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Abstract

Our Sun is the closest X-ray astrophysical source to Earth. As such, it makes for a strong case
study to better understand astrophysical processes. Solar flares are particularly interesting
as they are linked to coronal mass ejections as well as magnetic field reconnection sites in
the solar atmosphere. Flares can therefore provide insightful information on the physical
processes at play on their production sites but also on the emission and acceleration of ener-
getic charged particles towards our planet, making it an excellent forecasting tool for space
weather. While solar flares are critical to understanding magnetic reconnection and particle
acceleration, their hard X-ray polarization—key to distinguishing between competing theo-
retical models—remains poorly constrained by existing observations. To address this, we
present the CUbesat Solar Polarimeter (CUSP), a mission under development to perform
solar flare polarimetry in the 25–100 keV energy range. CUSP consists of a 6U-XL platform
hosting a dual-phase Compton polarimeter. The polarimeter is made of a central assembly
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of four 4 × 4 arrays of plastic scintillators, each coupled to multi-anode photomultiplier
tubes, surrounded by four strips of eight elongated GAGG scintillator bars coupled to
avalanche photodiodes. Both types of sensors from Hamamatsu are, respectively, read out
by the MAROC-3A and SKIROC-2A ASICs from Weeroc. In this manuscript, we present
the preliminary spectral performances of single plastic and GAGG channels measured in a
laboratory using development boards of the ASICs foreseen for the flight model.

Keywords: Compton polarimetry; X-ray instrumentation; γ-ray instrumentation; cal-
ibration; scintillators; APD; PMT; solar flares; heliophysics; space weather; magnetic
reconnection processes

1. Solar Flare Polarimetry with CUSP
1.1. The Physics of Solar Flares and the Need for Polarimetry

Solar flares are among the most energetic phenomena in our solar system, arising
from the sudden release of magnetic energy stored in the Sun’s corona. These explosive
events, often associated with coronal mass ejections (CMEs), accelerate charged particles to
relativistic speeds, heat plasma to tens of millions of Kelvin, and emit radiation across the
electromagnetic spectrum—from radio waves to gamma rays. The impulsive phase of solar
flares, in particular, is dominated by hard X-ray (HXR) emissions (typically above 20 keV),
produced primarily by non-thermal bremsstrahlung from accelerated electrons interacting
with the dense chromosphere [1,2].

Despite decades of multi-wavelength observations, key questions about the geometry
of the magnetic reconnection region, the particle acceleration process, and the pitch-angle
distribution and beaming of energetic electrons remain unanswered.

Spectroscopic and imaging observations alone often fail to break degeneracies between
competing theoretical models. X-ray polarimetry provides a powerful, complementary
diagnostic by probing the anisotropy of electron beams and the magnetic field geometry
in the flare region [3,4]. The degree and orientation of linear polarization in HXRs are
sensitive to the directionality of accelerated electrons (beamed vs. isotropic distributions),
the local magnetic field configuration (e.g., loop geometry, reconnection site orientation),
and the viewing angle relative to the flare site.

Theoretical models predict that non-thermal bremsstrahlung from beamed electrons
can reach polarization fractions of tens of percent, while thermal bremsstrahlung (from
hot, isotropic plasma) is only weakly polarized (a few percent at most) [5,6]. Thus, polari-
metric measurements in the 25–100 keV band can (i) distinguish thermal and non-thermal
emission components in flares, (ii) constrain the geometry of the acceleration region (e.g.,
loop-top vs. footpoint dominance), and (iii) test predictions of electron beaming and
pitch-angle distributions.

To date, solar flare HXR polarimetry remains an underexplored frontier. Past mea-
surements (e.g., from OSO-8, RHESSI, INTEGRAL, or CORONAS-F) have been statistically
limited, often yielding only upper limits or marginal detections [7–13], even though some
of these missions used dedicated polarimeters. Dedicated instruments with high sensitivity
and time resolution are required to capture the rapid, impulsive evolution of flares. The
CUbesat Solar Polarimeter (CUSP) mission is designed to address this gap by providing
the first high-significance, time-resolved measurements of solar flare HXR polarization.
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1.2. Compton Polarimetry

Polarimetry in the hard X-ray regime is challenging due to the penetrating nature of
high-energy photons. Traditional polarimeters (e.g., Bragg crystals, photoelectric polarime-
ters) lose efficiency above ∼10 keV. Instead, Compton scattering polarimetry exploits the
azimuthal asymmetry in the scattering cross-section of polarized photons.

