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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

The Milky Way @ 1.8 MeV 



2	

V.	TaDscheff	 	 				Workshop	Compton 	 						CPPM	Marseille	 		 	November	30	-	December	1,	2021	

First	Compton	telescope	for	γ-ray	astronomy	

•  Schönfelder	et	al.	(1973),	NIM	 						
(nearly	2	years	before	Todd	et	al.	1974,	
Nature):	results	of	a	prototype	in	the	
laboratory	(MPE	Garching)	

•  Double	Compton	telescope	with	plasFc	
scinFllators	(correcFon	factor	E’γ = f(E’’e) 
esFmated	with	calibraFon	sources)	
⇒  Energy	resoluFon	of	≈ 40% (FWHM)	

•  Time	of	flight	measurement	to	reduce	the	
background	(sub-ns	resoluFon	and	1.2	m	
between	the	2	detectors)	

⇒ Absolute	detecFon	efficiency	of	≈ 0.5% 	
•  Balloon-borne	experiment	in	1973	
(Schönfelder	&	LichF	1974):	extragalacDc	
origin	of	the	MeV	gamma-ray	radiaDon	

386 v. SCHONFELDER et al. 

be detected it would be of great interest to look for 
gamma ray lines. These lines could be produced in 
nuclear reactions of the types (p, 7), (P, P' 7) etc. in the 
interstellar gas. It would then be possible to measure 
indirectly fluxes of low energy protons and s-particles 
in the interstellar space. Furthermore, the nature and 
abundances of the target nuclei in the interstellar gas 
could be determined. 

The most interesting measurements in the MeV range 
were made by Vette et al. 6) who found an unexpected 
additional component in the diffuse electromagnetic 
spectrum between 1 and 6 MeV, by using a simple 
NaI(TI) crystal. Since the measurements were made 
from a satellite in a highly eccentric orbit, atmospheric 
background posed no problem. 

These observations have stimulated a number of 
theoretical papers on the origin of this additional 
component. There have been several attempts to 
explain the flux as the result of the decay of neutral 
pions produced by cosmic ray interactions at high red 
shifts [the protar hypothesis7-9)]; galactic electron 
bremsstrahlungX°); extragalactic electron bremsstrah- 
lung11); extragalactic proton bremsstrahlung 12), matter 
antimatter annihilation in the universeta); and nuclear 
emission line14). More recent work shows that none of 
these alternatives, except the protar hypothesis and the 
matter antimatter theory can explain both the shape 
and intensity of the observed spectrum13). 

There are several authors who question the inter- 
pretation of Vette's observations 15'16). They believe 
that the observed flux might be due to locally produced 
radioactivity in the detector and its surroundings. 
Accelerator measurements carried out ls,16) showed 
that high energy cosmic protons could indeed have 
produced the gamma flux by radioactivity. Recently 
low energy gamma ray experiments in the same energy 
range showed contradictory results, partly in agreement 
and partly in disagreement with the measurements of 
Vette et a1.17-19). 

Thus it seems that the current obscurity surrounding 
the flux and shape of the diffuse spectrum in the MeV 
range and the lack of any extraterrestrial point source 
measurements in this same range can be eliminated 
only by the use of detectors with directional sensitivity 
and low background counting rates. 

3. The directional soft gamma counter 
3.1. PRINCIPLE OF MEASUREMENT 

Fig. 1 shows a schematic drawing of  the Compton 
telescope built in this laboratory. The first Compton 
collision of the incoming gamma ray occurs in the large 

upper plastic scintillator block, which is viewed by a 
photomultiplier, the second collision - in most cases 
also a Compton process - occurs in the lower detector 
which consists of nine large plastic scintillator blocks 
each also viewed by one photomultiplier. The distance 
between the two detectors is 1.20 m. The sequence is 
confirmed by time of flight measurement and only 
those events are measured which satisfy the time of 
flight requirements from the upper to the lower detec- 
tor. The two detectors are separated by an anti- 
coincidence plate for rejecting charged particles and 
Compton electrons which leave the upper scintillator. 
When a delayed coincidence between the upper and 
lower detector occurs, pulse heights of both detectors 
are registered. In the balloon version both detectors 
will be surrounded by an anticoincidence shield. 

If the zenith angle is O, and the gamma ray of energy 
E~. loses an amount of energy E" in the upper scintillator 
and is scattered by an angle ~o, the two following 
equations hold for the energies and angles: 

! E~ = E~+E~, (1) 

cos q~ = 1 - m0 c____~ 2 + mo ¢____~2, (2) 
E'~ E~ 

ax is of 
symmetry ~/g~ 
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Fig. 1. Illustration of the experimental set up and the double 
scattering process. 

1.20	m	

1	“Nuplex	4”	
scinDllator	
15×15×15	cm3	
Eth	=	50	keV	

9	“Nuplex	3”	
scinDllators	
20×20×20	cm3	
Eth	=	500	keV	
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COMPTEL	on	CGRO	(NASA)	

!  Compton	Gamma	Ray	Observatory		
•  2nd	of	NASA's	Great	Observatories		
•  ΔE = 30 keV - 30 GeV  
•  17	tons	(heaviest	astrophysical	payload)	
•  Launched	on	April	5,	1991	(AtlanFs)							
on	a	low-Earth	orbit	(450	km)	

•  Forced	re-entry	on	June	4,	2000	

OSSE	

BATSE	

EGRET	

COMPTEL	(0.75	-	30	MeV;	 	 	
	 	 	PI:	Schönfelder)	

Liquid scint. 
NE213 

NaI(Tl) 

A: Four anti-
coincidence 
shields of 
plastic scint. 
(to reject 
charged part.) 



4	COMPTEL	on	CGRO	(NASA)	

Total	mass:	1324	kg		

EffecDve	area	before	
event	selecFon:									
< ~50 cm2 

EffecDve	area	a[er	
event	selecFon:								
< ~10 cm2 

Flight	data	

CalibraDon	data	

upward	

downward	

upward	

downward	

0.25-ns	bins	

Energy	resoluDon:			
10% FWHM @ 1 MeV 
(γ-ray	line	spectrometry)	

Field	of	view:	1 sr 
(8%	of	the	sky)	

Angular	resoluDon:					
5° FWHM @ 1 MeV 
3° FWHM @ E>5 MeV 



5	First	map	of	the	GalacDc	radioacDvity	
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Cygnus region Galactic centre region 

CGRO/COMPTEL 26Al 1.8 MeV map,  
9 years observing time (Plüschke et al. 2001) 
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•  Accumulated	mass	of	26Al	in	the	Galaxy:	1.7	-	3	Msol	

•  26Al	is	mainly	synthesized	in	massive	stars	and	
supernova	explosions	

⇒  Core-collapse	supernova	rate	in	the	Galaxy:	
1.9±1.1	per	century	(Diehl	et	al.	2006,	2021)	

Representation of 
the Milky Way 

face-on 



6	Gamma-ray	sky	in	1	-	30	MeV	

4
https://svs.gsfc.nasa.gov/vis/a010000/a011300/a011342/NASA GSFC/Fermi-LAT collaboration

The ɣ-ray sky (1-30 MeV)

https://science.nasa.gov/science-news/science-at-nasa/compton_ast COMPTEL team/MPE, 2006

CGRO-COMPTEL	
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First	catalogue	of	MeV	sources	(32	steady	sources;	Schönfelder	et	al.	2000)	



7	Gamma-ray	sky	>	1	GeV	

The ɣ-ray sky >1GeV

3
https://svs.gsfc.nasa.gov/vis/a010000/a011300/a011342/ NASA GSFC/Fermi-LAT collaboration

Fermi-LAT	
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8	X-ray	sky	in	the	keV	range	

The X-ray sky (~keV)

2 https://www.mpe.mpg.de/7461950/erass1-presskit 

SRG-eROSITA	
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•  Worst	covered	part	of	the	EM	spectrum	(only	a	few	tens	of	known	steady	sources	
so	far	between	0.5	and	30	MeV	vs.	5500+	sources	in	the	current	Fermi/LAT	catalog)	

•  Domain	of	nuclear	spectroscopy	
•  Many	objects	have	their	peak	emissivity	in	this	range	(GRBs,	blazars,	pulsars...)	

