UNB

Universitat Autonoma de Barcelona

Ice *“ CSIC IEEC®

Focal plane detectors of a Laue lens telescope for
Nuclear Astrophysics

by
José Manuel Alvarez Pastor

degree of

Doctor of Philosophy

at
Department of Physics
Facultat de Ciencies
Universitat Autonoma de Barcelona (UAB)

Bellaterra, Barcelona (Spain)

Advisor: Dr. Margarita Hernanz Carbé (ICE, CSIC-IEEC)
Tutor: Dr. Javier Rodriguez Viejo (UAB)



Jose Manuel Alvarez Pastor

Institut de Ciencies de 1 Espai (ICE, CSIC-IEEC)
Universitat Autonoma de Barcelona

Facultat de Ciencies

Torre C-5 -Parell- 2a Planta

E-08193 Bellaterra (BARCELONA)

alvarez@Qieec.uab.es



To the memory of my father
Modesto Alvarez






Acknowledgements

I would like to express my deepest gratitude to all those who gave me the possibility to
write this thesis, which arose out of years of research at the Institute of Space Sciences. At
the Institute, I had the opportunity to meet leading researchers in workshops, meetings
and conferences; whose expertise, understanding, and patience moved them to answer my
inquires, adding considerably to my research experience, but nonetheless, it is not free of
my own mistakes. There could not have been a better framework to acquire expertise in
this exciting eld.

All this would not have been possible without the support of my supervisor, Dr. Margarita
Hernanz and the head of the Institute, Dr. Jordi Isern, to whom I would like to express
my gratitude. I would also like to thank the members of my dissertation committee, Dr.
Peter von Ballmoos, Dr. Carmen Baixeras Divar and Dr. Ezio Caroli, for the time they
took out of their busy schedules to read through my dissertation and attend my defense
presentation. I extend thanks to Dr. Javier Rodr guez, Dr. Carles Domingo Miralles, Dr.
Pierre Jean and Dr. Rui Curado Da Silva.

I am very grateful to Dr. Elena Aprile and Dr. Karl L. Giboni for welcoming me at
the Nevis Laboratory and giving me rst hand experience on operating liquid Xenon
chambers. I want to express my gratitude to Dr. Mokhtar Chmeissani, I appreciate his
availability and willingness to share his knowledge. I also would like to thanks Dr. Manolo
Lozano and Dr. Paul Seller for their technical support and Dr. Andreas Zoglauer for his
advice to handle many simulation tools.

I thanks also all my colleagues and friends in the Institute, past and present, whom have
all been a vital part of my live in Barcelona. There are so many people to thank that
I cannot possibly list them all, but you all know who you are and I thank you each for
all your friendship. All in all, I would like to thank the colleagues with whom I have
worked more closely: Jose Galvez, Merce Llopis and Nil Garcia. I extend thanks to Alina
Hirschman for unlimited friendship and kindness. In the same way, it is a pleasure to
thank Josep Guerrero who has provided assistance in numerous ways.

Lastly, I would like to extend a special thanks to my entire family. I dedicate this thesis
to my parents, Maria Luisa and Modesto, who taught me the value of education. My
brothers, Joaquin and Luis, for his encouragement and support when I needed it most.
[ am eternally grateful to my beloved Maite and little Samuel, this thesis would have
remained a dream had it not been for your patient love and unconditional support.

Thanks to you all.






Abstract

Gamma-ray astrophysics in the energy range of nuclear transitions (from a few hundred
keV to a few MeV) has an extraordinary potential for understanding the evolving and
violent Universe. In spite of the strong e orts accomplished by past and current instru-
ments in order to perform observations in this energy range, an improvement in sensitivity
over present technologies is needed to take full advantage of the scienti ¢ potential con-
tained in this energy range. In response to this desire, the gamma-ray lens concept based
on Laue di raction was presented as a solid alternative. Its feasibility was demonstrated
in the CLAIRE project, where ground and balloon-borne experiments with a Laue lens
prototype were accomplished. The successful results of these and others R&D activities
have pushed gamma-ray lens technology on the road towards a space mission. This work
deals mainly with the focal plane detector of a Laue lens telescope, and the results of a
long distance test performed with the gamma-ray lens CLAIRE are also presented. Our
main research has evolved in the framework of two missions concept studies -GRI (2007)
and DUAL (2010)- submitted to the ESA Calls for a Medium-size mission opportunity
in the Cosmic Vision 2015-2025 programme. As far as the GRI mission is concerned, a
focal plane detector con guration based on CdTe pixelated detectors is proposed, whilst
development and testing of a detector prototype are accomplished. As for the DUAL mis-
sion, simulations of the expected space radiation environment and the resulting detector
activation are carried out in order to estimate the performances of the mission. Beyond
the detector technology proposed in GRI and DUAL, a wide variety of technologies could
be explored for the focal plane of a gamma-ray lens mission as well as for a stand-alone
detector; a focal plane detector based on liquid xenon is also considered.
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Introduction

Gamma-rays in the MeV energy range is still one of the least known and less explored
regions of the energy spectrum. However this energy range presents an extraordinary sci-
enti ¢ potential for the study of the most powerful sources and most violent events in the
Universe, such as stellar explosions and cosmic acceleration processes. During supernova
and nova explosions, radioactive nuclei are synthesized and ejected to the interestellar
medium, producing the elements in the Cosmos and lling the Galaxy with radioactiv-
ity. The observations of the photons emitted by the so created radioactive nuclei, with
typical energies around 1 MeV, are highly relevant to give a direct insight on the syn-
thesis of elements and the explosion processes themselves. Likewise, -ray observations
might help to clarify how and where the cosmic acceleration processes operate. Cosmic
acceleration manifests itself most prominently in -rays, and is hypothesized to take place
in many di erent scenarios: locally in solar ares; within our Galaxy in compact binary
systems, pulsars and supernova remnants; very distant objects in active galactic nuclei
and Gamma-Ray Bursts.

Past and current -ray space missions have made strong e orts to detect the weak uxes
coming from cosmic sources compared to the high background noise at this energy range.
COMPTEL provided the rst all-sky survey in the MeV regime (0.75 - 30 MeV). SPI
(20keV - 8 MeV) and IBIS (15keV - 10 MeV) on INTEGRAL followed. Despite the
progress made by the -ray instrumentation, a big step forward is still needed to ful 11
the scienti ¢ goals, where better sensitivity is the foremost requirement. For instance,
the sensitivity required for the study of Type Ia supernovae (by observing the ¢Co line
at 847keV) is in the range of 10 © 10 7 em 2?s !, within an observation time of 10%s.
Thus, an improvement in sensitivity of at least an order of magnitude is required over
present technologies for the next generation of -ray mission. This is not only required to
study Type Ia supernovae, but for many other scienti c objectives in the MeV range -ray
astronomy. In order to achieve this sensitivity, -ray astronomy has been looking, over the
last decade, for new ways to increase the e ciency of its instruments while reducing the
background noise. With the intend that as much background as possible should be avoided
and rejected (through shielding mechanisms and data analysis techniques), a strong e ort
on innovation and design (build-up of prototypes and numerical simulations studies) is
being conducted by a community facing the challenge of preparing the next generation of
-ray telescopes.
In particular, the progress achieved during the last years on focusing optics based on Laue
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lenses is especially remarkable. Conceptually, a focusing telescope will reduce drastically
the background noise by concentrating the -rays onto on a small size detector (the
background noise is roughly proportional to the detector volume).

Focusing -rays with a Laue lens is not just a theoretical concept, but a reality, mainly
thanks to the development of a rst prototype of Laue lens for nuclear astrophysics ac-
complished by the CESR(Toulouse) collaboration (CLAIRE project). Moreover, the de-
velopment of focusing optics during these years has also encouraged the development of
new detector technologies. The focal plane detector of a focusing telescope should provide
imaging capabilities, perform high resolution spectroscopy and measure the polarization
of the incident photons in order to achieve the ambitious scienti ¢ goals in this energy
range.

The research presented in this thesis covers both sides of a -rays telescope: lens and de-
tector. As far as the optics is concerned, a test of the Laue lens CLAIRE was performed
in order to con rm the prototype performance. Concerning the focal plane detector, the-
oretical and experimental studies with new detector technologies have been carried out.
Our goal is to push the focusing technology on the road towards a future -ray space
mission. In fact, during this work we have actively contributed to di erent high energy
telescope concepts submitted for consideration to the European Space Agency, ESA, as
well as the French Space Agency, CNES:

e The MAX mission was proposed in 2004 by a team led by P. von Ballmoos (CESR,
Toulouse), in response to an announcement of opportunity for a technological mis-
sion by the French Space Agency (CNES) (von Ballmoos et al., 2004c).

e The Gamma-Ray Imaging (GRI) mission was an initiative of the European Gamma-
Ray Community submitted in 2007, in response to a Call for Medium-size mission
within ESA s Cosmic Vision 2015-2025 program (Knodlseder, 2007).

e The DUAL mission was proposed in 2010 by an European consortium led by P. von
Ballmoos (CESR, Toulouse), in response to a ESA s second Call for a Medium-size
mission opportunity for a launch in 2022 (von Ballmoos et al., 2010a).

In this framework, our research deals with the following aspects: development and test of
a gamma-ray detector prototype based on cadmium-telluride as an option for the focal
plane detector of the GRI mission, and estimation of the expected performances of the
DUAL instrument based on germanium. Moreover, liquid Xenon detector technology is
also considered in this thesis for the focal plane of a Laue lens mission. For this reason,
performances of avalanche photodiodes immersed in liguid Xenon were measured.

This thesis is organised according to the outline detailed below:

e Chapter 1 explains the enormous challenges posed by observation of cosmic sources
in the energy range of nuclear transitions. After a brief overview of the astrophysical
issues that are expected to be solved with the next generation of -ray telescopes,
this chapter ends by describing the background conditions experienced by the in-
struments when performing an observation.
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Chapter 2 presents the instrumentation for -ray astrophysics, from the inter-
action principles of -ray with matter, to design concepts for advanced -ray tele-
scopes. A brief overview of past and current -ray detectors and telescopes is also
presented.

Chapter 3 presents the ground test performed with the rst Laue lens for nuclear
astrophysics. This campaign of the CLAIRE s lens was carried out in Ordis (Girona,
Spain) in collaboration with CESR (Centre d Etude Spatiale des Rayonnements,
Toulouse). A stay of several months at the CESR was conducted in order to tune
the Laue lens at the optical bench in preparation for this campaign.

Chapter 4 describes the Gamma-Ray Imager (GRI) mission proposed to the ESA s
Call for Missions in the framework of the Cosmic Vision programme 2015-2025. After
presenting an array detector con guration based on pixelated cadmium-telluride
detectors, the development and tests of a CdTe detector prototype in our institute
is presented.

Chapter 5 describes the DUAL mission proposed to the ESA s call for a Medium-
size mission opportunity for a launch in 2022. The baseline detector is based on a
compact array of cross-strip germanium detectors, with high spectral and 3D spatial
resolution. The expected performance of the focal plane detector, obtained with the
state-of-art Monte Carlo simulations packages, are presented.

Chapter 6 presents the measures performed with avalanche photodiodes immersed

in liquid Xenon. This experimental work was conducted at Nevis Laboratory (NY)
in collaboration with the astrophysics group at Columbia University, and its aim
was to propose a focal plane instrument based on liquid Xenon technology.

In the last chapter conclusions are drawn from the experiments and simulations, and ideas

on future work are presented.
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Chapter 1

The observational challenges in
nuclear astrophysics

The detection of photons in the MeV range from a cosmic source is particularly challeng-
ing:

e the opaqueness of the atmosphere to -rays obliges detection instruments to op-
erate in space, onboard satellites or stratospheric balloons. This brings enormous
restrictions on the instrumentation in terms of mass and power consumption.

e the radiation environment above the atmosphere causes a high instrumental back-
ground in this energy range.

e the ux weakness of astrophysical sources, coupled with the high background, causes
a poor signal-to-noise ratio (typically, on the level of a few percent).

Despite all these handicaps, past and current -ray missions have made strong e orts to
detect uxes coming from cosmic sources in the MeV energy range, because of its great
scienti c interest (see section 1.1). However, there have been much less detections in this
energy range than at higher or lower energies, which is also related to the low cross-section
of the main interaction at this energy range, as will be explained in Chapter 2.

The challenge for future -ray mission is providing a signi cant increase in sensitivity,
which is de ned as the minimal ux a -ray detector can measure. For small count num-
bers, where Poisson statistics is applied, the sensitivity can be derived (see e.g., Shonfelder
et al. (2001)) by:

n  Ng(E)+ Np(F)
A (B VT L)

where Ng(F) and Np(FE) are the measured counts coming from the source and back-

me<E ) =

ground respectively and, n de nes the number of standard deviations of the background

uctuations. It is usual to take n = 3, i.e. the probability that the observed signal is due
to a statistical uctuations is < 03%. A.ss(£ ) is the e ective area of the instrument
which is related to the e ciency (as will be discussed in section 5.3.3) and depends on



CHAPTER 1. THE OBSERVATIONAL CHALLENGES IN NUCLEAR
ASTROPHYSICS

energy and direction, and Ti; is the observation time. The factor A ;755 is also known
as erposure.

Considering that Ng(F), at the sensitivity limit, depends itself on the sensitivity (Ng =
FinAcrTops), equation (1.1) can be expressed by the following expresion:

Foo(E )= n?+n n?+4Ng(E)
- a 2Afiff<E )Tobs

The aim of any -ray telescope is to reduce F),;, as much as possible in order to achieve

(1.2)

the highest sensitivity, for which a large exposure (E = AcffTos) and low background
(Np) are required.

In classical -ray telescope, where the aperture area of the system is coupled to the collect-
ing area, an increase of A,y is associated with an increase of the instrumental background
(Np). Thus, increasing exposure by increasing the e ective area (A.ss) does not necessar-
ily lead to an improvement in sensitivity. On the other hand, increasing 7,5 could lead to
an improvement in sensitivity as long as the instrumental background remains constant.
However, a way to increase the observation time (within a given lifetime of a survey space
mission) is increasing the eld-of-view of the instrument, which might lead again to an
increase of the instrumental background.

In order to increase the detection e ciency, two parallel (and complementary) approaches
have been proposed during the last years:

e decoupling the collecting area from the detecting area, so that the enhancement of
the collection area does not lead to an increase of the instrumental background. This
is feasible by focusing -ray optics, what would provide unprecedented sensitivities
(see section 2.3.3).

e improving the background rejection techniques through Compton scattering re-
construction (electron tracking, time-of- ight, etc) while increasing the e ciency
through larger collection areas. This can be achieved by an advanced Compton tele-
scope that would provide high sensitivity within a wide eld-of-view (see section
2.3.2.1).

Feasibility studies of both approaches - focusing telescopes and advanced Compton tele-
scopes - have been performed in the last years in order to improve the sensitivity. The
accurate angular resolution of a focusing telescope, along with the wide eld-of-view of a
Compton detector, meet the observational requirements for both discrete and extended
sources in gamma-ray astronomy.

1.1 Gamma-ray astronomy in the MeV region

The high penetration power of -rays provide a unique view into the most violent phe-
nomena in the Universe, o ering essential information to understand the nature of those
extremely energetic phenomena, which are hidden at lower energies.

6
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Observations at the typical energy of the photons emitted by radioactive nuclei, are of
the highest relevance in providing a direct insight on the synthesis of elements. Moreover,
detection of the characteristic -rays line signals emitted by objects (or regions) in the
Universe allows the study of the physical processes in these objects (or regions), among
others: Supernovae, Classical Novae, Gamma-Ray Bursts (GRBs), Supernova Remants
(SNRs), Solar ares, Massive Stars, Active Galactic Nuclei (AGN) and Clusters of Galax-

1e8S.

In the exploration of the MeV energy range, the work performed by the instrument COMP-
TEL (Schonfelder et al., 1993) aboard the NASA s Compton Gamma-ray Observatory
(1991-2000) is especially remarkable. This exploration has been continued by the spec-
trometer SPI onboard the ESA s INTEGRAL mission (Winkler et al., 2003) launched in
2002. Currently, SPI has been able to map antimatter in the Galaxy from the observation
of the e et annihilation emission (Knodlseder et al., 2005), as well as to observe the red
and blue shifts in the ° Al line at 1.8MeV correlated to galactic rotation (Diehl, 2006), just
to mention a couple of examples. Despite this enormous progress, a signi cant increase
in sensitivity is essential for astronomy in the energy range from several keV up to a few
MeV.

1.1.1 Nucleosynthesis

Nuclei synthesized during stellar explosions (novae and supernovae) are expelled to the
interstellar medium, lling the Galaxy with radioactivity and explaining the origin of
the elements in the Cosmos. The observation of -ray emissions from the decay of this
radioactive isotopes, both at the stellar sources or along the Galaxy, shows the footprints
of the explosions and give a direct insight on the nucleosysthesis.

Isotope Decay chain Lifetime Line energy (keV) Source Type

56 Nj 56 Vg % Co 8.8d 158,812 SN

%Co %Co % Fe 111d 847,1238 SN

TN STN 5 Co 5 Fe (52h) 390d 122,136 SN

K Ty 4 Se # Ca 89yt (5.4h) 78,68,1157 SN

B Al LAl B Mg 106 yr 1809 AGB Stars, Massive Stars
Novae, SN

O Fe Ofe 0 Co O Ni 2x10%r (7.6 yr) 1173,1332 SN, Massive Stars

"Be "Be "Li 77d 478 Novae

2Ngq 2Ng 2 Ne 3.8y 1275 Novae

Table 1.1: Radioactive isotopes synthesized in explosive events.

Depending on their lifetime (see table 1.1) two types of isotopes can be distinguished:

e short-lived isotopes, that can be observed in individual objects, such as *Co or
5Co detected in type II SN1987A, *4T% detected in Cas A, or "Be and 2> Na, not
yet detected but expected from novae explosions.
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e long-lived isotopes, that are undetectable in individual sources and only the accu-
mulated emission in the Galaxy can be observed, such as ®Fe and 2 Al (see gure
1.1).

Supernovae

Most of the isotopes listed in Table 1.1 are synthesized in supernovae events, either in
core collapses (ccSNe) or in thermonuclear (SN Type Ia) explosions. Supernovae of Type
I1, Ib/c (core collapse supernovae) are exploding massive stars which leave either a black
hole or a neutron star as a remnant after the explosion. On the other hand, thermonuclear
supernovae (SN Type Ia) are exploding white dwarfs in close binary systems, which do
not leave any remnant after the explosion.
The observation of Type Ia supernovae yields profound results for modern cosmology. The
evidence of the accelerating expansion of the universe (Riess et al. (1998); Perlmutter et al.
(1999)), is based on the use of these stellar explosions as standard candles to determine
distances in the cosmos. This relies on an empirical relationship between the shape and
the maximum of the light curve of a Type Ia supernovae (Phillips, 1993). Although this
empirical rule has been proven to be very useful, it remains unclear how it works. However
it is well known that the early evolution of the light curve of a Type la supernovae is
powered by the decay of ®* Ni and its daughter *C'o (see Table 1.1). The observation of this
-ray emision, that appears several days after the explosion, is the most direct diagnostic
tool to understand the explosion mechanism and distinguish between the several existing
models of Type Ia supernovae (see e.g., Gomez-Gomar et al. (1998b); Isern et al. (2004)).
The temporal evolution of radioactive lines, their relative ratios, widths and shapes, as
well as the continuum component of the spectrum could be used for diagnostic purposes.
However, since supernovae Type la are rare events, a -ray telescope needs an outstanding
sensitivity to be able to gather adequate data. To date, only two Type Ia supernovae have
been observed in -ray, in both cases with the instrument COMPTEL (Schonfelder et al.,
1993) onboard the Compton Gamma-Ray Observatory (CGRO): the exceptionally-bright
SN1991T, that took place at a distance of 13Mpc and from which a marginal detection was
obtained (Morris et al., 1995a), the SN1998bu that exploded at a distance of ~ 9Mpc from
which only upper limits where obtained (Georgii et al., 2002), and the current SN2011fe.

Novae

Novae are hydrogen thermonuclear explosions occurring on the surface of accreting white
dwarfs in binary systems. These explosions are recurrent phenomena, i.e., an explosion is
expected every time the critical accreted mass on top of the white dwarf is reached. The
radioactive isotopes synthesized during novae explosions are listed in table 1.1. Gamma-
ray emission is expected from the decay of these isotopes and from the annihilation of
positrons produced by short-lived T-unstable elements such as '*N and ®F. A prompt
emission of the 511keV positron-annihilation line, as well as a positronium continuum
below this line, is expected even before the nova is visible in the optical. In addition, -
ray lines at 478 keV ("Be) and 1275keV (2 Na) are expected to last for a few months and

8
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years respectively (Gomez-Gomar et al. (1998a);Hernanz et al. (1999);Hernanz & Jose
(2004)).

Gamma-ray observations of novae, especially the prompt emission, o ers a unique powerful
diagnostic tool to understand the systems and physics therein. None of the -ray lines
expected from a nova explosion have been observed yet.

1.1.2 Di use galactic nuclear lines

Di use line emission in the Galaxy is expected from the cumulative radioactive isotopes
produced by a large number of sources. This di use emission is expected to be resolved,
at least in part, by improving sensitivity and angular resolution of -ray instrumentation.

%6 Al Decay

The decay line of 26 Al is the most intense radioactivity in the sky, showing a million years
of nucleosynthesis activity in the Galaxy (Mahoney et al., 1984). The 26 Al map obtained
with COMPTEL (see gure 1.1) has posed interesting questions about the origin of the
galactic 2°Al (e.g., Diehl (2011)), presumably produced by explosive nucleosynthesis in
core-collapse Type II supernovae, in novae or by hidrostatic nuclear burning in the interior
of massive stars (Wolf-Rayet massive stars and AGB stars).

Some high emission regions have been discovered (Cygnus, Carina, Vela), pointing to a
link between 2 Al emission and massive star formation, as well as a relationship to the
spiral structure of the Galaxy (see review by Diehl et al. (2005)).

Up to now, no 26 Al from individual Wolf-Rayet stars has been detected. Precise measure-
ments from the nearby Wolf-Rayet star 2 Velorum, constrain models for the individual
events and allows to use the global galaxy observations to understand the rates and dis-
tributions of these sources.

Figure 1.1: All-sky image of 26 Al -ray emission at 1809keV as mapped by COMPTEL s 9-year survey
(Pluschke et al., 2001)

0 Fe Decay

The % Fe isotope, whose decay results in 1.173 and 1.333 MeV -rays, is mainly ejected
from core-collapse supernova although Wolf-Rayet contribution can not be excluded. The

9
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ratio of ®°Fe to 26 Al should yield constraints to the overall amount of 2¢ Al, which is
produced in massive stars (Prantzos, 2004). An all-sky ® Fe map will be useful to trace
core collapse supernovae.

The line emission from ®Co (short-lived daughter of ®Fe) has been detected by INTE-
GRAL (Harris et al. (2005); Wang et al. (2007)) and RHESSI (Smith et al. (2004); Caspi
et al. (2006)), but current instrumentation is not sensitive enough to resolve individual
supernova in the % Fe line.

“Ti Decay

The 1 157MeV line from the decay chain of T4 (see table 1.1), is a unique tracer of
young supernova remnants (SNRs). The rst detection of this decay line in Cas A with
COMPTEL (Iyudin et al., 1994) con rms the production of 44T% in core-collapse SNe. In
addition, the small extinction of **7% -ray line in our galaxy can be used to constrain
the supernova rate in our galaxy from the number of SN remnants, which are hidden at
lower energies.

Positron annihilation line

The 511keV line from positron-electron annihilation has been one of the most important
features of high energy astrophysics (Leventhal et al., 1978). Observations with SPI on
INTEGRAL have revealed that a signi cant amount of the 511 keV annihilation radiation
is consistent with emission from or near the galactic bulge (Knodlseder et al., 2005) (see
Figure 1.2). While the observed weak emission from the galactic disk can be explained by
radioactive beta decay from 26 Al (and eventually *4T%), the origin of the positrons of our
Galactic Center remains unknown.

Figure 1.2: All-sky map of 511 keV positron-electron annihilation radiation line as mapped by INTE-
GRAL/SPI (Knodlseder et al., 2005)

Compact objects, such as Type la supernovae, novae, or low mass X-ray binaries (LMXB),
are believed to be positron production sites, leading to the 511keV emission, but also light
dark matter (DM) annihilation has been proposed as a possible origin of the observed
annihilation line.

10
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1.1.3 Cosmic accelerators

Cosmic particles are accelerated to relativistic energies by diverse mechanisms. These
particles are observed in nearby solar ares, or in more distance pulsars, X-ray binaries
(XRBs) and super nova remnants (SNR), but also in cosmological distances accelerators,
such as active galactic nuclei (AGN) and gamma-ray bursts (GRB).

Detailed emission scenarios are still unclear. How the acceleration process operates or what
are the emitting geometries will be more clearly revealed through -ray observations. In
particular, -ray timing and polarization measurements will provide important insights
into the geometry and the physical processes that govern the acceleration sites.

Gamma-Ray Bursts (GRBs)

GRBs are the most luminous electromagnetic explosions in the universe. The central en-
gines of GRBs drive highly relativistic jets (Meszaros et al., 2006). Long-duration GRBs
(> 2sec) are most likely signatures of the deaths of rapidly rotating massive stars (col-
lapsars), connected to Type Ib/c supernovae. Short-duration GRBs (< 2sec) remain a
mystery. Some theories suggest they might originate from mergers of two neutron stars.
A small fraction of these short duration bursts could originate from soft -ray repeaters.
Despite the signi cant progress in the understanding of their progenitors, the afterglows
and host galaxies, a lot of mysteries remain around these phenomena since the discovery of
GRB in the late 1960 s. Measuring the -ray polarization would greatly help to constrain
the inner engines of GRBs. Up to now there has been a controversial claim of polarization
in GRB021206, measured with the RHESSI satellite (Coburn & Boggs, 2003).

Active Galactic Nuclei (AGN)

The powerful and rapidly variable uxes of -rays in some galaxies suggest that a su-
permassive black-hole engine is at their center. These black holes are surrounded by an
accretion disk and, at least in blazars, exhibit relativistic jets where -rays are generated.
The generation of the jets, its composition, its link to the accretion disk and the collima-
tion process are still a matter of debate. The MeV energy range is crucial for undertanding
the processes driving AGN.

Supernova Remnants

The remnants of stellar explosions are powerful particle acceleration sites. Soft -ray
observations of supernova remnants prove that the low-energy end is produced by syn-
chrotron mechanisms and are able to unveil the injection mechanism of particles into the
shock front. On the other hand, GeV and TeV emission is produced by either inverse
Compton or from secondary photons decayed from /.

11
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Pulsars

Pulsars are rotating neutron stars with strong magnetic elds making them ideal ac-
celerators for charged particles. However, particle acceleration and photon production
mechanisms in pulsar magnetospheres are still unknown. The polarization of the emitted
photons gives a clue on how to solve this issue, since polarization is inherently linked to
the particle creation and emission region.

Solar ares

Gamma-ray lines are emitted in large solar ares from positron annihilation, secondary
neutron capture and de-excitation of nuclei excited by interactions of are-accelerated ions
with the solar atmosphere. The bombardment of the solar atmosphere by are-accelerated
ions can also synthesize radioactive nuclei, whose decay can produce delayed -ray lines
in the aftermath of large ares (Tatische et al. 2006). Gamma-ray astronomy is one of
the best tools for studying the active Sun.

1.1.4 Cosmic -ray background

A large number of possible origins have been proposed to the cosmic -ray background. It
has been attributed to either a di use origin or to the emission of unresolved point sources
(or both). Over the years signi cant progress has been made in the determination of the
energy spectrum. The components at low (< 100keV’) and high (> 10MeV) energies are
modeled assuming a relevant contribution from Seyfert galaxies and blazars, respectively.
The situation between 0.1 and 10MeV is less clear and there is presently no accepted
explanation for the origin of the MeV cosmic -ray background. It has to be determined
how far the low and high energy sources reach into this regime and how considerable can
the contribution be of other sources, e.g. Type la supernovae, AGN or more exotic ones
like dark matter decay and annihilation.

1.2 The background of -ray telescopes

In space, the instrument and spacecraft materials are permanently irradiated by cosmic
rays, di use cosmic X/ -rays and there may be also an exposition to the trapped particles
of the radiation belts of the Earth or secondary particles coming from the Earth s albedo.
In this hostile radiation environment, gamma-ray detectors are subject to an intense
and complex instrumental background noise. Each background component will become
signi cant under di erent conditions, which are strongly in uenced by the instrument
design (i.e., eld-of-view, shielding, passive and active materials) and the space mission
parameters (i.e., orbit, period of observation).

In this section we present the di erent background contributions which can a ect a -ray
telescope. Understanding the origin of each background component is crucial to properly
implement rejection methods, and evaluate the capabilities of a -ray telescope. The study
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of this background relies on Monte Carlo simulations, for which detailed computer models
of the instruments (and spacecraft) are needed.

In the last part of this section, we describe the simulation tools used for predicting the
instrumental background in a speci ¢ -ray space mission. These tools include packages to
model space environment (SPENVIS, CREMA96) and a suite of Monte Carlo codes (MG-
GPOD) for simulating the physical processes relevant to the production of instrumental

background.

