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Abstract

ComPol is a proposed CubeSat mission dedicated to long-term study of gamma-ray polarisation of astrophysical objects. Besides
spectral and timing measurements, polarisation analysis can be a powerful tool in constraining current models of the geometry, mag-
netic field structure and acceleration mechanisms of different astrophysical sources. The ComPol payload is a Compton telescope
optimised for polarimetry and consists of a 2 layer stacked detector configuration. The top layer, the scatterer, is a Silicon Drift
Detector matrix developed by the Max Planck Institute for Physics and Politecnico di Milano. The second layer is a calorimeter con-
sisting of a CeBr3 scintillator read-out by silicon photo-multipliers developed at CEA Saclay. This paper presents the results of the
prototype calorimeter calibration campaign, executed in March 2022 at IJCLab Orsay and simulations of the expected performance
of the polarimeter using updated performance figures of the detectors.
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1. Introduction1

CubeSats have quickly become an attractive option and2

enabled space access for smaller actors, be it hobbyists like3

universities and schools or countries with no major space sec-4

tor. This is primarily due to reduced cost, less stringent quality5

assurance procedures and numerous launch opportunities.6

While first used as a good training option, developing small7

satellites has become an opportunity to deploy full fledged ob-8

servation instruments as seen by multiple working astronomy9

missions covering the whole electromagnetic spectrum and the10

plethora of proposed missions from the scientific community11

[1].12

13

ComPol is a planned 3U mission dedicated to long-term ob-14

servation of Cygnus X-1 in the 20 keV-1 MeV energy range.15

The ComPol payload consists of a Compton polarimeter situ-16

ated in the middle of the nano-satellite as seen in figure 1, at the17

end of a collimator represented in white. The instrument fits in18

1U of a CubeSat and consists of two detectors working in coin-19

cidence, a Silicon Drift Detector array, developed at MPP, Mu-20

nich in collaboration with Politecnico di Milano, and a Cerium21
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Figure 1: Preliminary design of the ComPol CubeSat.
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Bromide scintillator read-out by silicon photo-multipliers cou-22

pled to an EASIROC ASIC [2], developed at CEA Saclay. A23

first prototype calorimeter has been developed in 2021 followed24

by extensive calibration campaigns. We have measured the en-25

ergy response of the detector and evaluated the capacity to re-26

construct the point-of-interaction inside the crystal.27

2. Scientific context28

Polarimetry could become the next tool in hard X-29

ray/gamma-ray astronomy. Although low flux levels and high30

background noise make polarimetric measurements quite chal-31

lenging, they can provide key information on an astrophysi-32

cal sources geometric configuration, magnetic field structure33

and high-energy emission mechanisms [3, 4]. Polarimetric34

measurements could shed a light on a plethora of high-energy35

sources characteristics which may not be accessible with cur-36

rently used spectral or temporal analysis or imaging.37

1. Polarimetry could reveal the processes at the heart of38

Gamma-Ray Bursts (GRBs) as well as the nature of the39

jets, the dissipation sites and radiation mechanism.40

2. Polarimetric analysis of pulsars would let us probe the41

magnetic field structure, the particle acceleration and pair42

production processes in the magnetosphere as well as the43

gamma-ray emission mechanisms.44

3. For micro-quasars, hard X-ray polarimetry can disentan-45

gle the jet emission from the disk photons scattered on46

thermal electrons thus probing the poorly known physics47

of the jets in the black hole vicinity.48

4. Polarisation measurement can also be used to constrain49

current acceleration models for solar flares by measuring50

the pitch-angle distribution of the accelerated electrons im-51

pinging on the photosphere52

This field has been gaining momentum the last decade with53

multiple flown balloon experiments like X-Calibur [5], PoGo54

[6], Phenex [7, 8], Ascot [9], Grips [10], GRAPE [11] and55

some satellite missions, which includes some that were not56

necessarily developed as polarimeters, like IBIS/INTEGRAL57

[12, 13], CZTI/AstroSAT [14] GAP/IKAROS [15] and POLAR58

on-board Tiangong-2 [16].59

But for the time being, the only accepted space-telescope60

in the soft gamma-ray range with polarimetric capabilities is61

COSI [17], a NASA SMEX mission [18], that started as a bal-62

loon payload[19], scheduled for launch in 2025 which opens63

the possibility of joint observations of Cygnus X-1 with Com-64

Pol.65

3. Compton polarimetry66

Polarisation measurements of high energy photons rely on67

exploiting photon-matter interaction processes. In general, the68

three main effects : photoelectric effect, Compton scattering69

and pair production can be used in equivalent ways in or-70

der to measure the polarisation of the incoming photons. On71

the other hand, the detectors and subsequent data analysis will72

Figure 2: Compton scattering diagram with γ and γ′ - the incident and
scattered photon,respectively; θ - polar scatter angle and φ - azimuthal
scatter angle.