9	Gamma-ray	astronomy	in	the	MeV	domain	

Fermi	
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☹  Photon	interacFon	probability	
reaches	a	minimum	at	∼	10	MeV	

☹  Three	compeFng	processes	of	
interacFon,	Compton	scahering		
being	dominant	around	1	MeV									
⇒	complicated	event	reconstrucFon	

☺ The	MeV	range	is	the	domain	of	
nuclear	γ-ray	lines	(radioacFvity,	
nuclear	collision,	positron	
annihilaFon,	neutron	capture)	

☹ Strong	instrumental	background	
from	acFvaFon	of	space-
irradiated	materials		
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ObservaDonal	challenges	for	MeV	γ-ray	astronomy	10	
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11	Telescope	concepts	in	MeV	γ-ray	astronomy	The instrumental categories in nuclear astrophysics reflect our current 
perception of light itself.!
!

geometric optics!
absorption!

quantum optics!
incoherent scattering!

wave optics!
coherent scattering!
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ex. !coded masks!
! !"on-off" collimators!

ex. !Compton telescopes!
! !tracking chambers!

ex. !Laue lenses!
! !Fresnel lenses!

Instrument concepts in gamma-ray astronomy!

Ex:	INTEGRAL/SPI	and	IBIS	
☹ 	Background	+	ΔE	range	

Ex:	CGRO/COMPTEL	
☹ 	Limited	angular	resoluFon	

Ex:	CLAIRE	(IRAP)	
☹ 	Small	field-of-view	+	ΔE	range	
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MEGA:	First	advanced	Compton	telescope	
!  How	to	do	beger	than	COMPTEL?	
•  Compact	design	to	increase	efficiency	
•  Measure	the	direcDon	of	the	recoil	e-	
(tracked	Compton)	to	reduce	the	event					
circle	to	an	arc	and	improve	the	S/N	raFo	

•  Use	redundant	informaDon	to	find	the			
correct	order	of	Compton	scahers	

•  Improve	the	3-D	posiDon	resoluDon	(~1	mm3)	
•  Improve	the	spectral	resoluDon	(~1%)	

! MEGA:	Medium	Energy	Gamma-ray	
Astronomy	telescope	(Kanbach	et	al.	2005)	

•  Stack	of	double-sided	silicon	strip	detectors	
(DSSD)	as	the	scahering	&	tracking	detector	

•  Pixelated	CsI(Tl)/PIN	diode	detectors	for	the	
absorpFon	of	the	scahered	radiaFon.	

66 CHAPTER 4. EVENT RECONSTRUCTION
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Figure 4.19: Multiple Compton interactions: In this example a gamma
ray undergoes three interactions: Compton scattering at positions k and l,
as well as a photo absorption at position m. The solid line corresponds to
the path of the gamma ray, the dotted lines are the paths of the electrons.
The plotted event contains several independent and redundant pieces of
information. First, the second Compton scatter angle ϕl can be calculated
in two ways: via Compton kinematics (Equation 4.21) and via interaction
geometry as angle between g⃗k and g⃗l (Equation 4.22). In addition, two
electron tracks also provide redundant information: Each of the total
scatter angles ϑk and ϑl can be calculated via Compton kinematics and
via the interaction geometry as angle between the photon direction g⃗k (g⃗l)
and the electron direction e⃗k (e⃗l). This redundant information allows to
determine the interaction sequence and (sometimes) whether or not the
photon’s energy is completely absorbed.

measurement points (with x, y, z and energy), which would lead to a 4·N -dimensional data space
matrix. The size of such a data space rapidly increases for Compton events consisting of several
interactions. In addition, the absolute interaction positions x, y, z are not directly linked to the
underlying physics. A well-designed data space thus is spanned by parameters that are directly
connected to the underlying physics. The data space must be designed to conserve as much
information as possible while not exceeding a manageable number of dimensions. Therefore,
the parameters spanning the data space should be as independent as possible of one another.
Particular care must be taken to conserve all information which is useful to discriminate between
possible paths of the photon, and to determine the likelihood of an event being fully absorbed.
Separate data spaces for first, central, and last interactions can be designed similar to the
approach taken during electron tracking. In the following, parameters suited to these tasks are
discussed; starting from these eventually a data space for Compton event reconstruction will be
built.

As in the case of electron track reconstruction, in the process of reconstructing a Compton
event one has to investigate all different paths (= sequences) the particle — in this case the
photon — might have taken. In general, there exist N ! possible paths (= permutations). If one
considers a triple interaction, 6 permutations have to be investigated to figure out the correct
sequence.

For this task the Compton scatter angle ϕl of the central Compton interaction from Figure
4.19 has proven most valuable. Just like the total scatter angle (ϑk or ϑl) for electron tracking,
this information can be calculated in two ways from the redundant information available: Via
kinematics (similar to the classic Compton equation 2.6):

cos ϕkin
l = 1 − E0

El+
+

E0

El+ + El
(4.21)

and via geometry, as the angle between the photon direction before and after interaction l:

cos ϕgeo
l =

g⃗k · g⃗l

|g⃗k| |⃗gl|
(4.22)

Here El is the energy deposit at interaction site l, which corresponds to the energy of the recoil
electron of the Compton interaction l, and El+ is the energy of the scattered photon, which is
defined as all energies deposits after interaction l in the sequence: El+ =

∑N
j=l+1 Ej . For the

example in Figure 4.19 this is simply Em.

γ	
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!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

Compton e- 

Tracked Compton 

MEGA prototype (MPE) 
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Polarimetry	with	a	Compton	telescope	

performance also depends on the length and
inclination angle of the track. The recovery of
the correct direction of longer tracks, e.g. four
layers and above, is achieved in 90% of all cases.
This was verified in the beam calibrations.

3.1.3. Polarization
Most processes in high-energy astrophysics can

generate polarized g-radiation (e.g. synchrotron
radiation, Bremsstrahlung, Compton scattering,
etc.). Polarization measurements are therefore of
great value in understanding the emission mechan-
isms of g-rays. The Compton cross-section is
polarization-dependent and has its strongest sig-
nature, a sinusoidal modulation in the azimuthal
distribution (see Section. 2.1), at large scatter
angles. MEGA with its geometry (see Fig. 2) is
well suited to detect polarization. Fig. 7 shows a
polarization signal. The measurement was per-
formed with 100% polarized 710 keV g-rays
produced at the HIgS facility at Duke University.
The g-rays are produced by Compton backscatter-
ing of storage ring electrons on optical laser
photons and are therefore completely polarized.
The asymmetries and response of the instrument
to an unpolarized beam is used to correct the
measurements of a polarized beam. To measure
this unpolarized response, we used a 137Cs source
(662 keV) positioned 1m above the detector.
Registered events with unphysically large energies
were discarded from the analysis. The azimuth

angles of the scattered photons are determined for
each detected event, corrected for the detector
asymmetries and fitted with a sinusoidal signal.
The modulation factor m; which gives the degree of
polarization, is defined as

m ¼
Nmax "Nmin

Nmax þNmin
(2)

where Nmax and Nmin are the number of counts at
the maximum and the minimum of the azimuth
angle distribution. From the 100% polarized beam
of the Duke measurement, this modulation factor
was measured to be m100 ¼ 0:30$ 0:08 (Fig. 7)
[14]. The error is statistical and m was not corrected
for any time-varying detector response. An addi-
tional correction for the divergent 137Cs beam
adjusts the value to mcorr100 ¼ 0:30$ 0:03: Monte
Carlo simulations predict a modulation of m100 ¼
0:304: The geometry of the instrument/beam setup
should produce the maximum of the distribution
(polarization angle) at 01—the maximum was
measured to be at a compatible "4.6172.11. Other
measurements at 2MeV with poorer statistics
show a modulation of mcorr100 ¼ 0:13$ 0:04; also in
agreement with the simulations [14].

3.1.4. Multiple and extended sources
In a realistic astrophysical environment, a

telescope must detect and resolve multiple sources
within the field of view. To test the instrument
capability to do this, we placed five sources of
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Fig. 7. Geometry corrected event distribution of the azimuth scatter angle for 100% polarized 710 keV photons.
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Figure 6.7: Schematic drawing of the setup at HIGS. See text for details.

purposes before the Duke measurements. In the following, emphasis is put on the Duke measure-
ments, since the initial lab measurements were taken under still changing measurement settings,
and consequently no complete single-channel calibration exists. Only specific measurements
for multiple and extended sources, which were not repeated at Duke and only require a rough
calibration, are included here.

