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•  Domaine	clé	pour	l’astronomie	mulB-messagers	et	la	spectroscopie	nucléaire	
•  Mais	l’un	des	moins	bien	couverts	du	spectre	électromagnéOque	(seulement	

quelques	dizaines	de	sources	staOonnaires	connues	entre	0.5	et	30	MeV)	
⇒  Développement	d’un	télescope	Compton	de	nouvelle	généraOon	
⇒  Projet	CubeSat	COMCUBE	:	polarimétrie	des	sursauts	gamma	
⇒  Projet	ESA	M7	ASTROGAM	(lancement	en	2037)	

2	Développement	de	l’astronomie	gamma	au	MeV	
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outside the image space. Consequently, only a fraction of the event is seen in the image, the
fraction vi.

The original list-mode algorithm (Wilderman et al., 1998) did not contain any criteria to
stop the iterations. It simply converges asymptotically. The best images, however, are obtained
shortly before convergence, when the width of the point sources corresponds to the intrinsic
angular resolution of the detector. At this point the iteration is stopped by hand.

In the following section the determination of the response T is discussed in more detail.

5.3 Imaging response of a Compton and pair telescope

Figure 5.3: The 4 different event types of a tracking Compton and pair telescope. Left to right: Untracked
Compton events; tracked Compton events; high-energy tracked Compton events with incomplete absorption; pair
events.

Figure 5.3 illustrates the four basic event types of a MEGA-type instrument: For most
interactions below 2 MeV, the kinetic energy of the Compton recoil electron is not sufficient to
produce a track. Therefore the photon’s origin can only be restricted to a cone (see Section
2.2.4.1 and Figure 5.3, left). Its width is determined by the accuracy of energy and position
measurements. Between 2 and 10 MeV most events have an electron track and a reasonable
amount is completely absorbed (at least in the MEGA satellite geometry). Thus, their origin is
restricted to an arc, a section of the cone (Figure 5.3, middle left), whose length is determined
by Molière scattering. Above 10 MeV most of the Compton scatter events are incompletely
absorbed, but the direction of electron and scattered photon is well defined. Therefore, the
origin of the photon can be restricted to the great circle between (reverse) electron and photon
direction (Figure 5.3, middle right). Since the direction of the scattered gamma ray can be
determined more accurately than the direction of the recoil electron (Molière scattering), the
origin distribution has a drop-like shape. Measured energies can further restrict this arc (details
see Section 2.2.4.2). The origin of pair events (Figure 5.3, right) can be calculated from electron
and positron direction and energy (see Section 2.3). The main uncertainties are due to Molière
scattering of electron and positron in the Silicon layers.

Two parameters describe the imaging response in Equation 5.5: the event response tij and
the sensitivity sj (Note that the word “sensitivity” denotes a quantity here that is different
from the sensitivity describing the overall performance of an astrophysical telescope). Figure
5.4 summarizes all probabilities which contribute to these parameters for Compton events.

The easiest way to determine the sensitivity sj are Monte-Carlo simulations. This avoids
the analytic calculation of all the probabilities of Figure 5.4. The determination of the response
tij is less straightforward: it is calculated by looping over all image-space bins and describes
the probability that the measured photon was emitted from any one given image bin. The
calculation has two steps: determine the absorption probability and multiply by a normalized
response which basically represents the Compton cone/arc or pair origin distribution.

Using list mode allows to strongly simplify the large response matrix required for a binned-
mode approach (see Table 5.1) — given the case of a very sparsely populated data space, as

5.3. IMAGING RESPONSE OF A COMPTON AND PAIR TELESCOPE 83

outside the image space. Consequently, only a fraction of the event is seen in the image, the
fraction vi.

The original list-mode algorithm (Wilderman et al., 1998) did not contain any criteria to
stop the iterations. It simply converges asymptotically. The best images, however, are obtained
shortly before convergence, when the width of the point sources corresponds to the intrinsic
angular resolution of the detector. At this point the iteration is stopped by hand.

In the following section the determination of the response T is discussed in more detail.

5.3 Imaging response of a Compton and pair telescope

Figure 5.3: The 4 different event types of a tracking Compton and pair telescope. Left to right: Untracked
Compton events; tracked Compton events; high-energy tracked Compton events with incomplete absorption; pair
events.