1.2.1 The di erent sources of background

A description of the radiation environment is of great importance for instrumental back-
ground prediction. The di erent sources of background components in a space -ray tele-
scope which has a clear dependence on the speci ¢ orbit for the mission, will be brie y
presented here. A more detailed description can be found in Dean et al. (2003).

Galactic cosmic rays

Interplanetary - Cosmic proton
=~ i Er— | =  Low Earth orbit - Cosmic proton

. Interplanetary - Cosmic electron
2 "L | Low Earth orbit - Cosmic electron

1o 107 10" i 10 10°
Particle Kinetic Energy (GeV)

Figure 1.3: Spectra of galactic cosmic protons at low Earth orbit and interplanetary (CREMEY6).

Galactic cosmic rays are energetic charged particles, mainly protons (  90%), followed
by particles ( 9%) and heavy ions, isotropically incident upon the Earth. In addition,
electrons, positrons and antiprotons are also found in small quantities. The spectrum
and intensity of Galactic cosmic-ray protons and electrons in the interplanetary space
environment are shown in Figure 1.3. The proton spectrum is based on the cosmic-ray
propagation models of Moskalenko et al. (2002). The spectrum of cosmic electrons is based
on the description given by Ferreira et al. (2002).

Cosmic ray particles are a ected by magnetic elds, either terrestrial or interplanetary, as
they travel to Earth. At energies below a few GeV, the spectra of cosmic rays are a ected
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by solar modulation, i.e. Earth receives a maximum ux of galactic cosmic rays at the
minimum solar activity and vice versa. This solar modulation is due to the propagation
of the energetic particles in the dynamical environment of the Heliosphere.

Earth magnetosphere acts as a momentum lter, requiring a minimum kinetic energy per
nucleon to cross it. To study this e ect, the so-called rigidity concept is introduced. Every
point in the Earth s magnetic eld will have a minimum required rigidity for a charged
particle. This parameter implies an energy cut-o in the cosmic ray spectrum, which can
be de ned (Gehrels, 1992) as:

E.[MeV] =10°( 0938+ (0938 + R?)??) (1.3)

where the rigidity, R., is de ned as the momentum per unit charge of particle (see Dean
et al. (2003)).

The minimum rigidity at a spacecraft position plays an important role in determining the
cosmic ray spectrum incident on a spacecraft and the instruments onboard. In a low-Earth
orbit mission (LEO) this source of background may be less signi cant, but will become
dominant for missions that spend most of their time outside the Earth s magnetosphere,
i.e., in a high-Earth orbits (HEOs). Figure 1.3 shows clearly the cut-o energy in the
spectra of galactic cosmic protons and electrons in a low Earth orbit (550km altitude,
8 inclination), obtained with ACTtool/CREME96 (see section 1.2.2.1 and references
therein).

Trapped particles

On Earth s magnetosphere there are charged particles, mainly protons and electrons, con-

ned by the magnetic eld in a structure known as radiation belts. The innermost belt, at
an altitude of 1 Earth radius, has a higher density of high energy protons. The energies
extend up to several hundred MeV, and their angular distribution is highly anisotropic.
On the other hand, the outer belt, at an altitude of (3 4) times Earth radius, contains
mainly low energy electrons and is less stable than the inner one. Figure (1.4) shows the

ux contour map at an altitude of 550km for trapped protons and electrons, obtained
with SPENVIS (see section 1.2.2.1).

The radiation belt on the sourthern hemisphere extends to lower altitudes due to the
diferences on the magnetic eld at the Earth s centers. This area, known as the South
Atlantic Anomaly (SAA), can be a major source of background noise for instruments in
low-Earth orbits. A gamma-ray mission in LEO should seek to avoid the SAA as much
as possible, choosing wisely the orbit s altitude and inclination (see gure 1.5).

Solar Energetic Particles (SEPs)

SEPs are ejected from the Sun during ares or Coronal Mass Ejections (CME). Their ux
can be much larger than other particle radiations, and it is highly variable and anisotropic.
Their energies can reach several hundred MeV, which is not enough to penetrate the
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Figure 1.4: Trapped protons (a) and trapped electrons (b) ux contour map at an altitude of 550km
obtained with SPENVIS. The SAA is clearly shown in both maps.

magnetosphere. Missions inside the magnetosphere (LEOs) are shielded from most of
these particles.

Earth albedo radiation

The high energy particles of Cosmic rays interact violently with Earth s atmosphere,
producing nuclear interaction cascades that nally result in the production of multitude
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Figure 1.5: Trapped protons ux for a low Earth orbit (LEO), with an altitude of 550Km and orbital
inclination of 8° (a) and 35° (b), obtained with SPENVIS.

of secondary particles. Among them, the most important ones for our study are photons
and neutrons.

Figure (1.6) shows the spectra of both particle contributions for a low Earth orbit (LEO)
with 550km altitude and 8° inclination. Data are from the ACTtool/CREME96 enviro-
ment tool (see section 1.2.2.1 and references therein). Earth albedo radiation can also be
a strong and anisotropic source of background.
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Figure 1.6: Spectra of albedo photons and neutrons at low Earth orbit, data from CREME96.
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Figure 1.7: Cosmic photon spectrum, data from CREME96.

Cosmic di use

-rays

As previously mentioned in section 1.1.4, the origin of di use cosmic -rays is a topic of
great astrophysical interest but is also a source of background in any -ray astrophysical
observation. Its contribution to instrumental background can be considered to be isotropic
and obviously, it is una ected by the geomagnetic eld.

Cosmic di use

-rays have been measured by many instruments, either in balloon ights

or space missions. Their spectrum can be de ned as a broken power law, following the
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analytical description given by Gruber et al. (1999). The cosmic di use -ray spectrum
shown in gure 1.7 was obtained from ACTtool/CREME96 (see section 1.2.2.1).

1.2.2 Modeling instrumental background

As a result of the interaction of particles and photons (from the di erent sources described
above) with the material of the space-borne instrument, a large variety of processes take
place that will produce the instrumental background. Among this diversity, two compo-
nents of background can be di erentiated, according to the timescales of the process:

e prompt component, such as prompt photon emission associated with the de-excitation
of excited nuclei by neutron capture, inelastic neutron scattering, and spallation.

e delayed component, which is due to the decay of radioactive isotopes produced by
nuclear interactions, or decay of natural radioactive elements.

The activation of the material, especially the activation caused by long term build-up of
radioactive isotopes, is an important component of the background for -ray telescopes
operating in the energy range of nuclear lines. As will be presented in the next section,
detailed Monte Carlo simulations are a good approach to determine the instrumental
background, which in turn is essential to estimate the instrument performance.

1.2.2.1 Space environment model

Accurate space environment models are essential inputs for background simulation and
reliable prediction of -ray telescope performance. For a given orbit, each source of back-
ground discussed above should be modeled in order to obtain realistic initial conditions for
background simulations. An integrated set of space radiation environment models can be
found in some public available packages, such as SPENVIS! and CREME962. Comparisons
to on-orbit data have demonstrated the accuracy of the analytical models implemented
in these suites, which have been improving for years.

The Cosmic Ray E ects on Micro-Electronics (CREME96) is a widely-used tool for de-
termining satellite electronic design constraints, which has been shown to be accurate at
predicting galactic cosmic rays, anomalous cosmic rays, and solar are components on
the near-Earth environment (Tylka et al., 1997). The package also includes a well-tested
geomagnetic transmission calculation algorithm, and uses the established AP8 models
for predicting trapped proton ux. For the atmospheric neutron environment component,
the models based on empirical data reported in Morris et al. (1995b) are used. For the
electron/positron cosmic rays, the di use photon and the albedo photon components, the
analytical models presented by Mizuno et al. (2004) are used convolved with the geomag-
netic transmission function supplied by CREME96. The electron cosmic rays are extended
to energies below 7 GeV based on data provided in Ferreira et al. (2002).

Thttp://www.spenvis.oma.be
2https://creme.isde.vanderbilt.edu
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1.2.2.2 Monte Carlo simulation

The Monte Carlo suite MGGPOD is based on the Geant3 package from CERN (1993). It
has been developed by Weidenspointner et al. (2005a) for simulating ab initio the physi-
cal processes relevant for the production of instrumental backgrounds. It is an ideal tool
for simulations of -ray telescopes in a space radiation environment that includes the
build-up and delayed decay of radioactive isotopes as well as the prompt de-excitation of
nuclei. Therefore, it allows us to predict the production and decay of radioisotopes inside
detector materials for a given radiation history.

Step 1 Step 2 Step 3
Input Mass model and Isotope production rates and Mass model and
radiation environment radiation history activity per isotope and volume
Tool MGEANT, GCALOR, PROMPT ORIHET MGEANT, GCALOR, DECAY
Output Isotope prod. rates Activity per isotope and volume Delayed energy deposit

Prompt energy deposits

Table 1.2: The sequence of simulation steps of MGGPOD (details are given in Appendix B.3).

MGGPOD comprises several closely integrated packages. The ow of the simulation can
be divided into three steps listed in table 1.2. A necessary input for the Monte Carlo
simulation is the so-called mass model, i.e. an accurate representation of the spacecraft and
payload that includes the geometrical structures, the atomic and/or isotopic composition
of materials, and any other parameters that may in uence the transport of particles.
Once the mass model is obtained, the rst step of MGGPOD is to simulate the isotope
production and the prompt energy deposit. From these, the isotope production rates
for a given radiation environment are calculated. Three individual packages, MGEANT,
GCALOR and PROMPT take care of this rst step. The second step, calculates the
activation of each radio isotope in each detector volume with the ORIHET package, based
on a given radiation history. Finally, in the third step, the delayed energy deposition by
the combination of MGEANT, GCALOR and DECAY packages is simulated. For more
details on the various simulation packages, input and output les, see Appendix B.1.2.
Currently MGGPOD provides the best agreement between measurements and simulations
(Weidenspointner et al., 2004), but since Geant3 is no longer supported and is being
replaced by its successor Geant4 (Agnostelli et al., 2003), also MGGPOD has a successor
tool based on Geant4 named Cosima (Zoglauer et al., 2009). This new tool to simulate
instrumental background is part of the medium-energy gamma-ray astronomy library
MEGALlib (Zoglauer et al., 2006b). Its preliminary results are very promising although
it is undergoing a veri cation phase and comparison with real measured data should be
carried out.
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Chapter 2

Instrumentation for astrophysics in
the MeV energy range

Instrumentation for astrophysics in the MeV energy range is intended to measure the
energy of the photons coming from a cosmic source, their incoming direction, ux and
polarization. In other words, instrumentation for astrophysics should be able to perform
spectroscopy, imaging, polarimetry and timing measurements.

In this chapter, the techniques used in -ray telescopes onboard past and current space
missions will be briefy described, as well as new concepts under development for future
missions. Firstly, -ray interactions processes with matter will be discussed, followed by a
brief description of gamma-ray detectors. In particular we will focus on Cadmiun-Telluride
and liquid Xenon detectors, which are relevant for the experimental development that will
be presented in Chapter 4 and Chapter 6, respectively.

2.1 Basic principles of -ray detection

2.1.1 Interaction of -ray photons with matter

In the energy range from few hundred keV up to several tens of MeV, the interaction of
radiation with matter takes place through one of these mechanisms: Photoelectric Absorp-
tion, Coherent (Rayleigh) Scattering, Incoherent (Compton) Scattering and Pair Produc-
tion. A more detailed description on the interaction processes can be found, for example,
in von Ballmoos (2005). In order to illustrate the energy domain of each one of these
processes, the mass attenuation coe cient (as will be de ned below) is plotted for the
particular case of cadmium-telluride in Figure 2.1.

e Photoelectric Absorption. In this process the photon gives all of its energy to a bound
atomic electron which is expelled from the atom. The kinetic energy carried away
by the electron is the di erence between the photon energy and the binding energy
of the electron to the atom. The photoelectric e ect dominates at low energies, from
few keV to hundreds of keV, depending on the atomic number, Z (see Fig.2.1).
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e Rayleigh (coherent) scattering. In this process, photons are scattered by bound
atomic electrons, while the atom remains unexcited or ionized. It is often assumed
that Rayleigh scattering is elastic. However, the scattering from a free atom is never
strictly elastic because of the recoil energy of the atom. For a lattice of atoms, the
scattering from the di erent atoms may add up coherently or incoherently depend-
ing on the atomic arrangement. The process of -rays scattering in a crystalline
lattice is addressed in more detail in section 3.1.1.

o Compton Scattering. This is an inelastic process between the incident photons and
the electrons in the material, i.e., the incident photon is de ected from its original
direction while it transfers part of its energy to the bound electron. The process
becomes elastic in the case of scattering with free (unbound) electrons in which case
it is known as Thomson scattering.

Compton scattering, as the dominant process in the MeV energy region (see Fig.2.1),
will be discussed in more detail in section 2.1.2.

e Pair production. When the photon energy is greater than twice the electron rest
mass (511keV), the creation of an electron-positron pair becomes possible in the
vicinity of a nucleus. This process is called pair production and dominates above
5MeV.

I — Total Attenuation
Compton scattering
} Fhotoslectric
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Figure 2.1: Mass attenuation coe cients () for the case of cadmium-telluride. Data are from the
Photon Cross Sections Database (Berger et al., 2009).

-ray attenuation

Let s consider a -ray beam going through a material. Each one of the interaction processes
described above could remove a -ray photon from the incoming beam according to the
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cross-section of the interaction process. The intensity of the incoming beam follows a
exponential extinction:

I = [06 ¢ (21)

where [, is the initial intensity of the beam, ¢ the path length in the material, and o
the so-called linear attenuation coe cient. This coe cient adds the cross-section of each
interaction process (consider only the relevant processes around the MeV):

o =0 +0 4o (2.2)

where ¢ , 0 and o are the linear attenuation coe cient related to the cross-sections
of photoelectric, compton and pair processes respectively. Usually they are expressed
independently of the density of the material, and are called mass attenuation coe cient
o Xx. A rough description of the dependence of the attenuation coe cient on the atomic
number of the material (Z) and the energy of the incoming -ray photon is given for the
main interaction processes (see e.g. von Ballmoos (2005)):

e 0 Y there is not a single analytic expression of the photoabsortion cross-section
over all range of Z and E, but a rough approximation is given by:

n

o x=(No A7 T e

per atom (2.3)

where n is in the range [4 5], the exact value depending on the initial photon energy
(Knoll, 1999).

e o x: the mass attenuation coe cient due to the Compton scattering is given by:

o x=(Ny A)Zt (2.4)

where the cross-section 7 is derived from the Klein-Nishina expression (see next
section)

e 0 : the attenuation due to pair production is given by:

o x=(Ng A)r 7  Z%In(2E mc*) per atom (2.5)
where the cross-section 7 is given for low energy photons by Bethe & Heitler (1934).

From the above expressions, it is clear that each process dominates for a range Z and F,
as illustrated in Figure (2.2).
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Figure 2.2: Regions where one of the three v-ray interactions dominates over the other two as a function
of the atomic number (Z) and energy (E) (Evans, 1955).

2.1.2 Compton scattering

In order to describe Compton scattering, two aspects should be considered: kinematics
and cross-section of the interaction. The first one is related to the energies and directions
of the particles involved in the scattering. The second aspect is related to the probability
that a Compton interaccion takes place.

Scatiered photon

Incidart phatoa

Ea - o
o L
5
Recoil elaciron
H,
[

Figure 2.3: Schematic representation of the Compton scattering kinematics

Figure (2.3) schematically shows the interaction process between an incident ~-ray photon
and an electron. The incident v-ray is scattered at an angle 6 with respect to its initial
direction, and transfers part of its energy to the recoil electron.

Using the following notation:

e [/, and 1270: Energy and momentum of the initial gamma-ray.
e [/, and l%: Energy and momentum of the scattered gamma-ray.

o [, and k,: Energy and momentum of the recoil electron.

e 0: Scatter angle of the gamma-ray (Compton scatter angle).
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e : Scatter angle of the recoil electron.

the interaction process can be described in terms of conservation of energy and momentum
of photon and electron:

ko+key = ket k
E,+E, = E.+FE (2.6)

The initial energy and momentum of an atomic bound electron are unknown. In the
following it is assumed that the electron is at rest and its momentum is zero. As will be
explained later, this approximation has a consequence, the so-called Doppler-broadening
limit to a Compton telescope angular resolution.

Application of the relativistic energy-momentum-relation and the relation between energy
and momentum of photons leads to the Compton equation:

E
= 0 (2.7)
1+ (1 cos)
E, . o . .
where = > is the initial photon energy in units of electron rest mass (0.511MeV).
MeC
As it was poiflted out in the previous section, in the limit 0, the process goes from

being inelastic (Compton scattering) to being elastic (Thomson Scattering).

It is important to remember that this equation only states how the various parameters
must be related to each other if a Compton interaction takes place, but it tells us nothing
about the probability of a photon (or electron) being scattered in any particular direction.

Thomson and Klein-Nishina cross sections

The rst expression of the Compton cross-section for unpolarized radiation and free elec-
tron was derived by Klein & Nishina (1929) from quantum electrodynamics:
dr 2 E * E E

= - — E—O+ EO sin? (2.8)

d gy
with 7 the classical electron radius (e? moc*= 2.818 x 10 '3 c¢m).
Figure 2.4 (a) shows the Klein-Nishina Compton scattering di erential cross-section, as a
function of the scattering angle for several energies of the incident -ray. The backward
scattering (> 90) probability is lower for an incident photon with larger energies. A
representation in polar coordinates for the same distribution is also shown in Figure 2.4
(b).
Equation (2.8) was derived on the assumption that the scattering electron is unbound and
at rest. On the limit F , << m.c?, the KleinNishina equation reduces to the Thomson
scattering equation:

— = —r5 1+ cos® (2.9)
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Figure 2.4: Klein-Nishina cross section as a function of the Compton scatter angle for di erent energies.

This equation is also called elastic or coherent scattering equation. Note that the low-
energy limit given by the Thomson scattering equation ( 0), is also represented in

the uppermost
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Bound Compton cross section

Equation (2.8) is also known as unbound Compton cross-section, since the electron is
assumed to be unbound to a nucleus. In reality, electrons are bound to a nucleus and with
a given momentum. Although the equation is a good approximation for many applications,
in the case of low energy photons or small scatter angles this approximation is not valid,
since the recoil energy of the electron would be comparable (or smaller) to the electron
binding energy.

In order to take into acount the binding of the electrons to the atom and its momen-
tum distribution, the Klein-Nishina di erential cross-section is multiplied by the so-called
incoherent scatter function:

dar
d

where the incoherent scattering factor, S(E  Z), is a function of the energy of the

S(E  2) (2.10)

Bound

dar
d

incident photon, F , the scattering angle, , and the atomic number of the scattering
material, Z.

Hartree-Fock Compton profiles (2 = 14) ]
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Figure 2.5: Shellwise Compton pro le data for silicon from Biggs et al. (1975)

The Klein-Nishina cross-section and angular distribution is slightly modulated by S(F Z),
specially at low energies. Another important e ect, not predicted by the unbound scat-
tering model, is the broadening of the energy distribution of Compton scattered photons
known as Doppler broadening.

Doppler broadening

The observed broadening in the Compton spectra was interpreted by DuMond (1929), as
a Doppler broadening caused by the momentum distribution of the scattering electrons.
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Instead of a xed energy for a given scattering angle, scattered photons show an en-
ergy distribution around the predicted energy given by equation 2.7. These distributions
(known as Compton pro les) for each atomic electron sub-shell can be obtained based on
the Hartee-Fock calculations.

Figure 2.5 shows the shell-wise Compton pro les for the case of silicon. These Hartree-
Fock Compton pro les, J(pz), are a collection of orbital atom data as a function of the
projected momentum of the electron, pz. Inner shells having a larger pz result in a greater
broadening. Values of the Compton pro les for the elements 1 < Z < 102 were published
by Biggs et al. (1975).

2.1.3 Polarization of -ray photons

The interactions of -ray with matter discussed in section 2.1.1 (photoelectrons, scattering
photons and electron-positron pairs) depend on the polarization of the incident photons.
This dependence can be the basis of the polarization measurement in di erent energy
ranges. Regarding the MeV range, when a polarized -ray photon undergoes a Compton
scatter, the probability for the photon to be scattered at a given angle depends on the
azimuthal angle, i.e. the angle between the polarized vector of the incident -ray and the
scattering plane.

For linearly polarized -ray, the Klein-Nishina cross-section (equation (2.8)) becomes:

dr 2 E ° E .
- =35 EO—I-E sin

where 6 is the azimuthal angle, while the other variables are de ned such as in equation

cos*0 (2.11)

d KN 0
(2.8). For any speci c scattering angle, the scattering probability is maximized when
6 =90 ,i.e., it is more likely that the photon will be scattered at directions perpendicular
to the polarization plane of the incident photon. By measuring the azimuthal angular
distribution of the scattered photons, the polarization information of the incident photons
can be deduced. The probability distribution of the azimuthal scatter angle, derived from
equation 2.11, is:
In order to quantify the polarization information, a modulation factor (o) is de ned:
o=M) N+ (2.12)
N( )+ N( +7 2)

where is an arbitrary angle in a plane perpendicular to the incident direction, and N is

the measured number of events about that angle (). The azimuthal angle in equation

(2.11) is given by 6 = 0, considering that the polarization direction of the incident
-rays is at . From the above de nition of the modulation factor, considering equation

(2.11), the following expression can be derived:

sin?

= ——cos(2( 0)) = M(E ) cos(2( 0)) (2.13)

= sin?

o =
Eqq
Ey " By
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Figure 2.6: Amplitude of the -factor versus the scattering angle for di erent energies of the incident
photon.

At each Compton scattering angle , the function cos(2( 0) has a period . The o
factor is maximized when is perpendicular to the polarization plane of the incident
photon. The amplitude of the o factor (M(E )), versus the scattering angle at a given
incident energy, is shown in Fig. 2.6. The maximum value is obtained when the scattering
angle is slightly less than § = 90 , and this maximum value is enhanced for lower -ray
energies.

2.2  -ray detectors

In general terms, a -ray detector can be de ned as a device that registers the presence of
radiation. It may only count the number of -rays hitting the detector (Geiger-Mueller
counter), or also determine the energy (spectrometer), or even measure the direction of
the incoming -ray (imaging detector). In any case, whatever is the complexity of the
measure performed, a -ray detector must be able to register in some way the interaction
process of -ray photons with matter. That is to say, the detector must be sensitive to the
energy transfer from the photon to the matter through any of the interaction processes
described in section 2.1.1. A detailed discussion on the operational principles of -ray
detectors can be found in Knoll (1999).
The characteristics and operational principles of semiconductor (e.g., Si, Ge, CdTe) and
scintillator (e.g., Nal, LaBrs, liquid Xenon) -ray detectors are described in the following
paragraph, focusing our description on cadmiun-telluride and liquid Xenon detectors.

2.2.1 Basic properties of -ray detectors

There are many gures of merit that describe the properties of a -ray detector: sensitivity,
detector e ciency, energy resolution, response function, spatial resolution, response time
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and so on. A detailed description of all of them can be found in Leo (1994). Here, the
e ciency and energy resolution is discussed.

E ciency The absolute or total e ciency of a detector is de ned as the ratio between
the number of photons emitted by the source and the number of photons actually detected.
On the other hand, the ratio between the number of photons incident on the detector and
the number that are actually detected is de ned as the intrinsic e ciency. In both cases,
the energy of the incident photons is not taken into account. The full energy peak e ciency
(or photopeak e ciency), that takes into account the energy of the incident photons, is
de ned as the ratio of photons detected within a speci ¢ energy range divided by the
number of incident photons.

Energy resolution The capability of a detector to resolve two close lying energies is
known as the energy resolution. In -ray astronomy the resolution, R, at the energy, Ej,
is de ned as:
E

R = B (2.14)
where F is the width of the peak in the measured spectrum, that is usually given in terms
of the full-width-half-mazimum (FWHM). Assuming a Gaussian distribution centered on
the energy peak (Ep) the FWHM correspond to 2 35 times the standard deviation (7) of
the distribution.
The width of the measured energy peak with any -ray detector has three di erent con-
tributions:

( E>2 = ( EFzmo)2 + ( Eelec>2 + ( Ecollect)2 (215)

where:

Erano is the statistics limit contribution, FE,.. is the electronic noise contribution,
and  Eeet 18 the contribution due to charge collection. The last two contributions will
be discussed in section 2.2.2 and section 4.3.3.2 respectively. Regarding the statistics
contribution, it provides the lower limit to the energy resolution. This limit comes from
the fact that charge carriers are generated within the detector by a quantum of radiation.
Assuming that the formation of charge carriers is a Poisson process, the standard deviation
(1) of the statistical noise is proportional to N, with N the average number of charge
carriers created in the detector. In this case, the limiting resolution due to statistical

uctuations is: Rpoisson = % (see e.g. Knoll (1999)).

It was demostrated by Fano (1947) that the variance in the uctuation of electron-ion pairs
produced by an ionizing particle, when all its energy is absorbed by a stopping material,
is not given by Poisson statistics. This indicates that the formation of individual charges
carriers is not independent. The ratio between observed statistical uctuations and the
ones predicted from Poisson statistics is called Fano factor:

30



2.2.  -ray detectors

Fo obser?ed Uaria?zce (2.16)
Poisson predicted variance(= N)

The statistical limit to the resolution becomes:

F
N

where F is a positive constant less or equal to one. For instance, the Fano factor in semi-
conductors is in the range (0.06-0.14) (Devanathan et al., 2006).

Rstatistical =235 (217)

2.2.2 Semiconductor detectors: Cadmium-Telluride

Semiconductor detectors are based on the collection of charges (electrons-holes) by the
application of an external electric eld to the material. After the interaction of a -ray
photon in the semiconductor, electrons are raised to the conduction band leaving an equal
number of positive holes in the valence band. Then, a strong electric eld is applied across
the device in order to separate the pairs (before they recombine) and drift them to the
electrodes. The movement of electrons and holes induces a charge in the electrodes (anode
and cathode) which can be calculated by the Shockley-Ramo theorem (see review by He
(2001)). The energy of the incident -ray photons can be measured from the induced
charge on the electrodes.

The spectroscopic performance of a semiconductor detector is a ected by the so-called
charge collection e ciency which relates the induced charge in the detector electrodes with
the total generated charge (electrons-holes) in the semiconductor. The physical proper-
ties of the semiconductor (density, electron and hole mobility, etc) as well as the external
conditions (temperature, electric eld intensity, etc) will determine the charge collection
e ciency. Table 2.1 lists the main physical characteristics at room temperature of some
semiconductors. Data are taken from Owens & Peacock (2004) and Devanathan et al.
(2006).

Mobility (o) and lifetime (\) of a charge carrier are intrinsic transport properties of a
semiconductor, that depend on processes such as recombination and trapping which take
place in the crystal as a result of its internal structure (e.g., impurities and defects in
the crystalline lattice). The product oA is an important gure of merit to determine the
charge-transport properties of a semiconductor. As listed in table 2.1, Si and Ge have a
high o\ factor, therefore, excellent charge-transport properties. In fact, Ge detectors have
the best energy resolution available for -ray spectrometry.

The strong electric eld required to e ciently collect the charges, can induce a current

in the semiconductor even without the interaction of a -ray photon. This is the so-
called leakage current whose origin lies in the carriers generated by thermal excitation.
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Si Ge CdTe  GaAs CdZnTe
Density [g em?®]  2.33 5.33 5.85 5.32 5.78
Z 14 32 48,52 31,33 48,30,52
Egqp [€V] 1.12 0.67 1.44 1.43 1.57
E. j [eV] 3.62 2.96 4.43 4.2 4.64
e [em2V 1s 1] 1400 3900 1100 - 1000
n [em?V o 1s 1] 1900 1900 100 - 120
e [8] w3 103 3 106 - 3 10°6
n 8] 03 2 103 2 106 - 10 6
Fano Factor 0.06 0.06 0.06 0.14 0.10

Table 2.1: Physical properties at room temperature of CdTe, CdZnTe, Si, and Ge.
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Figure 2.7: Compton, Rayleigh and photoelectric cross section for (a) gemanium, (b) silicon and (c)
cadmium-telluride. Data are taken from NIST-XCOM, (Berger et al., 2009).

This current arises when the thermal energy exceeds the energy bandgap (Ey,p) of the
semiconductor. Regarding the bandgap energy (E,q,) listed in table 2.1, there are two
categories of semiconductor detectors: those which have a narrow bandgap, and therefore
need to be cooled to avoid a large leakage current (e.g., Ge requires cryogenic tempera-
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tures 77K), and those which have a wide bandgap and can operate at room temperature

(e.g., CdTe).
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Figure 2.8: Photopeak detection e ciency versus thickness of CdTe (circles) and Ge (square), for 511keV
-ray photon.