vary greatly, depending on the exploited effect. The main con-73

straint in instrument design is the energy band under observa-74

tion. Thus, for the 10s of keV to 10 MeV energy band, the75

only feasible detection principle relies on Compton scattering76

since it is the predominant effect in this energy range.77

Eγ′ =
Eγ

1 + (Eγ/mec2)(1 − cos θ)
(1)

A traditional Compton telescope must have at least 2 detec-78

tor planes working in coincidence. By exploiting the Compton79

scattering equation [20], it is possible to reconstruct both the80

origin (cos(θ)) and the energy (Eγ) of the incoming photon (see81

eq 1 and figure 2). In order to do so, both (or more) of the82

detection planes must be imagers and spectrometers. A Comp-83

ton polarimeter will further exploit the azimuthal scatter angle84

of the photon to obtain information on the polarisation fraction85

(PF) and polarisation angle (PA). Indeed, the differential cross-86

section of the scattered photons is not isotropic, in polar or az-87

imuthal directions, as described by the Klein-Nishina formula:88

dσ
dΩ

=
1
2

r2
e

(
Eγ′

Eγ

)2 [
Eγ

Eγ′
+

Eγ′

Eγ
− 2 sin2(θ) cos2(φ)

]
(2)

Another critical point in the exploitation of polarimetry data89

are the systematics of the instrumental response. Indeed, the90

geometry of the detectors, pixel size and shape can create the91

illusion of a polarised signal where there is none. It is thus very92
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Figure 3: Photo of the setup used for position calibration. On the left, we can see the tungsten collimator with a space left for the 137Cs source
(not present when not actively gathering data due to radiation protection considerations). In the centre, the CeBr3 scintillator wrapped in Teflon
and the associated electronics. On the right, the X-Y motorised translation table (in black) used for scanning the surface of the scintillator.

important to have a comprehensive calibration campaign and93

robust models of the detector response.94

4. Calorimeter prototype calibration results95

4.1. Calorimeter energy calibration96

We have performed a calibration campaign of a prototype97

calorimeter for the ComPol mission. The prototype represents98

a miniaturised detector to be flown on the ISS in 2023 as a tech-99

nological demonstrator for an in-orbit verification (IOV). The100

calorimeter is a CeBr3 scintillator coupled to a 6x6 S14161 sili-101

con photomultiplier (SiPM) array from Hamamatsu Photonics.102

Additionally, we will install a plastic scintillator, covering one103

side of the CeBr3 read-out by 2 single pixel S14160 Hamamatsu104

SiPMs. The plastic scintillator is designed to act as a veto-105

shield for the final ComPol payload and surround the whole106

CeBr3 but due to space constraints and limited readout chan-107

nels, we have decided to have just one face covered by the veto108

for the IOV mission. The front-end electronics consists of a 32109

channel EASIROC ASIC readout by 12 bit/10MSPs ADCs and110

a Zynq SOC (to be replaced for the actual mission by a custom111

on-board computer).112

The detector design has been aided by Geant4 simulations113

in order to define the best compromise between position re-114

construction performance and detector efficiency. Due to the115

very small distance between the two detector planes, position116

reconstruction is critical, thus, we set a 2 mm resolution objec-117

tive which is similar performance to equivalent detectors [21].118

Since the shape of the scintillator is dictated by the size of the119

SiPM array, which is 25.4 mm, we have simulated different120

thicknesses for the crystal, with the 15 mm one striking the bal-121

ance between efficiency and position reconstruction.122

The instrument has been designed to fit in a 1U (10x10x10123

cm) of a CubeSat. Given the space restriction and the num-124

ber of channels incompatibility between the SiPM array and125

the ASIC, we were forced to leave floating the four corner pix-126

els and connect 2 pixels together on one channel, leaving one127

channel for the readout of the plastic scintillator. Despite this128

limitation, performance has been shown not to be critically af-129

fected.130

Source Energy (keV)
57Co 122
137Cs 32

661.6
133Ba 81

356
60Co 1173.2

1332.5
22Na 511

1274.5

131

Table 1: Sources used for energy calibration.132

Preliminary energy calibration has been executed with 5 ra-133

dioactive sources at Saclay, presented in table 1. Given that the134

EASIROC ASIC has two analogue amplification channels with135

a factor 10 gain difference between them, we have calibrated136
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Figure 4: A 137Cs source acquisition with the low-gain channel of the ASIC. The 32 keV and 661.6 keV lines are fitted with a gaussian and have a
46.5% and 6.9% FWHM resolution respectively. The zoomed in frame shows the same data but the collimated measurement counts are multiplied
by 12 for easier comparison.