The differential cross-section for Compton scattering is given by the Klein–Nishina
formula [14]:

dσ

dΩ
=

r2
e
2

(
E′

E

)2[ E
E′ +

E′

E
− 2 sin2 θ cos2 ϕ

]
(1)

where re is the classical electron radius (2.8 × 10−15 m), E and E′ are the incident and
scattered photon energies, θ is the polar scattering angle (angle between incident and
scattered photon directions), and ϕ is the azimuthal scattering angle (angle between the
scattering plane and the polarization vector of the incident photon).

The cos2 ϕ dependence in Equation (1) means that photons scatter preferentially
perpendicular to their polarization vector. For an ensemble of photons, this results in
an asymmetric azimuthal distribution of scattering angles (a.k.a. modulation curve) in the
case of a polarized flux. The relative amplitude of this modulation is directly related to
the polarization degree (PD) of the source, while the phase of the modulation gives the
polarization angle (PA).

The modulation factor (µ100) quantifies the instrument’s sensitivity to polarization:

µ100(θ) =
Nmax(θ)− Nmin(θ)

Nmax(θ) + Nmin(θ)
=

sin2 θ
E
E′ +

E′
E − sin2 θ

(2)

where Nmax and Nmin are the maximum and minimum counts in the azimuthal distribution.
For E ≪ 511 keV (the electron rest-mass energy), the maximum modulation occurs at θ =

90◦ (orthogonal scattering), where µ100 ≈ 1 (100% modulation for 100% polarized light).
A figure of merit of the sensitivity of polarimeters, the minimum detectable polariza-

tion (MDP) at 99% confidence, is given by [15]:

MDP99% =
4.29

µ100
√

R

√
R + B

T
(3)

where R and B are the source and background count rates and T is the observation time.
A high modulation factor and efficient detection are thus critical for achieving low

MDP values and being sensitive to lowly polarized signals.

1.3. The CUSP Polarimeter: Instrument Design and Principle of Operation

The CUbesat Solar Polarimeter (CUSP) is a 6U-XL CubeSat mission developed under
the Italian Space Agency’s (ASI) Alcor program, designed to measure the linear polarization
of solar flares in the 25–100 keV band using a dual-phase Compton polarimeter. The instru-
ment, whose CAD design is shown in Figure 1 together with its detection working principle,
consists of a scatterer array of 64 plastic scintillator bars (low-Z material to maximize Comp-
ton scattering) read out by four 16-channel multi-anode photomultiplier tubes (MAPMTs),
surrounded by a ring of absorbers made of 32 cerium-doped GAGG (Gd3Al2Ga3O12:Ce)
scintillator crystals (high-Z material to maximize photoelectric absorption) read out by
avalanche photodiodes (APDs). The R7600-03-M16-Y002 Ultra Bialkali MAPMT and the
S16554-55S APD, both from Hamamatsu (Hamamatsu City, Japan), are read out by the
MAROC-3A and SKIROC-2A ASICs from Weeroc (Villebon-sur-Yvette, Frankrijk), respec-
tively. The baseline for the scatterer is Eljen’s PVT-based EJ-204 scintillator (Sweetwater,
TX, USA), although other materials from the same family are being investigated.

https://doi.org/10.3390/particles9010004

https://doi.org/10.3390/particles9010004


Particles 2026, 9, 4 4 of 17

z

y

x

E

θ
φ

η E’

−→p

Figure 1. Left: Partial CAD design of CUSP’s hard X-ray polarimeter showing its sensitive parts.
Right: Schematic working principle of a Compton polarimeter. The incoming photon is Compton-
scattered in a segment of the detector, depositing some energy which is converted into scintillation
optical light and collected by a photosensor at the extremity of the scintillator bar. The scattered
photon is then absorbed in a different segment of the instrument, which allows for determining the
azimuthal scattering direction of the primary photon.