Concerning the detection e ciency of semiconductor detectors, as discussed in section
2.1.1, high atomic number and density will enhance the linear attenuation coe cient in
the material. Therefore, a high e ciency is expected with CdTe and CdZnTe detectors.
The cross-section of the main interaction processes for silicon (Si), germanium (Ge) and
cadmium-telluride (CdTe) are shown in Figure 2.7. As shown, the energy where Compton
scattering becomes the dominant interaction is di erent for each semiconductor.
Simulations with the Geant4 Monte Carlo code (see Appendix B.1.1) were performed in
order to calculate the detection e ciency of CdTe and Ge. Figure 2.8 shows the photopeak
detection e ciency of 511keV -rays for various thicknesses of CdTe and Ge. An e ciency
of 15% is obtained for a 10mm thick CdTe semiconductor, while an e ciency below 4%
is obtained for a Ge semiconductor with the same thickness and incident photon energy.
Figure 2.9 shows the photopeak detection e ciency of CdTe at di erent energies for a
thickness of 10mm and 5mm. In order to obtain an e ciency of 10% at 1MeV energy,
thicknesses above 10mm of CdTe are needed. These e ciencies assume that -ray photons
deposit all their energy in the detector volume and that all electron-hole pairs generated
in the detector can be collected, i.e., full charge collection. However, the charge collection
e ciency in CdTe is far from 100%. In fact, the considerable amount of charge loss in
CdTe due to the low mobility (o) and short lifetime () of holes, degrades the energy
resolution achieved with this material (see e.g. Si ert (1994)).

In order to illustrate the impact of incomplete charge collection on the spectroscopic
performance of a CdTe detector, we considered the charge collection e ciency given by
the Hecht equation (Hecht, 1932):
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Figure 2.9: Photopeak detection efficiency of CdTe at different energies for a detector of 10mm (closed
circles) and 5mm (open circles) thickness.
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Figure 2.10: Pulse Height spectra simulated with the Geant4 Monte Carlo code and the Hecht equation.
Details are given on the test.

%: [%(1—61‘]7(—)%)) —l—%(l—ezp(—d)lz))] (2.18)

where A\ = p.7.F and A\, = pp7, E is the mean drift path of electrons and holes respec-
tively, d is the detector thickness and z the depth of interaction in the semiconductor.
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From Hecht equation and with the Geant4 Monte Carlo code, the pulse height spectra for
various thicknesses and bias voltages were computed (Alvarez & Hernanz, 2006). Figure
(2.10) (left hand) shows the pulse-height spectra when -rays with energy of 300 keV
irradiate the CdTe detector with a thickness of 0 5mm and 2mm. The applied electric
eld is assumed uniform (E = %), and a constant voltage bias of 800V is applied. Right
hand of gure (2.10) shows the pulse-height spectra of CdTe with a constant thickness of
2mm and bias voltage of 1400V and 2400V.
A large tail appears on the spectra as the thickness of the detector increases. This tailing
e ect, caused by the charge loss in the CdTe semiconductor, is characteristic of semi-
conductor detectors with low mobility of carriers. The tail can be reduced by increasing
the bias voltage. However, a high bias voltage could also increase the leakage current.
In order to overcome this problem, a high resistivity semiconductor such as CdZnTe (
10" ¢em) would be desirable over CdTe (10° c¢m). Moreover, CdTe detectors with a
Schottky contact (Matsumoto et al., 1997) withstand much higher bias voltages than
ohmic connections, while at the same time their leakage current is lowered by several
orders of magnitude. However, a critical issue of these detectors are their time instability
under high bias voltages, the so-called polarization e ect (Sato et al., 2011).

Advances on CdTe/CdZnTe detectors

g the use of these detectors for years. This situation has changed during the last decade
thanks to advances in di erent growth techniques (see review by (Sordo, 2009)).

Among other semiconductors, CdTe and CdZnTe are very attractive materials for -
ray detection. The high density and atomic number of their components provide a high
detection e ciency medium (see gure 2.9) while the wide band gap guarantees room
temperature operation. However the considerable amount of charge loss in CdTe/CdZnTe,
due to poor hole transport properties, limits their spectral properties.

In the last years, there have been signi cant advances to overcome the so-called incom-
plete charge collection problem. For instance, unipolar electrode geometries, electronic cor-
rections methods and speci ¢ detector con guration that are sumarized in the following
paragraph:

Unipolar electrode geometries. - Since electrons have better transport properties
than holes (see table 2.1), some techniques to overcome the poor hole transport prop-
erties are based on collecting nothing but electron induced charges. This technique was
implemented for rst time in gas detectors (Frisch, 1944).

Speci ¢ electrode design provides single charge collection capabilities to CdTe/CdZnTe
detectors. Among the broad variety of designs, we highlight the following con gurations:

e Frisch grid semiconductor detector, where parallel metal strips are built on opposite
faces of the detector, see McGregor et al. (1998).

e Coplanar grid structure, where a series of narrow strip electrodes are formed on the
detector surface, see Luke (1995) and He et al. (1997).
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e Pixels on the anode electrode, in which unipolar properties are presented if the pixel
size is smaller than the detector thickness, see Barrett et al. (1995).

These detectors are shielded from the e ect of the moving holes and thus their output
signal due to the moving electrons. Although electron transport properties are much better
than those of holes, there is still a signi cant amount of electrons that could be trapped,
especially in a thick CdTe/CdZnTe detector. Other techniques, in combination with the
above mentioned design, are used for further improvement. For instance, a method to
correct for electron trapping was proposed by He et al. (1996), using a depth sensing
technique. The depth of the -ray interaction in a semiconductor can be obtained by the
correlated signal from anode and cathode. This depth sensing technique was applied to
pixellated anode detectors to compensate for electron trapping by He et al. (1999).

Electronic corrections methods. - Since the mobility of electrons is much higher
than hole s mobility, the contribution of each carrier can be separated by their respective
rise-time, i.e. the time required for a signal to change from a speci ed value to a higher
value. Rise-time discrimination (RTD) is based on the selection of preampli er pulses with
a short rise-time, which are mainly due to electrons. This technique improves the energy
resolution but leads to signi cantly reduced sensitivity, since many pulses are rejected
(Jordanov et al., 1996).

Another electronic method is based on the analysis of the correlations between the ampli-
tude (pulse height) and the rise time of the signals, the so-called bi-parametric analysis,
see for example Richter & Si ert (1992).

Speci c detector con guration.- Last, but not the least, we refer to some techniques
to overcome the charge collection problem related to detector con gurations. This tech-
nique is particularly useful for high energy detectors, where thick detectors are needed to
reach high detection e ciency.

The idea of stacking together several thin CdTe devices and operating them as a sin-
gle thick detector, was adopted by Takahashi & Watanabe (2001). A stacked device will
reach high detection e ciency with good energy resolution, since high bias voltages for
full charge collection can be easily applied in thin CdTe devices.

Another technique concerns the speci ¢ con guration of the electric eld in the detector.
In the so-called planar transverse eld (PTF) con guration (Auricchio et al., 1999), the
direction of incoming gamma-rays is transverse (orthogonal) to the electric eld applied
in the detector. Therefore, the path length of the gamma-ray photon can be increased
while the inter-electrode distance remains short. This technique, proposed for the base-
line detector of the GRI mission, is discussed in Chapter 4.

36



2.2.  -ray detectors

2.2.3 Scintillation detectors: liquid Xenon

A scintillation detector is a luminescent material (either solid, liquid or gas) in which
-rays induce the emission of light. Afterwards, light is collected by photodetectors and
converted into an electric pulse by a photosensor (see section 6.1.1). The scintillator is
typically surrounded with photodetectors in order to minimize loss of the isotropically
emitted light and enhance detection e ciency.
A fundamental property of a scintillator is the linear conversion of the -ray energy into
scintillation light. This allows to derive the energy of the incident -ray by adding up the
energy collected by the surrounding photosensors. The number of photons emitted per
unit of energy transferred to the medium is known as the light yield.

(1/e) Decay € mqz of max Total Light  Refractive
time emission Density Yield index
[ns] [nm] lg cm?] [photons/keV]  at €m0
Nal(T1) 250 415 3.67 38 1.85
BGO 300 480 7.13 9 2.15
Baly 0.7 210 4.88 1.8 1.54
LaBr;:Ce 16 380 5.08 63 1.9
LXe (see 4.3 ,22.0 178 3 (@1 atm 72 (Wlph) 1.54-1.69
Table 2.3) and Thoiting)
Plastic
(NE 102A) 2.4 423 1.03 10000 1.58

Table 2.2: Properties of some inorganic scintillators and a typical organic plastic scintillator. Data are
primarily taken from Saint (2009)

Table 2.2 lists some properties of a scintillator medium. The scintillation material can be
classi ed in organics (e.g., Anthracene, Stylbene, plastics and some liquids) or inorganics
(e.g., Bismuth Germanate (BGO), Cerium activated Lanthanum Bromide (LaBr;:Ce),
liquid Xenon (LXe), Sodium Iodide doped with Thallium (NaI(Tl)). As shown in the
table, scintillator light yield is higher in organic materials, while inorganic materials have
a higher stopping power.

Liquid xenon

Liquid xenon (LXe) is a very e cient medium to stop penetrating radiation due to its high
atomic number (Z=54) and density (3g c¢m?). Moreover, the production of both charge
carriers and scintillation photons with high ionization and scintillation yields, along with
fast time responses, makes liquid xenon an excellent medium for radiation detection.
In addition, large and homogeneous volume detectors can be provided without passive
material in between. Table 2.3 lists some important physical and operational properties
of LXe taken from Aprile & Doke (2010) and references therein.
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Parameter Value Parameter Value
Atomic Number Z o4 Dielectric Constant 1.95
Mean atomic weight A 131.30 Temperature Range (K) 165-180
Density @ 1 atm and Thoiing (9 cm?) 3 Wavelength of scintillation light (nm) 175
Fano Factor 0.059 Decay time constant (ns) 4.3 ,22.0
Drift Velocity (mm/ms) @ 1kV/cm 2.2 Tonization Potential (eV) 13.8
We-value (ionization) (eV) 15.6 Gap energy (eV) 9.28
W-value (scintillation) (eV) 14.7 Boiling point (K) @ latm 165.05

Table 2.3: List of some physical and operational properties of liquid Xenon.

Ionization

Liquid xenon has a band structure like a semiconductor, with a band gap energy, F, =
9 28eV. Due to this large gap, LXe is an excellent insulator where high electric elds can
be applied in order to drive the charge produced by ionization.

The average energy required to produce one electron-ion pair, know as W-value, is smaller
(15.6 €V) than for other liquid rare gases (23.6eV for liquid argon and 18.4eV for liquid
krypton).

Scintillation

The luminescence emission of LXe is attributed to the decay of excited dimers (or ex-
cimers) to ground state. This excimers are formed by direct excitation of atoms from the
ionization process, but also from the recombination of electron-ion pair (Doke et al., 2002).
The scintillation light is centered at 177.6 nm, in the vacuum ultra-violet region (VUV),
and has two characteristics times (4.3 ns and 22.0 ns), corresponding to the decay of two
di erent excited molecular states (Hitachi et al., 1983). The average energy required to
produce a single photon is known as Wph-value and the maximum scintillation yield is
given by Wiph, where E is the energy deposited by the ionizing radiation.

Anti-correlation of ionization and scintillation

The charge and light signals produced in LXe in response to radiation interaction are anti-
correlated: charge yield increases with increasing drift eld but light yield is decreasing
(see Figure 2.11). This anti-correlation was originally reported by Kubota et al. (1978)
and the combination of both signals can be used to improve the energy resolution of a
LXe detector.

Energy resolution

The moderate energy resolution achieved with a liquid Xenon detector is a signi cant
drawback for -ray line spectroscopy. The best measured energy resolution is far from
what is expected by the Fano factor. For instance, the Fano factor value shown in Table
(2.3) predicts an energy resolution of about 0.1% at 1 MeV for electrons in liquid Xenon,
while the experimental measured resolution is much worse (Ichinose et al., 1992).
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Figure 2.11: Variation of relative luminescence intensity L and collected charge Q in liquid argon,
krypton and xenon for electrons vs. applied electric- eld (Kubota et al., 1978).

The large discrepancy between experimental and theoretical values is not yet fully un-
derstood, but uctuations in electron-ion pair recombination rate are known to play a
dominant role (see, for example, Aprile et al. (2006a)). In any case, this theoretical pre-
diction points to the possibility of further improvements in energy resolution.

In this direction, the anti-correlation between ionization and scintillation signals produced
by MeV -ray in liquid xenon has been used to improve the energy resolution. A measure
of 1.7% (1) at 662keV, with a drift eld of 1kV/cm, was reported by Aprile et al. (2007)
combining the ionization and scintillation signals.

2.2.4 Astrophysical applications

The great potential of semiconductor detectors has already been demostrated in astro-
physics for imaging and spectroscopy applications (see e.g. Lebrun (2006) ). In particular,
room temperature semiconductor detectors, such as CdTe and CdZnTe, have shown their
capability in the instrument IBIS onboard the European astronomical satellite INTE-
GRAL, (INTErnational Gamma-Ray Astrophysics Laboratory) (Winkler et al., 2003) or
the BAT instrument onboard the NASA mission SWIFT (Gehrels et al., 2004), just to
mention two examples.

Germanium detectors have been widely used in past and current -ray mission, such as
SPI/INTEGRAL (Vedrenne et al., 2003), Wind/ TGRS (Owens et al., 1995) and RHESSI
(Lin et al., 2002). Cooled high-purity Ge detectors o er the best energy resolution avail-
able, but this implies a complex cooling system and requires periodic annealing cycles to
maintain its spectroscopic performance.

Classical scintillators, such as Nal or Csl, are being used in -ray astrophysics for quite
a long time. The instrument COMPTEL (Schonfelder et al., 1993) onboard the Comp-
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ton Gamma-Ray Observatory (CGRO), used a liquid scintillator (NE213A) in the upper
detector plane and an inorganic scintillator (Nal(T1) on the bottom detector plane. More-
over, most of the instruments for -ray astrophysics are surrounded by an active shield
made of scintillation detectors, in order to reject part of the cosmic and atmospheric back-
ground radiation (see section 1.2).

As far as liquid Xenon is concerned, this medium is being used in the development of
a Compton telescope based on a Liquid Xenon Time Projection Chamber (LXeTPC)
-the operational principles of a LXeTPC are discussed in section 6.1-. A liquid xenon
gamma-ray imaging telescope prototype (LXeGRIT) was own successfully in balloon-
borne experiments (Aprile et al., 2004). However, the modest energy resolution measured
has been a major limitation of the LXe time projection chamber (TPC) technology for
astrophysics applications.

2.3 -ray telescopes

In the previous section we described brie y how di erent detector devices measure the
energy of -ray photons. However, a -ray telescope is not only a spectrometer but also
it must be able to locate the position of the source in the sky, i.e., must be able to map
the sky. Other important features of a -ray telescope are the capability of measuring the
arrival time and polarization of photons from a cosmic source.

The di erent techniques to determine the position of a cosmic -ray source are brie y
discussed in this section. More detailed descriptions can be found, for example, in von
Ballmoos (2005).

2.3.1 Coded mask telescope

One way of obtaining the position of a -ray source is by modulating the signal from the
source in a characteristic way. This modulation is performed by blocking part of the eld-
of-view of the detector with an absorber material. From the detected modulated signal
and the knowledge of the blocking scheme, the position of the -ray source can be derived.
The source signal can be modulated either spatially (e.g. coded mask telescopes) or tem-
porally (e.g occultations, rotating modulation collimators).

A coded mask telescope typically consists of a planar array of opaque and transparent
elements located in front of a position sensitive detection plane (see Figure 2.12). Thus, the
source will project the shadow of the mask on the detection plane. The spatial distribution
of -ray interactions in the detector plane, known as shadowgram, is registered by the
position-sensitive detector. From the shadowgram, an image representative of the observed
sky can be reconstructed (see, e.g Skinner (1984)).

Several instruments using the modulation principle, either spatially or temporally, have
been built and succesfully applied to -ray astronomy:
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Figure 2.12: The basic design of a coded mask telescope ( gure from von Ballmoos (2005)).

e The earth occultation technique was applied by the instrument BATSE (Harmon,
1992) onboard CGRO (Compton Gamma-ray Observatory).

e The rotating modulation approach is used by the solar spectroscopic imager RHESSI
(Lin et al., 2002).

e The coded mask technique was rst applied by the instrument SIGMA on GRANAT
satellite (Paul et al., 1991). This system is currently wide-spread in -ray astronomy
since it allows a high angular resolution with a relatively simple detection technique.
At the present time three coded mask instruments (SPI, IBIS and JEM-X) oper-
ate onboard INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory)
(Winkler et al., 2003).

2.3.2 Compton telescope

The measurement principle of a Compton telescope was rst described by Schonfelder
et al. (1973). The direction of the incoming photons is obtained through the dominant
interaction between photons and matter in the MeV energy range (see 2.1.2). The principle
of a Compton telescope is illustrated in Figure 2.13. An incoming -ray, with energy F |
interacts in the detector D1 transfering an energy E; and being de ected by an angle 6.
The scattered photon is then absorbed in the detector D2.

In order to favor the scattering in D1, low Z materials are chosen, while high Z materials
are needed in D2 to absorb the scattered photon.

The energy deposited (E;, Es) and interaction position (ri, ry) are measured in both
detectors (D1 and D2). From them, the energy and direction of the incoming photon can
be constrained. As far as the energy is concerned, the total energy can be obtained by :

Eior = E1 + Ea (2.19)
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as long as the photon deposits the total energy in the detector D1 and D2. Concerning
the direction of the incoming photon, it can be restricted to lie on a cone around the
scatter direction (y, ¥) with a half opening angle ¢ (see Figure 2.13(a)). The angle ¢ can
be obtained from the Compton equation (2.7):
mec? mec?
cos ¢ =1— + 2.20
¢ 5 BB (2.20)

but, it also can be derived by the direction of the incident (77) and scattered (73) photons:

cos ¢ = rirs (2.21)

The uncertainties in the determination of the scattering angle are discussed in section
(5.3.2), where the angular resolution measure of a Compton telescope is introduced.
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(a) Schematic illustration of a (b) Projection of the Compton
classical Compton telescope de- cone on the celestial sphere defin-
sign consisting of two detectors ing the so-called event circle

(D1) and (D2)

Figure 2.13: The principle of measurement of a Compton telescope.

Once the angle ¢ is derived and the scatter cone is defined, the projection on the celestial
sphere of this cone will define the so-called event circle. The source position on the sky
measured with a Compton telescope is the common intersection of many event circles, as
is shown in Figure 2.13(b).

The Compton reconstruction technique was first applied by the instrument COMPTEL
(Schonfelder et al., 1993) onboard the Compton Gamma-Ray Observatory (CGRO) launched
in 1991. Since then, there has not been another Compton telescope for y-ray astronomy
in space. However, there have been numerous designs and prototypes of advanced Comp-
ton telescope that have successfully flown in balloon experiments. Some of them will be
mentioned in the following paragraphs.
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2.3.2.1 Advanced Compton telescope

The Compton telescope described above can be considered as the classic design, where two
detectors (D1 and D2) are arranged at a given distance. If the separation distance is large
enough, the time-of-flight can be defined, i.e. time spent by photon to go from D1 to D2.
For the COMPTEL telescope, a distance of 1.5m allows to define a 40ns time-of-flight. On
one hand, a time window is a great advantage for background reduction but on the other
hand, a large detector separation reduces the detection efficiency and the field-of-view of
the instrument (see figure (2.14)). For instance, the efficiency of COMPTEL was about
1% (Schonfelder, 2003).

= I

Figure 2.14: Schematic illustration of the reducing detection efficiency for a classical Compton telescope
design with time-of-flight capability described in the text.

An advanced Compton telescope design aims to obtain high efficiency instruments with
wide field-of-view and high background rejection capability. Therefore, advanced designs
are compact instruments with many detectors arranged nearby, as close as a few cen-
timeters. With such a short distance, time-of-flight (in the ns range) becomes technically
difficult or impossible to measure. Hence, other background rejection techniques should
be implemented.

Unlike the classic design where a photon is scattered in D1 and then absorbed in D2 (see
figure 2.13), in an advanced design a single event may involve multiple interactions in
many detectors (see figure 2.15).

Figure 2.15 (a), shows a Compton telescope configuration based on two different materi-
als: a low Z medium where the Compton interaction takes place (the so-called tracker),
and a high Z medium where the scattered photon is absorbed (the so-called calorime-
ter). The large number of detectors in the tracker and the geometric arrangement of the
calorimeter increases considerably the efficiency of this Compton telescope. Single and
multi-Compton events will take place in this configuration. In addition, the tracker may
be able to track the recoil electron (illustrated as a red track in figure 2.15). This capa-
bility could be used to restrict the direction of the incident ~-ray to a small segment on
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terer and a high Z absorber.

Figure 2.15: Advanced Compton telescope design.

the event circle (see detailed discussion in Zoglauer (2005)). Several Compton telescope
concepts are being studied using this configuration, e.g., MEGA (Kanbach et al., 2004),
TIGRE (Bhattacharya et al., 2004) and SMILE (Kubo et al., 2006), based on thin silicon,
cadmium-zinc-telluride and gaseous xenon detectors, respectively.

Figure 2.15 (b), shows an advanced Compton Telescope configuration based on a single
material where multi-Compton interactions take place. An event may consist of multiple
interactions in which finally the photon is either absorbed or escapes. If the sequence has
at least three Compton scatter interactions, the energy of the incident photon is uniquely
determined by measuring the energies of the first two interactions, and the position of the
first three interactions (Kurfess et al., 2000). This technique will enhance efficiency, since
the energy and direction of the primary «-ray can be determined without the full energy
of the photon being absorbed. Moreover, the capability of tracking the recoil electron (for
high energy photons) could also be implemented. Compton telescope concepts based on
this configuration are, for instance: NCT based on germanium detectors (Boggs et al.,
2004), LXeGRIT based on liquid xenon (Aprile et al., 2004), or the thick silicon concept
described by Kurfess et al. (2004).

2.3.2.2 Event reconstruction

Regardless of the Compton telescope design, the acquisition of a Compton telescope con-
sists of a set of energy and position data without any temporal order (unless ToF mea-
surement becomes feasible), from which the interaction sequence must be reconstructed
in order to obtain the incident photon direction.

To illustrate this task, three interactions are drawn in Figure 2.16. In principle 3! possi-
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Figure 2.16: Schematic illustration of the reconstruction of a Compton interaction sequence with three
hits.

bilities exist for the ordering of these hits, each with a different outcome of the incident
photon direction. For n interactions, n! possibilities have to be considered.

The main task of a reconstruction algorithm is to identify the interaction sequence of
a 7-ray photon. For events with three or more interactions, redundant information is
available to infer the most likely sequence. But in case of only two interactions, it is
almost impossible to discriminate between both possible secuences except in rare cases.
Different approaches can be implemented to perform this ordering. In the so-called classic
approach, the scatter angle ¢ is obtained from the measured energy (see equation 2.20)
and compared with the angle inferred from the geometry (see equation 2.21). In case of
a correct sequence ordering, the two evaluations of ¢ must show a certain agreement. A
test statistic can be defined as indicator of the goodness of the reconstructed sequence.
Event reconstruction can be performed using the MEGALib package (see Appendice B.2).
The results based on this library have been successfully tested with experimental data
from the MEGA prototype (Zoglauer, 2005).

2.3.2.3 Angular resolution

The angular resolution of a Compton telescope is usually described in terms of the angular
resolution measure (ARM). This figure of merit is defined as the difference between the

initial photon scatter angle, ¢ (see eq. 2.21), and the scatter angle reconstructed from the
Compton equation ¢ (see eq. 2.20).

ARM = ¢ — ¢ (2.22)

As pointed out before, since those angles are obtained from measurement of energy and
position, the uncertainties in these measurements limit the accuracy when determining
the origin of the photons. But even an ideal instrument with infinite energy and position
resolution, has an angular resolution limited by the Doppler broadening effect (see section
2.1.2).

The uncertainty on the measure of the Compton scatter angle has three contributions:
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e The energy uncertainty contribution, given by the energy resolution of the detector.

e The spatial uncertainty contribution, given by the accuracy on the interaccion lo-
cation, i.e., the detector spatial resolution.

e The Doppler broadening contribution, which is a fundamental limit for the angular
resolution. This contribution is more important for low energies, large scattering
angles and a high atomic number of the scatter detector (Zoglauer & Kanbach,
2003).

2.3.2.4 Imaging response

The measurement performed with any -ray telescope can be expressed as:

D=R I+B (2.23)

with D being the measured data, R the instrument-response matrix, I the celestial source
intensity and B the instrumental background.

The goal of any image reconstruction algorithm is to invert the measurement process and
determine the source image I from the measured data D. Since many parameters may be
measured per -ray photon (even more in an advanced telecope as discussed in section
(2.3.2.1)) the response R is a multi-dimensional matrix and the inversion of equation 2.23
becomes a di cult problem that can only be performed using statistical estimation theory
methods. Among these methods, list-mode mazimum-likelihood expectation-maximization
algorithm (LM-ML-EM)! is an iterative statistical algorithm that makes successive ap-
proximations to the most probable source distribution that would have led to the observed
data.

2.3.2.5 Polarization sensitivity

An important feature of a Compton telescope is its capability for measuring polarization.
Polarized -rays lead to modulation of the azimuthal scatter angle of Compton events (see
section 2.1.3), from which the degree of polarization of the photons can be determined
(Lei et al., 1997).

A gure of merit to quantify the polarimetry capability of an instrument is the minimum
detectable polarization (MDP), which is de ned as:

n Q(NS + NB)
o100Ns T

MDP = (2.24)

!The list-mode maximum-likelihood expectation-maximization algorithm, originally developed for
medical imaging (Wilderman et al., 1998), is wide-spread in the eld of Compton imaging telescopes.
In order to obtain an image, this algorithm maximizes the expectation of the underlying likelihood func-
tion. A detailed discussion about the operational principles of the this algorithm can be found in Lange
& Carson (1984) and Zoglauer (2005).
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where n is the signi cance level, Ng is the source count rate, and Np is the background
count rate in the time 7". Finally, 199 is the detected modulation (see equation 2.12) for
an 100% linearly polarized beam.

2.3.3 Focusing -ray telescopes

Compared to the previously presented concepts (Compton and coded mask Telescope), fo-
cusing -ray telescopes allow to reach unprecedented sensitivities and angular resolution,
thanks to the decoupling of collecting area and detector volume, i.e. the photon collect-
ing area can increase without a parallel increase of the detector volume, thus improving
the signal without increasing substantially the background noise (see gure 2.17). With
focusing telescopes, a drastic improvement in both sensitivity and angular resolution are
expected with respect to the best nonfocusing instruments of the current generation.

A focusing telescope is made of two parts: the focusing optics and the focal plane detector.

Ader

Figure 2.17: The principle of a focusing system for high energy photons. Gamma-rays are concentrated
in a focal point behind the collecting area where a small detector is located ( gure from von Ballmoos
(2005)).

2.3.3.1 Focusing optics

In the MeV energy range, Laue and Fresnel lenses are the proposed systems to focus
-rays. For an overview of focusing telescopes in nuclear astrophysics see von Ballmoos
(2006).

Di raction lenses

Gamma-rays can be focused via crystal di raction lenses. An incoming gamma-ray must
satisfy the Bragg-relationship in order to be di racted. This relationship relates the energy
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of the incident photons, the incident angle and some parameters of the crystalline structure
(see section 3.1.1). A Laue lens is made of a large number of crystals which allows to
concentrate the incident radiation onto a focal spot (see gure 2.17). As a consequence of
the small Bragg angle at the MeV energy range, the focal length of a Laue lens telescope
is relatively long, in the range of tens to hundreds of meters. Large deployable structures
or formation ying of two spacecrafts have been proposed for space missions involving
Laue lenses (see section 2.4).

Fresnel lenses

Fresnel lenses can focus -rays by using a combination of di raction and refraction. Be-
cause the wavelengths of -rays are so short, and the penetrating power is high, a phase
shift can be achieved in a highly transparent thickness of material. This type of -ray lens
was proposed by Skinner (2001). A telescope based on these principles can have an an-
gular resolution better than a micro arcsecond, and e ciency close to 100%. Despite this
outstanding characteristics, an important drawback to its implementation is the long focal
lengths (up to a million kilometers). On the other hand, development of formation ying
spacecraft make possible a mission in which the lens and detector are on two separate
spacecrafts, separated by this huge distance.

2.3.3.2 Focal plane detector

A focusing -ray telescope con guration working at the MeV energy range will require a
focal plane detector able to ful 1l the following requirements:

e high stopping power: the detector has to be composed of a high-Z and high density
material in order to provide signi cant stopping power at energies up to the MeV
range and, therefore, a high detection e ciency over the entire operating range of
the focusing lens.

e high spatial resolution: a spatial resolution of the order of 1mm (or better) is required
to sample the PSF of a Laue lens.

e high energy resolution: the energy resolution is a critical parameter to reach the
scienti ¢ requirements. A resolution of 1% at 1MeV (or better) is required;

o small detector volume: the eld-of-view (FoV) of the instrument depends on the
area of the detector. A trade o between low background and large FoV should be
considered.

e polarimetry capability: sensitivity to the photon linear polarization is a scienti ¢
requiriment for the observation of several astrophysical emission processes. This
capability is strictly related to the spatial resolution of the detector.
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2.4 A Laue lens Gamma-ray telescope

The principles of a gamma-ray lens for nuclear astrophysics were successfully proven
with the R&D project CLAIRE (von Ballmoos et al., 2005) (see section 3.2). Once the
objectives of the rst prototype of Laue lens for nuclear astrophysics were achieved, the
next natural step was to study and develop this technology towards a future space mission.
In the last years, di erent mission concepts have been proposed. In 2004, the MAX mission
was proposed to the French Space Agency (CNES). In 2007, an initiative of the European
Gamma-Ray Community proposed the GRI mission to the ESA s Cosmic Vision 2015-
2025 program. Finally, in 2010 the DUAL mission was proposed to the call of the European
Space Agency for a M3 mission in the framework of the Cosmic Vision 2015-2025 program.
Table 2.4 lists some benchmarks of the proposed Laue lens missions.