The detailed calibration of the MEGA prototype has been performed using data acquired
with the High Energy Gamma Source HIGS (Litvinenko et al., 1995, 1997) of the Free Electron
Laser Laboratory (FELL) at Duke University. HIGS produces 100% polarized, monoenergetic
(energy spread 1-2%) gamma rays in the energy range from ∼0.7 up to ∼50 MeV via Compton
backscattering.

A schematic of the setup of the free electron laser and MEGA can be found in Figure 6.7.
The generation of gamma rays at HIGS is a two-step process: First monoenergetic photons (IR
– UV) are produced by a free-electron laser. Then those photons are Compton backscattered
through head-on collisions with the electrons and thus reach MeV energies.

For this purpose a bunch of electrons is injected into the storage ring from a linear accelerator.
A section of the ring contains wigglers, a set of magnets which generate an alternating magnetic
field. The electron bunch is forced on a sinusoidal trajectory, and as a result the electrons
start emitting synchrotron radiation in the IR to UV regime — depending on electron energy
and wiggler parameters. The forward component is captured in a laser cavity, which is formed
by two mirrors at the beginning and end of the wiggler-section of the storage ring. All beam
and wiggler parameters are chosen such that electron and photon bunch are moving through
the wigglers simultaneously. For certain resonance energies of the electrons, they interact with
the electric field of the previously generated photons. As a result the electrons emit in phase,
which leads to resonant amplification of the photon bunch — the free-electron laser, producing
monoenergetic and 100% polarized photons.

When the facility is not only used as a free electron laser, but as a gamma-ray source as during
the MEGA calibration, a second electron bunch is injected in the storage ring. This bunch is
stretched compared to the first one, to prevent stimulated emission (lasing). It hits the photon
bunch head-on in the field-free zone between the wigglers. The photons are inverse-Compton
scattered on the electrons and boosted to gamma-ray energies. During the backscattering process
of low energy photons with high energy electrons, the original polarization is almost 100%
conserved (Park et al., 2001) — this is not to be confused with the distribution of photon
scatter directions described by the Klein-Nishina Equation 2.11. Lead collimators, which are
located ∼60 m from the collision area, select the backscattering component of the beam, which
then interacts in the MEGA detector. The opening angle of the collimator determines the energy

Calibration of the MEGA prototype with 100% polarized γ-rays  
produced at the High Intensity Gamma-ray Source (Duke Univ.)    

 µ100 (710 keV) = 0.30 ± 0.03 
Monte-Carlo simu.:  µ100 = 0.304 

Cross section for Compton scattering of a linearly polarised photon:  

Gamma-ray polarization 3

locity can be best constrained by measuring how the polarization direction of a
g-ray beam of cosmological origin changes as function of energy [27]. Gamma-ray
polarization of distant GRBs can also be used to probe the existence of axion-like
particles, which are predicted by various extensions of the Standard Model of par-
ticle physics [2]. In addition, g-ray polarimetric observations of the Galactic center
could perhaps enable the indirect detection of dark matter annihilation in this region
[36].

3 Measurement principle

The linear polarization information of incident g-rays is partially preserved by both
Compton scattering and electron-positron pair creation. The sensitivity of the pho-
toelectric effect to polarization can be used for X-ray polarimetry [81], but not for
g-rays (Eg � 100 keV).

3.1 Compton scattering

The Klein-Nishina differential cross section for Compton scattering of a linearly
polarized photon by an electron at rest is given by [34]:

✓
ds
dW

◆

KN
=

r2
e e2

2
(e + e�1 �2sin2 q cos2 h) , (1)

where re is the classical electron radius, q the polar angle between the incident
photon direction and the scattered photon direction, j the azimuthal angle of the
scattered photon with respect to the electric vector of the incident photon, and e =
E 0

g/Eg the ratio of the scattered photon energy to the incident photon energy, which
is related to the scatter angle by the Compton equation:

e =

✓
1+

Eg
mec2 (1� cosq)

◆�1
. (2)

Here, mec2 is the electron rest mass energy. Eq. 1 shows that linearly polarized pho-
tons tend to scatter perpendicularly to the incident polarization vector (minimizing
the term 2sin2 q cos2 j). The polarization information of a source of polarized pho-
tons is reflected in the probability density function (PDF) of scattering with a given
azimuthal angle j:

P(j;Eg ,q) =
1

2p
[1+µ0(Eg ,q)cos2(j �j0 +p/2)] , (3)

112 V. Tatischeff et al.

is related to the scatter angle by the Compton equation:

ϵ =
(
1+ Eγ

mec2
(1 − cos θ)

)−1

. (5.2)

Here, mec
2 is the electron rest mass energy. Equation (5.1) shows that linearly

polarised photons tend to scatter perpendicularly to the incident polarisation vector
(minimising the term 2 sin2 θ cos2 ϕ). The polarisation information of a source of
polarised photons is reflected in the probability density function (PDF) of scattering
with a given azimuthal angle ϕ:

P(ϕ;Eγ , θ) =
1
2π

[1+ µ0(Eγ , θ) cos 2(ϕ − ϕ0 + π/2)] , (5.3)

which can be readily derived from Eq. (5.1). Here, ϕ0 is the polarisation angle of the
source, whose polarisation fraction is & = µ0/µ100, where µ100 is the modulation
expected to be measured for a 100% polarised source.

The expected modulation factor for an ideal polarimeter can be obtained from
Eqs. (5.1)–(5.3):

µ100(Eγ , θ) =
Pmax − Pmin

Pmax + Pmin
= sin2 θ

ϵ + ϵ−1 − sin2 θ
, (5.4)

where Pmax and Pmin are represented in Fig. 5.1a. The ideal modulation as a function
of θ is shown in Fig. 5.1b for six values of Eγ in the range 0.1–10MeV. We see that
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MEGAlib:	megalibtoolkit.com	
Lead	developer:	Andreas	Zoglauer	(MPE	&	Berkeley)	

MEGAlib	–	completely	object-oriented,	wrihen	in	C++,	uFlizing	ROOT	

Geomega:	Geometry	library	–	detector	and	geometry	descripFon	–	
instrumental	effects	engine	–	used	by	all	other	programs	

Mimrec	

High-level	data	
analysis:	event	
selecFons,	image	
reconstrucFon	
(2D,	3D,	astro.),	

detector	
perfomance	

diagnosFcs,	etc.	

Revan	

Coincidence,	Event	
reconstrucFon	for	
(tracked)	Comptons,	
pair	events,	etc.	

Cosima	

Geant4	based	
simulaFon	tool	
(terrestrial	&	
astrophysical	
scenarios)	

Measurements	

NCT,	HEMI,	MEGA,	
COMPTEL,	etc.	

Response	File	
Generator	

For	event	reconstrc.	
and	imaging	

Tra	file:	Physical	events	Hits	(pos,	energy)	

Interfaces:	

MEGA	simula*on	
geometry	(Geomega)	

COMPTEL	view	of	the	
Galac*c	an*-center	
(Revan+Mimrec)	



15	From	MEGA	to	e-ASTROGAM	

Radiator 
Platform (Thales 
Alenia Space) 

Solar panel 

e-ASTROGAM	
θ

γγ

e+ e- 

Pair event Compton event 

AC system 

Si Tracker 

Calorimeter 

• Medium-size	mission	(550	M€	+	naFonal	agencies)	proposed	to	
the	European	Space	Agency	in	2017	(co-PIs:	A.	de	Angelis	&	VT)	

•  Broad	spectral	range	(100	keV	-	few	GeV)	with	unprecedented	
sensiFvity	in	the	1-30	MeV	energy	domain	=>	broad	science	case	
(see	hhps://arxiv.org/abs/1711.01265)	

•  Highly	ranked	by	ESA	but	finally	not	selected	
•  PerspecFve:	European/Russian	collaboraDon	where	Russia	
would	provide	the	launch	and	the	satellite	plarorm	and	Europe	
the	gamma-ray	telescope	(with	contribuFons	from	Ioffe	&	IKI)	

V.	TaDscheff	 	 				Workshop	Compton 	 						CPPM	Marseille	 		 	November	30	-	December	1,	2021	
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e-ASTROGAM	payload	

Design of the calorimeter composed of 
14x14 modules of 64 crystals 

1 module of 
64 crystals 

Sandwich 
panel 

Detail	of	the	detector-ASIC	
bonding	in	the	AGILE	Si	Tracker	

Fermi/LAT	AC	system	

PICSiT	CsI(Tl)	pixel	 •  Calorimeter:	33		856	CsI(Tl)	bars	coupled	at	both	
ends	to	low-noise	Silicon	Dri[	Detectors	