When an incoming HXR photon interacts in the scatterer, it Compton-scatters, deposit-
ing partial energy before being absorbed in a GAGG scintillator, as depicted in Figure 1.
The azimuthal scattering angle (ϕ) is reconstructed from the relative positions of the scatter
and absorption events. By accumulating many such events, the modulation curve is built
from which the polarization degree (PD) and angle (PA) are derived. A tungsten collimator
reduces the field of view of the polarimeter to ±36◦, and Al/Ti and Al/Ti/W filters are,
respectively, used for the scatterers and absorbers to filter soft X-rays and electrons.

Simulations of benchmark solar flares from [6] have shown that CUSP will have a 3.9%
MDP for an X1.2 flare with a duration of 240 s. The MDP requirement for CUSP is of 5% in
the 25–100 keV range for an X1.2 solar flare with a observation time of 240 s. More details
on CUSP’s scientific prospects and mission concept can be found in [16].

In order to validate the readout chain and spectral performance of both the scatterers
and absorbers of CUSP’s polarimeter, single-channel setups based on both types of detectors
read out by ASIC development boards were assembled. While preliminary results obtained
with this setup were reported in [17], we describe here the detailed spectral performance as
measured in a laboratory for both detection chains.

2. Single-Channel Spectral Performance
2.1. Scatterers

The setup for testing a single-channel scatterer was based on a plastic scintillator bar
wrapped with several layers of 100 µm thick polytetrafluoroethylene (PTFE; a.k.a. Teflon)
tape and coupled to a channel of an R7600-03-M16-Y002 UBA MAPMT from Hamamatsu
using a custom mechanical jig and optical grease. The assembly was placed in a light–tight
box and the MAPMT channels were read by a MAROC-3A development board connected
to a computer equipped with C# GUI software used for ASIC configuration and data
acquisition. A schematic representation of the setup as well as a picture of the detector
assembly inside the dark box are shown in Figure 2.
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Figure 2. Left: Diagram showing the laboratory setup used to characterize the CUSP scatterer. The
MAROC-3A development board reads out the MA-PMT used to read out the plastic scatterer. Right:
Plastic scintillator bar wrapped using PTFE tape and coupled to an MA-PMT channel. A 109Cd source
is placed on top of the scintillator and the assembly is placed in a dark box.

Spectra were acquired by placing various radioactive isotopes with characteristic
features in the energy range of interest on top of the plastic scintillator. Three different
signal shapers were available for triggering with the MAROC-3A, namely a unipolar fast
shaper (fsu), a bipolar fast shaper (fsb1), and a half bipolar fast shaper (fsb2) [18]. The
unipolar fast shaper allows for triggering on weak signals, with a charge down to 50 fC
or lower, while the half bipolar fast shaper is suitable for very strong signals. Both the
‘fsu’ and ‘fsb1’ were investigated here, although the unipolar fast shaper was expected
to be the most suitable for the scatterer signals as a small amount of optical light was
expected from the scintillation in plastic scintillators. A slow shaper, with shaper peaking
time in the range of 50–142 ns, was used to read the charge signal. The measured 55Fe,
241Am, and 109Cd spectra using both ‘fsu’ and ‘fsb1’ fast shapers for triggering are plotted
in Figure 3. The 5.95 keV line of 55Fe, a blend of lines around 18.0 keV from 241Am (as
detailed in Section 2.2), and a blend of lines around 23.108 keV from 109Cd can be observed
in both cases. 109Cd has a Kα2 line at 22.984 keV with a 4.31% branching ratio and a Kα1

line at 23.174 keV with a branching ratio of 8.12% [19], which gives a weighted energy of
23.108 keV.

Eljen’s EJ-204 plastic scintillator (Eljen EJ-204—https://eljentechnology.com/products/
plastic-scintillators/ej-200-ej-204-ej-208-ej-212, accessed on 19 September 2025) was used
as the baseline for the scattering material because of its high scintillation efficiency of
10,400 photons/MeV. Other scintillators such as EJ-228 or EJ-230 have a slightly lower
scintillation efficiency but a better spectral compatibility with the quantum efficiency of
the MAPMT. They were therefore also investigated as potential scattering materials. The
spectral compatibility of scintillators with the sensor, i.e., between the emitted spectra
from the scintillators and the quantum efficiency spectrum of the sensor, was computed by
multiplying the scintillator and MAPMT spectra, resulting in a photon detection probability
density spectrum, as shown in Figure 4. This figure also shows the spectra obtained for the
three types of scintillators mentioned earlier with an 241Am source, where EJ-228 and EJ-230
appear to allow for a more efficient light collection despite their slightly lower scintillation
efficiency.
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Figure 3. Left: 55Fe, 109Cd, and 241Am spectra measured with an EJ-204 scintillator bar using the
unipolar fast shaper, a preamplifier gain of 0.2, and a bias voltage of 840 V. Right: Same spectra
measured using MAROC-3A’s bipolar fast shaper 1 at a bias of 820 V and with a preamplifier gain
of 0.15.
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Figure 4. Left: 241Am spectra measured using the unipolar fast shaper with a bias of 840 V with three
kinds of plastic scintillators. Right: Scintillation spectra of various PVT-based scintillators convolved
with the quantum efficiency of the R7600-03-M16-Y002 MAPMT from Hamamatsu.