Mission Laue Lens Laue Lens Focal lengh  Detector Num. spacecraft
[Year] Mass [kg] Energy range [keV] [m] Mass [kg] Technology
MAX [2004] 150 [847 50] 511 50] 84 30 2 SC (formation ying)
GRI [2007] 523 [200-1300] 100 100 2 SC (formation ying)
DUAL [2010] 80 [800-900) 30 112 1 SC (deployable mast)

Table 2.4: Some benchmark of the proposed Laue lens missions.

The key technology required to accomplish a Gamma Ray Lens space mission was deeply
studied by a Technological Reference Study conducted by ESA (Brown et al., 2005). The
proposed missions listed in table (2.4) (GRI and DUAL) have bene ted from the results
of this study to ensure their feasibility.

24.1 MAX

MAX was proposed by a consortium led by Peter von Ballmoos (CESR, Toulouse) to
the French Space Agency (CNES) in response to an anouncement of opportunity for a
formation ight demonstration mission (von Ballmoos et al., 2004b). MAX consists of
a Laue lens mounted on a spacecraft where photons are collected and focused onto a
detector placed on a second spacecraft. Both spacecrafts are ying in formation (Duchon,
2005), to form a gamma-ray telescope of 86m focal length (see gure 2.18).

The MAX -ray Laue lens is made of copper and germanium crystals (about 8000) ar-
ranged on concentric rings. It was designed to simultaneously focus two energy bands
(100keV wide) centered on two lines: the broadened 847keV line from the decay of *°Co
produced in Type Ia supernovae, and the 511keV positron annihilation line from the
Galactic centre region.

The base line focal plane instrument of MAX is a stack of planar Ge detectors using
orthogonal strips, cooled by a passive radiator and actively shielded by BGO scintillators.
A Monte Carlo study of the detector concepts for MAX can be found in Weidenspointner
et al. (2005b).

A feasibility study of the MAX mission was conducted by the French Space Agency
(CNES). Further information can be found in Barriere et al. (2005) and Barriere et al.
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Figure 2.18: A possible design of a focusing space mission based on the formation ying concept. The
imaginary optical axis from the lens to the detector is illustrated ( gure from MAX collaboration).

(2006) (including Alvarez J. in both cases).

2.4.2 GRI

The Gamma-Ray Imaging (GRI) mission was an initiative of the European Gamma-
Ray Community in 2007, aiming to the de nition of an European Gamma-Ray mission
within ESA s Cosmic Vision 2015-2025 program (Knodlseder, 2007). The GRI telescope is
composed of two satellites that are actively keeping in formation ying at 100m distance
(see gure 2.18). One spacecraft carries the focusing optics while the other spacecraft
carries the detector. The GRI proposal bene ted from the results of the MAX project
study.

The Laue lens of GRI consists of copper and germanium crystals (about 28.000) arranged
on concentric rings. It was designed to cover the energy range from 200keV up to 1 3MeV,
with an angular resolution of 30arcsec and a narrow eld-of-view of 300arcsec.

The focal plane instrument of GRI is a stack of semiconductor detectors (CdZnTe/CdTe),
actively shielded by BGO scintillators. The focal plane instrument is discussed in more
detail in Chapter 4.

2.4.3 DUAL

The DUAL mission was proposed in 2010 by a consortium led by Peter von Ballmoos
(CESR, Toulouse), in response to a ESA s call for a Medium-size mission opportunity
for a launch in 2022 (von Ballmoos et al., 2010a). The DUAL mission is composed of a
single spacecraft. The optical modules are located on the main satellite while the detector
module is situated on a deployable structure at a distance of 30m from the lens (see gure
2.19).
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Figure 2.19: A possible design for a space-borne y-ray telescope base on Laue lens (figure from DUAL
collaboration)

The Laue lens of DUAL consists mainly of Cu and Ge crystals (about 5800) arranged
on concentric rings. It was designed to cover the energy band 800kel — 900keV, with an
angular resolution of larcsec and a narrow field-of-view of 300arcsec.

A Compton camera, based on a compact array of cross-strip germanium detectors with
passive shielding, was proposed for the focal plane of DUAL.

In addition to the concept of focusing ~-ray telescopes, DUAL was also proposed as a
survey mission. The Laue lens focuses gamma-ray photons onto the Compton telescope,
while the wide-field of the instrument catches v-ray photons from the full sky in the energy
range from 100keV to 10MeV. A more detailed study of the Compton camera of DUAL
is presented in Chapter 5.
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Chapter 3

A Laue lens for nuclear astrophysics

A Laue lens telescope is intended to overcome the lack of sensitivity for nuclear astro-
physics -ray lines by focusing the cosmic -rays onto a small detector, and thus, reducing
drastically the e ective background volume noise.

The concept of a Laue lens telescope has been developed at Centre d Ftude Spatiale des
Rayonnements, Toulouse, for a number of years (von Ballmoos & Smither, 1994).

In the framework of the R&D project CLAIRE, a Laue lens prototype was built and
extensively tested in the laboratory, in stratospheric balloon ight campaigns (Halloin,
2003), and in a ground campaign (Alvarez et al., 2004a). This last campaign, the long
distance test of the CLAIRE lens, is presented and discussed here.

3.1 Principles of a Laue di raction lens

The basic principles of a Laue lens design, along with basic crystallographic concepts, are
described in this section. A detailed introduction to the crystallographic theory can be
found in Zachariasen (1945) or more recently and more speci cally related to Laue lenses
in the work presented by Halloin & Bastie (2005).

3.1.1 Scattering in a crystal

In order to explain the scattering process of -ray photons in a crystal lattice, we must
rst model the intensity scattered by free electron, then the scattering by a set of electrons
bound in an atom, and nally the scattering by an atomic cristal lattice.
In section 2.1.2; the incoherent scattering (Compton scattering) of a photon with a free
electron was discussed. As mentioned there, a more realistic description of photon scatter-
ing should include the e ects of the binding energy of the electron, taking into account the
full distribution of electrons in the atom. However, the intensity of the radiation scattered
from an atom is obtained by squaring the sum of the amplitudes of the scattered radiation
by each atomic electron, where two possible cases should be considered: coherent and in-
coherent scattering. In the coherent scattering, the amplitudes of the scattered radiation
by each electron are added and the sum is squared. For incoherent scattering, there is no
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relationship between the radiation of the di erent electrons, and thus, the total scattered
intensity is obtained by adding the individual intensities scattered from each electron. An
extensive discussion of atomic scattering is given in Davisson (1966).

The amplitude of scattering from a single atom is called atomic scattering factor or form
factor (f), and depends on the atomic electron charge density distribution. The exact
computation of this factor is a di cult task, since it requires considering the coherent
di usion by each electron, taking into account screening factors. Theoretical results are
obtained within the framework of quantum theory, e.g the Hartree-Fock method (see
Figure 2.5) and Thomas-Fermi method.

Once the radiation scattered from one atom is known, the scattering from a crystal can
be obtained by adding the radiation scattered by each atom, from which the so-called
structure factor (F) is de ned. This coe cient quanti es the scattering e ciency of an
elementary cell. The di erence in path length from the scattering centers is translated into
a phase di erence, leading to a constructive or destructive interference in the scattered
intensity by the crystal. As will be shown next, maximum interference takes place when
the Bragg relation is satis ed.

3.1.2 Bragg di raction

The notation system in crystallography for planes and directions in crystal lattices is based
on the Miller indices. A family of lattice planes is determined by three integers (hkl). Each
index denotes a plane orthogonal to a direction (hkl) in the basis of the reciprocal lattice
vectors (see e.g. Kittel (2005)). For the special case of simple cubic crystalline lattice, the
spacing (dwy) of planes (hkl) is given by:
d=——2 (3.1)
h? + k2 + 12

The Bragg law provides a relationship between the spacing of atomic planes (di), the
energy (E) and angle ( ) of the incident radiation:

2dppysin = ne = n%c (3.2)
This relationship can be easily derived from the von Laue formulation of difraction. Figure
3.1 shows schematically the geometric condition for di raction, where kg and k are the
incident and di racted wave respectively. The Laue condition states that in order to obtain
constructive interference, the direction given by ¢ = k£ kg should be perpendicular to
the plane described by the Miller indices.
From the de nition of ¢, it follows that:

2
q = q=2kgsin 7;:2—¢Sin ; (3.3)
€o
where € is the wavelength of the incident beam, and ; is the angle of ky with respect to
the plane orthogonal to ¢. Since the reciprocal lattice vector ¢ can be expressed as:
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Figure 3.1: Schematic representation of diffraction in a crystal according to Laue’s formulation.
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From (3.3) and (3.4), the Bragg’s equation (3.2) is immediately derived.

q (3.4)

This relation is valid for an ideally perfect crystal. Actually, even for very good monocrys-
tals, the relation is not purely monochromatic and the diffraction has a very small angular
width of the order of few arcseconds (Halloin & Bastie, 2005).

3.1.3 Darwin mosaic model

In order to study the diffraction in a crystal, a first approximation is to assume that the
interaction of the propagating waves inside the crystal medium is negligible. This theory
is known as kinematical or geometrical. A more general theory, commonly referred to as
dynamical theory of diffraction, takes into account the interaction between incident and
scattered radiation inside the crystal medium (Zachariasen, 1945). However, neither of
both theories explain the measurements performed on macroscopic crystals. The angular
(or energy) acceptance of a real crystal can be relatively large (up to few degrees) and
the diffraction efficiency is much higher than expected from a perfect crystal (Halloin &
Bastie, 2005).

A description of a macroscopic crystal was proposed by Darwin (1941) as an agglomerate
of perfect crystals blocks. Structural defects on a real crystal (e.g., impurities, dislocations,
inhomogeneous strains) are expressed by perfect crystallites which are slightly offset in
angle (see Figure 3.2). This model (known as Darwin or mosaic model) is defined through
an angular distribution of the crystallites (a continuous function of the orientation of the
blocks) and their mean thickness. Usually, it is assumed that this function is a Gaussian
distribution with a FWHM called the mosaicity or mosaic width.

Each single perfect crystal shown in figure 3.2, only diffracts an energy band over an
angular range called the Darwin width (see e.g. Authier & Malgrange (1998)). Another
assumption of the mosaic model is that the mosaicity is much bigger than the Darwin
width, which is usally valid for mosaicities above ten arcseconds. In this case, the beam
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Figure 3.2: Schematic representation of a mosaic crystal. The orientation of perfect crystallites is
assumed to be a Gaussian distribution, whose FWHM is called the mosaicity.

diffracted from the individual crystals blocks does not interfere. The diffracted intensity
can be expressed by the following equation (see e.g. Halloin & Bastie (2005)):

1 1

— = —[1—e2T]e T 3.5

L lp-e 45
where [ is the incident intensity, T is the crystal thickness, p is the linear attenuation
coefficient, and o is the diffraction coefficient, whose definition is analogous to the atten-

uation coefficient (see section 2.1.1):

o= mE (3.6)
to
where m is the distribution of the crystallite orientation, tq the size of the cristallite and
R is the integrated intensity diffracted by a single perfect crystal (given by the dynamical
theory of diffraction).
Equation 3.5, along with equation 3.6, is used to estimate the diffraction efficiency of a
mosaic crystal and by extension, the efficiency of a Laue lens (see e.g. Naya (1995) and

Halloin (2003)).

3.1.4 Lens design in Laue geometry

The diffraction in a crystal can either occur near the surface (i.e. beam penetrates and
exits through the same surface in the crystal) or while the beam is propagating through
the crystal (i.e. beam penetrates through a surface and exits through the opposite surface
in the crystal). Both geometric configurations, named Bragg geometry and Laue geometry
respectively, are shown in figure 3.3.

For ~-ray energies above one hundred keV, the diffracted angle given by the Bragg’s
law (eq. 3.2) is so small that extremely long crystals are needed in the Bragg geometry
configuration, e.g. a diffraction angle of 1degree for a 1em beam would require a crystal
length of L = A/sinf ~ 57cm (Naya, 1995). Therefore, Bragg geometry is not suitable
for a lens in the MeV energy range and Laue geometry should be used. Moreover, Laue
lens design fits well in the MeV range due to the low attenuation of v-ray photons going
through a crystal at these energies.
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Figure 3.3: Diffraction in Bragg and Laue geometry.

Geometric description

A ~-ray lens in Laue geometry is shown schematically in Figure 3.4. Assuming that the
radiation source is located at an infinite distance from the lens (i.e. v-rays come parallel
to the optic axis of the lens), an incoming 7-ray must satisfy the Bragg relation (eq. 3.2)
in order to be diffracted to the focal plane. This means that a crystal placed at a distance
r1 from the optical axis, must be oriented so that the angle between the incident beam
and the crystalline plane is just the Bragg angle 6. This can be done for a given energy
E. and constant djk) of the crystal. Crystals are placed at the distance r; from the
optical axis in a ring structure, so that all of them diffract the incident radiation FE.
onto a common focal spot. Similarly, crystals placed at distance () are able to diffract
the same energy (FE.,) onto the same focal spot when the new difraction angle (given by
the Bragg law) is suited geometrically. This can be obtained by using other materials for
the cristal with different constant d,u. For a given focal distance F,, the relationship
between the radius of the ring r; and the crystalline plane distance d; is given by:

nA nhe

Al me (3.7)

where n is the diffraction order and A is the wavelength of the incident photon.

ri = Fotan(20s) = Fi

In order to build a Laue lens and diffract a monochromatic beam onto a common focal
spot, the product r;d; must be constant.

Let’s consider now the case of a source located at a distance D of the Lens’ center (see
figure 3.4). In this case, for the same energy of the incident photons and the same ori-
entation of the crystals, a different focal distance is obtained. The following geometrical
relationship between angles and distances in both cases can be easily obtained:

tan(d — 0.) = % , tan(f + 0.) = % (3.8)
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Figure 3.4: Di raction process is displayed schematically through a crystal placed in a concentric ring of
a Laue lens. F and E, are the di racted energies from a source at distances D and in nity, respectively;
r is the radius of the ring and d is the distance between di raction planes ([hkl] are the Miller indices).

For small di racted angles (high energy photons) the Bragg s relationship can be approx-
imated by:

he he
2d n = — 3.9
(hkl) SN i 2 (3.9)
Similarly, the geometric relationship (eq. 3.8) can be approximated by:
r
— 3.10
e (3.10)
From eq 3.9 and eq 3.10 the following expression is obtained:
1 1 2d
TRk LR (3.11)

E E ' he D
This equation shows a relationship between the energies of a source located a distance D
and a source located at in nity from the lens. This equation is very useful when tuning a
Laue lens in the laboratory where the distance from the source to the lens is quite limited.

Similarly, performing the linear approximation in equation (3.8):

r -~ I p _T
2

(3.12)

a relationship between focal lengths F' and F'  can be obtained.
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3.1. Principles of a Laue di raction lens

11 1 (3.13)
F D F '
which is analogous to the equation of a classical optical lens.
Finally, from equation (3.7) the following relationship is obtained (for n=1):
rk d[hkl}
F _— 3.14
o (3.14)

This expression allows to distinguish two types of lenses in order to de ne the focal spot
of a Laue lens:

e The rst type uses various crystalline materials (or di raction planes), in order to
keep the product rd, constant for each ring of the lens. Thus, all crystals di ract
the same energy value on the same focal spot. This allows the design of a narrow
bandpass Laue lens, like the one of the CLAIRE prototype.

e In the second type of lens, the same di raction planes are used on many consecutive
rings so that the di racted energy is slightly shifted from one ring to the next. If
each individual crystal di racts a large enough bandpass energy, the contributions
of the neighbouring rings overlap and the result is a broadband continuous energy
coverage. An example of a broad bandpass Laue lens is the Laue lens proposed for
the GRI mission (see Chapter 4).

Energy bandwidth of a Laue lens

The energy bandpass of a Laue lens is given by its design (either narrow or broad band-
pass), but the energy bandpass of a single crystal is also a fundamental parameter for
the design of a lens. As pointed out in section 3.1.2, an ideally perfect crystal has an
angular range (Darwin width) over which the Bragg relationship is veri ed. This angular
range is very narrow and leads to an energy band of a few eV. The Darwin model of
a crystal assumes that the mosaicity is much bigger than the Darwin width, in which
case, the energy bandwidth of a single crystal increases with mosaicity. The relationship
between mosaicity and energy bandpass can be estimated by di erentiating the Bragg s
relationship (3.2) in the small angle approximation:

2d E*
E - 3.15
v (3.15)
where is any angular deviation (either the mosaicity or source s depointing) and FE

is the energy bandpass. Therefore, the energy bandpass of a mosaic crystal grows with
the square of the energy. On the other hand, the re ectivity e ciency of a mosaic crystal
decreases with the crystal mosaic width, although it also depends on the thickness of the
crystal.

In the particular case of the CLAIRE lens, relation (3.15) becomes:

d E

E 40
(dGe[nl] 511/{Z€V) (1arcmin

VkeV (3.16)
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An extensive study of the e ciency of mosaic crystals and the optimization for the Laue
lens CLAIRE design can be found in Halloin (2003).

From the mosaicity of the individual crystals, a Laue lens can be designed with a certain
spectral range, either narrow or broad energy bandpass, as long as the crystal alignment
is kept with great precision. The energy bandwidth of a narrow band lens is given by
equation (3.15). On the other hand, for a broad band lens, the di racted energy depends
on the radius. From one ring to another, the di racted energies di er by:

d E?
he F

where 7 is the radio di erence between rings (1o 7 in Figure 3.4).

E (3.17)

From equations 3.17 and 3.15, there is an energy overlap between two identical crystals
at di erent radii only if:

r < 2F (3.18)

In order to have a smooth energy distribution in a broad band lens, this relationship
between the mosaicity of the crystals (or accuracy on the crystals positioning), , the
focal lengh of the lens, F' , and the distance between rings, r, and therefore the size of
the crystals, must be satis ed.

Instead of following a ring-shaped distribution, the crystals can be distributed according
to an Archimedes spiral, where the crystal radius changes with its azimuth angle. This
distribution, proposed by Lund (1992), would ensure a smooth energy distribution.

3.2 First prototype of a Laue lens for -ray astro-
physics: CLAIRE

The CLAIRE project was a stratospheric balloon ight experiment aimed to prove the
principle of a Laue di raction lens for nuclear astrophysics (von Ballmoos et al., 2004a)
(including J. Alvarez). The instrument payload consists of three instruments: a Laue
di raction lens, an array of HPGe detectors and a balloon gondola capable of stabilizing
the -ray lens with pointing accuracy of a few arcseconds.

On June 2001, CLAIRE was launched by the French Space Agency (CNES) from its
balloon base at Gap, in the French Alps, and was recovered after 5 hours at oat altitude.
During this stratospheric ight, the instrument was pointed to the Crab nebula during
3.5h with a ne pointing quality. An extensive discussion on this ight can be found in
(Halloin, 2003).

On May 2003, the CLAIRE lens was tested on a 205m long set-up in an aerodrome
near Figueres (Girona) (Alvarez et al., 2004a). The measurements of this long distance
test con rmed the results of the stratospheric balloon ight experiment and were a crucial
contribution to CLAIRE s concept proof (von Ballmoos et al., 2005) (including J. Alvarez).
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CLAIRE’s gamma-ray lens

A Laue lens system was built and successfully tested by Naya et al. (1996). Moreover, the
efficiency of Germanium crystals was tested experimentally and a good agreement with
the Darwin model was obtained (Kohnle, 1998). As a consequence of this experiment and
in order to demonstrate the diffraction lens principe under space conditions, a Laue lens
for nuclear astrophysics has been developed at CESR (Toulouse) during these last years.

Figure 3.5: Photography of the CLAIRE’s lens during the long distance test in Ordis

The lens consists of 556 Ge(Si) crystals mounted on eight concentric rings of a 45¢m
diameter titanium frame (see figure 3.5). The total geometric area of the lens is about
511 em?. The structure was designed and manufactured at the Argonne National Labo-
ratory (USA) and the crystals were produced at the Institut fur Kristallzuchtung (IKZ)
in Berlin. The crystals were glued on a flexible aluminium support and then they were
mounted on the lens frame at the CESR in Toulouse.

Table 3.1 lists the main design parameters of the lens: dimensions and crystal planes
of each ring of CLAIRE’s gamma-ray lens. The Miller indices [hkl] correspond to the
germanium crystals (lattice constant a = 5.56A ) with a small amount of silicon, added
to obtain the required mosaicity. The crystals (Ge;_,Si,) were grown through a modified
Czochralski technique described by Abrosimov et al. (2005). Basically, in this method of
producing large single crystals, a small seed crystal of semiconductor material is inserted
into a crucible filled with similar molten material, then slowly pulling the seed up from
the melt while rotating it.

As mentioned previously, in order to test the application of a v-ray lens for astrophysics,
CLAIRE’s lens was designed to observe a celestial source during a stratospheric balloon
flight. This means that the focal length of the lens should fit on a balloon instrument.
Taking the continuum energy emission from the Crab Nebula at 170keV, a feasible focal
distance of 279c¢m was obtained. At the focal plane, the diffracted photons were con-
centrating onto a common focal spot of about 1.5¢m in diameter. This size is basically
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Ring Plane [hkl] d[hkl] [A] Number of Crystals Crystal size [mm| Mean radius [mm]|

0 111 3.27 28 10x10 61.7
1 220 2.00 52 10x10 100.8
2 311 1.71 56 10x10 118.2
3 400 1.41 72 10x10 142.6
4 331 1.30 80 10x7 156.2
5 422 1.15 96 10x10 174.7
6 333 1.09 96 10x7 188.1
7 440 1 104 10x10 201.7

Table 3.1: Germanium crystal’s parameters and dimensions of CLAIRE’s v-ray lens.
determined by the size and shape of the crystal (~ 1em?) projected onto the focal plane.
As described in section 3.1.4, the CLAIRE’s lens is a narrow bandpass Laue lens. The

mosaicity of the crystals ranges from 30 arcsec up to 2 arcmin, leading to a diffracted
energy bandwidth of about 3keV at 170keV (eq. 3.15).

Tuning the Laue lens

2 HPGo deachor

ArEY T

"'F'r-- s

Figure 3.6: Optical bench for tuning the Laue lens at the CESR (Toulouse).

Tuning the lens means tilting each crystal to the appropriate Bragg angle so that the
diffracting energy is 170keV for a source at infinity. Instead of using a parallel beam of
170 keV photons, the lens was tuned in an optical bench at CESR (see Figure 3.6) with
the beam of an X-ray generator placed at a distance of 14.16m from the lens. Applying
equation (3.11) to the CLAIRE’s lens, the following relation is obtained:

100keV  100keV 10m
~ 3251 — 1
- 5 0321 (3.19)

where the multiplying constant is slightly different for each ring, since the spacing d(, 1)
of the crystal depends on the ring (see table 3.1).

The graph in Figure (3.7) shows the relationship between source distance and diffracted
energy. At the available distance at the CESR’s laboratory (14.16m) the corresponding
tuning energy is 122keV .

Each crystal was mounted on an aluminum plate and tilted with a screw (see Figure 3.8)
so that the diffraction peak was measured at the corresponding energy (122.28keV’) on
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Figure 3.7: The graph shows the relationship between source distance and diffracted energy, according
to equation 3.19 applied to the CLAIRE ~-ray lens.

(a) Tuning a the ~v-ray lens (b) Schematic of tilting process of the
at the CESR. crystals in the lens’s frame.

Figure 3.8: Photograph of the CLAIRE’s lens and crystal mounting detail.

the focal plane where the detector was placed. This process was done with the 556 crystals
as preparation of the lens for the balloon campaign as well as the ground test.

3.3 The Long Distance Test of CLAIRE

In order to measure the diffraction efficiency of the lens, several laboratory tests were
performed using an X-ray generator source and different isotopes sources. However, at
the laboratory distance the angular size of the crystal is about a few arcmin, which is
larger than the mosaicity. Therefore, only a small fraction of each crystal contributes to
the diffraction.
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To measure the total lens response, a distance larger than a hundred meters between lens
and source is needed. For this long distance the angular size of each crystal (1 cm height at
205m) becomes small enough in comparison to the mosaicity. In addition, the di raction
energy is very close to the one corresponding to a source at in nity (see Figure 3.7).

Figure 3.9: Photograph of the long distance test setup along one of the tracks of an aerodrome in Ordis
(May 2003).

For this purpose, a ground test was arranged with the CLAIRE s lens pointed to an X-
ray generator (300-kV tube) placed at a distance of 205m from the lens (Alvarez et al.,
2004a). The test aimed not only to calculate the lens e ciency but also to validate the
energy-distance relationship, verify the pointing system and measure the lens response to
depointing.

3.3.1 Test preparation

Experimental setup

In order to prepare the experiment, three mobile cabins were placed along one of the
tracks of an aerodrome in Ordis (Girona) (see Figure 3.9). The lens and HPGe detector
were housed in one of the cabins. At 205 m, the X-ray generator was placed inside another
cabin. A lead panel was installed 10 m away from the X-ray tube, in order to collimate the
beam. The third cabin, used as a control room for data acquisition, was located tens of
meters away from the detector s cabin. The general layout of the test is shown in Figure
3.10.

Radiation source In order to have enough ux to obtain a measurement in a reasonable
exposure time (no more than 10-15 minutes for each run) an industrial X-ray generator
tube was used for the test.

An X-ray tube mainly consists of a solid target on the anode, and a lament on the
cathode. When an intense current passes through the lament, electrons are emitted from
the cathode and are accelerated towards the anode by a potential of hundreds of kVolts.
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Figure 3.10: General setting of the long distance test assembly in May 2003 along one track of an
aerodrome in Ordis.

Figure 3.11: Photograph of the X-ray generator (a), -ray lens (b) and HPGe detector (c) used in the
long distance test (detailed description on the text).

The radiation emitted has a spectrum characterized by a continuous bremsstrahlung and
characteristic uorescent lines of the target material. Figure 3.12 shows a calculated spec-
trum of an X-ray tube with a Tungsten anode, absorbed by air along 200m (Poludniowski
et al., 2009).

An industrial X-ray tube (Model-ICM D3006) * was used in the test. Its main character-
istics are listed in table 3.2. With the purpose of reducing the large aperture angle of the
beam to about 5deg, a lead screen with a 20cm diameter hole in the center was placed
10m away from the source (see Figure 3.13). In addition, some blocks of lead were also
placed around the X-ray tube (see in Figure 3.11 (a)).

The voltage and current of the X-ray tube were set to 250kV and 1mA. As will be
discussed later, this voltage and current yield a high enough ux in the energy range
[160 170]keV, after absorption by 205m of moist air. Due to the small size of the source
(2 522 5mm) and the long distance, the source can be considered to be point-like.

Alignment A rst alignment was performed with topographic techniques, for position-
ing of the lens and the generator. Then, the alignment method for the test was similar to

Thttp://www.icmxray.com/
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Figure 3.12: Calculated spectrum of an X-ray tube with a Tungsten anode after 200m of air absorption.

Figure 3.13: Photograph of the lead diaphragm (front) and the X-ray tube (back) used in the test.

the one used in the laboratory and the stratospheric-balloon ight.

As described in von Ballmoos et al. (2005), a small optical telescope equipped with a
CCD camera was mounted in the centre of the lens frame with a special rotating system
that allows to de ne the lens s optical axis when the telescope turns around. Observing a
light source (while this small telescope is rotated) allows to observe a circle on the CCD
image whose centre gives the direction of the rotation axis. This invariant pixel is then
used to represent the -ray lens optical axis.

As shown in Figure (3.11) (a), a lamp was mounted just in front of the X-ray source in
order to obtain the location of the invariant pixel and point the lens. A black screen with
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Characteristic Value

Model ICM SITE-X D3006
Voltage 130 to 300 kV
Current 1 to 6 mA
Anode material W
Inherent attenuation 4mm (Al)
Spot size 2.5 x 2.5 mm
Operating temperature range 25 to 70 °C
Aperture angle of the emission 60 x 40

Table 3.2: Main characteristics of the X-ray tube used on the long distance test.

a hole was placed a few meters away from the lens to reduce the e ect of the ambient
light on the CCD.

HPGe detector The detector consists of a matrix of 3 3 Ge detectors housed in a
single cylindrical aluminum cryostat. Each one of the single Ge bars is an n-type coaxial
detector of 15 15 4 cm with an internal electrode hole of 4mm diameter and energy
resolution about 1% (FWHM). The thermal control for the detectors is provided by a
liquid-nitrogen dewar with a capacity of 301, which ensures a cooling lifetime of about 2
weeks. This detector array, used in the CLAIRE project, is described in detail in Naya
(1995). As shown in Figure 3.11 (c), a lead cylinder of 2mm thickness and 70mm height
was used to shield the HPGe detector during the test.