both of them. We will refer to the two channels as high-gain137

and low-gain respectively in the suite of this article.138

We have obtained good linearity in the high-gain channel for139

energies < 200 keV and in the low-gain channel for energies up140

to 1.3 MeV, which is the highest energy source we had available141

at the lab. The calibration curves are shown in figure 5. Theo-142

retically, the upper energy threshold should be around 4 MeV,143

although it might still be possible to exploit the data in the non-144

linear region. Since the monolithic scintillator is read out by a145

matrix of SiPMs, spectra are obtained from summing over all146

the channels. Thus, the saturation we see at higher energies has147

been proven to be an effect of individual pixel saturation, where148

most of the light is incident on one pixel, and not an artefact of149

the high-gain chain of the ASIC.150

The detector has a low energy threshold of 15 keV and a151

FWHM resolution of 6.9% @662 keV and 46.5% @32 keV.152

The resolution can be furthermore improved by reconstruct-153

ing the position of interaction in the crystal and applying a154

corrective factor. This is possible due to the non-uniform155

collection of light inside the scintillator and can be seen most156

prominently at the edges of the crystal. To illustrate this,157

Figure 4 includes two measurements of a 137Cs source with158

Figure 5: Calorimeter calibration curves in the High/Low Gain chan-
nels of EASIROC chip.
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and without a collimator. The collimated source measurement159

has a better energy resolution, 6.2% @662 keV, since the light160

collection is constant in this case. It is also important to note161

that the energy resolution has been negatively affected by a162

couple of anomalies during the calibration campaign. First of163

all, a firmware bug caused us to lose all the data on the last164

channel of the ASIC. Secondly, the second to last channel has165

been damaged before the calibration campaign. The loss of166

two pixels plus the four corner pixels that are not connected167

has an impact on the measured energy resolution. The positive168

conclusion from this is that even with 1/6th of the pixels not169

responding, the performance has not been affected in a critical170

manner. Furthermore, position reconstruction performance is171

still very good, to be detailed in the following section.172

173

4.2. Calorimeter position calibration174

We have also performed a position reconstruction calibration
campaign. The same setup as described in [21] has been used
for calibration, see figure 3. The detector is installed on a X-Y
motorised translation bench and a 137Cs source is positioned be-
hind a 10 cm thick tungsten collimator with a 1.3 mm opening.
The translation bench is then used to scan the whole surface
of the detector with half pixel steps ( 2 mm), which amounts
to 11 points per axis and 121 total calibration positions. The
resulting data was then used to determine the position recon-
struction performance of the calorimeter. We use the standard
deviation of the the reconstructed X,Y position with regards to
the known position to evaluate the performance of the recon-
struction method σXY , this is defined as follows (see [21]):

σXY =

√
1
N

∑
p

Npσ
2
XY,p (3)

with

σXY,p =

√√√
1

Np

Np∑
i=1

[(xp − xrec
i )2 + (yp − yrec

i )2] (4)

where N is the total number of events, Np is the number of175

events at position p, xp, yp are the coordinates of position p and176

xrec
i , yrec

i are the reconstructed position coordinates.177

178

Two methods were used to analyse the data:179

• Centroid calculation of 3-brightest pixels. The advantage180

of this method is in its simplicity, fast computation time181

and the capability to do it on-board the satellite. It does,182

however, lack in performance as evidenced by the error183

calculation in figure 6. It is also very sensible to broken184

pixels and generates a non-continuous distribution of cal-185

culated positions.186

• Using a Neural Network (NN) [22, 23]. This method has187

been successfully applied to our detector with good re-188

sults. Contrary to the centroid calculation, the NN recon-189

struction algorithm is not affected by the missing chan-190

nels in the data. We have divided the calibration data191

Figure 6: RMS error, in mm, of reconstructed position with a Neu-
ral Network model (top) and by centroid calculation (bottom). Each
square represents the RMS error for a given mechanical position used
during calibration.