Another crucial consideration for the selection of the plastic scintillator material,
except for the scintillation efficiency and spectral compatibility with the MAPMT, is the
light output fraction that one can determine from the scintillator bar. This is the fraction
of scintillation light that actually reaches the entrance of the detector after interface losses.
This fraction can be affected by the shape of the scintillators but more importantly by the
roughness of the scintillator’s polished surfaces, which is directly linked to the softness
of the material [20]. Table 1 gives the integrated spectral compatibility for various plastic
scintillators from Eljen in detected photons (or photoelectrons) per scintillation photon, as
well as the scintillation efficiency of the material and the light yield of the scintillator in
detected photons per unit of deposited energy, assuming a light output fraction of 0.3 for
all scintillators. This fraction varies depending on the scintillator surface roughness, which
can change the photon losses between the scintillator and the sensor, causing a material
with higher scintillation efficiency to lead to a lower light yield due to rougher surfaces [20].
Many of the plastic scintillator materials quoted in Table 1 will therefore be investigated
in the future to determine which material offers an optimal light collection process for
our design.
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Table 1. Comparison of the integrated spectral response of various PVT-based scintillators from Eljen.
The light yield, i.e., the amount of optical light detected per unit of deposited energy in the scintillator,
is computed assuming a scintillator light output fraction of 0.3, that is, only 30% of the optical light
is collected by the sensor. This number varies depending on the surface roughness obtained via
diamond polishing, which in turn depends on the material itself [20].

Scintillator Spectral Compatibility Scintillation Efficiency Light Yield
Material (p.e./opt.ph.) (opt.ph./1 MeV e−) (p.e./keV)

EJ-200 0.35 10,000 1.036
EJ-204 0.37 10,400 1.142
EJ-208 0.33 9200 0.913
EJ-212 0.34 10,000 1.019
EJ-228 0.38 10,200 1.152
EJ-230 0.38 9700 1.096
EJ-244(M) 0.33 8600 0.854
EJ-248(M) 0.34 9200 0.950

Another important quantity impacting the instrument’s response is the optical
crosstalk, otherwise known as the amount of light that gets detected in channels neighbor-
ing the one where the actual event is occurring. An example of a spectrum collected with
the single wrapped plastic bar coupled to channel 1 is shown together with the spectra of
the other 15 channels in Figure 5. An excess in the spectrum above the dark noise peak can
be observed for some channels that are neighbors of channel 1. From these spectra, one can
extract the fraction of light leaking from channel 1 to its neighbors and compute an optical
crosstalk map, also shown in Figure 5. Most of the channels show a negligible amount of
crosstalk (within statistical fluctuations), except for their direct and diagonal neighbors, for
which the optical crosstalk is respectively comprised in the ranges of 8–11% and 1–2%.

A more accurate value of the crosstalk can be obtained using a complete array of
plastic scintillators, more representative than a single plastic scintillator coupled to an
MAPMT channel. However, the main contribution to the optical crosstalk is due to the
0.8 mm thick entrance ‘UV-glass’ of the MAPMT, and the crosstalk estimates given here are
therefore a good approximation. The values obtained also match the optical crosstalk of
POLAR, a GRB polarimeter using similar MAPMTs for which the crosstalk was in the range
of 10 to 15% [20]. The crosstalk asymmetry in the vertical direction of the map is likely
due to a small misalignment of the bar compared to the center of the MAPMT channel,
which will be easily fixed in the future when using dedicated mechanics encapsulating the
wrapped scintillator array. The optical crosstalk impacts the instrument’s energy threshold
as part of the optical light from the channel in which the X-ray is interacting will leak to
the neighbor channels and should therefore be minimized. The optical crosstalk should
also be fully described by simulations combined with laboratory measurements in order to
include the induced systematic effects in both spectral and polarization response matrices.