3.3.2 Measurements

The recorded beam spectrum from the X-ray tube at the distance of  200m, when the

-ray lens was removed from its position, is shown in Figure 3.14 (curve named Beam
ON ). The continuous shape of the spectrum is produced by the bremstralung radiation
emitted by the X-ray tube, while the di erent peaks are produced by the characteristic
emission lines of the anode (see Figure 3.12). The emission lines from the abundant lead
used in the test are also shown in the spectra, even in the background spectrum recorded
when the X-ray tube was turned o (named as Beam OFF in Figure 3.14).

The spectrum of the incident beam also shows a contribution due to the Compton scat-
tered photons that reach the detector, i.e., the ux detected by the detector is not only
the direct beam from the source but also part of the scattered beam on the 200m air
column. In order to determine this contribution (see next section), the so-called chopper
technique was used. It consists of suppressing the direct beam by blocking the detector

eld of view with an occulter (see e.g., Shonfelder et al. (2001)). In this case, the occulter
was a block of lead (10 10 5e¢m) placed between the source and the detector, 100m
away from the source. The recorded spectrum is shown in gure 3.14 ( Beam Blocked ).
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Figure 3.14: Recorded beam spectrum without the CLAIRE s lens (details in the text)
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Figure 3.15: Di racted peak of the CLAIRE s lens for two incident beam uxes.

First measurements of the -ray lens di raction peak are shown in 3.15. The ux of the
incident beam was reduced by decreasing the current on the X-ray tube, from 4mA to
1mA. Since the di racted peak is more symmetrical at lower uxes, and the exposure
time required for the acquisition was about 10 minutes, the value of 1mA (and 250kV)
was used to perform the test.
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Figure 3.16: Recorded spectra with a source on and o -axis. As the o -axis angle increases the FWHM

of the di raction peak also increases.
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Figure 3.16 shows the recorded spectra with the source on-axis ( = 0) and for various
o -axis angles. As the angle increases, the FWHM of the di raction peak also increases.
The o -axis angle was measured accurately using the autocollimation technique that was
performed with a theodolite pointed to a small mirror located on the lens frame.

Calibration

The energy calibration of the HPGe detector was performed several times during the test.
For this purpose the spectra of two radiactive isotopes (1*? Eu and *"Co) were recorded.
Figure (3.17) shows two of these recorded spectra. A gaussian distribution was tted to the
main peaks of the °"Co (122keV, 136keV) and "2 Fu sources (121keV, 244keV, 344keV,
778keV), and a linear regression curve was tted and used for the calibration. From here
on, spectra are represented in [keV] instead of channels.
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Figure 3.17: Measured spectrum of 52Fu (a) and 57Co (b) and calibration curves.

3.3.3 Analysis and Results

Incident beam

The beam incident on the lens is estimated by means of the chopper technique discussed
in section 3.3.2. The occulter (a lead brick) blocks the photons emitted by the source
within the solid angle of the detector. However, there is a fraction of photons that have
su ered Compton scattering in the air and reach the detector without crossing the lens.
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Figure 3.18: Estimation of the incident beam on the lens from the so-called chopper technique (see text
for details).

In the blocked mode the recorded spectrum is produced by photons that have undergone
at least one Compton scattering along their track to the detector, while in the unblocked
mode, when the occulter is removed, both direct and scattered photons are recorded. An
estimation of the incident beam on the lens can be obtained by subtracting the spectrum
measured in the blocked mode from the spectrum measured in the unblocked mode,
as shown in Figure (3.18). A quadratic t of the subtracted ux was performed in the
energy range [120-250]keV. Hence, the ux incident on the lens is given by the following
expression:

F[E] = po(E  1655)* +pi (B 1655) + po
pp = (1714 174)10 ° [counts s keV?® cm?]
p1 o= (3231 1434)10 ® [counts s keV? cm?]
po = (0155 004) [counts s keV cm?] (3.20)

A particularity of the chopper technique is that the geometrical arrangement of the setup
is not the same with and without the occulter. Therefore, the recorded spectrum in the
blocked mode has an additional contribution that is not present in the unblocked mode:
the scattered photons coming from the occulter itself. This e ect is usually studied by
means of Monte Carlo simulations. In our experiment, this additional contribution is
negligible (see Halloin (2003)).

Di raction peak

Figure 3.19 shows the spectrum of the di racted peak with the source on-axis. The peak
is tted to a Lorentzian distribution plus a linear part:
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Figure 3.19: Spectrum of the diffracted peak with the source on-axis.

P(E) = +p1E + po

(1+ (552)2)
A = 5.912+£0.051 [counts/s/keV]
Ey = 165.01£0.02 [keV]

FWHM = 2A=387+004 [keV] (3.21)

According to equation (3.11), the diffracted peak for a source at 205m is expected at
165.5keV . However the measured peak is slightly lower (165.01 4 0.02keV) probably be-
cause of detector calibration shifts.

In addition, the width of the peak is wider than expected, (3.87 &+ 0.04keV) instead of
3keV (FWHM). This is most probably due to the effect of the strong wind during the
test that caused oscillations of the experimental setup during acquisition (i.e., off-axis
pointing).

Lens efficiency

The efficiency of the lens can be derived by the following expression (Naya, 1995):

ADNLD?S‘GTLC
€di =
wri n s Np(Dy+ Dg)?e.

(3.22)

where:
N, count rate diffracted by the lens and seen by the detector

Np count rate measured by the detector when the lens is removed from the system
Dg = 205m distance from the lens to the source
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D; = 2.77m distance from the lens to the detector

Ap = 4.9 em? area of the detector
n = 556 number of diffracting crystals in the lens
s = 1 cm? average surface area of the front side of a single crystal

€ne  detector efficiency for a non concentrated beam
€. detector efficiency for a lens concentrated beam

Using the incident flux from equation 3.20 and the diffracted flux from equation 3.21 we
are able to determine the lens efficiency. Considering that the detector efficiency for a
concentrated and non concentrated beam is the same (e,. = €.), the peak efficiency at
quasi infinite distance is 7.34+0.7% at 165.5 keV. Assuming a width of 3 keV, the obtained
peak efficiency is 8.5 + 0.7%.

Source off axis

Figure 3.20 shows the energy response of the lens for various depointing angles, from 30
to 300 arcseconds (successive plots have been shifted down for clarity). The raw data of
these spectra were displayed individually in figure 3.16.
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Figure 3.20: Energy response of the lens for various depointing angles, from 30 to 300 arcseconds.
Successive plots have been shifted down for clarity.

These accurate measurements were compared with the results of a Monte-Carlo simulation
of the CLAIRE’s lens, reported in (Halloin et al., 2004) -including J. Alvarez-. The shape
and deformation of the energy response are well reproduced by the realistic model that
includes the parameters (mosaicity, mean length of the crystallites,...) obtained during the
lens tuning Halloin (2003). This Laue lens model has been included in a software package
(Halloin, 2005b) that is used to calculate the point-spread-function of a Laue lens in the
following section.
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3.3.4 Conclusions

Within the experimental margins, the long distance test con rms the relationship between
distance and di racted energy for the energy chosen for the CLAIRE s stratospheric bal-
loon ight (170keV).

The measured e ciency of the lens was 8 5 0 7%, assuming a width of 3 keV (FWHM),
which is in good agreement with the peak e ciency deduced from the balloon ight
(von Ballmoos et al., 2005). Data obtained during tuning shows that some crystals are
much more e cient than others, therefore the e ciency calculated from the experiment
is limited by the quality of the crystals used in the CLAIRE s lens (von Ballmoos et al.,
2004b).

In recent years, a great e ort has been made to develop more e cient di racting crystals,
such as mosaicity copper and gradient silicon-germanium (Barriere et al., 2007), which
can increase signi cantly the e ciency of a Laue lens telescope.

Another important result of the test was to study the e ect of lens depointing. The
broadening of the spectrum with increasing o -axis angle matches very well the prediction
of a theoretical model of the instrumental response of the lens developed by Halloin (2003).
In this sense, this experiment validated the Monte-Carlo simulation code of a Laue lens,
which has been crucial to predict the point-spread-function (see below) of a Laue lens for
a future space mission.

Results of CLAIREs Long Distance Test along with those from the balloon ight, have
successfully demonstrated the feasibility of a -ray lens telescope based on a Laue lens.
Therefore, the Laue lens is a very promising instrument concept for astrophysics, o ering
the possibility to increase the sensitivity by more than an order of magnitude with respect
to existing instruments.

3.4 Point Spread Function of a Laue lens

The Point Spread Function (PSF) of the Laue lens describes the two-dimensional distri-
bution of photons in the focal plane of the lens for a point source at in nity. As far as the
capability of concentrating an on-axis source is concerned, the Laue lens is similar to a
classical optical lens. However, the observation of an o -axis source induces deformation
of the PSF associated with the modi cation of the di racted spectrum shown in Figure
3.20. In order to de ne the optimal detector for the focal plane of a Laue lens telescope,
it is essential to know the point-spread-function (PSF) of the lens.
The imaging response of the Laue lens has been simulated using a Monte Carlo software,
speci cally developed for Laue lenses simulations (Halloin, 2005b). The simulations have
been performed for an on-axis source and for various o -axis angles with two di erent
lenses. The results are illustrated on Figures (3.21) -CLAIRE Laue lens- and Figure (3.22)
-MAX Laue lens-.



(a) on-axis (b) 30 o -axis
| z I | .. : I
(¢) 60 o -axis (d) 90 o -axis
(e) 180 o -axis (f) 360 o -axis

Figure 3.21: Focal spot of the CLAIRE lens for various depointing angles (based on Halloin (2005b)).
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(c) 60 o -axis (d) 90 o -axis

Figure 3.22: Focal spot of the Laue lens con guration proposed for the MAX mission for various
depointing angles in the energy band 790-910 keV (based on Halloin (2005b)).

In order to obtain the results show in Figure 3.21, the design of the narrow band CLAIRE
lens was used (see table 3.1), considering an energy of 170keV and focal length of 2.76m.
Figure 3.22 shows the results for the broad band lens proposed for the MAX mission. For
this simulation a lens made of concentric rings of germanium and copper was considered,
with an energy range from 400keV to 950keV and focal length of 80m (see description of
the MAX Laue lens in Barriere et al. (2005)).

The Monte Carlo simulations show the imaging properties of a Laue lens for two cases:
narrow band Laue lens with short focal length and broad band lens with a long focal
length. The PSF of a narrow band lens is only slightly modi ed by the o -axis angle. On
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3.5. Gamma-ray beam line facility for the development of Laue lenses

the contrary, the focal spot of a broad band lens is very sensitive to the depointing. As
shown in gure 3.22, the PSF becomes a ring-like structure with a dependence on the
azimuthal angle.

Although the Laue lens behaves basically as a radiation concentrator, this azimuthal mod-
ulation of the point-spread-function (PSF) allows to determine the position of the source
within its eld-of-view, giving a certain imaging capability to the lens.

Simulations performed with the Monte Carlo code (Halloin, 2005b), based on the princi-
ples and equations of the Darwin model, con rm the imaging properties of a Laue lens as
discussed in Halloin (2005a). Regarding the spectral properties, the energy response of a
narrow band lens is very sensitive to the depointing (see Figure 3.20), while the spectral
shape of a broad band lens is only slightly a ected (see Halloin (2005a)).

3.5 Gamma-ray beam line facility for the develop-
ment of Laue lenses

The optical bench at CESR (see gure 3.6) allowed the tuning of the rst prototype of a
Laue lens for nuclear astrophysics at the energy of 170keV. Likewise, the Ferrara (Italy) X-
ray facility with a tunnel of 100m long, is being used to perform studies of mosaic crystals
at hundred keV (Lo rendo et al., 2005). However, a beam line for higher energy -rays is
needed for the development of a Laue lens telescope, both for testing and calibration.

The possibility to produce an energetic and highly polarized -ray beam through Compton
scattering of polarized laser light with high energetic electrons beam was pointed out
in 1963 (Arutyunian & Tumanian, 1963). The characteristics of the -ray beam (energy
range, energy resolution, intensity, polarization,...) will depend on the characteristics of the
electron and laser beam. The maximum achievable gamma-ray energy is a function solely
of the laser photon energy and the electron energy. For a given laser photon wavelength the
spectrum of energies extends from zero to this maximum. For (linear or circular) polarized
laser photons, the gamma rays are also polarized, being the polarization transfer maximum
at the top of the energy range. Most of the gamma-rays are emitted in a very narrow
cone, providing a naturally collimated beam. The total gamma-ray intensity depends on
the overlap of laser and electron density distributions and the Compton cross-section. A
detailed description of the characteristics of a laser backscattering -ray sources can be
found in Tain et al. (2004). Table 3.3 lists several of such facilities existing worldwide.

After our experience at the long distance test of CLAIRE, we participated in a collabora-
tion aimed at the construction of a backscattering -ray beam-line (Tain et al., 2004) at
the synchrotron radiation facility ALBA ? located in Cerdanyola del Valles (Barcelona),
that was constructed and is operated by the CELLS (Consortium for the Exploitation of
the Synchrotron Light Laboratory) consortium. The laboratory was o cially opened for
experiments on seven beamlines in 2010. We submitted a proposal of a gamma-ray beam

http://www.cells.es/
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Name Energy [MeV] Intensity [s 'MeV '] Resolution [FWHM]
ETL-LCS [Tsukuba) 1-40 106-10* 2.7-5%
NewSUBARU [Himeiji 1-40 10* i

HIGS [Durham)] 1-20 52107-10* 1%

LEGS [Brookhaven] 110-330 2210 6MeV
ROKK [Novosibirsk] 100-1600 103 1-3%
GRAAL [Grenoble] 400-1500 152103 16MeV
LEPS [Harima] 1500-3500 2 50103 35MeV

Table 3.3: Facilities with laser backscattering -ray sources, data from Tain et al. (2004).

line (Tain et al., 2004) in response to a Call issued in 2004.

Laser Source

Energy [MeV]

Intensity [s 'MeV '] Energy Resolution Polarization [%]

CO,[10.60m) 0.5-16
OPO [1.5-120m)] 16-110
NA:YAG [1.060m] 110-153
Nd:YAG [0.5300m] 153-290
Nd:YAG [0.3530m] 290-417
Nd:YAG [0.2650m] 417-531

3108 - Lin(0-100) - Cir(0-100)
42108 4210° £ =15% Lin(100) Cir(100)
2710° E=7MeV  Lin(85-100) Cir(75-100)
1210° E =T7MeV Lin(50-100) Cir(0-100)
7x10% E=TMeV Lin(80-99) Cir(60-100)
510 E=1TMeV Lin(90-98) Cir(80-100)

Table 3.4: Parameters of the gamma-ray beams at ALBA, data from Tain et al. (2004).

This line would extend the energy photon sources of ALBA into the hard

-ray energy

range. Gamma-rays up to hundreds of MeV would be produced by Compton backscat-

tering of laser photons on the electrons circulating in the synchrotron ring. In such a
line, high intensities could be achieved with energy resolutions of 1.5% and a high degree
(80%-100%) of linear or circular polarization (see Table 3.4). As discussed in Alvarez et al.
(2004b), such a line would be very well suited for the test and calibration of Laue lens

telescopes not only in the eld of crystallography but also for the focal plane instrument.
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Chapter 4

The focal plane detector of GRI

The base-line detector proposed for the focal plane of the Gamma-Ray Imager mission
(GRI) was based on a highly e cient and ne spatial resolution Cd(Zn)Te detector. In
the framework of the GRI mission study, research and development of Cd(Zn)Te detectors
have been done by several groups in the collaboration team. In particular, a R&D project
at the Institute of Space Science (IEEC-CSIC) was conducted in order to nd out an
optimal detector con guration. Monte Carlo simulation studies as well as build-up of a
prototype were acomplished in collaboration with National Microelectronics Centre (IMB-

CNM-CSIC) and Institute for High Energy Physics (IFAE).

4.1 The GRI mission concept

The Gamma-Ray Imager mission, as described in 2.4.2, was proposed to ESA in June
2007 by a large international consortium (see Appendix A). GRI is a focusing telescope
mission based on a formation ight architecture to be launched into a highly elliptical orbit
(HEO). The telescope is composed of two satellites that are kept actively in formation

ying at 100m distance (see gure 2.18). One spacecraft carries a Laue di raction lens
while the other spacecraft carries a detector, that must be placed at the focal plane of the
gamma-ray lens.

4.1.1 Scienti c requirements

The GRI mission is focused on performing detailed studies of cosmic explosions and cosmic
accelerators (e.g., Supernovae, Classical Novae, Supernova Remants (SNRs), Gamma-Ray
Bursts (GRBs), Pulsars, Active Galactic Nuclei (AGN) ) and specially Type la supernovae
(see section 1.1.1), which is one of its main observation targets. An overview of the GRI
scienti ¢ objectives can be found in Knodlseder et al. (2009).
Table 4.1 lists the mission requirements in order to achieve the scienti ¢ goals of GRI.
An improvement in the sensitivity by a factor 30 50 compared with past and current
-ray missions, was the major requirement. This unprecedented sensitivity allows deep
observations, up to a distance of  30Mpc. Moreover, the relatively modest energy res-
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Parameter Requirement Goal

Energy coverage (keV) 20-900 10-1300

Continuum sensitivity 10 7 3x10 8

( E E=1 2 3r 100ks) ph em 2s keV ! ph em 2s ‘keV !

Line sensitivity 3210 6 10 6

( E E=3% 37 100ks) phcem s ! ph cm 2s !

Energy resolution (FWHM) 3% 05%

FoV (arcmin) 5 10

Angular resolution (arcsec) 60 30

Timing 1000 1000

Polarimetry (MDP ! | 37) 5% for 100 mCrab 1% for 100 mCrab

Observing constraints ToO response < 1 day ToO response < few hours
50% sky coverage all-sky coverage

Table 4.1: GRI mission requirements (Knodlseder, 2007).

olution (3% FWHM) would be enough to cover most of the science goals of the mission,
although a goal of 0.5% (FWHM) was established. An angular resolution of 60arcsec was
required in order to avoid confusion in regions with high density of sources. The narrow

eld-of-view, 5  10arcmin, was appropriate for deep observations of individual objects.
In addition, within this eld-of-view, the lens can be used as an imaging device due to its
o -axis response (see discussion in section 3.4).

4.1.2 Laue lens

The gamma-ray optics of GRI comprises a broad-band Laue lens (see section 3.1.4),
covering the energy range from 200keV to 1300keV, complemented by a single re ection
multilayer coated mirror to cover the low energy range (30keV up to 300keV).

The development of the lens was based on the experience acquired from the CLAIRE
project (discussed in Chapter 3). It consists of about 28.000 crystals of copper, germanium
and silicon-germanium, arranged in concentric rings with an inner radius of 65¢m and
outer radius of 180 5em. The angular resolution and eld-of-view of the Laue lens is mainly
determined by crystal mosaicity and focal length, repectively. Table 4.2 list the main
characteristics of the crystals considered for the GRI Laue lens. An extensive discussion
on the crystals for the Laue lens of GRI can be found in Barriere et al. (2007).

Crystal Size [mm] Mosaicity [arcsec] Number RadituSin maez M)
Cu[l111] 10x10 30 3204 650-754.5
Cu[200] 10x10 30 3688 755.5-859.5
Cu[111] 15x15 40 10769 992.5-1805.5
Cu[220] 15x15 40 1167 1046.5-1201.0
SiGe[111] 15x15 32 7167 1201.5-1805.5
Ge[311] 15x15 40 1331 1434-1666
Ge[400] 15x15 40 755 1666.5-1805.5

Table 4.2: Characteristics of the GRI Laue lens.

80



4.1. The GRI mission concept

4.1.3 Focal plane detector

The detector for the GRI focal plane should fulfill the following requirements: high detec-
tion efficiency, highly position sensitivity to sample the point-spread-function (PSF) of the
Laue lens (see section 3.4), good energy resolution to provide the required spectroscopic
performance and polarimetric capability. As presented in section (2.2.2), room tempera-
ture semiconductor detectors (CdZnTe/CdTe) are well suited to all these requirements;
thus, a position sensitive spectrometer of CdZnTe was chosen as baseline detector for the
focal plane of GRI.

The detector configuration included in the GRI proposal is made of four stacked CdZnTe
layers, with octogonal shapes, surrounded by CdZnTe side walls (see Figure 4.1). The top
layer, with a thickness of 5mm, was optimized for photoelectric absorption in the low
energy range. It has a spatial resolution of 0.8mm and detection area of 210cm?. Under
this top layer, three identical layers of 20mm thickness were arranged in the so-called
Planar Transverse Field (PTF) configuration (see section 4.3.1), with a spatial resolution
of 1.6mm and detection area of 214.6cm?. A detection efficiency better than 70%, up to
energies of ~ 1MeV | is reached thanks to the total thickness of the instrument (65mm).

3 layers CZT (boltom detector)

Figure 4.1: Model of the GRI detector at the Istituto di Astrofisica Spaziale e Fisica Cosmica (INAF)
- Roma, adapted from L. Natalucci, J. Alvarez et al., (2008)

The multiple layers of CdZnTe detectors are surrounded by a side detector of 10mm
thickness and 27c¢m length (see figure 4.1) in order to enhance ~-ray absorption in the
Compton regime. The stacked detector is directly exposed to the focused photons from
the Laue lens, while the side wall detector collects the scattered photons from the primary
beam in order to maximize the detection efficiency (see section 4.2.1).

The side CdZnTe detectors are, in turn, surrounded by Bismuth Germanate (BGO) mod-
ules which are read out through coupled photomultiplier tubes (which are described in
section 6.1.1). This provides an active veto shield against charged particles and diffuse
gamma-ray photons. In addition, a collimator of ~ 100cm length made of various mate-
rials (e.g. W, Sn, Cu), is placed on top of the instrument in order to provide a passive
shield against the diffuse cosmic ~v-ray background.
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Further details on the baseline focal plane instrument of GRI can be found in Natalucci
et al. (2008). It should be pointed out here the large number of channels needed in this
baseline con guration.

Alternatively to the baseline instrument, a cooled high-purity germanium (HPGe) strip
detector was proposed (Wunderer et al., 2005). This detector would improve the spectro-
scopic performance while reducing the number of channels, but it would also increase the
instrument complexity because the related cooling and annealing requirements are very
demanding.

4.2 Basic properties of the GRI base line detector

The mass model of the CdZnTe detector used in the Monte Carlo simulations is shown
in Figure 4.2. This model uses a simpli ed geometry of the baseline detector described
above, with square based detector elements.

Figure 4.2: Mass model of the GRI detector.

Only detector performances achieved in the laboratory were included in the model for the
simulation study. An energy resolution of 4.125 keV (FHWM) at 662keV (which worsens
from top to bottom), a depth resolution of 2mm (FWHM) and a trigger threshold of 10keV
were assumed. The state-of-the-art CdZnTe detectors proposed for GRI are described in
Caroli et al. (2005).

4.2.1 E ciency

Figure (4.3) shows the photopeak e ciency as a function of the incident energy for the
baseline detector con guration (displayed with dots) and for a reduced con guration with
no side detector (displayed with squares). It is worth noting that the CdZnTe side detector
increases the e ciency signi cantly (5%-12% depending on energy).

The high stopping power of CdZnTe provides a high photopeak e ciency up to 1.2MeV.
However, gure (4.3) shows an ideal case in which all the charge generated in the detector
is collected. As described in section (2.2.2), the incomplete charge collection degrades the
energy resolution while reducing the photopeak detection e ciency.
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4.2. Basic properties of the GRI base line detector
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Figure 4.3: Peak e ciency of the focal plane detector of GRI as a function of energy for the baseline
con guration (circles) and a reduced con guration with no side CdZnTe detector.

4.2.2 Angular resolution

Figure 4.4 shows the Angular Resolution Measure (ARM) (see section 5.3.2) for energies
greater than 500keV. In order to obtain these results none event selection has been applied.

| Angular resolution measure [ARM) |

b .

- PP P PP ) i [P . .
500 &00 00 B00 Q00 1000 1100 1200
Energy [keV]

Figure 4.4: FHWM of the angular Resolution Measure (ARM) distribution of the GRI detector as a
function of energy, for an on-axis source.

The poor angular resolution is mainly due to the short distance between two hits in an
event. It can be improved by means of event selection but reducing the e ciency. In
addition, a detector with better position and energy resolution would contribute to this
improvement. During the last years a great e ort has been done to develop a 3D-CZT
detector prototype for Laue Lens telescope with millimeter and submillimeter position
resolution (see e.g.Caroli et al. (2010)). Although the improvement of the resolution would
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improve the angular resolution, it should be pointed out that the limit imposed by the
Doppler Broadening in the case of CZT is relatively high (Zoglauer & Kanbach, 2003).
Thus, alternative materials were proposed for the focal plane detector of GRI, such a
Germanium detector or a detector con guration with Silicon layers on top of the CZT
layers. A Monte Carlo simulation study was performed by Zoglauer et al. (2006a) with
these detector con gurations. Results of this study point out that using an additional
Silicon detector on top of the CZT detector is advantage in terms of reached sensitivity.

4.2.3 Imaging capability

Monte Carlo simulations, aimed at testing the imaging capability of the GRI base line
detector, were performed with the point-spread-function of a Laue lens. Firstly, the PSF
of the Laue lens should be computed (for example, through the code developed by Halloin
(2005b) and discussed in section 3.4). Then, the impact distribution given by the PSF is
used as input of the Geant4 simulation carried out with the GRI mass model shown in
Figure 4.2. Once the Monte Carlo simulation is completed, Compton event reconstruction
is performed with the MEGAIib package (see Appendix B.2). Finally, the image decon-
volution is done with the method LM-EM-ML (see section 2.3.2.4) also implemented in
MEGALlib.

mage - Maralion: 10 imaga - iferation; 10

¥ lom]
i [om]

Figure 4.5: Simulated images of the focal spots for monochromatic on-axis sources at 511 keV (a) and
847 keV (b).

The simulations have been performed for an on-axis source with two di erent energies
(511keV and 847keV). The point-spread-function of the Laue lens study for the GRI
mission, reported in Natalucci et al. (2008) -including J. Alvarez-, was used. The quality
of the simulation results, illustrated in Figure 4.5, is a hint to the good performance of
the base line instrument in terms of imaging capability. However, it would be necessary
to simulate the o -axis response (the ring-like structure of the PSF shown in Figure 3.22)
to draw a conclusion of the imaging capability of the GRI instrument.
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4.3 A detector concept based on CdTe pixel detec-
tors

A specific configuration based on CdTe/CdZnTe detector is proposed here for the focal
plane of a Laue lens. Moreover a detector suitable as an element of this configuration is
being developed in the framework of a research and development project at the Institute
of Space Science (IEEC-CSIC). Design, fabrication and test of a CdTe detector prototype
is presented in this section.

4.3.1 Detector configuration

The underlying idea of the GRI baseline detector is the use of CdZnTe sensors in the
so-called Planar Transverse Field (PTF) configuration (Auricchio et al., 1999). In this
geometrical configuration the irradiation direction is transverse (perpendicular) to the
applied electric field. Figure 4.6 shows the schematic representation of the pixelated de-
tector mounted in PTF and in standard configuration. The PTF configuration allows us
to increase the length of the CdZnTe detector while minimizing the charge collection dis-
tance (Caroli et al., 2005). As discussed in section 2.2.2; this has a huge impact on the
energy resolution of the detector.

Figure 4.6: Schematic representation of an irradiated pixelated detector parallel (left) and perpendicular
to the electric field (right).

Using the PTF configuration, we propose a detector configuration based on an array of
CdTe pixel detectors as is shown in figure 4.7. Several CdTe pixel detectors are stacked
as displayed in figure 4.7 (a). Various of such stacks are arranged together to build a
detector plane (figure 4.7(b)). Finally several detector planes are stacked together to
build the device (figure 4.7 (c)).

Such configuration of CdTe/CZT detectors has been presented as a very well suited ar-
rangement for devices seeking high detection efficiency of v-ray photons, leading to an
European Patent (Chmeissani et al. (2008) including J.Alvarez and C. Sdnchez). Beyond
the astrophysics field, this detector configuration has shown great advantages in the field
of medical applications (Chmeissani et al., 2009).

A focal plane detector built under this configuration would have 3D position capability
and could be used as a polarimeter (Alvarez et al., 2011). The spatial resolution of such
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()

Figure 4.7: Proposed con guration for the focal plane detector of a Laue lens based on a CdTe pixel
detector.

a detector will be determined by the pixel size and thickness of the detector unit, where
charge sharing is playing a fundamental role that should be taken into account. In the
following section, our research to optimize the pixel size and energy resolution of a CdTe
detector is presented.

4.3.2 Development of a CdTe detector prototype
4.3.2.1 Optimizing pixel size

In order to optimize the pixel size for a given CdTe detector thickness, it is necessary
to estimate the size of the electron cloud that drifts to the anode and compare this size
with the pixel pitch. Charge sharing between neighboring pixels needs to be considered
in order to determine its e ect on the energy resolution.

