radiation environment, the
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instrument is capable of performing energy resolved analyses with a resolution of
<12% for electrons between 10MeV and 1GeV. For protons the energy resolution
is <35% between ∼200MeV and a few GeV. Due to the timestamp precision of
Timepix4, a time resolution between 82ps and 100ps can be achieved. Based on
available flux models, we have also concluded that the readout technology hit rate
design limit of 360MHz

cm2 is well beyond the expected maximum rate of 44MHz
cm2 . How-

ever, our study also shows that at high radiation environments, an on-board software
system is necessary to pre-process the data to reduce it from about 850MB/s (at the
point where the particle flux is highest) to an acceptable data rate level. This can be
done through either smart cluster algorithms and/or AI capable hardware (FPGA and
microprocessors).

Finally, we have summarized the necessary requirements for the instrument. From
a thermal perspective, the instrument must operate between -30◦C and 70◦C with a
thermal control system that allows for temperatures to fluctuate within <±2◦C. From
a mass budget perspective, a minimum weight of 8kg is needed. The instrument will
also require a minimum power of 20W.

As can be inferred from the conclusions of our study, Pix.PAN also has the capacity
to be used for other space-bornemissionswhere high energy particles and high particle
rates are expected. Therefore, it can also be used for cosmic ray monitoring purposes
outside Earth’s magnetosphere as well as solar flare studies. Finally, Pix.PAN can also
be used for human space exploration where radiation environments must be monitored
for health purposes.
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