For a Compton scattering event for which the polar scattering angle is 90◦, i.e., for
which the Compton energy deposition is maximal, the energies deposited through Compton
scattering by a 25 and 100 keV incoming photon are, respectively. 1.17 and 16.4 keV. The
25–100 keV energy range of CUSP therefore translates into a Compton deposition in the
plastic scatterers in the range of 1.17–16.4 keV. The dynamic range of the scatterer can be
estimated using the 109Cd spectrum, fitted in Figure 6. One can rescale the 23.108 keV
photopeak position (from the two lines mentioned earlier) in ADC for each bias voltage
by the PMT gain ratio [21] between the different bias voltages applied to get an idea of
the energy (keV) vs. charge (ADC) for all three high voltages, as plotted in Figure 6. The
23.108 keV peak position can be used to determine the energy dynamic range that can be
achieved with the absorber’s acquisition chain based on development boards.
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Figure 5. Left: Spectra measured by the 16 MAPMT channels, with channel 1 coupled to a wrapped
plastic scintillator with 55Fe on top and all other channels covered by an opaque jig (see Figure 2,
right). The effect of optical crosstalk through the MAPMT’s entrance window can be seen in the
spectra of the channels neighboring channel 1. Right: Crosstalk map showing an optical crosstalk of
up to 10.9 % in the direct neighbors and non-significant crosstalk to non-neighboring channels. The
channel ID and crosstalk value are indicated on each bin.
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Figure 6. Left: 109Cd spectra acquired for various PMT bias voltages. Right: Equivalent energy of the
23.108 keV 109Cd feature (two lines weighted, see explanations in the text) assuming a given voltage
and applying a gain ratio based on the PMT’s gain dependence on the high voltage as a function of
the photopeak position.

The conversion between the measured charge and threshold digital value is shown
in Figure 7 together with the noise rate as a function of the threshold value. One should
note that the threshold scale is inverted, meaning that a higher DAC value implies a lower
voltage. From the noise rate measured at various bias voltages, the minimum threshold
value that can be used with the development board setup is 733 DAC, for which the noise
rate is still easily manageable (≪1 MHz) once applying a Compton coincidence window of
the order of hundreds of nanoseconds. This threshold value is far from optimized, as the
ASIC development board was designed by Weeroc for functional tests, thus not offering
the best achievable performance. This setup is therefore quite noisy, and a much lower
threshold value should easily be achieved using custom electronics in the future. The
733 DAC threshold corresponds to a charge of 762 ADC, which is considered hereafter
as the energy threshold of the scatterer. The upper energy boundary is computed as the
energy at 4096 ADC. Using this charge range and the 109Cd photopeak position to convert
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the charge into energy, one can compute the energy range of the absorber as a function of
the PMT bias voltage, as given in Table 2.
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Figure 7. Left: Conversion of the digital threshold value into digitized charge. It should be noted
that the threshold scale is inverted, i.e., a lower DAC value corresponds to a higher threshold. Right:
Noise trigger rate as a function of the threshold value for the unipolar fast shaper for different PMT
bias voltages.

At a voltage of 886 V, the achieved dynamic range is 3.55–24.62 keV, neglecting
ASIC saturation effects, which could affect the linearity at high energy as well as the
upper energy bound. Although the targeted energy range for Compton depositions is
1.17–16.4 keV and is therefore not achieved with this setup, the use of custom electronics
optimized for noise reduction will significantly improve the performance at low energies
and allow for reducing the energy threshold. A prototype with dedicated electronics rather
than development boards is currently under development as part of CUSP’s phase B, as
described in Section 2.3.

Table 2. Determination of the energy dynamic range for three values of PMT bias voltages. The
PMT gain values have been obtained through the fit of the gain versus high voltage plot from the
Hamamatsu datasheet [21].