Figure 5.3 illustrates the four basic event types of a MEGA-type instrument: For most
interactions below 2 MeV, the kinetic energy of the Compton recoil electron is not sufficient to
produce a track. Therefore the photon’s origin can only be restricted to a cone (see Section
2.2.4.1 and Figure 5.3, left). Its width is determined by the accuracy of energy and position
measurements. Between 2 and 10 MeV most events have an electron track and a reasonable
amount is completely absorbed (at least in the MEGA satellite geometry). Thus, their origin is
restricted to an arc, a section of the cone (Figure 5.3, middle left), whose length is determined
by Molière scattering. Above 10 MeV most of the Compton scatter events are incompletely
absorbed, but the direction of electron and scattered photon is well defined. Therefore, the
origin of the photon can be restricted to the great circle between (reverse) electron and photon
direction (Figure 5.3, middle right). Since the direction of the scattered gamma ray can be
determined more accurately than the direction of the recoil electron (Molière scattering), the
origin distribution has a drop-like shape. Measured energies can further restrict this arc (details
see Section 2.2.4.2). The origin of pair events (Figure 5.3, right) can be calculated from electron
and positron direction and energy (see Section 2.3). The main uncertainties are due to Molière
scattering of electron and positron in the Silicon layers.

Two parameters describe the imaging response in Equation 5.5: the event response tij and
the sensitivity sj (Note that the word “sensitivity” denotes a quantity here that is different
from the sensitivity describing the overall performance of an astrophysical telescope). Figure
5.4 summarizes all probabilities which contribute to these parameters for Compton events.

The easiest way to determine the sensitivity sj are Monte-Carlo simulations. This avoids
the analytic calculation of all the probabilities of Figure 5.4. The determination of the response
tij is less straightforward: it is calculated by looping over all image-space bins and describes
the probability that the measured photon was emitted from any one given image bin. The
calculation has two steps: determine the absorption probability and multiply by a normalized
response which basically represents the Compton cone/arc or pair origin distribution.

Using list mode allows to strongly simplify the large response matrix required for a binned-
mode approach (see Table 5.1) — given the case of a very sparsely populated data space, as

5.3. IMAGING RESPONSE OF A COMPTON AND PAIR TELESCOPE 83

outside the image space. Consequently, only a fraction of the event is seen in the image, the
fraction vi.

The original list-mode algorithm (Wilderman et al., 1998) did not contain any criteria to
stop the iterations. It simply converges asymptotically. The best images, however, are obtained
shortly before convergence, when the width of the point sources corresponds to the intrinsic
angular resolution of the detector. At this point the iteration is stopped by hand.

In the following section the determination of the response T is discussed in more detail.

5.3 Imaging response of a Compton and pair telescope

Figure 5.3: The 4 different event types of a tracking Compton and pair telescope. Left to right: Untracked
Compton events; tracked Compton events; high-energy tracked Compton events with incomplete absorption; pair
events.

Figure 5.3 illustrates the four basic event types of a MEGA-type instrument: For most
interactions below 2 MeV, the kinetic energy of the Compton recoil electron is not sufficient to
produce a track. Therefore the photon’s origin can only be restricted to a cone (see Section
2.2.4.1 and Figure 5.3, left). Its width is determined by the accuracy of energy and position
measurements. Between 2 and 10 MeV most events have an electron track and a reasonable
amount is completely absorbed (at least in the MEGA satellite geometry). Thus, their origin is
restricted to an arc, a section of the cone (Figure 5.3, middle left), whose length is determined
by Molière scattering. Above 10 MeV most of the Compton scatter events are incompletely
absorbed, but the direction of electron and scattered photon is well defined. Therefore, the
origin of the photon can be restricted to the great circle between (reverse) electron and photon
direction (Figure 5.3, middle right). Since the direction of the scattered gamma ray can be
determined more accurately than the direction of the recoil electron (Molière scattering), the
origin distribution has a drop-like shape. Measured energies can further restrict this arc (details
see Section 2.2.4.2). The origin of pair events (Figure 5.3, right) can be calculated from electron
and positron direction and energy (see Section 2.3). The main uncertainties are due to Molière
scattering of electron and positron in the Silicon layers.

Two parameters describe the imaging response in Equation 5.5: the event response tij and
the sensitivity sj (Note that the word “sensitivity” denotes a quantity here that is different
from the sensitivity describing the overall performance of an astrophysical telescope). Figure
5.4 summarizes all probabilities which contribute to these parameters for Compton events.

The easiest way to determine the sensitivity sj are Monte-Carlo simulations. This avoids
the analytic calculation of all the probabilities of Figure 5.4. The determination of the response
tij is less straightforward: it is calculated by looping over all image-space bins and describes
the probability that the measured photon was emitted from any one given image bin. The
calculation has two steps: determine the absorption probability and multiply by a normalized
response which basically represents the Compton cone/arc or pair origin distribution.