•  AnD-coincidence	detector:	segmented	plasFc	
scinFllators	coupled	to	SiPM	by	opFcal	fibers	

•  Heritage:	AGILE,	Fermi/LAT,	AMS-02,	INTEGRAL,	
LHC/ALICE…	

•  Tracker:	56	layers	of	4	Fmes	5×5	DSSDs	(5	600	
in	total)	of	500	µm	thickness	and	240	µm	pitch	

•  DSSDs	bonded	strip	to	strip	to	form	5×5	ladders	
•  Light	and	sFff	mechanical	structure	
•  Ultra	low-noise	front	end	electronics	
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Advanced	Compton	telescopes	in	the	US	
•  NASA	Vision	Mission	Concept	Study	in	2005	to	study	promising	technologies	for	an	
Advanced	Compton	Telescope	(Boggs	et	al.	hhps://arxiv.org/abs/astro-ph/0608532)	

•  Instrument	mass,	power	and	dimension	constraints	(assuming	launch	with	Delta	IV):	
1850	kg,	2000	W,	4	-	5	m	

•  “Science	performance”	parameter:	sensiFvity	to	the	847	keV	line	(56Co)	from	SN	Ia	

Si/	Ge	 Ge	 Si	/	CdZnTe	 Si	 Liquid	Xe	 Xe	/	LaBr3	 PlasDc	/	LaBr3	

NRL	/	
Berkeley	

Berkeley	 Berkeley	 NRL	 Colombia	/	
Rice	Univ.	

GSFC	/	New	
Hampshire	

New	
Hampshire	

D1:	27	layers	
of	2-mm	thick	
10x10	cm2	
DSSDs	(3888	
detectors)	
	
D2:	4	layers	of	
16-mm	thick	
9.2x9.2	cm2	
Ge	cross-strip	
(576	detect.)	

D1/D2:	6	
layers	of	
10x18	Ge	
cross-strip	
detectors,	
each	9.2x9.2	
cm2	and	16-
mm	thick	
(1080	detect.)	
	

D1:	4x4	
towers	with	
80	layers	of	
150-µm	thick	
10x10	cm2	
DSSDs	(20	480	
detectors)	
	
D2:	arrays	of	
2x2x2	cm3	CZT	
(∼102	000	
pixels)	

D1/D2:	3x5	
towers	with	
64	layers	of			
3-mm	thick	
10x10	cm2	
DSSDs	(15	360	
detectors)	
	
	

D1/D2:	6x6	
towers	of	
Liquid	Xe	TPC,	
each	3-cm	(7-
cm)	thick	for	
D1	(D2)	and	
22x22	cm2	
area,	each	
viewed	by	64	
1’’	PMTs	

D1:	2x2x4				
gas	Xe	TPC	of	
80x80x50	cm3	
read	out	by			
µ-well	det.	
	
D2:	arrays	of	
5x5	mm2	LaBr3	
8-cm	(4-cm)	
thick	on	the	
bohom	(sides)
(322	000	det.)	

D1:	5	layers	of	
60x60	cubes	of	
plasFc	scinFllat.,	
each	2x2x2	cm3	
(18	000	detect.)	
	
D2:	4	layers	of	
60x60	cubes	of	
LaBr3,	each	of	
2x2x2	cm3							
(14	400	detect.)	
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From	NRL	ACT	to	the	CAPSiTT	proposal	
•  3-Compton	technique	can	provide	 	 	 	 	 	 	 						
the	incident	γ-ray	energy	without	 	 	 	 	 									
measuring	the	full	energy	deposit:		

⇒  “Light”	Compton	telescope	with	no	calorimeter	

o  CAPSiTT:	Medium-size	mission	proposal	to	ESA	in	2010	(PI:	F.	Lebrun)	
•  Tracker:	4	towers	with	80	layers	of	6x6	Si	DSSDs	(11	520	detectors)	
•  Each	DSSD	is	10x10	cm2	and	2-mm	thick,	with	a	strip	pitch	of	1.5	mm	
• Mass:	920	kg	(!),	Power:	338	W,	Volume:	140x140x90	cm3		
•  Not	selected	by	ESA	(DSSD	procurement?)	

03/12/2010 

 - 22 - 

 
Figure 11 : A photon arriving from top-right is 
Compton scattered in detector 1 (yellow) at a position 
(X1, Y1) leaving an energy E1. In detector 2 (blue) its 
remaining energy E2 is fully absorbed at position (X2, 
Y2) 
 
 
.Compton telescopes require fast detectors to 
ensure a narrow coincidence window and very 
good spectral properties since they govern the 
other performance parameters (angular resolution 
and sensitivity).  
Pair creation telescopes are trackers recording the 
position of energy deposits left by the electron and 
positron passage in the detector. The characteristic 
V shape of these tracks is a very good signature of 
gamma-ray interaction. Usually a calorimeter 
absorbing the electron and positron energy 
ensures the spectral response. The incoming 
photon direction is given by the tracks of the 
electron and positron (~ track bisectrix). To 
enhance the pair creation efficiency, lead foils are 
usually inserted between the tracker layers. 
In principle, these devices offer naturally many 
advantages, a good background rejection, 
polarimetric capability, a very large field of view 
and a nearly diagonal spectral response matrix 
In a classical Compton telescope, two position 
sensitive spectrometers are used: a scatterer and a 
calorimeter. The first one should offer a high 
scattering efficiency but should not allow for a 
second interaction. The second one should absorb 
all scattered photons. As a result, the efficiency is 
limited by the scatterer and the weight dominated 
by that of the calorimeter but the internal 
background, proportional to the experiment mass, 
limits the sensitivity.  

 
Figure 12: 3-interactions Compton mode 
 
The point has been made that absorbing fully the 
energy of the incoming gamma-ray might not be 
necessary. If at least three interactions occur in a 
large stack of scattering detectors, it is possible to 
apply twice the Compton formula to retrieve both 
the scattering angle of the first interaction and the 
energy of the incoming photon. The need to not 
absorb the scattered photon in the scatterer 
disappears and the calorimeter is not anymore 
necessary. A lighter but efficient Compton 
telescope can be made.  

2. 2. Instrument conceptual design and 
key characteristics 

Tracker 
The scatterer must be a low Z material to 
maximize the Compton interactions. A low Z 
material offers also the advantage of producing 
less radioactive material when bombarded by high 
energy protons, i.e. less background. In addition, 
the Compton formula is strictly valid for 
scattering on free electrons, the electron binding 
energy in the scatterer material induce an error, 
known as “electron Doppler broadening” effect, 
that increases with the binding energy, i.e. with 
the Z of the material.  
The scatterer must be also a good spectrometer as 
the spectral resolution governs the angular 
resolution and consequently the sensitivity. 
 
Detector material choice 
Most of the classical gamma-ray detectors (NaI, 
CsI, LaBr3, CdTe) have high Z and should be 
disregarded for the above mentioned reasons. 
Germanium and silicon are two obvious choices. 
There is no doubt that germanium is the best 
gamma-ray spectrometer (e.g. INTEGRAL/SPI). 
However, its imaging performance is limited at 
low energy (3.5° at 511 keV) by the electron 
Doppler broadening. The higher Z of germanium 
has also a very important impact on the internal 
background. The INTEGRAL/SPI capabilities to 
detect the 44Ti or 60Fe lines were hampered by the 
presence of strong and variable internal 

2
cos1

4 2
1

2

2
2

2
22

11









−

++

+=
θ
DcmDD

DE

e
E2 



21	

V.	TaDscheff	 	 				Workshop	Compton 	 						CPPM	Marseille	 		 	November	30	-	December	1,	2021	

From	LXeGRIT	ACT	to	the	DARWIN	Experiment	

20

Figure 2.3: Timeline and evolution of the XENON Dark Matter Project and DARWIN in
its context. Photographs of existing and artistic views of future detectors of the XENON Dark
Matter Project and the DARWIN TPC are shown together with their respective project period,
mass and extent of the active LXe target volume as well as the (projected) sensitivity for the spin-
independent WIMP-nucleon elastic scattering cross-section. A red arrow depicted for reference
allows a size comparison. [45]

This value based on results from 278.8 days of collected data corresponding to a 1.0 t·yr
exposure reported in September 2018 further accompanies the new record limit for WIMP-
nucleon spin-independent elastic interactions set by the XENON1T experiment, with a
minimum of 4.1 · 10≠47 cm2 at a WIMP mass of 30 GeV/c2 and 90 % confidence level.
XENON1T not only set new limits in the domain of dark matter search but was also
able to report the first direct observation of two-neutrino double electron capture in 124Xe
nuclei in April 2019, with a determined half-life of the process several orders of magnitude
larger than the age of the universe. [44] Herewith it was (again) capable of proving the
capacities of xenon-based detectors in rare event searches and demonstrated the diverse
physics reach of even larger next-generation experiments.