PMT Bias Voltage (V) 798 840 886

PMT gain (106) [21] 1.99 ± 0.05 2.95 ± 0.05 4.43 ± 0.05
Energy (keV) calibrated with ref. HV = 798 V 23.108 34.20 51.40
Energy (keV) calibrated with ref. HV = 840 V 15.61 23.108 34.73
Energy (keV) calibrated with ref. HV = 886 V 10.39 15.37 23.108
Measured peak (ADC) 1846 ± 446 2629 ± 667 3858 ± 1060
Energy threshold (762 ADC) (keV) 7.91 5.34 3.55
Upper energy boundary (4096 ADC) (keV) 54.77 37.01 24.62

2.2. Absorbers

A setup similar to that used for the scatterers has been developed to test the absorber
acquisition chain. It is based on a GAGG scintillator bar wrapped in PTFE tape coupled to
a single-channel S8664-55 APD from Hamamatsu [22]. This sensor has a ceramic package
with pins and an epoxy resin, while the flight APD S16554-55S has an SMD package and a
silicone resin. The sensor itself is, however, the same. The detector assembly is once again
placed in a light–tight box, and a SKIROC-2A development board, this time controlled via
LabVIEW 2021 software, is used to acquire the signal. Both the diagram of the setup and
a picture of the single-channel detector assembly are shown in Figure 8. Only the analog
part of the ASIC is used for limiting the power consumption of the system and because the
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digital part does not allow for a fast enough event readout for our application due to high
dead-time [23].

Figure 8. Left: Diagram showing the laboratory setup used to characterize the CUSP absorber. The
SKIROC-2A development board is reading out the APD coupled to a GAGG absorber. Right: APD
mounted on its RC filter board (bottom) and coupled to a wrapped GAGG scintillator bar on which
an 241Am source is placed (top).

The APD is first tested with no scintillator, directly placing an 55Fe source on top of it,
in which case the 5.95 keV from the iron source is absorbed in the depletion layer of the
silicon in the APD, which directly acts as an X-ray detector. The 5.95 keV photopeak as a
function of the APD gain is scanned by sweeping over the APD’s bias voltage, as shown in
Figure 9. The energy resolution of the APD itself is computed from these spectra, as also
plotted in Figure 9. With the energy resolution of the APD being much better than that
of GAGG, one can safely assume that the main contribution to the energy resolution will
come from the scintillator itself.
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Figure 9. Left: 55Fe spectrum measured directly with the APD for various bias voltages Right: APD
energy resolution as a function of its bias voltage and gain. The point at 370 V is artificially higher
due to the fact that the 55Fe peak is reaching the threshold level and is therefore distorted.

The absorber channel (with the APD coupled to a wrapped GAGG scintillator) is being
tested using radioactive sources with characteristic emission lines in the 25–100 keV range.
In addition to the 109Cd that was used for the energy calibration of the scatterers, we make
use of 241Am, 57Co, 155Eu, and 129I sources. Spectra acquired with the absorber for these
five sources are shown in Figure 10 for APD bias voltages of 382 and 410 V. These spectra
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were subtracted for the noise pedestal of 702.41 ± 0.14 ADC. From the APD datasheet [22]
and dedicated APD characterization measurements [24], we know that the APD gain values
for these two voltages are, respectively, about 50 and 100.
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Figure 10. Left: Measured 241Am, 109Cd, 57Co, 155Eu, and 129I spectra for a bias voltage of 382 V.
Right: Same spectra measured at 410 V.

Fitted spectra are shown in Figure 11 for a bias voltage of 410 V, for which the gain is
high enough to disentangle all the peaks. The 109Cd shows both the blend of lines around
23.108 keV like in the plastic as well as the 88.0 keV line. The 241Am source shows a blend
of line (16.8 keV Lβ2 + 17.74 keV Lβ1 + 20.81 keV Lγ) with an average weighted energy of
18 keV, seen as a single line because the energy resolution does not allow for disentangling
the lines. The 13.95 keV Np Lα is below the threshold and is therefore not contributing to
the measured 18 keV peak. In addition to this, the 59.541 keV line from 241Am is also seen.
155Eu has characteristic lines at 42.996, 86.546, and 105.309 keV, while a line at 29.621 keV
is seen for 129I and at 122.061 keV for 57Co. The values of these characteristic energies are
taken from [19,25,26].