Using list mode allows to strongly simplify the large response matrix required for a binned-
mode approach (see Table 5.1) — given the case of a very sparsely populated data space, as

γ	

10 CHAPTER 1. NEW MISSION IN MEDIUM-ENERGY GAMMA-RAY ASTRONOMY

!t

Figure 1.3: Comparison of the different Compton telescopes: The left figure shows the classical COMPTEL type
instrument. It comprises two detector planes. The first one is the scatterer (D1) and the second is the absorber
(D2). The planes have a large distance in order to measure the time-of-flight of the scattered gamma-ray. The
central picture shows a Compton telescope consisting of several thick layers in which the photon undergoes
multiple Compton scatterings. The redundant scatter information allows to determine the direction of motion
of the photon. The figure on the right shows an electron tracking Compton telescope like MEGA. The tracker
consists of several layers, thin enough to track the recoil electron. The scattered photon is stopped in a second
detector which encloses the tracker. The track of the electron determines the direction of motion of the photon.
The illustrations are not to scale.

1.2.2.1 Compton Telescopes

Compton scattering is the dominant interaction process between ∼200 keV and ∼10 MeV (de-
pending on the scatter material). If one measures the position of the initial Compton interac-
tion, energy and direction of the recoil electron as well as direction and energy of the scattered
gamma-ray, then the origin of the photon can be identified. The final accuracy depends on
several factors, which are extensively discussed in Section 2.2.

The key objective for a Compton telescope is to determine the direction of motion of the
scattered gamma-ray. For this problem three solutions exist which distinguish the three basic
types of Compton telescopes (see Figure 1.3).

In COMPTEL (Figure 1.3 left) the two detector systems, a low Z scatterer, where the initial
Compton interaction takes place, and a high Z absorber, where the scattered gamma ray is
stopped, are well separated so that the time-of-flight of the scattered photon between the two
detectors can be measured. Thus top-to-bottom events can be distinguished from bottom-to-top
events. With COMPTEL it was not possible to measure the direction of the recoil electron, so
an ambiguity in the reconstruction of the origin of original photon emerged: the origin could
only be reconstructed to a cone. This ambiguity has to be resolved by measuring several photons
from the source and by image reconstruction (details see Chapter 5).

Several of the instrument concepts currently under consideration for an Advanced Compton
Telescope (ACT) (Boggs et al., 2005) will detect more than one Compton interaction per photon
(Figure 1.3 center). From the resulting redundant information the ordering of the interactions
can be retrieved. A detailed discussion of this approach is given in Chapter 4. Representatives
of this group of Compton telescopes are NCT (Boggs et al., 2004), LXeGRIT (Aprile et al.,
2000) or the thick Silicon concept described by (Kurfess et al., 2004).

In contrast to COMPTEL and most ACT concepts, a third group of detectors is capable of
measuring the direction of the recoil electron (Figure 1.3 right). This enables the determination
of the direction of motion of the scattered photon and allows to resolve the origin of the photon
much more accurately: the Compton cone is reduced to a segment of the cone, whose length
depends on the measurement accuracy of the recoil electron. The main representatives of this
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Assemblage	IntégraBon	&	Tests	(1)	

CocoRe	en	aluminium	 ©	J.	Peyré	
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Assemblage	IntégraBon	&	Tests	(3)	

©	J.	Peyré	
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Profil	du	vol	et	taux	de	comptage	CeBr3		
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•  Prise	de	données	pendant	environ	11	heures	à	différentes	alOtudes		
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Taux	de	comptage	et	spectre	silicium	
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Spectre	silicium	(1	pixel)	
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PerturbaBon	par	les	parBcules	ionisantes	
•  Démarrage	de	l’acquisiBon	de	données	au	branchement			

du	câble	d’alimentaBon,	sans	envoi	de	commandes	au	PC	
embarqué	(contrainte	apprise	5	jours	avant	le	lancement...)	