As of 2019, the XENON1T experiment has stopped data-taking and is, at the time of
writing, being decommissioned to allow for the currently ongoing construction of the next
phase, XENONnT. This upgrade will increase the active LXe target volume by a factor
of three to 6 t (about 8 t in total) and aims for a factor of ≥ 10 increase in the SI WIMP-
nucleon scattering sensitivity with respect to its predecessor assuming 20 t·yr exposure, so
that (in a small part of the mass-range probed) neutrinos are expected to become a sig-
nificant background. [46] To achieve this goal, apart from a larger volume the experiment
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7 cm 

LXeGRIT 

~1988 - 2004 

21 kg 

7 cm 

Aprile et al. (2002); a more detailed description is
in preparation.

3.1. The balloon flight in Fall 2000

The flight took place on October 4–5, 2000,
from Ft. Sumner, NM and lasted 27 h, including
ascent. After ascent the balloon payload was at an
atmospheric depth ranging between 5.7 and 3.2 g
cm!2. Three ‘‘snapshots’’ of particle interactions in
the LXeTPC during the 2000 balloon flight are

shown in Fig. 1. LXeGRIT performed flawlessly
during the entire flight and collected "5# 106

events.
The trigger rate from the PMT-OR vs time is

shown in Fig. 2 for a period of 5 h, during which
LXeGRIT was at a stable altitude of "39 km or
"3.2 g cm!2 atmospheric depth. The rate of events
selected and rejected on-line is shown in Fig. 3.
The ‘‘gaps’’ visible in the rate vs time plots corre-
spond to the TPC cooling periods during which
the DAQ is turned off due to the increased noise

Fig. 1. ‘‘Snapshots’’ of three different events in the LXeTPC recorded during the balloon flight in year 2000; for each of them the X–Z
view and the Y –Z view are shown. Left: a 2-site c-ray interaction. Center: a relativistic particle passing through the fiducial volume.
Several d-rays are visible in the X–Z view. Right: a more complex interaction with several particles detected in the fiducial volume. The
vertex happens below the fiducial volume, i.e., at Z < 0.

Fig. 2. PMT-OR rate.

E. Aprile et al. / New Astronomy Reviews 48 (2004) 257–262 259

2-site γ-ray Charged particle 

•  LXeGRIT:	Liquid	Xenon	Gamma-Ray	Imaging	Telescope	
(Aprile	et	al.	2004)	

•  Both	ionizaFon	and	scinFllaFon	signals	used	to	measure	
the	3-D	posiFon	and	energy,	and	reject	background	

•  Successful	balloon	flights	in	(1997,	1999,	and)	2000:	
measurement	of	the	atmospheric	γ-ray	background	

•  XENON/DARWIN:	best	sensiFvity	to	WIMP	dark	mager	
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COSI:	The	Compton	Spectrometer	and	Imager	
•  COSI:	Compton	Spectrometer	and	Imager	
(Tomsick	et	al.	2019)	

•  Selected	as	a	NASA’s	Small	Explorer	(SMEX)	
mission	in	Oct.	2021	for	a	launch	in	2025	

•  16	crossed-strip	Ge	with	3-D	posiFon	
resoluFon,	each	8x8x1.5	cm3	with	2x64	strips,	
cooling	(-77°	K)	using	a	SFrling	cryocooler	

•  ΔE=0.2-5	MeV	(radioacFviFes	+	polarizaFon),	
FOV=25%	sky,	Δθ=3.2°	FWHM	@	511	keV		

•  Balloon	experiments	in	2005,	2009,	2014	and	
2016	(46-day	flight;	Kierans	et	al.	2017)	



CdTe pixel sensors with good energy resolution (≲2 keV) for the
Compton camera, which were made possible by recent progress on
the development of low noise Si gamma-ray sensors [15–18] and
high quality CdTe sensors [19–25]. The BGO active shield provides
a low background environment by rejecting the majority of
external backgrounds. Internal backgrounds are rejected based
on the inconsistency between the constraint on the incident angle
of gamma rays from Compton kinematics and that from the
narrow FOV (field of view) of the collimator. This additional
background rejection by Compton kinematics will improve the
sensitivity by an order of magnitude in the 60–600 keV band
compared with the currently operating space-based instruments.

In this paper, we will present the detailed configuration and the
data acquisition system of the SGD Compton camera. We will also
present the performance evaluated for the final prototype, which
is equivalent to the flight model.

2. SGD concept and Si/CdTe semiconductor Compton camera

The SGD is based on the concept of narrow FOV Compton
telescopes [5], combining Compton cameras and active well-type
shields. The active well-type shield concept originates from the Hard
X-ray Detector (HXD) [26] onboard the Suzaku satellite. The HXD
achieves the best sensitivities in the hard X-ray band, consisting of Si
photodiodes and GSO scintillators with BGO active shield and copper
passive collimator. The SGD, however, replaces the Si photodiodes and
GSO scintillators with the Compton camera, which provides additional
information for the background rejection. Fig. 1 shows a conceptual
drawing of an SGD unit. A BGO collimator defines a field of view of
!101 for high energy photons while a fine collimator restricts the FOV
to ≲0.61 for low energy photons (≲150 keV), which is essential to
minimize the CXB (cosmic X-ray background) and source confusion.
Scintillation light from the BGO crystals is detected by avalanche
photo-diodes (APDs) allowing for a compact design compared to
phototubes.

The hybrid design of the Compton camera module incorporates
both Si and CdTe imaging detectors. The Si sensors are used as
detectors for Compton scattering since Compton scattering is the
dominant process in Si above !50 keV compared with !300 keV
for CdTe. The Si sensors also provide better constraints on the
Compton kinematics because of smaller effect of Doppler broad-
ening [27,28]. The CdTe sensors are used to absorb gamma rays
following Compton scattering in the Si sensors.

3. Instrument-level requirements for SGD Compton cameras

The ASTRO-H mission-level science objectives described above
require the SGD to provide spectroscopy up to 600 keV for over 10
accreting supermassive black holes with fluxes equivalent to
1/1000 of the Crab Nebula (as measured over the 2–10 keV band,
assuming the spectrum to be a power-law with spectral index of
1.7). This mission-level science requirement defines the following
instrument-level requirements for the SGD Compton camera:

" Effective area for the detector must be greater than 20 cm2 at
100 keV to obtain a sufficient number of photons in a reason-
able observation time (typically 100 ks).

" Observation energy range must be from 60 keV to 600 keV.
" Energy resolution must be better than 2 keV (FWHM) or better

than 2% (FWHM).

These are the following design constraints on the SGD Compton
camera from mounting the ASTRO-H:

" The size of one camera must be 12 cm#12 cm#12 cm to
minimize the size of BGO active shield, since the BGO is the
dominant contributor to the total weight of the SGD.

" The number of Compton cameras must be six in total ASTRO-H.
" Power consumption must be lower than 6 W for one camera.

The instrument-level requirements and the design constraints
described above guide the designs of the Si sensor, the CdTe sensor
and the readout Application Specific Integrated Circuit (ASIC) for
both. The detection area of the Si sensor must be larger than
5 cm#5 cm. The total thickness of the Si sensor must be about
2 cm, which corresponds to the 50% interaction efficiency for
100 keV photons. Therefore, 32 layers of Si sensors are needed
when 0.6 mm thick Si devices are used. In order to satisfy the
effective area requirement, CdTe sensors must cover 50% of the
solid angle covered by the Si sensors. The readout ASICs for the Si
and CdTe sensors must have an internal analog-to-digital con-
verter (ADC) and must be controllable with digital signals because
space in the Compton camera is limited. Moreover, the ASIC must
consume less than 0.5 mW/channel and have good noise perfor-
mance of 100–200 e$ (ENC) under the condition that the input
capacitance is several pF.