Our rst step in this optimization, is to study the multiple-pixel events due to Compton
scattering, e.g., analyzing the fraction of full energy peak events as a function of the
number of pixel hits. Our simulations, based on the Geant4 code (Agnostelli et al., 2003),
include particle tracking (photons, photoelectrons and scatter electrons) as well as Cd and
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Figure 4.8: Schematics of the CdTe crystal geometry used in the simulations.

Te X-ray Kgpnq fluorescence, regardless of diffusion of charge carriers during their drift
towards the anode.
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Figure 4.9: Simulation results of the fraction of multiple-pixel photopeak events as a function of the

number of pixels hits in a CdTe array detector. Two different pixel sizes (thickness 2mm) for several
energies of incident gamma-rays are shown.

In our model, a CdTe crystal (10 x 10mm) is divided either in a (10 x 10) or (5 x 5)
array (see figure 4.8). Since we do not deal with charge transport in this first step of
the optimization process, the gap between pixels is ignored and it is assumed that the
electrons created within one pixel are collected in that pixel. That is, the deposited energy
is discretized according to the size of the pixel, either (1 x 1 mm) or (2 x 2 mm).

This simple model allows us to calculate the fraction of multiple-pixel photopeak events
versus the incident photon energy (see figure 4.9 and 4.11) or versus the thickness of
the detector (see figure 4.10). As expected, the simulations show that the fraction of
multiple-pixel photopeak events increases as the gamma-ray energy increases (for a given
thickness). It also shows that the fraction of multiple-pixel photopeak events increases
as the thickness of the detector increases (for a given energy). When the electron cloud
diffusion is taken into account, a decrease in the fraction of single-pixel photopeaks is
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4.10: Simulation results of the fraction of multiple-pixel photopeak events as a function of the
number of pixels hits in a CdTe array detector. Two di erent pixel sizes with several thicknesses are
plotted. The energy of incident gamma-rays is 662keV.

expected, while the fraction of multiple-pixel increases due to the phenomenon of charge
sharing (see the study reported by Du et al. (1999)).
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Figure 4.11: Simulation results of the fraction of multiple-pixel photopeak events as a function of the
number of pixels hits in a CdTe array detector. Two di erent pixel sizes (thickness 8mm) for several
energies of incident gamma-rays are shown.

In order to obtain high detection e ciency, proper reconstruction of multiple events is
required as the fraction of multiple-pixel photopeak events increases. As shown in gure
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4.3. A detector concept based on CdTe pixel detectors

(4.9) and (4.10), increasing the size of the pixel can be used to reduce the fraction of
multiple-pixel events and improve the spectrometric capability but reducing the spatial
resolution at the same time. This trade-o was considered in order to design a detector
prototype. In addition, the capacity of the readout electronics should be kept in mind.

4.3.2.2 Design and structure

A CdTe pixel detector was manufactured by Acrorad (Japan), following the design shown
in Figure 4.12. The anode was an array of 11 11 pixels, with a pixel pitch of 1 05mm
and a pixel size of 1 1 mm. A 0 Imm width guard ring surrounds the pixels in order
to reduce the leakage current, caused mainly by the detector edge e ects. The structure
of the detector is: Platinum/CdTe/Platinum, with a thin layer of Ni/Au/Ni deposited
above the Platinum (on the pixels side of the detector) in order to ensure a good bonding

connectivity. The structure metal-semiconductor-metal, provides an ohmic contact to the
CdTe detector.
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Figure 4.12: Design of the pixelated CdTe detector manufactured by Acrorad (courtesy M. Chmeissani,
IFAE).

As pointed out in section 2.2.2; a Schottky contact (Matsumoto et al., 1997) withstands
much higher bias voltages than ohmic connections, and therefore would allow to reduce
the tailing e ect caused by the charge loss in the CdTe semiconductor. However, an ohmic

contact CdTe detector was chossen in order to avoid the polarization e ect (Sato et al.,
2011).

4.3.2.3 Readout electronics

The readout electronics used for the prototype is based on an Application Speci ¢ Inte-
grated Circuit (ASIC), named NUCAM, developed by Seller et al. (2006) at the Rutherford
Appleton Laboratory (RAL).
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This low-noise ASIC, powered by a single 3 3V supply, is primarily intended for readout
of CdTe/CZT detectors. It carries out the measure of pulse-height and rise-time for 128
channels. Data conversion is managed by a 12bit ADC integrated in the chip. The ADC
has two ranges in order to trace resolution against maximum measurable signal. Table 4.3
lists the main programmable functions of this NUCAM ASIC.

Function Control range Used for test Used for test
with 133Ba with 24'Am
Leakage current compensation 0.25nA - 4nA 2nA 2nA
Shaping time 05 575 s 75 s 75 s
ADC amplitude 0 (900mV) or 1 (1600mV) 1 1
Collection-time clock 5 s-12 s 12 s 12 s
Threshold input 0V -33V 2.4V 1.8V

Table 4.3: Main programmable functions of the NUCAM ASIC from Seller et al. (2006), and values
used in the test with each radioactive isotope.

The NUCAM evaluation board (see gure 4.15) was used as an interface with a National
Instruments card for data acquisition. A program based on LabVIEW 2 was used to
control the NUCAM ASIC and store the data in the computer.

4.3.2.4 Fanout fabrication and test card assembly

Due to the pitch di erence between the pixels of the CdTe detector and the channels of
the NUCAM ASIC, a pitch adapter or fanout board is required. This connection is carried
out by an insulating glass substrate, with metal tracks to route the signal of each pixel
to the front end ASIC. In addition, the fanout also provides mechanical support for the
detector on the electronics board, while maintaining an e ective insulation from the high
bias voltage applied to the detector between these parts.

The fanout board was manufactured in the clean room facilities of the CSIC s National
Microelectronics Centre (IMB-CNM-CSIC). Two masks were designed for the manufac-
turing, as shown in gure 4.13. A thin layer of Ni/Au was deposited in the bump pads of
the fanout, in order to ensure good stud bonding connectivity to the pixels. Figure 4.14(a)
shows the mnal result of the fanout. An optical examination of the paths was also done
in the laboratory, as shown in gure 4.14(b). Further information on the manufacturing
process can be found in Alvarez et al. (2010b) and references therein.

Once the detector is attached to the fanout board, the pads are wirebonded to the input
channels of the NUCAM. The nal results, after the assembly of the fanout with the CdTe
and the NUCAM test card, are shown in gure (4.15).

2http://www.ni.com/labview/
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4.3. A detector concept based on CdTe pixel detectors

Figure 4.13: Masks of the fanout board for the pixel detector. 121 bump pads are used for pixels and
6 bump pads are used for the guard ring (courtesy J. L. Gélvez and CNM).
TIIL I
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L

Figure 4.14: (a) View of the fanout board. (b) Zoom of the fanout pads. The bump pad dimension is
200pm x 200pm. The width and pitch of the metal tracks shown in the picture are 40pum and 80um,
respectively (courtesy J. L. Galvez and CNM).

4.3.3 Test of the prototype

The CdTe ohmic detector prototype was tested in the laboratory with uncollimated
sources (Alvarez et al., 2010a). Experimental set-up, and first measurement results are
presented in this section.

4.3.3.1 Experimental set-up

The 11 x 11 array CdTe detector was mounted inside a customized aluminum chamber
with the required input and output connections (see right panel in figure 4.16). Air was
pumped out of the chamber to reach a moderate vacuum. This was done to avoid any
potentially damaging condensation during the cooling process. Then, the detector was
cooled down in order to decrease the leakage current and apply much higher bias voltage
to the common cathode.

The measurements were performed with two y-ray sources, *3Ba and 2! Am, with activi-
ties 1uCi and 10uCi, respectively. The isotopes were placed at a distance of ~ 15mm from
the center of the detector, in the cathode side (see left panel in figure 4.16). Due to the
low activity of the sources, an exposure time of ~5 hours was needed. The programmable
parameters of the NUCAM ASIC implemented to carry out these measurements, are those
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Figure 4.15: Picture of the CdTe pixel detector and readout chip within the evaluation board (or test
card). The pixels of the CdTe are stud bonded to the fanout board. At the upper end of the fanout
board we can see the paths that have been wired bonded to 121 input channels of the readout electronics

NUCAM ASIC.

Figure 4.16: Uncollimated source placed in front of the detector, in the cathode side (left panel).
NUCAM test board mounted in a customized aluminum box next to other two test boards (right panel).

shown in table 4.3.

4.3.3.2 Measurements and discussion

The objective of the initial measurements was to test the correct operation of the prototype
as well as studying its spectroscopic performance. As shown in the right panel of Figure
4.16, three identical prototypes were built. The measurements and results corresponding
to the prototype with the largest number of working pixels are presented here.
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4.3. A detector concept based on CdTe pixel detectors

Electronic board test

Firstly, the NUCAM ASIC was evaluated using the test board and the Labview system.
A pulse generator (33250A Agilent®) was used to apply a 100ns linear fall-time step to
the calibration capacitor of 8 fF. This is the total capacitance seen at the entrance of
each channel of the NUCAM ASIC when it operates in test mode.

[ADC operation ranges |

0300 400 600 BOG 1000 1300 1400 1600 1800
Test inpul pulser [mV] phpk

Figure 4.17: Signal conversion range of the NUCAM ASIC for both operation ranges of the ADC
(Galvez, private communication).

Figure 4.17 (Galvez, private communication) shows the ADC values, for a channel, against
the input pulse amplitude, for both operation modes of the NUCAM ASIC (listed in table
4.3). A linear behavior up to 900mV (operation mode ADC=0) and up to 1600mV" (oper-
ation mode ADC=1) is obtained. These numbers are ideally equivalent to a 250keV and
350keV  -ray interaction in CdTe, respectively (using the ionisation energy listed in table
2.1). This is consistent with the expected operation ranges of the NUCAM ASIC described
by Seller et al. (2006). The lower signal input that was measured, with the threshold set
at its minimum operable level, was 100mV (corresponding to 22keV in CdTe). Below this
value, the existing noise did not allow us to measure a clear signal.

For each of the 128 NUCAM s channels, the ADC values were measured in both ADC
operation ranges while a test pulse amplitude was applied. From these measurements,
gain and o set of each channel were obtained for later correction. Figure 4.18 (a) shows
the ADC values obtained with a test pulse amplitude in the range 800 1600mV for a
few channels. Figure 4.18 (b) shows the gain distribution measured for all channels of the
NUCAM ASIC in the operation mode ADC=1. The low dispersion of the gain, 7 = 0 06,
indicates a quite similar response for all channels.

3www.agilent.com
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Figure 4.18: (a) ADC values measured for some channels with a test pulse amplitude in the range 800-
1600mV (Galvez, private communication). (b) Gain distribution obtained for all channels of the NUCAM
ASIC.

Electronic noise measurements

In order to estimate the best spectral resolution achievable with the NUCAM ASIC cou-
pled to the CdTe detector, the electronic contribution to the energy resolution (see equa-
tion 2.15) needs to be studied.

The electronic noise of a bare NUCAM channel is measured using an external pulse
as described above. Figure 4.19 shows two measurements, one for each ADC operation
range. Considering the FWHM (= 2 357) of the gaussian t in each case, the signal
conversion of the NUCAM ASIC shown in Figure 4.17 and the ionization energy in CdTe
(Ee n, =4 43¢eV), a noise of 1.3keV and 1.1keV FWHM was obtained for each operation
mode of the NUCAM ASIC (ADC=1 and ADC=0 respectively).

It should be kept in mind that this electronic noise was measured without anything
connected but the test capacitance (8fF). Connecting the 2mm CdTe detector to the
NUCAM ASIC will add the capacitance of the CdTe ( 32fF"), bonding and pads. Taking
into account the NUCAM ASIC simulation presented in Seller et al. (2006) (which predicts
a slope of 80eV pF for added detector capacitance), we do not expect a high contribution
to the electronic noise because of the additional capacitance.

The leakage current will be another source of noise at the input of the NUCAM ASIC
channel, presumably of great relevance because of the ohmic contact of the CdTe prototype
(see section 4.3.2.2). However, the guard ring designed in the prototype (see gure 4.12),
as well as the low temperature at which measurements were carried out, should reduce
the e ect of the leakage current. For instance, when a bias voltage of 400V was applied
at room temperature (23 C) an average input current of 330nA was meassured in the
device, while at 10 C and same bias voltage, this current dropped to 0 6nA. In order
to perform our measurements, the leakage current compensation of the NUCAM ASIC
was set to 2nA, after several tests in the operating range of the NUCAM ASIC (0.25nA
- 4nA).

94



4.3. A detector concept based on CdTe pixel detectors

]
E

ﬁ;n L8O P00 ITI0 IT40 ITEQ ITEO 1800 -JIH ]EI{I-I'IHI
[LTe ] Areplivegs (ADS

(a) (b)

Figure 4.19: Electronic noise measurements for a bare channel of the NUCAM ASIC, operating in the
range ADC=1 (a) and ADC=0 (b).

Gamma radiation sources and raw spectra

The radioactive isotope, '**Ba (10Ci) and ?*' Am (100Ci), was placed in front of the CdTe
detector without collimation (see gure 4.16). Several measurements with di erent values
for the parameters (bias voltage, shaping time, temperature) were carried out. The most
promising results were obtained for a temperature of -10 C, bias voltage of 400V, and
the selected functions for the NUCAM ASIC given in table 4.3.

Figure 4.20 shows raw data spectra obtained with the 121 pixels of the CdTe prototype
when it was irradiated with photons from the ¥3Ba source. Almost all pixels were conected
properly -since we get a spectrum for each pixel- but we found some di erences between
their responses. It can be seen that pixels framed in red have a less de ned distribution
than those framed in green (in the central part). In this measurement, the di erent gain
for each channel (see gure 4.18) was not taken into account.
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Figure 4.20: Spectrum of the 33Ba source obtained in each of the 121 pixels of the CdTe prototype
(raw data).
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Figure 4.21: Spectra of the 33Ba source obtained by 3x3 central pixels of the CdTe detector after gain
correction of the channels.

The 33 Ba spectra, obtained in the 3x3 central pixels of the CdTe detector (framed in
green in gure 4.20) after gain and o set correction for each channel are shown in Figure
4.21. Although some degree of homogeneity was observed, we found important di erences
even after gain and o set correction. Thus, for example, the FWHM of the 356keV peak,
in the rst two panels of gure 4.21 almost doubles that of the others peaks. For this
reason we have not added the contribution of each pixel to obtain a combined spectrum.
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Figure 4.22: The upper left panel shows the raw data spectrum of the *3Ba source obtained with a
single pixel. The other panels show the gaussian t parameters (mean, sigma, constant) obtained for the

121 pixels of the CdTe prototype.

The !33Ba spectrum obtained with a single pixel (corresponding to the channel 45) is
shown in the upper left panel in Figure 4.22. The gaussian t parameters (mean, sigma,
constant) performed on the higher peak of the measured spectrum in the 121 pixels, are
shown in the other panels. The dispersion on the data caused by the di erent responses

of the 121 pixels is clearly shown. Likewise, the non-homogeneous illumination of the
detector by the uncollimated source is clearly visible in the lower right panel which shows
the number of photopeak counts in each pixel.
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Analogously to the previous measurement, gure 4.23 shows the measurements with the
241 Am source.
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Figure 4.23: The upper left panel shows the raw data spectrum of the 24! Am source obtained with a
single pixel. The other panels show the gaussian t parameters (mean, sigma, constant) obtained for the
121 pixels of the CdTe prototype.
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Figure 4.24: Pixels map of the CdTe detector prototype when it is irradiated with photons from the
uncollimated 24! Am source.
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The pixels map shown in Figure 4.24 was obtained by illuminating the detector with the
uncollimated 2! Am source. It represents the number of counts in the photopeak for the
spectrum measured with each pixel of the detector (see lower right panel of figure 4.23).
The non-homogeneous illumination of the detector by the uncollimated source is clearly
visible in this map.

Calibrated spectra

=
T
= T i el 2. 3807 1 0
0k pl 24486 + 1129008
b ol 1291 + £.159e-09
FLT -
200 -
-
180F
10af
-.l'
L
500 000 500 000 7500
Amplitude[ADCH

Figure 4.25: Calibration curve obtained with X- and v-rays from '3*Ba and 24! Am.

For calibration purposes, measurements with both radioactive sources, *3*Ba and ?*'Am,
were carried out with the NUCAM ASIC in the same operation mode. The high energy
operation mode of the NUCAM ASIC (ADC=1) was chossen in order to measure the
356 keV energy peak of *3Ba. As described above, the higher energy achievable with the
mode ADC=0 is 250keV (see figure 4.17 and the text explanation).
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Figure 4.26: Spectra of !*3Ba and ?*'!Am obtained with a single pixel of the 2mm thickness CdTe

prototype. The measured energy resolutions (FWHM) are 5.47keV and 9.2keV at 59.5keV and 356 keV,
respectively.
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4.3. A detector concept based on CdTe pixel detectors

The calibration curve is shown in gure 4.25, after tting the 59.5keV energy peak (24! Am)
and 356keV energy peak (1*3Ba). A simple gaussian t was used, without taking into ac-
count the tail of the peaks shown in the upper left panel of gures 4.23 and 4.22. The
origin of the tail was discussed in section 2.2.2.

The spectra of 3*Ba and ?*' Am obtained for one pixel (channel 45) after calibration are
shown in Figure 4.26. A di erent threshold level was set in both cases, depending on the
energy range (listed in table 4.3). The cut in the *! Am spectra is clearly seen at ~ 42keV .
The measured energy resolution (FWHM), for this particular pixel, is listed in table 4.4.

Energy [keV]  E (FWHM) [keV]
59.5 5.47
356 9.2

Table 4.4: Measured energy resolution in one pixel of the CdTe prototype.

It should be pointed out that this energy resolution was obtained with one of the best
performance pixels. As shown in the lower left panel of Figures 4.23 and 4.22, there is a
wide dispersion on the FWHM measured throughout the pixels.

There are various possible explanations for the heterogeneous response of the 121 pixels
after correction of the channels, e.g. imperfections in the CdTe crystal, defect in the
electric contact or temperature uctuations. In any case, stabilities issues related with
the long acquisition time (about 5 hours) is the more likely cause of those variations.
Further measurements are needed in order to draw a conclusion.

Regarding the energy resolution measured in one pixel, let us consider the three di erent
contributions given by equation (2.15):

L EFano

The statistic limit to the energy resolution (Fano-limit) is calculated from equation
(2.17), taking =4 43eV and F =0 15 (data from Takahashi et al. (2001)).

Energy [keV]  Epano (FWHM) [keV]
599.5 0.467
356 1.143

Table 4.5: Fano limit of the energy resolution.

L4 Eelec

The measured electronic contribution for the ADC=1 mode is FE .. = 1 3keV
(discussed above), to which the leakage contribution has to be added. In addition,
temperature uctuations during the long acquisition times (over 5 hours), could
produce signi cant variations of the electronic noise. It should be pointed out here
that the leakage current compensation of the NUCAM ASIC is the same in each
channel.
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L4 E. collect

With a bias voltage of 400V and a thickness of 2mm, the e ects of incomplete
charge collection should be taken into account as a major cause of energy resolution
degradation. As seen in Figure 4.26, the characteristic energy tail below photopeak
energies appears in both measurements: 59.5 keV (**'Am) and 356keV (***Ba).

4.3.4 Summary and Outlook

The undergoing development of a detector array concept based on CdTe pixel detector in
planar-transverse- eld (PTF) con guration is presented. A CdTe pixel detector prototype
has been succesfully designed and implemented. First measurements with a *3Ba and an
241 Am source have been carried out in order to test the prototype. All 11 11 pixels of the
prototype were properly connected to the NUCAM ASIC channels but a heterogeneous
response was observed even after correction for gain and o set of each ASIC channel.
Further measurements with shorter exposure time (i.e., with more active sources) are
needed in order to draw a conclusion about the origin of this heterogeneity.

The measured energy resolution is far above the Fano-limit, due to the electronic noise
and incomplete charge collection in CdTe. In order to determine the importance of each
contribution, a measurement method to estimate the leakage current is needed. On the
other hand, the NUCAM ASIC provides a measure of the collection time, that can be
used to perform a rise-time discrimination (see section 2.2.2). Although this technique
would improve the energy resolution, it would also lead to a signi cant reduction of the
sensitivity.

In order to perform all these new measures, a customized vacuum chamber with a cooling
system that allows an accurate control on the temperature (down to -30C), is being set up
in the laboratory of the Institute of Space Sciences (CSIC-IEEC). In addition, a radiation
laboratory has been de ned at the ICE, in order to perform measurements with more
active sources.

Among the prospects, our undergoing detector design (Alvarez et al., 2011) is proposed as
a payload options for a balloon-borne experiment dedicated to hard X- and soft gamma-
ray polarimetry currently under study (Caroli et al. (2011) -including Alvarez J.M-). On
the last years, the capabilities of Cd(Zn)Te pixel detectors as hard X- and soft gamma-
ray polarimeter have been studied in the framework of the POLCA (POLarisation with
Cd(Zn)Te Array) experiment (see e.g. Caroli et al. (2009) and da Silva et al. (2008)) or
in the recently experiment reported by Limousin et al. (2011).
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Chapter 5

An all-sky Compton telescope of
DUAL

In contrast to the proposed missions MAX and GRI (see section 2.4), the DUAL mission
combines a Compton telescope with a Laue lens in order to meet the broad variety of
requirements that a future -ray mission must face. While the Compton telescope per-
forms large-scale exposures, the Laue lens will simultaneously perform very deep pointed
observations (see DUAL mission concept in von Ballmoos et al. (2011)).

The DUAL Compton detector, which is also the focal plane detector of the Laue lens,
is based on cross-strip germanium detectors. This chapter describes the Monte Carlo
simulations performed in order to estimate the DUAL mission performances.

5.1 DUAL mission concept

The DUAL mission (introduced in section 2.4.3) was proposed to the ESA Call for a
Medium-size mission !. The proposal was prepared in the framework of a large interna-
tional collaboration (see Appendix A) and submitted in December 2010 (von Ballmoos
et al., 2010Db).
The DUAL mission is composed of a single spacecraft that carries the gamma-ray optics
(Laue Lens and Coded Mask) and a Compton detector. The optics is located on the main
satellite while the detector is at the end of a 30 meters-long mast at the focal plane
(see artistic view in Appendix A). This con guration is particularly advantageous for a
-ray Compton instrument since it provides an all-sky eld-of-view while the background
induced by the spacecraft is reduced (see section 1.2.2). In order to take advantage from
these properties, DUAL was proposed to operate in the second Lagrange point (L2) where
background radiation from the earth s albedo can be avoided and the entire sky (4
steradians viewing) is available. The L2 orbit provides more than four times exposure
time for every source in the sky than a low Earth orbit, while simplifying the pointing of
its 30m long con guration.

Thttp://sci.esa.int/science-e/www /object /index.cfm?fobjectid=47570
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In contrast to the previously discussed GRI mission, DUAL is not a focusing mission but
a survey mission with a focusing Laue lens. Hence, the Compton detector is a key payload
of the mission that performs a DUAL function: as a focal plane detector for the optics
and a sensitive wide- eld monitor for an all-sky survey.

5.1.1 Scienti c requirements

The DUAL mission aims to address many of the astrophysical issues discussed in section
1.1. Among them, primary scienti ¢ objectives of the mission are: Type la supernovae
that will be targeted by the Laue lens (see section 1.1.1), Gamma-Ray Burts (GRB) that
will be detected on the entire sky with the Compton instrument (see section 1.1.3), and
Galactic Cosmic positrons (see section 1.1.2) that will be targeted by the Coded Mask.
Table 5.1 lists the mission requirements in order to reach these scienti c goals. An overview
of the DUAL scienti ¢ objectives can be found in von Ballmoos et al. (2010a).

Parameter/Objective GC positrons SN Ia GRB
Energy coverage 02 06 MeV 800 900 keV 20 keV 10 MeV
Narrow line sensitivity (ph em 2s 1) 3210 ®in3y 10 Sin 105 s -

Energy resolution (FWHM) 05% 1% 05%

FoV 41) steradian 10 arcmin 41) steradian
Angular resolution 1 degree - 1 degree
Timing - - 1000s
Polarimetry (MDP 2, 37) - - 5% for 100 mCrab

Table 5.1: DUAL mission requirements from von Ballmoos et al. (2010b).

5.1.2 Laue lens

The Laue lens of DUAL is of a broad-band gamma-ray lens designed to be e cient in
the energy range from 800keV to 900keV and aimed to detect the *°Co line of SN Type
Ia. The lens is composed of 5800 crystals of di erent materials that are arranged in 32
concentric rings. Each ring is populated by identical crystals and glued onto a CeSiC
monolithic substrate. The main characteristics of the Laue lens are listed in Table 5.2.
Further information about the crystals proposed for the DUAL lens can be found in
Barriere et al. (2007).

The Laue lens of DUAL has an angular resolution of 1 arcmin and a eld-of-view of
5 arcmin derived from the focal length and detector size. The e ective area of the Laue
lens peaks at 340cm? for 847keV and has about 62% of the signal concentrated in a disc
of 7mm radius (von Ballmoos et al., 2010Db).

5.2 Baseline instrument of the DUAL mission

The baseline detector proposed for the DUAL mission is based on a compact array of cross-
strip germanium detectors with high spectral and 3-D spatial resolution. A total number
of 45 highly segmented germanium detectors (HPGe) are arranged in a 3x3 matrix. A
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5.2. Baseline instrument of the DUAL mission

Parameter Value [units] Parameter Value [units]
Focal length 30 [m] Mass of crystals 61 [kg]
Inner radius 12.85 [cm)] Total number of crystals 5800
Outer radius 48.50 [cm] Crystals size 10 10 [mm?]
Crystal Number (material) 3193 (Rh), 1662 (Ag), 521 (Pb) Crystals thickness 5.1 - 12 [mm]
Crystal Number (material) 348 (Cu), 76 (Ge) Crystal mosaicity 45 [arcsec]

Table 5.2: Characteristics of the Laue lens of the DUAL mission.

total of ve layers are stacked together and mounted on a light structure designed to be
compact and maximize the instrument detection e ciency (see Figure 5.1). The device is
operated at cryogenic temperatures in a common vacuum cryostat.

5.2.1 3-D Ge strip detectors

Each one of the 45 HPGe detectors has an active area of 10 10cm? and a thickness of
15mm. Anode and cathode are segmented into 2mm pitch strips, where the strips along
one side are orthogonal to the ones on the other side. The electrodes are surrounded by
a Imm thick guard ring.

Parameter Value Parameter Value
Strip pitch & gap 2mm & 0 5mm Guard ring thickness 1mm
Size 10 10cm? Thickness 15mm
Depth res. (FWHM) 0 4mm Depth threshold 25keV
Position resolution 1 6mm? Spectroscopy threshold 10keV
Spectral resolution (FWHM)@662keV 2 1keV Spectral resolution < 0 1MeV (noise limit) 1 6keV

Table 5.3: Main performance parameters for the 3-D Ge strip detectors proposed for the base line
detector of the DUAL mission (von Ballmoos et al., 2010b).

When an interaction takes place in the germanium detector, the X-Y positioning is ob-
tained through identi cation of the active anode and cathode, while the Z positioning is
achieved through the time di erence between the electron and hole collection on opposite
faces of the detector. The expected position resolution for a -ray interaction within the
HPGe detector is 1 6mm?.

The 3-D Ge strip detector technology has been developed during the last years in the
framework of the Nuclear Compton Telescope (NCT) project at the University of Califor-
nia (Berkeley) and has been validated in a successful balloon experiment (Boggs et al.,
2004).

The main performance parameters of the 3-D Ge strip detectors, assumed for the base
line instrument, are summarized in Table 5.3. The main di erences between the NCT
prototype and the based line instrument of DUAL are the total number of channels (4500
of DUAL vs. 912 of NCT) and the volume (6750cm?® of DUAL vs. 972cm? of NCT).
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5.2.2 Mass model

In order to estimate the background and obtain reliable performances for DUAL s in-
strument, it is crucial devising an accurate model of the detectors and its surroundings
(see discussion in section 1.2.2.2). Figure 5.1 (a) shows the mass model of a 3-D Ge strip
detector. All passive materials are included in detail (e.g. cold nger made of aluminum,
400nm thick aluminum strips, passive Germanium, 1mm Al guard rings, circuit boards,
thermal junctions and screws). This model of the detector unit is based on the NCT Ge
detector design. Likewise, the detector characteristics listed in table 5.3 were used in the
simulation.

() (b)

Figure 5.1: View of a 3-D Ge strip detector (a) and the 45 detectors stacked in ve layers (b) as used
for simulations.

The 45 Ge-strip detectors of DUAL, stacked in ve layers with 25mm gaps, are shown
in gure 5.1 (b). The inner hole bored on the central detector of the front layer (seen in
the image) was included in order to allow -rays from the lens to hit directly the second
layer, so that backscattering photons can be captured on the rst layer detectors.

The Ge-strip detectors are housed in a single vacuum cryostat where they are cooled down
to 85K. The passive material of the cooling system was roughly modeled and placed on the
equatorial plane outside the detector (see gure 5.2). The front-end electronics, to read
out the 4500 signal channels, are located in boxes mounted on the sides of the cryostat.
The entire structure is surrounded by a plastic anticoincidence shield which provides veto
signals for charged particles entering the detector from any direction. The scintillation
light is read out with photosensors coupled to the plastic shield (see section 6.1.1).