into 3 datasets in order to validate this method. The first192

dataset of 50 events per mechanical position is used to193

train the model. A second dataset of the following 100194

events/position is used to validate the reconstruction per-195

formance and compare it to the training dataset so that the196

model does not over-specialise. Finally, the rest of the197

events are used to reconstruct the position of interaction198

and estimate the performance of the method.199

Table 2 summarizes the performance obtained with the two200

methods of position reconstruction. We have calculated three201

separate values for the position reconstruction in the corners,202

on the edges and in the bulk of the scintillator in order to illus-203

trate the degraded performance near the edge of the scintillator,204

which can also be seen in Figure 6.205
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Figure 7: Reconstructed positions of interaction, with a Neural Net-
work model (top) and by centroid calculation (bottom). The SiPM ar-
ray pixels are represented by the black dashed lines, the reconstructed
positions - by the blue points, and the true positions - by the red trian-
gle points.

Position σXY

NN Centroid
Body 3.08 ± 0.13 4.04 ± 0.56
Edges 3.69 ± 0.28 5.1 ± 0.96

Corners 4.78 ± 0.38 6.35 ± 1.15
All 3.32 ± 0.44 4.43 ± 0.94

206

Table 2: Calculated RMS error values for the two position reconstruc-
tion methods.207

Figure 7 shows all the reconstructed positions from the208

dataset. As mentioned earlier, centroid calculation is very sen-209

sible to missing data, which is evidenced by the lack of recon-210

structions in the corners ,because the corner pixels are not con-211

nected, and in the upper right part of the SiPM matrix, where212

channel 31 of the ASIC was broken and channel 32 was missing213

data.214

(a) Side view with zoom on SDD (b) Perspective view

Figure 8: Visualisation of the simulated geometry. The set-up is sim-
plified from three CubeSat units down to one unit (10x10x11.35 cm3)
to reduce the simulation time. It consists of the Silicon Drift Detector
(SDD), the CeBr3 calorimeter, a lead collimator and shielding plate,
the aluminium CubeSat structure, solar panels on all four sides (indi-
cated by yellow lines), and a block of different material layers behind
the detector system which account for the material distribution in the
whole CubeSat.

5. Sensitivity study215

A dedicated sensitivity study was performed for the ComPol216

project to predict the Minimum Detectable Polarisation (MDP)217

of the final instrument using calibration derived performances218

of the detectors. The MDP is a widely used parameter which219

describes the lowest degree of polarisation measurable on a220

99% confidence level [24]. This value strongly depends on the221

detector geometry and performance. The study described in222

this section is based on simulations conducted with the Monte223

Carlo particle simulation software Geant4. The following table224

summarises a few aspects of the simulation and how they are225

implemented:226

• Geometry:227

A simplified satellite geometry is taken into account (see228

figure 8). This includes the exact dimensions of the detec-229

tor volumes, a lead collimator and shielding plate in front230

of the detectors, and the aluminium structure of the satel-231

lite. Most of the other components used in the satellite can232

so far only be estimated approximately. But their prelimi-233

nary material composition is also implemented as a mate-234

rial block behind the detector system.235

• Simulated physics:236

For a Geant4 simulation it is necessary to define the237

physics that are considered (particles, interactions, etc.).238

For the full picture, the predefined constructors for the239

Geant4 Physics List are mentioned here:240

– G4EmLivermorePolarizedPhysics241

– G4HadronPhysicsQGSP BERT HP242

– G4DecayPhysics243

– G4RadioactiveDecayPhysics244

– G4EmExtraPhysics245

The first one covers the low energy electromagnetic part,246

especially important for the signal simulation. The four247
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others are necessary for the background simulation. They248