4. SGD Compton camera design

4.1. Overall design

Based on the design guide described in the last section, the
Compton camera consists of 32 layers of Si sensors and 8 layers of
CdTe sensors surrounded by 2 layers of CdTe sensors. Fig. 2 shows
a 3D model of the Compton camera structure. This arrangement
allows a placement of the CdTe sensor on the side very close to the
stacked Si and CdTe sensors, maximizing the coverage of the
photons scattered by the Si sensors. In addition to sensor modules,
the Compton camera holds an ASIC controller board (ACB) and
four ASIC driver boards (ADBs). The ACB holds a field program-
mable gate array (FPGA) that controls the ASICs. The ADB buffers
control signals from the ACB, sends control signals to 52 ASICs, and
also provides a current limiter to power the ASICs.

The mechanical structure of the Compton camera needs to hold
all components described above within a volume of 12#12#
12 cm3. Another important requirement for the mechanical struc-
ture is sensor cooling. All sensors need to have a temperature that
is within 5 1C of the cold plate interface at the bottom of the
Compton camera.

BGO

CdTe

Si

APD 5 cm

E2

E0

BGO

E1

Fig. 1. Conceptual drawing of an SGD Compton camera unit.
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high altitudes in 2006 (SMILE-I) and the confirmation
of the background rejection power of the ETCC (Takada
et al. 2011). SMILE-I was successful in detecting dif-
fuse cosmic and atmospheric gamma-rays with powerful
background rejection based on particle identification.
The second step of SMILE is the confirmation of imag-
ing spectroscopy with observations of bright celestial
objects. To this end, we set the Crab nebula and GCR
as the observation targets, and constructed a middle-
size ETCC having a sensitive volume of 30⇥30⇥30 cm3

for 3–5� level significant detection of the Crab nebula
by assuming the background to be constructed of extra-
galactic di↵use and atmospheric gamma-rays. The sec-
ond balloon SMILE-2+ was launched at Alice Springs,
Australia, on April 7, 2018.
Herein, we report the gamma-ray detection abili-

ties with the ground calibrations, details of SMILE-
2+ flight, and the observation result of the Crab neb-
ula; in addition, we discuss the detection sensitivities of
next observation with ETCCs by comparing the real-
ized detection sensitivity with the estimation based on
the ground calibrations.

2. INSTRUMENTS

2.1. SMILE-2+ ETCC and control system

At the middle latitude in the southern hemisphere,
the flux of the Crab nebula is deceased by a half due
to its large zenith angle of more than 45 degrees, which
increases the air mass twice than the zenith. Thus, it is
not easy to detect even the Crab nebula in several hours
of balloon observation. To detect the Crab nebula with
a significance of 3–5� during a few hours in the energy
band of 0.2–2 MeV at an altitude of 40 km in the south-
ern hemisphere, we need an ETCC with an e↵ective
area of at least ⇠1 cm2 for 0.3 MeV, a PSF of ⇠30 de-
grees for 0.6 MeV at the half power radius (HPR), and
the suppression of the instrumental background to the
amount less than that of the di↵use cosmic and atmo-
spheric gamma-rays. Figure 1 shows the schematic view
of SMILE-2+ ETCC. A good material for a Compton-
scattering target should have a high electron-density
for a high Compton-scattering probability and a low
atomic-number for suppression of photoabsorption. For
this purpose, the electron tracker of SMILE-2+ ETCC
has a sensitive volume of 30 ⇥ 30 ⇥ 30 cm3 filled by
an argon-based gas (Ar : CF4 : iso C4H10 = 95 : 3
: 2 in pressure ratio) with the pressure of 2 atm. The
drift velocity of electron in this gas is approximately
3.7 cm µs�1. We adopted a time projection chamber
(TPC) using a micro pixel chamber (µ-PIC) (Ochi et al.
2001; Takada et al. 2005) and a gas electron multiplier
(Sauli 1997; Tamagawa et al. 2006) having an insula-

Figure 1. Schematic view of the electron-tracking Comp-
ton camera (ETCC). The ETCC comprises a gaseous elec-
tron tracker as a Compton-scattering target and position-
sensitive scintillation cameras as the absorbers for scattered
gamma-rays.

tor of 100 µm liquid crystal polymer because the ETCC
needs the three-dimensional (3D) precise electron tracks
for the gamma-ray reconstruction. The readout pitch of
this tracker is 800 µm as two adjacent readout-strips
of µ-PIC were combined to one preamplifier for reduc-
ing the power consumption. The energy resolution of
the tracker in the whole volume is 45.9% for 0.043 MeV
(GdK↵) at full-width half maximum (FWHM). As the
gamma-ray absorber, we use GSO (Gd2SiO5:Ce) pixel
scintillator arrays (PSAs), which contain 8 ⇥ 8 pixels
with a pixel size of 6 ⇥ 6 mm2. The thickness of GSO
scintillator is 26 and 13 mm at the bottom and side of the
electron tracker, respectively. For the e�cient absorp-
tion of the scattered gamma-rays, we placed 36 PSAs
at the bottom and 18 PSAs at each side of the tracker,
such that the number of scintillation pixels is 6912 pix-
els. As the photo readout, we adopted the 4-ch charge
division method with the resistor network (Sekiya et
al. 2006) and the multi-anode photo multiplier tubes
(Hamamatsu Photonics, flat-panel H8500). The energy
resolutions of the bottom and the side PSAs are 13.4%
and 10.9% for 0.662 MeV at FWHM, respectively. The
pixel scintillator arrays are placed in the TPC vessel,
whereas the scintillators of the previous ETCC includ-
ing SMILE-I were placed at the outside of the vessel.

•  SMILE:	Sub-MeV/MeV			
γ-ray	Imaging	Loaded-on-
balloon	Experiments		

•  Ar	TPC	of	30x30x30	cm3	
=>	Compton	e-	tracking	

•  Balloon	flights	in	2006	&	
2018	(Takada	et	al.	2021)	

GSO(Ce)	
MAPMT	

µ-PIC	
GEM	

by turning off the bias voltage and the recovery process accel-
erates at a higher temperature.

Unlike Si sensors, CdTe sensors cannot have integrated readout
electrodes above pixel electrodes on the device. In addition, it is
difficult to perform wire-bonding on the electrodes of the CdTe
sensor. In order to address these issues, we employ a separate
fanout board to route signal from each pixel to the corner of
the sensor where ASICs are placed. The fanout board is made of
0.3 mm thick ceramic (Al2O3) substrate that allows fine pitch
between electrodes to match the input pitch of the ASIC (91 μm).
The CdTe sensor and the fanout board are bonded by using a
conductive epoxy as shown in Fig. 6. ASIC and the fanout board
are connected by wire bonding. The readout electronics are
DC-coupled to the CdTe sensor.

Fig. 7(a) shows the structure of the stack CdTe sensor tray
module. This CdTe sensor tray module has the same outer shape as
the Si sensor tray module. The stacked CdTe sensor tray module
consists of two 2!2 tiled CdTe sensor arrays and eight FECs. In
one Compton camera, four stacked CdTe sensor tray modules are
placed underneath the Si sensor tray modules.

The side CdTe sensors surrounding the Si and CdTe stack play
important roles in the SGD Compton camera. Since the Si part is
tall, the side sensors are essential for covering the large solid angle

of the Si sensors. Relatively low energy gamma-ray photons, such
as 100–200 keV, are the main target of the SGD and these photons
are the most likely to be Compton scattered with a large scattering
angle. Moreover, these Compton scatterings with a large scattering
angle provide the gamma-ray polarization information [34,35].
Fig. 7(b) shows the structure of the side CdTe sensor tray module.

SiFrame

Si LSI

LSI

Wire-bonding

Wire-bonding
3.6mm

Fig. 4. (a) Schematic drawing of Si sensor showing layout of pixels and readout traces. (b) 3D model and conceptual illustration of the Si sensor tray module.

[ADC CH]

[c
ou

nt
/b

in
]

FWHM 0.95 keV
@59.54 keV

13.9 keV 17.6 keV 241Am

21.0 keV

26.3 keV

Fig. 5. (a) 241Am X-ray/gamma-ray spectrum obtained with a Si sensor of a Si tray module. This spectrum is obtained with one of the best pixels. The FWHM energy
resolution is 0.95 keV for 59.54 keV gamma rays. The operating temperature is "20 1C. (b) The distribution of the energy resolutions obtained with the pixels of the Si sensor
tray modules for 59.54 keV gamma rays. The mean energy resolution is 1.5 keV (FWHM).