⇒  Redémarrage	automaBque	de	la	prise	de	données	après	
chaque	reboot	du	PC	embarqué	dû	à	des	«	single	event	
effects	»,	toutes	les	∼15	min	au-dessus	de	15	km	d'alOtude	
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RégulaBon	thermique	
•  Tests	de	qualificaOon	en	T°	(enceinte	climaOque)	+	simulaOon...	
•  Glaçons	à	-50°C	disposés	au	fond	du	conteneur	NEV		
⇒  T°	régulée	entre	18°C	et	24°C	 	 	 	 	 	 										

pendant	toute	la	durée	du	vol	!	
Glaçons	+	moule	à	tarte	



Spectre	total	pour	alBtude	h	>	500	m	

11	Spectres	gamma	(absorbeur)	
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Emission	gamma	vs.	alBtude	/	profondeur	atmosphérique	

SimulaBon	du	fond	atmosphérique			
à	28	km	avec	le	modèle	EXPACS		
hRps://phits.jaea.go.jp/expacs/	
Taux	de	comptage	40	-	400	keV: 				
Simu	=	117	s-1;	Mes	=	72.56	±	0.10	s-1		

Taux	de	comptage	à	511	keV: 													
Simu	=	1.3	s-1;	Mes	=	0.98	±	0.02	s-1	

Taux	de	comptage	E	>	1	MeV: 													
Simu	=	21	s-1;	Mes	=	28.20	±	0.06	s-1	



13	SimulaBon	du	fond	atmosphérique	

Modèle	numérique	MEGAlib/GEANT4	


�	��
	�


�	��	��


�	��	��


�	��	��


�	��	��


�	��	��


�	��	
�


�	��	��


�	��	��


�	��	
�


�	��		�


�	��	
�


�	��	��


�	��	�� 
�	��	
� 
�	��		� 
�	��	
� 
�	��	�� 
�	��	�� 
�	��	
� 
�	��	��

�&
.0
!,
�)
"�*

�+
-%�

&!
,�
*&
)-
-!
 �
%(
�-
$!

�#
+�
*$

�2
��
�'

��
,�
��

!�
�(

���

�(!+#1��!��(��

�'(%� %+!�-%)(�&��),'%��+�1�"&.0!,���&�.&�-! ��1�-$!�������') !&��

�!.-+)(�

�+)-)(�

�!�%)(�

�),%-%/!�'.)(�

�!#�-%/!�'.)(�

�&!�-+)(�

�),%-+)(�

�$)-)(�

V.	TaBscheff	 	 			 	 	COMET	ENV	«	Ballons	» 	 									 	Toulouse 										 		 	 	18	mai	2022	

EXPACS/PARMA	-	Aire-sur-l’Adour,	28	km	
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•  Projet	européen	(H2020)	de	mission	CubeSat	pour	(i)	la	surveillance	du	ciel	gamma	
(astronomie	mulO-messagers)	et	(ii)	la	polarimétrie	des	sursauts	gamma	

•  Demande	de	parOcipaOon	à	la	campagne	de	vols	en	BSO	prévue	à	l’été	2023	depuis	
la	base	de	Timmins	(Canada)	=>	détecBon	de	la	nébuleuse	du	Crabe	

•  Remarque	:	bruit	de	fond	atmosphérique	∼2	fois	plus	élevé	à	Timmins	(Rcut=1.07	GV)	
qu’à	Aire-sur-l’Adour	(Rcut=5.26	GV)	(flux	de	protons	∼5	fois	plus	élevé)	=>	besoin	de	
∼2	fois	plus	de	temps	d’observaBon	pour	détecter	la	même	source	astrophysique	
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15	Conclusions	

V.	TaBscheff	 	 			 	 	COMET	ENV	«	Ballons	» 	 									 	Toulouse 										 		 	 	18	mai	2022	

Etude des particules atmosphériques  
(Amaldi et al., Sardaigne, 1950s) 

•  Les	expériences	embarquées	en	ballon	stratosphérique	
ont	jouées	et	jouent	toujours	un	rôle	important	pour	le	
développement	de	l’astronomie	des	hautes	énergies	

⇒  Tests	de	nouvelles	technologies	dans	l’environnement	
du	proche	espace,	avec	un	bruit	de	fond	représentaBf	
de	celui	en	orbite	terrestre	basse	(tenue	aux	radiaOons	
des	détecteurs	et	des	électroniques	de	lecture)		

⇒  De	nouvelles	expériences	embarquées	en	ballon	
peuvent	permeure	des	mesures	inédites	de	
polarisaBon	gamma	de	sources	astrophysiques	
intenses	(sursauts	gamma,	pulsars,	binaires	X...)	

•  Ces	nouvelles	expériences	bénéficieraient	grandement	de	vols	de	longue	durée	
(plusieurs	jours)	depuis	une	base	à	basse	laBtude	géomagnéBque		