cover hadronic processes including cosmogenic activation249

of the CubeSat materials and the subsequent decays.250

• Spectra:251

The real X-ray flux of Cygnus X-1 is simulated for the252

signal simulation (Data from [25]).253

Besides this, all relevant background particles and their254

energy distributions in a low earth orbit (550km altitude,255

85° inclination) are considered for the background simula-256

tion. This is on one hand the direct background during the257

whole orbit, consisting of photons, electrons, positrons,258

protons, alpha particles, and neutrons (Data from [26]) and259

on the other hand the cosmogenic activation during fly-260

throughs through the South Atlantic Anomaly (SAA, Data261

from [27]).262

• Detector system:263

The detector system consists of a Silicon Drift Detector264

(SDD) and a CeBr3 scintillator. The following detector265

performance used in the simulation is derived from cali-266

bration data, as detailed in the previous section.267

SDD characteristics:268

– Module with 32 pixels and a pixel size of 2 mm269

– The position resolution is limited by the pixel size.270

Each interaction is assumed to be in the centre of the271

respective pixel.272

– The energy resolution of the SDD is ∼ 500eV273

FWHM @ 6 keV274

– Lower energy threshold: 1 keV275

CeBr3 scintillator characteristics:276

– Crystal size: 80x80x10 mm3
277

– σX = σY = 2.3 mm gaussian position resolution 1
278

– See sections above for the energy resolution279

– Lower energy threshold: 15 keV280

The simulation data is analysed in the same way as real data.
Thanks to the event wise measured scattering position, absorp-
tion position and the respective energies it is possible to recon-
struct the scatter angle θ in two different ways (geometrically
and via the energies using the Compton formula [20]). Select-
ing only events where both reconstructed scatter angles match,
is a very powerful cut that allows to exclude more than 97 %
background events that created a time coincidence between the
two detectors. This reduction of the background rate reflects
in an improvement of the signal to noise ratio for the polari-
sation detection from approx. 15 to 36. A second event selec-
tion stage further improves the sensitivity on the polarisation.
For this, the Compton events with small scatter angles get ex-
cluded. Since the polarisation dependence vanishes for small

1σXY =
√
σX 2 + σY 2

Figure 9: Histogram for the signal simulation of the azimuthal scat-
ter angle φ after the event selection for a 100% polarised beam. The
modulation amplitude is the imprint of the degree polarisation, and the
positions of the minima reflect the initial polarisation plane.

scatter angles, these events would appear as a unpolarised flat
background [28]. Figure 9 shows a histogram of the azimuthal
scatter angle φ of all remaining events for a 100% polarised
beam. This distribution is described by the following equation:

fP(Φ) = C · [1 + a cos(2(Φ − ψ))] (5)

Fitting this curve to the data yields the resulting modulation
amplitude a. In the case of a 100% polarised beam, we define:

µ100 = a (6)

This is an instrument dependent parameter that describes the
maximum possible modulation. Together with values of the
signal rate RS and background rate RB:

RS = 0.30 · 10−3cps, RB = 1.16 · 10−3cps (7)

one can derive the MDP [29]:

MDP =
4.29

µ100 · RS

(RS + RB

T

)1/2

(8)

This results in an MDP of 19.5% after 6 months observation281

time T.282

283

Discussion of the result284

The resulting MDP is reasonable and a success given the small285

effective detector area (∼1 cm2). It shows that it is possible to286

construct Nano-Sat missions capable of measuring polarisation287

data in the gamma-ray range. The biggest challenge ahead is288

to further optimise the system despite strong limitations in size,289

weight and power consumption. To do so there are still options290

left e.g. optimising the shielding strategy by using a graded291

shielding or an active veto system, optimising the geometrical292

detector arrangement (e.g. distance between SDD and CeBr3)293

and also optimising the detectors themselves as already men-294

tioned for the CeBr3 in the section before. In addition to that,295

the conducted background study should be quite conservative296

since it was made for the worst case orbit (polar orbit).297
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6. Conclusion and outlook298

We have presented the imaging and spectral performance of299

a monolithic calorimeter designed for use in a Compton Po-300

larimeter. Despite its small size and limited read-out channels,301

the position of interaction reconstruction is comparable with302

bigger equivalent systems [21]. This is a very good result given303

the short design and implementation time, which was 1 year. It304

also shows the capacity for a rapid development cycle for space305

instruments on-board nano-satellites. Furthermore, simulation306

studies of the ComPol payload show promising performance307

for a 1-year mission. For the future, this design could be opti-308

mised further and used for observations of other astrophysical309

sources.310

A more thorough calibration campaign of the IOV model of311

the instrument is planned for the end of 2022. Whilst this pa-312

per presents only the calorimeter performance, we plan on us-313

ing the whole polarimeter, i.e. calorimeter + SDD working in314

coincidence, for a beam-test campaign at the LARIX facility315

at University of Ferrara. We are currently working on the fi-316

nal version for the IOV mission which should be launched to317

the ISS in 2023 and a planned CubeSat mission for the end318

of 2025, thus exemplifying the highly dynamic world of nano-319

satellite design. This comes at an opportune moment, with ded-320

icated polarimetry missions being planned, which could hope-321

fully lead to joint observations of gamma-ray sources.322
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avec un calorimètre imageur 3d pour l’astronomie gamma, Ph.D. thesis,406
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