Fig. 6. The CdTe pixel sensor devices bonded with the ceramic fanout board. The
left half shows the front with the ceramic fanout board for the pixels and the right
half shows the common anode electrode utilizing Indium.
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This module consists of two layers. CdTe sensors are tiled in an
2!3 array for each layer.

The spectral performance obtained with the CdTe sensor tray is
shown in Fig. 8. This is a 57Co spectrum obtained with one of the
best pixels. The FWHM energy resolution is 1.7 keV at 122 keV. The
operating temperature is "10 1C and the applied bias voltage is
1000 V.

4.4. Readout system

The readout system of the SGD Compton camera consists of the
FECs, ADBs, ACB and MIO (Mission I/O) board as shown in Fig. 9.

The front-end electronics of the Compton camera consists
of four groups of 42 FECs and an ADB, and an ACB. Two FECs are
connected back-to-back at the corner of each Si sensor tray
module and each stack CdTe sensor tray module, and are read
out in daisy chain. FECs for the side CdTe sensor tray modules have
six ASICs that are daisy-chained on each board. Forty FECs from
the Si and stack CdTe trays and two FECs from the side CdTe trays
are connected to an ADB, which is located on the side of the
Compton camera. Eight FECs (eight ASICs) are daisy-chained for Si
and stack CdTe trays, resulting in seven groups of ASICs for each
side, five for Si and stack CdTe trays (eight ASICs each) and two
for side CdTe trays (six ASICs each). Only digital communication
is required between ADBs and FECs and all digital signals are
differential to minimize the electromagnetic interference. Digital
signals that are not used frequently are single ended between the
ADB and the ACB due to constraints on the cable pin count. The
ADB detects excess current of each ASIC group in order to protect
ASICs from latch-ups due to highly ironizing radiation or other
causes. We can recover ASICs from latch-ups by cycling the power
supply. ASICs are controlled by an FPGA on the ACB (one board per
Compton camera), and the ACB FPGAs are controlled by the user
FPGA on the MIO board. Communication between the Compton
camera and MIO is handled via 3-line (CLK, DATA, STRB) serial
protocol on LVDS physical layer. We have two additional real-time
LVDS lines dedicated for trigger and trigger acknowledgement
signals.

Fig. 10 shows a timing chart representing the readout sequence
of the SGD Compton camera. Once the ACB FPGA has received a
trigger signal from an ASIC, the ACB FPGA sends a trigger to the
MIO and prepares the sample hold signal for ASICs. After receiving
the acknowledgement signal from the MIO, the ACB FPGA holds
ASICs' pulse height signals with proper delays upon reception of
triggers from ASICs, and controls analog-to-digital conversion on

ASICs and data transfer from ASICs. The ACB FPGA has an internal
memory for one event data, and saves the data transferred from
ASICs. The MIO FPGA receives the signal from the ACB that the
event data has been prepared, and then MIO FPGA read out the
data by using the command and telemetry serial lines. In the MIO,
the data is formatted and stored in the SDRAM, which can buffer
the event data over periods of several seconds. Finally, the
buffered event data in the SDRAM are pulled by a data acquisition
computer via the Space Wire network.

The dead-time associated with the event data acquisition is not
short (100 μs – several 100 μs). There are two functions for more
effective event data acquisitions. One is “Trigger pattern judging”.
The trigger patterns of 28 daisy chains are categorized into 16
groups. For each group, we can select whether the trigger is sent to
the MIO or not. By using this function, we can ignore the charged
particle events resulting in no related dead-time. The other function
is FastBGO cancel. FastBGO is the BGO scintillator signal processed
with a relatively short time interval (# 5 μs) and corresponds to the
relatively large energy deposit in one of the BGO shields. With this
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Fig. 7. (a) 3D model and conceptual illustration of the stacked CdTe sensor tray module. (b) 3D model and conceptual illustration of the side CdTe sensor tray module.
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Fig. 8. 57Co spectrum obtained with the CdTe sensor tray. This spectrum is
obtained with one of the best pixels. The FWHM energy resolution is 1.7 keV at
122 keV. The operating temperature is "10 1C and the applied bias voltage is
1000 V.
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•  Si	/	CdTe	camera	(Takahashi	et	al.	
2002;	Watanabe	et	al.	2014)	

•  Si:	16x16	pixels	of	3.2x3.2	mm2					
=>	5.12x5.12	cm2;	CdTe:	8x8	pixels	

•  32	layers	of	Si	(0.6	mm	thick)	and	
8+2	(side)	layers	of	CdTe	(0.75	mm)	

•  ΔE=60-600+	keV	with	Aeff	∼ 4	cm2		
@	100	keV,	Aeff∼ 0.8	cm2	@	511	keV	

•  Spectral	resoluFon:	1.6%	FWHM		
@	662	keV	(low	noise	VATA	ASIC)		

12 cm 
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m
 

Si	 CdTe	
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SGD	aboard	Hitomi	&	ASTROCAM	
•  SGD:	So[	Gamma-ray	Detector	(first	
semiconductor	Compton	camera	in	orbit)	

•  Narrow-FOV	Compton	telescope	(∼0.6°)	with	
excellent	(acFvaFon)	background	rejecFon	

• Mass:	2x158	kg	(two	sides);	power:	∼24.5x2	V	

•  Launch	of	Hitomi	satellite	on	Feb.	17,	2016,	
start	of	nominal	observaFons	on	March	24,	
spacecra[	contact	lost	on	March	26,	2016	"		

•  Polarimetry	of	the	Crab	nebula	with	5	ks	
exposure	Fme	(Hitomi	Coll.,	PASJ	70,	2018)	

Fukushima region 

•  Release	of	the	ASTROCAM	
Compton	camera	(8+4	Si+	
CdTe	layers)	by	Mitsubishi	
Heavy	Industries	Ltd.	a[er	
the	Fukushima	accident	
(Matsuura	et	al.	2014)	

SGD	

Hitomi	

CdTe pixel sensors with good energy resolution (≲2 keV) for the
Compton camera, which were made possible by recent progress on
the development of low noise Si gamma-ray sensors [15–18] and
high quality CdTe sensors [19–25]. The BGO active shield provides
a low background environment by rejecting the majority of
external backgrounds. Internal backgrounds are rejected based
on the inconsistency between the constraint on the incident angle
of gamma rays from Compton kinematics and that from the
narrow FOV (field of view) of the collimator. This additional
background rejection by Compton kinematics will improve the
sensitivity by an order of magnitude in the 60–600 keV band
compared with the currently operating space-based instruments.

In this paper, we will present the detailed configuration and the
data acquisition system of the SGD Compton camera. We will also
present the performance evaluated for the final prototype, which
is equivalent to the flight model.

2. SGD concept and Si/CdTe semiconductor Compton camera

The SGD is based on the concept of narrow FOV Compton
telescopes [5], combining Compton cameras and active well-type
shields. The active well-type shield concept originates from the Hard
X-ray Detector (HXD) [26] onboard the Suzaku satellite. The HXD
achieves the best sensitivities in the hard X-ray band, consisting of Si
photodiodes and GSO scintillators with BGO active shield and copper
passive collimator. The SGD, however, replaces the Si photodiodes and
GSO scintillators with the Compton camera, which provides additional
information for the background rejection. Fig. 1 shows a conceptual
drawing of an SGD unit. A BGO collimator defines a field of view of
!101 for high energy photons while a fine collimator restricts the FOV
to ≲0.61 for low energy photons (≲150 keV), which is essential to
minimize the CXB (cosmic X-ray background) and source confusion.
Scintillation light from the BGO crystals is detected by avalanche
photo-diodes (APDs) allowing for a compact design compared to
phototubes.

The hybrid design of the Compton camera module incorporates
both Si and CdTe imaging detectors. The Si sensors are used as
detectors for Compton scattering since Compton scattering is the
dominant process in Si above !50 keV compared with !300 keV
for CdTe. The Si sensors also provide better constraints on the
Compton kinematics because of smaller effect of Doppler broad-
ening [27,28]. The CdTe sensors are used to absorb gamma rays
following Compton scattering in the Si sensors.