The Compton instrument of DUAL, with a total mass of about 96Kg (36Kg of Germa-
nium), is placed on top of a carbon ber structure lem thick and is located at the end of
the 30m mast. Due to this long distance, the e ect of the radiation coming from activation
of the spacecraft material is neglected in our analysis.

The model used for the simulation study presented in the following section, is depicted
in Figure 5.2. The DUAL detector mass model is a modi ed version of the Galactic Ra-
dioActivity Survey Probe (GRASP) mass model (Boggs et al., 2008), proposed in response
to NASA SMEX AO Call.
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5.3. Expected performance of DUAL

Figure 5.2: Cross-sectional view of the detector mass model of DUAL, as used for simulations.

5.3 Expected performance of DUAL

Estimating the performance of the -ray telescope is a quite complex process. Any simu-
lation system used for this purpose must necessarily include many di erent components
to address a multi-step process:

e describe astrophysical sources and the background environment in a given orbit.
e describe the detailed geometry and mass of the instrument and spacecraft.

e perform Monte Carlo simulations to estimate the response of the instrument to
sources and backgrounds.

e analyze the resulting data taking into account a realistic operational capacity for
the instruments.

The basic performance of the DUAL instrument has been calculated in the framework of
the Medium Energy Gamma-ray Astronomy Library (see Appendix B.2). Moreover, the
instrumental background was computed using the ACTtool (see Appendix B.3).

5.3.1 Spectral resolution

The main limiting factor of the spectral resolution of a -ray telescope is given by the
energy resolution of its detectors (see section 2.2.1). However, other factors (such as the
electronic noise for multiple detector interaction) should be added in order to estimate
the spectral response of the instrument.

The expected photo-peak energy resolution of DUAL, in terms of the full-width-at-half-
maximum, is shown in Figure 5.3. The assumed energy resolution for one 3-D Ge strip
detector is also shown for comparation purposes. The photopeak at 1MeV, after event
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Figure 5.3: Spectral resolution of DUAL and assumed resolution for a 3-D Ge strip detector.

reconstruction, corresponds to a 3.5keV (FWHM) over the 2.1keV for a single detector.
The focal plane detector of DUAL, as expected in a Germanium instrument, will achieve
a very high spectral resolution (< 1% at 1MeV).

5.3.2 Angular resolution

The angular resolution of DUAL is presented here by adopting the ARM described in
section 2.3.2.3. The uncertainty of the Compton scatter angle has di erents contributions
that cause a non-Gaussian pro le of the ARM distribution. The distribution has a sharp
central peak and broad wings which are dominated by the momentum distribution of
bound electrons in the atoms (see gure 2.5). Figure 5.4 (a) shows the ARM distribution
for an on-axis source at 847keV. The distribution due to the Doppler broadening e ect is
shown in gure 5.4 (b).

ARM - Campian come Doppler in 30 strip (ARM) |

Le i
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(a) (b)
Figure 5.4: ARM distribution for a narrow line on-axis source at 847keV.

The on-axis ARM distribution (FWHM) as a function of the energy is shown in gure
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5.5, as well as the limits imposed by Doppler broadening. Only events within a 1471
energy-resolution window around the simulated narrow-line energy have been selected.
No other selection criteria have been applied.

— Doppler broadening |—
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Figure 5.5: FWHM of the angular resolution measure (ARM) distribution of DUAL, for an on-axis
source.

The in uence of the broadening e ect is higher at low energies, as expected, but the
computed angular resolution is far above this limit (about a factor 4 at 1MeV), mainly
due to the spatial uncertainty and the short distance between interactions. This ARM can
be improved by event selection (imposing a long distance between hits) but this selection
signi cantly reduces the e ciency.

In general, the larger the distance between Compton interactions the better the angular
resolution. A stacked germanium detector with a larger distance between layers would
have an angular resolution up to 1MeV only limited by Doppler broadening (Boggs &
Jean, 2001).

5.3.3 E ective area

The e ective area presented here is de ned as the ratio of photons detected within the
instruments angular and energy resolution multiplied by the collecting area of the instru-
ment to the number of simulated photons. This e ective area is the corresponding area of
an ideal telescope which would measure the full energy of all photons passing through its
geometric area. This gure-of-merit is a function of the energy and the incidence angle of
photons.

The e ective area of DUAL was computed based on Geant4 simulations according to the

following equation:

A —A NPhotons within energy and ARM selection 1
eff — {lstart N (5 )
Simulated photons
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Figure 5.6 shows the e ective area as a function of energy for all events within a 147
energy-resolution window around the simulated narrow line energy and compatible with
the position of the point source, according to the angular resolution of the instrument
shown in gure (5.5) (i.e. which lie within the selected ARM window). Event selection is
very important since the e ective area has a strong dependence on this issue.
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Figure 5.6: Photopeak e ective area for on-axis sources.

The e ective area of DUAL is maximum around 0.5MeV and has a signi cant e ciency
down to 0.15MeV. The e ective area at low energies decreases because the photoelectric
e ect becomes the dominating interaction process (see Figure 2.7). At high energies, the
e ective area decreases slowly with energy as a result of the incomplete photon absorption.

5.3.4 Field-of-View

DUAL is intended to perform an all-sky survey and monitoring together with deep ob-
servations with the Laue lens. For this reason the eld-of-view is a key parameter of the
mission to perform continuous sensitive -ray spectroscopy and polarimetry observations
of the complete sky.

Figure 5.7 shows the eld-of-view and polar representation of the e ective area for the
511keV energy line. Events within a window of 147 energy-resolution and 2 5deg
angular-resolution were selected.

As expected, the e ective area has an o -axis peak since the Klein-Nishina cross section is
not an isotropic function of the Compton scatter angle (see gure 2.4). Photons at 511keV
have higher probability of being scattered at  35deg.

The di erent e ective area at cenit ( = 0deg) and nadir ( = 360deg) is due to the passive
material included at the bottom of the mass model in order to support the structure.
The large eld of view of DUAL improves the exposure (see equation (1.2)) due to the
large observation time. Every source in the sky will be observed during the entire mission
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511keV

Figure 5.7: Field-of-view and polar representation of the e ective area for 511keV energy photons.

lifetime, leading to a sensitivity improvement of at least an order of magnitude compared
to SPI/INTEGRAL.

5.3.5 Modeling instrumental background

In order to predict the sensitivity of the instrument, it is necesary to estimate the back-
ground due to the space radiation environment. The study presented here, carried out
with the ACTtool, follows the approach discussed in section 1.2.2.

5.3.5.1 Environment models

DUAL would be best operated at the second Lagrangian point (L2) to perform an all-sky
survey and monitoring. This orbit has the advantage of avoiding near-Earth radiation
background (see section 1.2.1). However, the shielding from charged cosmic-ray particles
provided by the Earth s magnetosphere is missing in a L2 orbit. Therefore, DUAL would
have to undergo the full intensity of protons, electrons, positrons, and ions in interplane-
tary space.

Figure 5.8 shows the spectra of these radiation elds, assumed to be isotropically incident
on the instrument. The cosmic electron spectrum is based on the models of Schlickeiser &
Thielheim (1977), while the other components are derived from the environmental model
of the ACTtool/CREME96 (see section 1.2.2.1).
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Figure 5.8: Integrated input spectra used for the background simulations of DUAL.

5.3.5.2 Active shielding

As pointed out in section 5.2.2, the DUAL mass model has thin plastic scintillators to
suppress the background induced by charged cosmic-ray particles.
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Figure 5.9: E ect of a veto shield on the background rate due to cosmic protons. The mass model used
for this simulations is not the base line detector of DUAL.
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In order to illustrate this background reduction, gure 5.9 shows the background rate
induced by cosmic-ray protons in a given mass model, with and without veto signal from
a plastic scintillator shield. The mass model used for this study is analogous to the one
described in section 5.2.2 but with higher size (50cm x50cm). The prompt component is
clearly reduced when the veto signal is taken into account, while the delayed component
(due to the radioactive isotopes production) remains unchanged.

The passive material of the spacecraft is an important source of secondary particles that
increase the background in the detector. The large distance between detector and space-
craft in the DUAL mission will minimize this internal background, avoiding heavy shields
and allowing a 41 eld-of-view.

5.3.5.3 Background estimation

Figure 5.10 shows the background spectrum induced in the instrument by the di erent
components of the radiation environment in the energy range from 100keV up to 10MeV.
All events with at least two interactions (not simultaneous) have been included in the
spectrum as long as there had not been any veto signal from the plastic acticoincidence
shield. We have assumed that the instrument was isotropically radiated during one year
by the cosmic-ray proton spectrum shown in gure 5.8.

The major contribution to the instrumental background at low energies (below 300keV)
are cosmic photons, while at high energies the activation from cosmic protons dominates
all other components.
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Figure 5.10: Background in the DUAL baseline detector induced by the di erent components of the
radiation environment before event reconstruction and selection.

Figure 5.11 shows the predicted background after event reconstruction and selection. Only
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those events that meet a speci ¢ selection criteria (i.e., statistic test, Compton scatter
angle, number of interactions, angular resolution measure, total deposited energy) have
been included. Using the MEGAIlib tool, the sensitivity to an on-axis narrow line source
at 847keV was optimized, nding the following set of parameters: angular deviation from
source 0 to 1.1 degrees, Compton scatter angles 0-130 degrees, events with 3-7 interactions
and minimum distance between interactions 1.6cm. This set of selection parametres has
been applied in the energy range from 100keV up to 10MeV, in order to obtain the
spectrum shown in gure 5.11. By comparing the spectra after and before event selection,
it is clear that event selections reduces drastically the background (up to two orders of
magnitude). Therefore, kinematic Compton sequence reconstruction is a key tecnique for
background reduction and sensitivity improvement.
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Figure 5.11: Background in the DUAL baseline detector induced by the di erent components of the
radiation environment after event reconstruction and selection.

5.3.6 Sensitivity

Sensitivity is certainly the most important parameter for any -ray telescope. The sensi-
tivity for point sources has been computed using equation (1.1) and from the estimated
background shown above.

The sensitivity of DUAL, for an exposure time of 10% and 37 limit, is listed in table 5.4
for two relevant astrophysical lines: positron annihilation line (511keV) and decay line at
847keV from %6Co in supernovae. The Laue lens sensitivity has been computed for two
cases (narrow and 3% FWHM broad line) considering a lens e ective area of 340cm? (von
Ballmoos et al., 2010b).
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Laue lens (E ective Area 340cm?)

Energy [keV] Sensitivity [ph ecm ?s '] (T = 10%s, 37)
847 (narrow) 10 6

847 (3% FWHM broad) 18610 ¢

All-sky Compton Telescope

Energy [keV] Sensitivity [ph ecm %s 1] (T = 10%s, 37)
511 14710 °

847 (narrow) 72710 ©

Table 5.4: Narrow and broad line sensitivity at 847keV (and narrow line at 511keV) achieved by Laue
lens and All-Sky Compton telescope.
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Figure 5.12: Narrow line sensitivity (3 sensitivity limit) achieved by the All-Sky Compton instrument
for any source on the sky for an observing time of 10%s (black curve) and after two years of continuous
sky survey (red curve).

The Compton detector of DUAL is intended for an all-sky monitoring. Thus, in order to
determine the sensitivity for an all-sky survey, the angular dependence of the e ective
area should be taken into account (see Figure 5.6). The average exposure in the source
element can be retrieved from an integration over the sphere and total observation time.
Figure 5.12 shows the 37 narrow-line sensitivities of an on-axis pointing source for an
exposure time of 10% (black curve) and after two years of continuous sky survey (red
curve).

Even with the relatively small e ective area of the Compton detector (see gure 5.6) the
long observation time of a given source, due to the large FoV, leads to an e ective increase
in sensitivity.

Figure 5.13 shows DUAL s average continuum sensitivity for point sources after two years
of all-sky survey, considering a FE = E window.

After two years of continuous sky survey, the sensitivity achieved by the Compton de-
tector for any source on the sky is an improvement by at least an order of magnitude
with respect to existing and previous missions. The Laue lens reaches a sensitivity of
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Figure 5.13: Continuum sensitivities achieved by the All-Sky Compton instrument for any source on
the sky after two years of continuous sky survey.

18610 ¢ [ph em 2s '] for the 847keV broad line (3% FWHM) in a relatively short expo-
sure time (10° s). An extensive comparison between the sensitivity of DUAL in the energy
band from 100 keV to 10 MeV and previous instruments (e.g., COMPTEL, SPI) can be
found in von Ballmoos et al. (2010Db).
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Chapter 6

Detector based on liquid Xenon TPC

During these last years, the application of liquid Xenon (LXe) detectors has been extended
from high energy experiments to astrophysics, astroparticle physics and medical imaging
(see, for example, review by Aprile & Doke (2010)). In particular, a Liquid Xenon Time
Projection Chamber (LXeTPC) for -ray astronomy has been developed at Columbia
University for a number of years (Aprile & Suzuki, 1989).

The low energy resolution obtained with LXe detectors has been a signi cant drawback
for -ray line spectroscopy, and the major limitation for their application in astrophysics.
This situation has been changing and the possibility of achieving energy resolutions below
1% FWHM at 1MeV is expected by using the strong anti-correlation of ionization and
scintillation in LXe (see section 2.2.3). Nevertheless, intensive research on improving light
and charge readout is required in order to develop this potential of liquid Xenon in a
detector prototype. In this direction, the improvement of vacuum ultraviolet (VUV) pho-
tosensors technology is spectacular for the e cient and fast readout of LXe scintillation
light.

In this chapter, we present the study of alternative photosensors for a compact detector
based on LXeTPC. The operational characteristics of Large Area Avalanche Photodiodes
(LAAPDs) and Silicon PhotoMultiplier (SiPM) directly immersed into LXe, have been
investigated in a test chamber at the Columbia Astrophysics Laboratory (NY). Results
of the measured quantum e ciency and gain are presented here. In addition, the opera-
tional principles of a liquid Xenon TPC as well as the photosensors technology are brie y
discussed beforehand.

6.1 Liquid Xenon Time-Projection Chamber (LXeTPC)

An important feature of liquid Xenon, discussed in section 2.2.3, is the good ionization
and scintillation yields it has in response to a -ray interaction. In a time projection
chamber, both the charge carriers and scintillation light signals are detected. This enables
measuring the energy and three spatial coordinates of each interaction and therefore
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to operate the device as a Compton telescope, where Compton kinematics is used to
reconstruct the direction of the incoming v-ray. The operation principle of a LXeTPC,
described in Aprile et al. (2001), is shown schematically in Figure 6.1.
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Figure 6.1: Principle of operation of a liquid xenon TPC.

An incoming v-ray enters the LXeTPC and loses energy in a Compton scattering. The
ionizing event creates free electrons (as well as ion pairs) and scintillation photons. Under
an applied electric field the electrons drift to the anode. The contribution to the signals
of the positive ions is neglected since their drift velocity is orders of magnitude slower.
With a very small diffusion, the drifting electron cloud is well localized, and the signal
induced in one coordinate wire mesh provides not only the pulse height, but the strip
number position. An orthogonal wire mesh, in front of the first one, is used to determine
the second coordinate. The third coordinate is measured with the drift time at a constant
drift velocity of 2.2mm/msec (see Table 2.3). The prompt Xe-scintillation light detected
by photo sensors in the vacuum ultraviolet (VUV) region, triggers the drift time measure-
ment. The drift time is also used to improve the spectral performance, by removing the
dependence of the signal amplitude on the distance from the anode.

The amount of scintillation light is also an additional measurement of the event energy,
while the light intensity distribution can be used for the 3D interaction location.

In the Liquid Xenon Gamma-Ray Imaging Telescope (LXeGRIT) (Aprile et al., 2001),
both ionization and scintillation were detected as described above. The fast scintillation
signal was only used as the event trigger, while the ionization signal provided the energy
measurement. An energy resolution of 4.2% (o) at 1 MeV was obtained with this proto-
type (Aprile et al., 2004). This poor energy resolution can be improved by combining the
ionization and scintillation signals (see section 2.2.3).

The detection of VUV scintillation light was hard to perform efficiently in liquid Xenon
at the time of the development of the LXeGRIT prototype. However, the technology of
vacuum ultraviolet photo sensors for efficient and fast readout has improved dramatically
over the last few years, and new developments are in progress. For instance, Hamamatsu
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Photonics Co.! has developed compact photomultiplier tubes (PMTs), in compact stain-
less steel enclosures that can be mounted directly into the liquid, avoiding significant
light losses through quartz windows. A measure of 1.7% (o) at 662keV (with a drift field
of 1kV/cm) was reported by Aprile et al. (2007) with these PMTs, by combining the
ionization and scintillation signals. These improved PMTs, along with other VUV sensor
technologies such as Large Area Avalanche Photodiodes (LAAPDs) and Si photomultipli-
ers (SiPMs) promise further energy resolution improvement. An energy resolution below
1% FWHM at 1 MeV is expected by more efficient measurement of both ionization and
scintillation signals.

6.1.1 Photosensor technologies

The use of scintillation detectors for radiation detection would be impossible without
devices to convert the scintillation light into a measurable electrical current. Sensors
such as photomultiplier tubes (PMTSs) or photodiodes are used for this purpose. Despite
PMTs being the most widely used devices, the requirements of certain instruments may
be satisfied by photodiodes, either conventional (PIN) or avalanche photodiodes. A brief
description of these photosensors is given in the following paragraphs.

6.1.1.1 Photomultipliers
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Figure 6.2: Basic elements of a photomultiplier tube (PMT) (adapted from Hamamatsu Photonics Co.).

Photomultiplier tubes (PMTs) are vacuum operated light detectors extremely sensitive
to the ultraviolet, visible, and near-infrared ranges. As illustrated in figure 6.2, photons
enter the tube through a window and are absorbed by the photocathode, producing an
electron (photoelectron). This electron is accelerated towards a dynode, i.e. an electrode
with a positive electric potential relatively to the photocathode. The electron energy is
high enough to produce an average of more than one secondary electron by collision with
the dynode. This process is repeated through a number of dynodes, typically 12 or 14,

http:/ /www.hamamatsu.com/
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producing a gain factor in the nal electrode (the anode), that can be as high as 107. (It
must be pointed out here that photomultipliers for liquid xenon application usually have
10 dynodes and therefore the gain is a little lower, about 10%). Due to this high gain,
PMTs are the preferred detector for applications with very low light levels, providing
single photon detections. An extensive study of PMTs can be found in Knoll (1999).

6.1.1.2 PIN photodiodes
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Figure 6.3: Working principle of the PIN diode (Koren & Szawlowski, 1998).

The PIN (positive-intrinsic-negative) photodiode, is a device made of silicon with a large
depletion region which consists of a neutrally doped intrinsic zone between two semi-
conductor regions, with p and n-type doping, composed of an acceptor and a donor of
electrons, respectively (see gure 6.3). In the PIN diode, the photon absorption in the
depletion region creates a number of electron-hole pairs that depends on the diode quan-
tum e ciency and on the incident radiation energy. A low intensity electric eld in the
photodiode leads to the migration of the produced charge carriers (electrons and holes) in
opposite directions, towards two external electrodes. The PIN photodiode is a monolithic
and compact device, much smaller than the PMT. Although lacking internal gain, the PIN
diode constitutes a low cost detector for applications with high light levels. The electronic
noise level in the photodiode is typically three orders of magnitude higher than in the
PMT (Koren & Szawlowski, 1998) limiting the detector capability at low light levels.

6.1.1.3 Avalanche photodiodes

An avalanche photodiode (APD) tries to combine the bene ts of both previous photo-
sensors. It consists of a silicon photodiode that internally ampli es the current through
an avalanche process, although the internal gain is considerable lower than the one ob-
tained with the PMT, reaching less than 10%. The gain is obtained applying a high reverse
bias voltage to the photodiode, which establishes an intense electric eld inside the APD,
accelerating the electrons. The collision of these electrons with silicon atoms produces
secondary electrons, and the produced electronic avalanche constitutes the APD gain.
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Figure 6.4: Working principle of an avalanche photodiode (Koren & Szawlowski, 1998).

Figure (6.4) shows the structure and working principle of an avalanche photodiode. A
detailed discussion about their operational parameters can be found in Fernandes (2005).

6.2 Detector concept

6.2.1 LXeTPC con guration

Figure 6.5 (a) shows a detector concept based on the liquid Xenon Time Projection Cham-
bers (LXeTPC) proposed by Rice and Columbia University for the Advanced Compton
Telescope (Boggs, 2006). This detector consists of two LXeTPC (shown in blue) separated
by a distance of 10cm. The upper TPC contains 3cm of LXe while the lower TPC has
7em. Each TPC is viewed by an array of photo sensors (see gure 6.7). This detector can
be considered for the focal plane of a Laue lens telescope.

Fast timing photosensors would allow to measure the fast xenon scintillation light and
open up the possibility for time-of- ight (ToF) measurements between the detector mod-
ules in such a compact geometry (see section 2.3.2.1). Thus, for instance, Giboni et al.
(2005) reported excellent timing capabilities of PMTs optimized for xenon scintillation
light.

Figure 6.5: Liquid Xe TPC with time-of- ight (ToF) between detector modules.
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A detector composed of two LXeTPC 30x30cm? size chambers will be comparable (di-
mensionally speaking) to the focal plane detector proposed for the DUAL mission (see
section 5.1). This detector has a low number of electronic channels and moderate cool-
ing requirements, implying a low power. In addition, and opposite to the Ge-detectors
proposed as baseline detector for DUAL, a design based on liquid Xenon could decrease
signi cantly the amount of passive mass. However, the energy resolution of such a liquid
Xenon detector should be improved in order to approach the results obtained with semi-
conductor detectors. Thus, for instance, the energy resolution obtained at 847keV (see
Figure 6.6 (a)) is 24.96 keV (one 7). This result is based on a Monte Carlo simulation
performed with Geant4/MEGALlib (see Appendix B.3) and using the mass model shown
in gure 6.5.

Table 6.1 lists the energy and position resolution assumed for the simulation, where a
conservative energy resolution of 5% at 1MeV has been considered.

E at 1MeV (1 ) [keV] x =y, z[mm] Threshold [keV]
LXeTPClop 21.38 0.44,0.1 30
LXeT PChyottom 21.38 0.44,0.1 30

Table 6.1: Detector performances assumed for the simulation.

Adopting the angular resolution described in section 2.3.2.3, gure 6.6(b) shows the ARM
distribution for a 847keV on-axis source when a minimum distance between the rst
interactions are applied in order to consider only the Compton event that has a rst
scatter on the top TPC followed by an interaction on the bottom TPC. Despite this event
selection, an angular resolution no better than 5deg (FWHM) is obtained. We should
point out that the MEGAIlib package is not optimized for the Compton reconstruction in
this type of detector and further improvements are needed.
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Figure 6.6: Energy spectrum (a) and ARM distribution (b) for a 847keV on-axis source.

An improvement in the spectral response of LXe detector would signi cantly increase the
potential of this detector concept.
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6.2.2 Scintillation light readout

Figure 6.7 shows an array of photosensors on one side of a liquid Xenon TPC, collecting
Xenon scintillation light produced by a interacting particle.

Figure 6.7: Array of photosensors on one side of a liquid Xenon TPC collecting Xenon scintillation
light.

Using photosensors on both sides of the TPC, the light collection will be enhanced and
the energy resolution can be improved. However, this implies the introduction of passive
material in a Compton telescope con guration such as the one shown in Figure 6.5. This
passive material can be minimized by using solid state photosensors, such as Avalanche
Photodiodes (APDs) and Si photomultipliers (SiPMs), which are compact devices with
little amount of passive material. The study of such solid-state photosensors are presented
in the following section.

6.3 Test of semiconductor photodiodes immersed in
LXe

The results of the experiments carried out at the Nevis Laboratory (NY), within the
framework of a collaboration with the astrophysics group at the Columbia University, are
presented here. We tested the operational characteristics of two types of semiconductor
photodiodes directly immersed into LXe: a large area avalanche photodiode (LAAPD)
from Advanced Photonix, Inc.(API) % and a silicon photomultiplier (SiPM) from MEPhI-
PULSAR 3. These photodetectors are designed to operate within liquid (i.e., they have
to be compatible with high-purity LXe environment) and to e ciently detect the scintil-
lation light from LXe.

Figure 6.8 shows a picture of the experimental area where the tests were carried out. The
xenon gas lling and puri cation system is described in Aprile et al. (2002). For these
tests we used a high temperature SAES getter * without continuous recirculation.

2http:/ /www.advancedphotonix.com/
3http://www.mephi.ru/
4http:/ /www.saesgetters.com/

123



CHAPTER 6. DETECTOR BASED ON LIQUID XENON TPC

—
'

0T8N o hamber .

Purifical
T LEEN

Figure 6.8: Picture of the experimental area at the Nevis Laboratory, Columbia University where
tests were carried out. The stainless-steel chamber where the photodetector is enclosed and filled with
purified LXe is shown in the image, as well as the gas purification system and the cooling bath (a mixture
of liquid nitrogen and alcohol).

6.3.1 Silicon photomultiplier (SiPM)

Silicon photomultipliers (SiPM), also called Multi Pixel Photon Counters (MPPC), have
been progressing from laboratory curiosities into detectors with some distinct advantages
over other photon detectors. A single detector is made of 100-1500 tiny Avalanche Photo
Diodes (APDs), arranged in a two-dimensional array. The whole array for the first devices

2 are already available on

was about 1 x 1mm? in size, but larger devices, of 3 x 3mm
the market. Each single cell (or APD) has its own current limiting resistor, and all cells
in the array are interconnected. The APDs are reverse biased, and the voltage is high
enough to operate in Geiger mode (i.e., an electron-hole pair created by a photon causes
a breakdown in the cell limited by the resistor). The signal from each cell is independent
from the number of initial pairs created by the photon. This leads to a rather unusual
signal formation, where the signal amplitude is determined by the number of responding
cells. This measurement is only linear if the probability of a single cell being hit by more
than one photon is small. The response of a SiPM is thus ideal for photon counting.
The operation in Geiger mode produces a much higher signal in comparison to regular
APDs. The gain in a SiPM is typically around 10°. The signal can be observed directly
on an oscilloscope, although a Charge Sensitive Amplifier (CSA) is normally used to filter
noise and shape the signal. For timing purposes, however, a voltage amplifier is preferable
to take advantage of the very fast signal rise time of the order of 100 psec. The SiPM is
thus expected to be faster than regular photomultipliers.
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Like APDs, SiPMs are not speci cally processed for the detection of VUV light. Also,
since standard windows are not made of UV-transmitting quartz, we used naked devices
for the test, (i.e. without any cover or window). The main manufacturing parameters, for
the MEPhI-PULSAR produced SiPMs tested in this study, are given in Table 6.2.

Size 1.1 x 1.1 mm?
Number of Pixels 1156
Single Cell Size 32 mx32 m
Active Area of Cell 24 mx24 m
Geometrical e ciency 56 %

Table 6.2: Main Parameters of the SiPM from MEPhI-PULSAR.

6.3.1.1 Experimental Setup

As shown in  gure 6.9, two SiPMs were mounted side by side on a custom support made
of Polytetra uoroethylene (PTFE or Te on), which re ects some of the stray light back
on to the Si-PM and thus increases the light collection e ciency as reported by Yamashita
et al. (2004). A 21°Po alpha emitting source with activity 0.1 oCi, was mounted opposite
to the two SiPMs at a distance of 10 mm. The source position was movable by means of
a motion feedthrough, so it could swing in or out to take also background data without
direct light coming from the alpha source (see Fig.6.10). For test purposes, a blue (440
nm) emitting LED was also mounted in the chamber. Finally, a platinum resistor (R7D)
measured the temperature of the Te on plate (shown in Fig 6.9). This set was introduced
inside a stainless steel vessel chamber of about 0.65 liters. Hermetic feedthroughs are used
to bias the SiPMs and to power the LED. The setup is shown schematically in gure 6.11

Figure 6.9: Photo of two SiPMs mounted side by side on a PTFE Te on plate. The platinum resistor
(RTD) to measure the temperature of the Te on plate is also shown on top.

The stainless steel vessel chamber was hermetically closed and suspended in a dewar with
an alcohol and liquid nitrogen mixture as a thermal bath. For such a small chamber, this
cooling is enough for liquefying xenon gas keeping it in liquid state for many hours, just
by adding liquid nitrogen at regular intervals. About 800g of xenon were lique ed in the
vessel, so source and SiPMs were completely covered. Before lling it with xenon, the
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Figure 6.10: Photography of SiPMs detectors with the source device placed in front of the detector(right)

and outside the detector(left).

chamber was emplied of air and kept under vacuum for at least 24 hours to outgas the

materials. The vacuum levels obtained were typically of the order 10 6 torr.

Ak,
HW, H W,
kB v A N
= + Tension divicer 11—}, ________ '
! &Filter i, DAQ
L¥e
Gettar
i Xe
Diaphragm A  Igas T
Pump e * ] FPulse
I i ! generator
[ [ 171 |
LED
r=-=—-=" cTTrTmTr H
| SiFMTs !
b e !Lmnnectinns : b
- \/%;—'\,m
_,_,-'-"'""-'f -\_\-\-\-\_\_"""'\—\-._
SiPM, | SIPM,
Lxe “iPo
LM, + Alcohol

Figure 6.11: Schematic drawing of the chamber.