These fitted characteristic energies allow for converting the digitized charge in ADC
into deposited energy in keV over the entire absorber energy range. The linearity of the
charge to energy conversion over the energy band is given in Figure 12 together with the
energy resolution as a function of energy computed from the full-width at half-maximum
(FWHM) for each measured photopeak. The energy resolution dependency in energy is
well described by the square root of a second-order polynomial in 1/E, and it is comparable
to the energy resolution at room temperature of GAGG crystals reported in the literature.

Pile-up effects due to a high data rate have been studied by placing an 55Fe source
on top of the GAGG crystal, for which the energy deposition in the scintillator from the
5.95 keV line is under the threshold. However, as shown in Figure 13, in the spectra
acquired with both 382 and 410 V bias voltages, a high data rate emulated by a high-activity
55Fe source can cause pile-up events over the threshold. Indeed, a triggered peak can be
observed for a voltage of 382 V using a source with an activity of 168 MBq, as several
5.95 keV energy depositions happen in the GAGG in a time scale smaller than the electronics
integration time (50–100 ns, with a crystal decay time of ∼90 ns), which ends up in a signal
over the threshold due to the accumulation of scintillation light seen as a single event by
the system. This effect is less prominent at 410 V, as the higher gain allows the system
to trigger on single 5.95 keV photons, whose rate dominates over the pile-up event rate.
This pile-up effect should not affect the instrument’s operation, since a maximum event
rate of tens of kHz is expected for bright flares. It should, however, be further studied
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with the next prototype design to ensure it has no significant impact on the detector’s
spectro-polarimetric response for bright solar flares.
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Figure 11. Spectra of the five sources shown in Figure 10 fitted for characteristic lines, whose energies
are summarized in the text.

0 50 100 150 200 250 300 350
Charge [ADC]

20

40

60

80

100

120

En
er

gy
 [k

eV
]

Fit: Energy = 0.411*Charge + 1.969
Data

20 40 60 80 100 120
Energy [keV]

20

30

40

50

60

70

En
er

gy
 R

es
ol

ut
io

n 
[%

]

Fit
Data

Figure 12. Left: Energy (keV) obtained from the theoretical emission features of the various well-
known radioactive isotopes as a function of the fitted line position (ADC). Right: Energy resolution
(FWHM) of the GAGG absorber as a function of energy.
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Figure 13. Left: 55Fe spectrum for two sources with different activities (4.68 and 168 MBq) compared
to a dark spectrum at a bias voltage of 382 V. The 55Fe’s 5.95 keV line is below the threshold, but
pile-up effects induce triggered events for a very high rate of events. Right: Same at a bias voltage of
410 V. The effect is less visible as the system starts to trigger on single 5.95 keV photons due to the
higher gain, which dominates the spectrum.

2.3. Coincidence

The working principle of a Compton polarimeter implies reading in coincidence the
scattering and absorption events. More specifically, polarization events, for which the
azimuthal scattering direction can be determined, consist of a double event with, in the
nominal topology of eventsone hit in a plastic bar and one in a GAGG scintillator (other
topologies of events, such as plastic+plastic, i.e., a photon scattering in a plastic bar and
then being absorbed in another plastic bar, can be considered to increase the instrument’s
effective area for polarimetry. One should, however, note that double plastic events, as for a
single-phase polarimeter, show a lower modulation factor and are therefore less sensitive to
the polarization of the incoming photon. The possible use of these events will be assessed
in future phases on the basis of measurements and simulations). The functionality of the
coincidence logic using the two ASIC development boards was tested using NIM modules
for signal conversion and applying the coincidence logic when receiving an event from
both parallel acquisition chains. The diagram of this setup, which showed the correct
functionality of the logic, is shown in Figure 14. The BNC BL-2 Analog pulse generator is
used to inject a coincident signal in both evaluation boards. The trigger signals from both
boards are converted to TTL through the ORTEC 551 and TENNELEC TC451 modules.
Both TTL signals are then provided to the CANBERRA 2144A coincidence module, the
output of which is fed to the MAROC-3A board as a HOLD signal to look for a scatterer
signal when an absorber channel is triggered on the SKIROC-2A board.