3. Instrument-level requirements for SGD Compton cameras

The ASTRO-H mission-level science objectives described above
require the SGD to provide spectroscopy up to 600 keV for over 10
accreting supermassive black holes with fluxes equivalent to
1/1000 of the Crab Nebula (as measured over the 2–10 keV band,
assuming the spectrum to be a power-law with spectral index of
1.7). This mission-level science requirement defines the following
instrument-level requirements for the SGD Compton camera:

" Effective area for the detector must be greater than 20 cm2 at
100 keV to obtain a sufficient number of photons in a reason-
able observation time (typically 100 ks).

" Observation energy range must be from 60 keV to 600 keV.
" Energy resolution must be better than 2 keV (FWHM) or better

than 2% (FWHM).

These are the following design constraints on the SGD Compton
camera from mounting the ASTRO-H:

" The size of one camera must be 12 cm#12 cm#12 cm to
minimize the size of BGO active shield, since the BGO is the
dominant contributor to the total weight of the SGD.

" The number of Compton cameras must be six in total ASTRO-H.
" Power consumption must be lower than 6 W for one camera.

The instrument-level requirements and the design constraints
described above guide the designs of the Si sensor, the CdTe sensor
and the readout Application Specific Integrated Circuit (ASIC) for
both. The detection area of the Si sensor must be larger than
5 cm#5 cm. The total thickness of the Si sensor must be about
2 cm, which corresponds to the 50% interaction efficiency for
100 keV photons. Therefore, 32 layers of Si sensors are needed
when 0.6 mm thick Si devices are used. In order to satisfy the
effective area requirement, CdTe sensors must cover 50% of the
solid angle covered by the Si sensors. The readout ASICs for the Si
and CdTe sensors must have an internal analog-to-digital con-
verter (ADC) and must be controllable with digital signals because
space in the Compton camera is limited. Moreover, the ASIC must
consume less than 0.5 mW/channel and have good noise perfor-
mance of 100–200 e$ (ENC) under the condition that the input
capacitance is several pF.

4. SGD Compton camera design

4.1. Overall design

Based on the design guide described in the last section, the
Compton camera consists of 32 layers of Si sensors and 8 layers of
CdTe sensors surrounded by 2 layers of CdTe sensors. Fig. 2 shows
a 3D model of the Compton camera structure. This arrangement
allows a placement of the CdTe sensor on the side very close to the
stacked Si and CdTe sensors, maximizing the coverage of the
photons scattered by the Si sensors. In addition to sensor modules,
the Compton camera holds an ASIC controller board (ACB) and
four ASIC driver boards (ADBs). The ACB holds a field program-
mable gate array (FPGA) that controls the ASICs. The ADB buffers
control signals from the ACB, sends control signals to 52 ASICs, and
also provides a current limiter to power the ASICs.

The mechanical structure of the Compton camera needs to hold
all components described above within a volume of 12#12#
12 cm3. Another important requirement for the mechanical struc-
ture is sensor cooling. All sensors need to have a temperature that
is within 5 1C of the cold plate interface at the bottom of the
Compton camera.
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Fig. 1. Conceptual drawing of an SGD Compton camera unit.
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ComptonCAM	

❚  Development	of	a	portable	gamma	camera	of	Compton	type																				
for	decommissioning	of	nuclear	faciliDes	
#  Public-private	partnership	led	by	IJCLab	with	2	SMEs	(Systel											

Electronique	&	THEORIS),	funded	by	Andra	-	PIA	(2	M€)	
#  From	TRL	3	(proof	of	concept)	to	TRL	8	(pre-industrial)	
#  Two	patents	in	the	pipeline	

❚  Advantage	of	a	Compton	camera	over	 	 	 												
pinhole	or	coded	mask	devices			
#  Larger	field	of	view	(close	to	2π	sr)	
#  Beher	response	above	1	MeV	for	the		 		 		 														

detecFon	of	60Co	(radioacFve	waste)	
#  Larger	detecFon	area	(for	the	same	mass) 	 									 	 					
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11Characterization and Visualization Technologies in DD&R, 5h October 2011

Why a coded mask?

! Characteristics of the coded masks

" Great improvement of the sensitivity in comparison with a pinhole
" Need for a decoding step
" Optimization of the coded mask (thickness/rank) for a dedicated 
application
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COMCUBE	

❚  Compton	Telescope	CubeSat	mission	project	for		
#  Space	qualificaDon	of	crucial	technologies	(DSSSD,	Calorimeter	module)	
#  Gamma-ray	sky	monitoring	for	mulD-messenger	astronomy	
#  Gamma-ray	burst	polarimetry	

❚  COMCUBE	1U:	balloon	flight	qualificaDon	of	a	1U	Payload	model	
#  Funded	by	the	EU	H2020	program	AHEAD2020	unFl	2023	(WP11,	420	k€)	
#  Coll.:	IJCLab,	UCD	(Dublin),	CEA-IRFU	(Saclay),	INFN	(Rome),	Johannes	

Gutenberg	Univ.	(Mainz),	LIP	(Coimbra),	IRAP	(Toulouse) 		
#  Proposal	to	CNES	for	a	balloon	experiment	in	2023	
#  Challenge:	compact	design	(also	for	ComptonCAM	v2)	

100	m
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Conclusions	

❚  The	value	of	a	Compton	telescope	for	gamma-ray	space	
astronomy	has	been	demonstrated	by	CGRO/COMPTEL	

❚  The	creaFon	of	advanced	Compton	telescopes	in	Europe,	the	
US	and	Japan	has	led	to	the	development	of	several	
promising	technologies	

❚  The	next	major	gamma-ray	space	observatory	(when?)	
should	include	an	advanced	Compton	telescope	
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Radiator 
Solar panel 

•  Plauorm	-	Thales	Alenia	Space	
PROTEUS	800	(SWOT	CNES/NASA)		

•  Orbit	-	Equatorial	(inclinaFon	i	<	2.5°,	
eccentricity	e	<	0.01)	low-Earth	orbit	
(alFtude	in	the	range	550	-	600	km)		

•  Launcher	-	Ariane	6.2	
•  ObservaDon	modes	-	(i)	zenith-poinFng	
sky-scanning	mode,	(ii)	nearly	inerFal	
poinFng,	and	(iii)	fast	repoinFng	to	
avoid	the	Earth	in	the	field	of	view	

•  In-orbit	operaDon	-	3	years	duraFon	+	
provisions	for	a	2+	year	extension	
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Doppler	broadening	2.2. COMPTON SCATTERING 29

Figure 2.19: Dependence of the angular resolution on the nuclear charge. The best angular resolution is obtained
for alkaline or alkaline earth metals. The worst FWHM is reached when orbitals are completely filled (e.g. for
noble gases).

Material Si Ge CdZnTe Xe NE213 CsI NaI
FWHM at 200 keV [degree] 1.80 2.85 3.50 3.30 1.75 2.95 3.00
FWHM at 500 keV [degree] 0.80 1.25 1.55 1.45 0.75 1.25 1.40
FWHM at 1000 keV [degree] 0.40 0.65 0.85 0.80 0.40 0.75 0.85

Table 2.1: Doppler broadening in different semiconductor materials, Xenon, and scintillators.

for the first time. For example, 46Pd is the maximum, not 48Cd, because of its special electron
configuration: the two electrons from the 5s orbital are filling the 4d orbital. Similar reasons
can be found for other extraordinary local maxima, e.g. for 24Cr the 3d orbital is half filled.

Of the Compton telescope materials currently under serious consideration, Silicon provides
the best angular resolution assuming ideal detector properties, followed by Germanium and
finally the noble gas Xenon. Table 2.1 summarizes the performance of different semiconductor
and scintillator materials. Some hydrocarbon-based scintillators like NE213, which was used as
the scatter material in COMPTEL, have a slightly better performance than Silicon due to their
hydrogen component.

The angular resolution also strongly depends on the Compton scatter angle ϕ (see Figure
2.20). The FWHM worsens with larger scatter angles and therefore with smaller energies of the
scattered photon. Since Doppler broadening results in a slightly different energy distribution
between scattered gamma ray and recoil electron than would be observed in a Compton scatter
on a free electron, its effects are similar to the energy measurement errors illustrated in Figures
2.14 and 2.15.

Figure 2.21 summarizes the relationship between the initial photon energy and the angular
resolution: On average Silicon has a Doppler-broadening limit on the angular resolution roughly
1.6 times better than that of Germanium and roughly 1.9 times than that of Xenon. All three
curves roughly follow a power law with α = −0.75.
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