Alpha particles have a very short range in liquid xenon, of only a few om, i.e. for all

practical purposes the light source for the tests was point-like. The source was illuminating

the two detectors simultaneously so that coincidences between the detector could be used
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to trigger alpha events. The distance the light has to cross within the liquid (10mm) is
too small to observe any attenuation in the VUV signal.

6.3.1.2 Electrical Connections and Read Out

A typical scheme proposed by the manufacturer to connect a SiPM is shown in gure
6.12(a). Due to the high gain of 105 10° of the diode cells operated in Geiger mode the
signal is in the tens of mV range, su cient to be directly observed on an oscilloscope.
For our tests, we modi ed the scheme to also read the signal on the anode contact (see
modi ed scheme in gure 6.12(b)).

=

'
i
H

&

Ve
[l II
P B LT
v

P s :

i i i :i

'

i
S-PHT s conmecliors |

i 10 k02
1

i Si-PMTs connections

(a) Typical connections of SiPMs. (b) Modi ed connection scheme.

Figure 6.12: SiPMs connections.

Although the signal formation is often described as collecting the charges from the mul-
tiplication process in the silicon, the observed signal in fact is the induced pulse from the
moving charges. The signals on cathode and anode are therefore identical, but of inverted
polarity. Figure 6.13 shows typical pulses for a single event on cathode and anode. The
third trace shows the subtraction of both signals. We note that, in a high electrical noise
environment, a di erential read out would be possible as shown by the third trace in g.
6.13.

For better noise immunity at high frequencies, the signals from the anode were routed
through a Charge Sensitive Ampli er (Clear Pulse Model 5016 Dual CSA)®. The shap-
ing time of the CSA was set to 100 nsec. The pulses were shaped and ampli ed in a
spectroscopy ampli er (Ortec Ampli er Model 450)5 for analysis with a Multi Channel
Analyzer (MCA). Fig. 6.14 shows a typical anode pulse after the CSA.

The bias voltage for the SiPMs is within a 10V range, around 65V. At liquid xenon tem-
peratures, the bias voltage is at the lower end of this range, whereas at room temperature
higher voltages are required. Since the ampli cation in the SiPMs is based on operation
in Geiger mode, no signal can be observed below 55V. Although not ideal for this applica-
tion, a standard 4 channel PMT HV supply was used (model RPH-032, REPIC Co.). The

Swww.clearpulse.co.jp
Swww.ortec-online.com
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Figure 6.13: Alpha source signals detected by SiPM. Signal from cathode and anode pulse, as well as
the substraction of both signals, are shown from top to bottom as seen on the screen of the oscilloscope.

Figure 6.14: The two upper curves correspond to the signal detected from the anode of one SiPM,
before and after Charge Sensitive Amplifier. The smoother curve correspond to the signal after the CSA.
The two lower curves are from the second SiPM.

output voltage was reduced by resistive dividers. Added capacitors provided the necessary
filtering of electrical noise. Figure 6.15 shows all the connections, signal and HV, used for
the tests.

6.3.1.3 Measurements and results

Figure 6.16 shows a spectrum of one of the two SiPMs acquired with LED light pulses.
It is typical for spectra of SiPMs to show distinct peaks corresponding to the number
of hit cells. Since a single electron-hole pair can start the avalanche in a cell, the peaks
correspond to the photoelectron peaks in a regular PMT (Hyman et al., 1964). For small
numbers of cells, the signal depends linearly on the number of original photons, while for
large numbers, non-linearities show either neighboring cells firing, or a cell hit by several
photons. In analogy to a PMT, the pulse height corresponding to a single cell is called P,.
The calibration of a SiPM is similar to a standard photomultiplier, but due to the single
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Figure 6.16: Amplitude distribution of a SiPM for a MCA calibration pulse.

photoelectron sensitivity, a SiPM is selfcalibrating. The single photoelectron peak (P.),
as well as the pedestal, is clearly defined in figure 6.16. Instead of the single P, location,
the average distance between successive peaks can be used. Since we can distinguish the
peaks clearly up to about 20 P,., we can accurately determine the single P, equivalent,
even without fitting a curve.

The gain of the SIPM was obtained by comparing the single P, with a test pulse of known
height. The test pulse injects a charge via a known capacitor to the input of the CSA,
and thus we can easily determine the ADC conversion rate (electric charge per channel).
The gain is expressed by the following equation:

(P.[ch]) x (ADC conversion rate|C/chl)
1 e~ charge[C]
The gain of the SiPM is a function of the bias voltage, due to dependence on P, on the

bias (Figure 6.17 shows this dependence). Above 65V (see figure 6.17), the signal became
very noisy. We attribute this to an unstable condition within the single cells causing them

Gain =

(6.1)
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to show a breakdown even without a photon hitting the cell. Below 60V the signal was
too small to be measured. The gain of this SiPM was below 10°.
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Figure 6.17: One photon equivalent versus reverse bias.

Another important parameter is the quantum e ciency Q., or the e ciency with which
a photon hitting the active part of a cell causes an avalanche. To de ne a clear signal, we
use the coincidence of the two SiPMs to gate the MCA. Figure 6.18 shows the spectrum
of the 2! Po source. To ascertain that the discriminator setting does not cut into this dis-
tribution, gure 6.19 shows the spectrum under identical conditions but with the source
removed. The noise contributions are still notorious down to a single P., but above 2P,
very few background remains.

Since the SiPM signal is calibrated in units of photoelectrons, the peak pulse height in
gure 6.18 corresponds to the average number of 22 P.. 2! Po emits 5.305 MeV alphas,
which corresponds to 2 7 10° photons using the energy value of 19.6 eV for alpha particles
to produce a scintillation photon in liquid xenon (Doke et al., 2002). The solid angle of a
single SiPM for the point like light source in our setup is about 0 08%, i.e. for each alpha
an average number of 216 photons are impinging on the SiPM. The photon detection
e ciency of this particular type of SiPM is therefore 10%, nearly doubled from the value
measured for earlier models in Aprile et al. (2006b). The improvement is due to a larger
active area for each cell (0.56 instead of 0.254 of the total area) compared to the old
model.
The quantum e ciency of the SiPM can be calculated from the e ciency as: = Q. A,
where A is the active area ratio of the device. Assuming A=0.56, we infer a . = 18 4%.
The error largely re ects uncertainties in the source location, since the moving mechanism
for the source did not allow accurate positioning.
In order to con rm that the observed peak is due to alpha particles, the geometry was
changed by moving the source closer to the two detectors. As expected, the number of
detected photons increased with the solid angle. For the new geometry, the calculated Q.
value was 23%, and 19% for the other SiPM.
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Figure 6.18: Amplitude distribution for 21°Po  particle scintillations with a gate on the MCA requiring
the coincidence of the two SiPMs

The low temperature of the liquid xenon environment, of course, reduces the noise counts
of the SiPMs. The background spectrum of gure 6.19 was acquired over a 300 sec life
time and contains 7507 events above 0.5F, corresponding to 25 cps. A signi cant portion
of the noise is contained in the 1P, peak. The noise count rate for SiPMs is therefore often
quoted as > 1 5P,. For this threshold we obtain 12.4 cps.
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Figure 6.19: Amplitude distribution for background measured over 300sec life time with SiPM inmersed
in LXe.
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6.3.1.4 Data Read Out for 2-D Arrays

With the connection scheme shown in the right panel of gure 6.12, we observe two
identical pulses on the cathode and the anode, but with opposite polarity (see gure
6.13). With a small number of SiPMs, this can be used to provide two electronics channels,
one with a voltage ampli er for timing or triggering purposes, and one with a CSA to
measure the amplitude. The bene t of this scheme appears when a two dimensional array
of detectors has to be read out, as described in Giboni et al. (1998).

6.3.1.5 Conclusion

We have tested the feasibility of a silicon photomultiplier (SiPM) to detect LXe scintil-
lation light. The SiPM was operated inside the liquid, at -95C, to detect the fast xenon
scintillation light produced by an internal 2'°Po source. The gain was estimated to be
below 10° and we measured its variation with the applied bias voltage. The quantum
e ciency was estimated to be 18% (10% is the photon detection e ciency) at 178nm.
It must be pointed out here that this quantum e ciency should be considered as a lower
limit for silicon photomultiplier, since the quantum e ciency for each APD (that consti-
tute a SiPM) is expected to be much higher, as will be discussed in the next section. A
higher quantum e ciency would be obtained if the device were optimized in the manu-
facturing process for a wave length of 178nm.

The low noise, high single photon detection e ciency and low bias voltage of SiPM make
these purely solid state devices a quite suitable solution for liquid xenon scintillation
detection. Moreover, the easily realization of X-Y read out, allows large arrays of SiPMs
for LXe detectors in many applications.

6.3.2 Large Area Avalanche Photodiodes(LAAPD)

In recent years, large area avalanche photodiodes (LAAPD) have been successfully applied
as photodetectors for a variety of scintillators, including liquid xenon (Solovov et al., 2002).
Here we describe the results on the detection of LXe scintillation light produced by alpha
particles, with a 16mm diameter LAAPD from Advanced Photonix Inc.(API) immersed
in liquid xenon. This kind of LAAPD is UV sensitive and has been successfully operated
in high-pressure scintillation detectors previously (Lopes et al., 2001). The interest in
LAAPDs for LXe is because of their high quantum e ciency (QE) at 178nm, as originally
reported by Solovov et al. (2002). A lower value was reported by Ni et al. (2005) after
the tests performed with the same LAAPD from API, also at the Nevis Laboratory
(NY). Unlike our experiment, those measurements were made in a xenon ionization and
scintillation chamber in order to con rm that using a LAAPD in LXe does not introduce
impurities which may inhibit the drifting of free electrons. The test presented here was
aimed at con rming the high QE for LXe scintillation reported in the literature, and at
verifying the compatibility of LAAPDs immersed in the liquid.
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6.3.2.1 Experimental Setup

The setup in this experiment is similar to that used in the previous test with the SiPM.
A 16mm diameter windowless LAAPD (model API SD 630-70-75-500, see Fig.6.20) was
mounted inside a chamber lled with high purity LXe.
The LAAPD, originally glued on a thin ceramic substrate, was mounted on a PTFE
(or te on) disk as shown in Fig. 6.21. To polarise the APD, the anode and cathode
were pressed against the te on holder with two layers of copper foil and then welded
to two wires. As in the previous test, we used an open bath cooling apparatus with a
liquid nitrogen and alcohol mixture to condense the xenon gas. The vessel enclosing the
assembled detector was lled with high purity LXe, completely covering the LAAPD.
An alpha emitting source (?!° Po with activity 0.1 0Ci) was placed at a distance of 6mm
facing the APD. The source could be moved with a motion feedthrough, thus it could
swing in or out to also take background data without light from the alpha source (see
g. 6.21). For test purposes, a blue (440 nm) emitting LED was also mounted in the
chamber. Hermetic feedthroughs are used to bias the LAAPD and to connect its output
to a charge sensitive ampli er, as well as to power the LED.

Figure 6.20: Picture of the 16mm diameter windowless LAAPD (SD 630-70-75-500) from Advanced
Photonix, Inc.

The scintillation light, which is created from alpha particles in the LXe, hits the LAAPD
and produces photoelectrons which are ampli ed by the avalanche process. The avalanche
electrons are collected by a pre-ampli er (model AmpTek A250) and the signal is fed into
a low-noise shaping ampli er (model ORTEC 450). The shaping time of the ampli er
was set at 0 250sec. The ampli ed signals are further fed into a PC-based multi-channel
analyser (MCA) for spectroscopy analysis.

Known test pulses are used to calibrate the DAQ system. The capacitance in the pream-
pli er was calibrated with a silicon detector, as described next.

Calibration of the input capacitance of the preampli er The capacitance in the
preampli er was calibrated using a silicon detector. Taking Wg; = 3 65eV as the energy
required per electron-hole pair production in silicon, and E = 976keV the energy of the

-particle from the 2°7Bi source placed in the silicon detector, we can easily infer the
charge produced in the silicon. Because energy needed for one pair production in silicon
is rather small, one can get a very good signal for calibration purposes.
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PSS

Figure 6.21: Picture of the LAAPD mounted on a PTFE disk with the alfa source device placed in
front of the detector (right) and outside the detector (left).

The preamplifier used in this experiment was fed with the signal from the silicon detector,
as well as a precision pulser connected to the test input of the preamplier. Figure 6.22
shows the output of the multi-channel analyser with the signals adjusted by a gaussian in
both cases. From the fit, we can determine the charge introduced by the test pulse, and
knowing the amplitude of the pulser (V' = 23.87mV’) we can calculate the capacity of the
preamplifier: C' = 2.78pF. Once the input capacitance of the preamplifier is calibrated,
we can calculate the charge due to an applied voltage to the preamplifier.
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(a) Gaussian fit to the energy line from 27 Bi (b) Gaussian fit to the test pulse with an ampli-
tude of 23.87mV.

Figure 6.22: Calibration of the capacitance in the preamplifier

6.3.2.2 Measurements and results

LAAPD gain The gain of the LAAPD was measured by placing the LAAPD very
close (about 3mm) to the source plate. The direct scintillation from a 5.3056MeV alpha
source (*19Po) was measured as a function of applied voltage on the LAAPD, up to about
1200V (see Figure 6.23). For higher voltages we observe a deformation at the peak of
the spectrum, probably due to a manufacturing defect of the device. Unitary gain was
determined from the average amplitude in the 300-500V range (Fernandes et al., 2004).
At low voltages, the LAAPD capacity varies with bias voltage. For gains above the uni-
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tary gain and up to the highest values, the capacity changes less than 1-1.5% (Solovov
et al., 2002). In our setup, the dominant error for the gain measurement comes from the
temperature variations (1 ). Typical reduction in applied voltage when reducing tem-
perature at a constant gain was observed, corresponding to an average voltage variation
of approximately 2.4V/ | at a gain of 100.

| AFI - alpha source in LEe |

§
£Z
]
of
Pr] -
-
i ; -
£ -
Eﬁ 7
] e A
.E'II:I:'_ p—T - === I
a —
&
o SO T SN ST [ S T S T S S —g— |
Fai] 400 600 1] 1000 1800
Eias Valtaga [V]

Figure 6.23: LAAPD pulse amplitude as a function of the reverse bias voltage for alpha source inmersed
in LXe.

Quantum e ciency We calculate the quantum e ciency ( ) of a LAAPD through
the following equation:

_ No  Ng M
N, N
Here Ny is the number of photoelectrons from the LAAPD, N, is the number of pho-
tons reaching the LAAPD surface, M is the LAAPD gain, N, is the number of electron
charges detected by the pre-ampli er and Ny is the total number of scintillation photons

(6.2)

produced by an event. Ny, is approximately equal to £ W, where E is the energy of
the event, and W, is the average energy required to produce a scintillation photon in
liquid xenon. The W, values is 19.6eV for alpha events (Doke & Masudab, 1999). is
the light collection e ciency, which is de ned as the percentage of the total LXe light
yield reaching the LAAPD surface. We have estimated the light collection e ciency, by
geometrical approximation, to be about 17%. From these considerations, we estimated
the quantum e ciency (QE) of the LAAPD to be 100%. The main error comes from
the estimation of the light collection e ciency.

6.3.2.3 Conclusion

We have tested the operation of a LAAPD immersed in liquid xenon to detect scintil-
lation light from alpha particles. The quantum e ciency was estimated to be 100% at
178nm, in good agreement with previously reported experimental results (Solovov et al.,
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2002). Further optimization on the manufacturing process for the wave length of 178nm,
especially the thickness of the protective oxide layers, could improve the response of these
devices.

The LAAPD was operated at bias voltage between 400 and 1200 V corresponding to the
gain range from 1 to 9. This gain is much lower than that of PMTs or SiPM, but at
higher bias voltage (1700V) it can reach 1200 as reported by Solovov et al. (2002). On
the other hand, properties of LAAPDs, such as their compact size, very high QE, and
compatibility with low radioactive background and high LXe purity requirements, make
them attractive for LXe detectors.

136



Chapter 7

Conclusions and future work

In this thesis, a test performed with the CLAIRE s gamma-ray lens was presented. Like-
wise, three detector concepts with di erent technologies were studied for the focal plane
of a focusing telescope mission.

In order to investigate the performance of a Laue lens, a ground test was carried
out using a lens-source distance of 200m. This distance was long enough to test
the Laue lens prototype of the CLAIRE project, with a quasi-parallel beam close
to what is expected from a cosmic source. In preparation for the test, the lens was
tuned at the optical bench in CESR(Toulouse).

This experiment was intended as a veri cation of the lens principle, since it permitted the
testing of its pointing ability, by varying the relative position of the lens with respect to
the gamma-ray beam (equivalent to a shift of the source o the optical axis). Furthermore,
the test validated the relationship of energy-distance used for tuning the lens in the short
distance available in the laboratory. A lens e ciency of about 10% was measured, in
agreement with the CLAIRE balloon-borne experiment results. Regarding the focal plane
detector, the imaging capabilities of a Laue lens telescope were studied. The computed
point-spread-function showed that a position resolution on the millimetre range is needed
to track the focal spot across the focal plane detector. In addition, o -axis detection
becomes enabled, providing imaging capability to the lens in its eld-of-view.

In the framework of the GRI (Gamma-Ray Imager) mission study, a focal plane de-
tector con guration based on CdTe/CZT detector, with ne spatial resolution, was
proposed. In order to study the performance and understand the detector response,
a single detector module was developed and tested.

A CdTe pixel detector (11x11 array) was developed. The pixel pitch and thickness were
optimized through simulations in order to obtain the best spectral response and imaging
capability in the MeV energy range. A prototype with Imm picth and 2mm thickness
was design and developed. Each pixel was stud bonded to a fanout board and routed to a
front end ASIC to measure pulse-height and rise-time for each gamma-ray photon inter-
action. An energy resolution of 2.6% (FWHM) at 335keV was measured. This prototype
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was intended as a basic module of our proposed focal plane detector con guration. The
high segmentation of this detector would require a large number of channels, which is a
major constraint in a space mission and might be a handicap of the proposed detector
con guration. However, this detector con guration has successfully been registered under
an European Patent and is being considered for medical detector applications.

Simulations of the expected space radiation environment at L2 and the resulting
detector activation of the all-sky Compton telescope of the DUAL mission were
performed in order to obtain the expected performance of the proposed mission.

One of the most critical aspects of the DUAL mission was the instrumental background
and detection e ciency, which limits the sensitivity. An accurate mass model, which in-
cludes passive material in the detector and its surroundings, true energy thresholds and
energy and position measurement accuracy, was implemented to obtain the expected per-
formances. The results show that the all-sky Compton telescope of DUAL could achieve,
after two years of operation, a continuum sensitivity one order of magnitude better than
any past and current observatory in the MeV energy range. On the other hand, the Laue
lens of DUAL achieves an improvement of sensitivity by a factor of 30, for 10%s observation,
of the 56Co 847keV broad-line from SNIa.

A detector based on LXe was proposed with a readout system based on solid-state
devices. Performances of two types of avalanche photosensors directly immersed into
LXe were investigated.

We have tested the capability of SiPM and LAAPD immersed in liquid xenon in order to
detect the fast xenon scintillation light at 178nm. The quantum e ciency was estimated
to be 18% (SiPM) and 100% (LAAPD). The low noise of SiPM, along with its high single
photon detection e ciency and low bias voltage, make these purely solid state devices a
quite suitable solution for liquid xenon scintillation light detection. Large arrays of SiPMs
o er a promising approach for reading out 3D position-sensitive LXe detectors. The pro-
posed LXe detector would have a uniform detector volume with excellent stopping power
and 3D position measurement capability with millimetric resolution.

Despite the strong e ort carried out in the eld of simulations of gamma-ray detectors
and the build-up of prototypes, further research should be done in this direction to de-
velop the next generation of gamma-ray telescopes in the MeV energy range. Currently,
knowledge of Cd(Zn)Te detector technology is available and a realistic instrument con-
cept based on this technology has been proposed. A possible pathway for future research
is to develop and manufacture a reasonable prototype and experimentally verify all its
capabilities, e.g. 3D positioning and polarization measurement. In fact, such a prototype
is being considered as an option for a balloon-borne experiment with a CdTe polarimeter,
currently under study. Concerning liquid Xenon detector technologies, laboratory mea-
surements of performance (spectral response and fast timing) with a readout system based
on solid state photosensors are ambitioned for the future, while the technology of vacuum
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ultraviolet (VUV) photosensors continues with its spectacular progress.
In conclusion, it is clear that a new generation of high energy telescopes, incorporating

novel high sensitivity detector designs is necessary in order to achieve the sensitivity
required to answer several hot scienti ¢ topics of nuclear astrophysics.
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Simulation tools

B.1 Monte Carlo simulation toolkit

B.1.1 GEometry ANd Tracking: GEANT4

Geant4 is a Monte Carlo simulation toolkit based on C++4 computer language, for the sim-
ulation of the passage of particles through matter (Agnostelli et al., 2003). It has been de-
veloped by a world-wide collaboration of scientists and software engineers whose goal is to
develop, maintain and provide support to the users of Geant4. Its application areas include
high energy physics, nuclear physics, medical science and space physics studies. The source
code is distributed by CERN and is accessible on the web page http://geanty.cern.ch/.
Geant4 provides the option to use the GLECS/GLEPS package by Kippen (2004) to
take into account the energy of bound electrons and photon polarization in Compton
scattering.

B.1.2 MGGPOD

MGGPOD is a suite of ve closely integrated Monte Carlo packages, namely MGEANT,
GCALOR, PROMPT, ORIHET, and DECAY. The MGGPOD suite resulted from a com-
bination of the NASA/GSFC MGEANT (Sturner et al., 2000) and the University of
Southampton GGOD (Dean et al., 2003) Monte Carlo codes, which we supplemented
with the newly developed PROMPT package. All these packages are based on the widely
used GEANT Detector Description and Simulation Tool created and supported at CERN,
which is designed to simulate the passage of elementary particles through an experimen-
tal set-up. In a nutshell, the capabilities and functionalities of the ve packages that
constitute the MGGPOD suite are as follows:

e MGEANT is a multi-purpose simulation package that was created at NASA /GSFC
to increase the versatility of the GEANT simulation tool. A modular, object oriented
approach was pursued, allowing for rapid proto-typing of detector systems and easy
generation of most of the radiation elds relevant to -ray astronomy. Within the
MGGPOD suite, MGEANT (i.e., GEANT) stores and transports all particles, and
treats electromagnetic interactions from about 10keV to a few TeV.
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GCALOR, developed by C. Zeitnitz and T.A.Gabriel, simulates hadronic interac-
tions down to 1 MeV for nucleons and charged pions and down to thermal energies
(107° eV) for neutrons. Equally important, this package provides access to the en-
ergy deposits from all interactions as well as to isotope production anywhere in the
simulated set-up.

PROMPT simulates prompt photon emission associated with the deexcitation of
excited nuclei produced by neutron capture, inelastic neutron scattering, and spal-
lation.

ORIHET, originally developed for the GGOD suite and improved for MGGPOD,
calculates the build-up and decay of activity in any system for which the nuclide
production rates are known. Hence ORIHET can be used to convert nuclide produc-
tion rates, determined from simulations of cosmic-ray irradiation, to a decay rate,
which is a necessary input for simulating the radioactive decays giving rise to the
delayed background.

DECAY, again originally developed for GGOD and improved, enables MGGPOD
to simulate radioactive decays.
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Figure B.1: The background spectra recorded by Wind/ TGRS and simulated by MGGPOD (Weiden-
spointner et al., 2005a).

MGGPOD, has demonstrated its capabilities for modelling instrumental backgrounds by
applying it to Wind/TGRS and INTEGRAL/SPI. The background spectra recorded by

TGRS and simulated with MGGPOD is shown in figure B.1, reprinted from Weidens-
pointner et al. (2005). MGGPOD, is very successful in modelling both the continuum and

line backgrounds of the TGRS instrument, consisting of a 215cm? Ge crystal.
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B.2. Medium-Energy Gamma-ray Astronomy library: MEGAIlib

B.2 Medium-Energy Gamma-ray Astronomy library:
MEGAlib

This library, originally developed for the MEGA prototype (Kanbach et al., 2004), was
enhanced in the framework of the ACT study and it became a major set of software tools
to analyze data for the next generation of Compton telescopes (Zoglauer et al., 2006b). A
detailed explanation of MEGALib can be found in Zoglauer (2005). A brief overview over
the main programs which are available in MEGALIib and the tasks which can be performed
with them, is given in the following paragraphs:

e Geomega is the detector geometry package. It provides a uniform geometry and
detector setup description for MEGALlib. Starting from a geometry le, which in-
cludes the description of all materials, volumes, detectors, trigger criteria, etc., the
geometry is built and can be viewed with Geomega. The underlying geomega library
is in turn used by all other programs of MEGAIib to access this geometry informa-
tion. For example: 1) The simulation tool Cosima is using Geomega to import the
geometry into its own Geant4 format. 2) When the simulation le is read by e.g. the
event reconstruction tool Revan, then the ideal simulation data is noised accord-
ing to the detector description of geomega. 3) Revan & Mimrec uses Geomega to
calculate absorption probabilities, check where the hits occurred. 4) The geometry
can be converted to formats which the GEANT3 simulation program GMega as well
as MGeant/MGGPOD can process. 5) The Geant4 program Cosima directly loads
Geomega s shared library to use the geometry package.

e Sivan is intended for the analysis of simulated data and explicitly using simula-
tion information: the underlying library is mainly used to determine responses and
determine the maximum possible e ciency of an event reconstruction algorithm.

e Revan provides the event reconstruction, i.e. it handles the transition of the events
from pure hits into interaction processes (Compton, Pair, etc.). The algorithm is
split into four subsections: clustering (blobbing adjacent hits into one larger hit),
tracking ( nding showers, muons, pair events and Compton electron tracks), Comp-
ton sequence reconstruction (identifying the sequence of Compton interactions) and

nally decay detection (identifying events, which might originate from decays).

e Mimrecs main duty is list-mode likelihood image reconstruction. In addition it can
handle other high-level data analysis, like compiling spectra, ARM-distributions,
scatter-angle distribution, and more.

e Cosima Cosima is intended as a universal simulator for low-to-medium-energy
gamma-ray telescopes, detecting gamma-rays via photo-e ect, Compton scatter-
ing, and pair creation. This goal requires accurate simulation from a few keV up to
hundreds of GeV, including particles ranging from gamma-ray to cascades triggered
by cosmic high-energy particles. It has also been used for simulations for medical

149



APPENDIX B. SIMULATION TOOLS

imaging and nuclear surveillance applications. Cosima is full integrated into ME-
GAlib. For the simulations, one can use the same geometry file used with MEGAlib.
The output of Cosima, the sim-file, can be used by MEGAlibs Revan and Sivan pro-
grams.

B.3 ACT simulation toolset

As illustrated in Fig. B.2, for simulating y-ray instruments in a space environment four
basic types of tools are required: (1) models to describe source and background envi-
ronment in terms of particle distributions, (2) models to describe the detailed geometry
and mass of the instrument and spacecraft, (3) Monte Carlo simulation tools to pre-
dict the response of the instrument to particle sources and backgrounds, and (4) tools
to process and analyze the resulting data in a manner emulating anticipated operational
capabilities. There was no single simulation solution that included all these required tools.

(2) (1)
Instrument & Spacacraﬂ.! pace Environment
Mass Model | Model

¢ ¢
'MGGPOD| @

Detailed Datecmr;_;}if:nnvart Interactions to
Properties | | Voxelized Hits
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Events |

4

Events Selection

Figure B.2: Overview over the data analysis steps integrated in the ACT tool.

The development and application of computer simulations and models for estimating real-
istic instrument performance parameters was one of the major issues of the ACT concept
study (Boggs et al., 2006). Previously existing tools were combined into a complete, pow-
erful package for v-ray astronomy (ACTtool !).

Accurate space environment models are crucial inputs for reliable prediction of instrument
performance (see sectionl.2.2.1). The primary resource used for background models is the
CREME96 package (Tylka et al., 1997) from the U.S. Naval Research Laboratory.

Thttp://public.lanl.gov/mkippen /actsim/act-study
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B.3. ACT simulation toolset

The process of modeling detailed instrument geometry and mass distributions for use in
realistic Monte Carlo simulations is often long and laborious. For the ACT study a mass
model generation tool was developed in order to conveniently support di erent detector
and structural materials and combine them with a reasonably detailed spacecraft model.
The Monte Carlo package at the heart of the ACT simulation toolset is the above de-
scribed MGGPOD package. Concerning the data analysis, the package MEGAIib (de-
scribed above) comprises the complete data analysis chain for Compton telescopes -from
discretizing simulation data and calibrating real measurements, to the reconstruction
and selection of events, up to high-level data analysis, i.e. image reconstruction, back-
ground estimation, and polarization analysis. The most critical part in the data analysis
is the reconstruction of photon energy and direction (and polarization) from raw mea-
sured quantities (interaction positions and energies). Event reconstruction is the key to
di erentiating source events from background. The capabilities of MEGALIib to correctly
reconstruct incident directions of photons and to ultimately produce images was reported
by Zoglauer et al. (2004).
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