A custom front-end electronics (FEE) based on both MAROC-3A and SKIROC-2A
ASICs controlled and read out by an Artix®-7 FPGA from Xilinx is currently under devel-
opment by the Weeroc company as part of a polarimeter prototype, whose current design is
shown in Figure 15. The prototype will contain four strips of eight GAGG bars, like in the
flight design, surrounding a single MAPMT coupled to a 4 × 4 array of plastic scintillators.
This prototype will offer better performance thanks to its dedicated electronics and will
allow us to characterize more deeply the spectral performance of the instrument as well as
its spurious polarization response, or in other words, the instrumental effects distorting
the polarimetric response. This prototype is currently being built as part of phase B of the
CUSP mission. Both the scatterer and absorber scintillator blocks will be assembled in an
epoxy-based mechanical structure hosting strips of enhanced specular reflector (ESR) films
for scintillator wrapping, which offers a higher reflectivity than Teflon [20].
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Figure 14. Diagram of the setup used for testing the Compton coincidence logic through pulse
injection with both ASIC’s development boards.

Figure 15. Left: CAD design showing the sensitive parts of the polarimeter prototype being developed
for CUSP’s phase B. Right: CAD design of the full assembly of the prototype.

3. Conclusions
The CUbesat Solar Polarimeter (CUSP) is a 6U-XL mission being developed by a

collaboration led by the Italian National Institute for Astrophysics of Rome (INAF-IAPS).
It will host a dual-phase Compton polarimeter sensitive in the 25–100 keV range with
the aim of performing hard X-ray polarimetry of solar flares. In particular, CUSP will
provide unprecedented constraints on the magnetic field geometry, particle acceleration,
and energy release mechanisms in solar flares. With its high sensitivity, time resolution, and
dedicated observing strategy, CUSP will bridge the gap between theoretical models and
observational data, advancing both fundamental heliophysics and applied space weather
research. Beyond solar physics, CUSP will also be able to perform spectro-polarimetric
observations of bright X-ray sources that enter its field-of-view, widening its science impact
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to other fields of astrophysics. It will, for instance, be able to perform significant polarization
measurements of bright sources such as gamma ray bursts, for which polarimetry stands
as one of the key techniques for future studies to deepen our understanding of these
sources [27,28].

Preliminary spectral performance results for both the scatterer and absorber detectors
based on single-channel prototypes using ASIC development boards for data acquisition
have been reported. Although the design of these single-channel prototypes was far from
optimized, the results demonstrated the functionality of both acquisition chains as well as
promising spectral sensitivity, with room for improvement at low energies with dedicated
electronics in the future. Indeed, an energy threshold of 3.55 keV was reached using de-
velopment boards, which are not optimized for performance measurements. The required
1.17 keV energy threshold for a 25 keV photon with a 90◦ angle polar scattering angle will
require an improvement of the noise rejection and should be reasonably achieved with the
custom electronics in development for CUSP. A careful characterization of the detector’s
spectral and polarimetric responses will be performed on the prototype polarimeter to
ensure that all systematic effects are understood and kept under control. No pile-up is
expected as the electronics are fast-enough to acquire data from the brightest flares. The
gain will be kept stable by correcting the bias voltage with the monitored temperature, and
other contributions to the systematics such as optical crosstalk or residual threshold and
gain non-uniformities will be accounted for in the polarimeter’s response to prevent false
polarization detections.

With a launch currently targeted for late 2027/early 2028, depending on ASI approval,
the CUSP mission is now in the prototyping phase (phase B). While spectral performance
can only be studied with single-channel detectors, a representative prototype of the flight
Compton polarimeter is under construction for performing a detailed characterization of
the spectro-polarimetric response of the instrument through laboratory measurements and
refining our sensitivity estimates to the polarization of solar flares and other bright sources
of interest.
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The following abbreviations are used in this manuscript:

APD Avalanche PhotoDiode
ASI Agenzia Spaziale Italiana (Italian Space Agency)
ASIC Application Specific Integrated Circuit
CAD Computer-Aided Design
CME Coronal Mass Ejection
CUSP CUbesat Solar Polarimeter
ESR Enhanced Specular Reflector
FEE Front-End Electronics
GAGG Gadolinium Aluminum Gallium Garnet
GUI Graphical User Interface
HXR Hard X-Ray
MAPMT Multi-Anode PhotoMultiplier Tube
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PMT PhotoMultiplier Tube
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SMD Surface-Mount Device
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