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Abstract

All along the 20* century, astronomy has been extended to the whole electromagnetic
wavelengths, allowing to discover new sources and new astrophysical phenomena. To
detect the highest energy part of the electromagnetic spectrum, space-based instruments
such as the instruments on board of the Fermi Gamma-ray Space Telescope are used.
But above a few hundred GeV, the acceptance of space-based detectors is no more suffi-
cient, forcing us to develop ground-based facilities. Since the atmosphere is opaque to
y-rays, indirect ways of detecting this radiation had to be developed. When entering the
atmosphere, a high energy photon generates an electromagnetic shower. The charged
particles, electrons and positrons, composing the showers, emit Cherenkov light which
can be detected using Imaging Atmospheric Cherenkov Telescopes (IACTs). This tech-
nique was pioneered by Whipple since 1968. During the following decades, arrays of a
few Cherenkov telescopes have been developed.

The first large scale Cherenkov observatory, that will be made of almost 150 telescopes
distributed in the two hemispheres, is under development. In order to cover a wide range
of energies, this observatory, called the Cherenkov Telescope Array (CTA), will employ
three different sizes of telescopes. The smallest telescopes, with a diameter of about 4
meters, will be mainly sensitive to the highest energies that CTA will span, that is from a
few TeV to a few hundreds of TeV. Three prototypes of telescopes have been developed for
the small-sized telescopes (SST). Two of the prototypes are dual mirror telescopes, while
the third, the SST-1M, is a single mirror telescope. The SST-1M telescope has been devel-
oped by a sub-consortium composed of institutes from Poland, Switzerland, and Czech
Republic. The telescope structure and optical elements have been conceived in Poland and
Czech Republic, respectively, while the SiPM-based digitizing camera has been designed
at the University of Geneva.

A first prototype of telescope and camera has been built, and has been successfully
operated to observe gamma events in 2017 and 2018. Nevertheless, the CTA requirement
for the camera global detection efficiency (conversion efficiency from photons to photo-
electrons, including the sensors, the light guides, and the entrance window) weighted
by the Cherenkov spectrum in the range 300-550 nm has been set to 20%, which was not
reached by the first prototype camera. This large value has challenged the SST-1M project
and required dedicated studies of the possible solutions that can be adopted to achieve
the required optical efficiency. A solution to achieve such optical efficiency for the whole
camera is to upgrade the sensors by using SiPM that have a higher photo-detection effi-
ciency (PDE) than the one currently used for the prototype. Another solution to improve
the optical efficiency would be to improve the transmittance spectrum of the entrance



window of the camera (that protects the photo-detection plane from the dust and allows
to filter the night sky background (NSB) above 550 nm) between 300 and 550 nm.

Two possible Hamamatsu SiPMs have been investigated to upgrade the camera photo-
detection plane. The LCT5 sensor, based on the Low Cross Talk Hamamatsu technology,
would bring the PDE to 48% at 8% optical cross talk. The current sensor used for the pro-
totype (LCT2), based on the same technology, has a PDE of 34% at 8% crosstalk. Another
solution would be to change the sensor for the LVR3, based on Hamamatsu Low Voltage
Resistor technology, bringing the PDE to 52% at 8% crosstalk. The LVR3 sensor, having a
large microcell capacitance compared to the LCT2 (128fF vs 85 fF), is expected to produce
long pulses, that could not fit with the 30 ns integration window required by CTA. An
electronic simulation of the LVR3 sensor using the Corsi model coupled to the preampli-
fication front-end electronics has been performed, using the Cadence PSpice®simulation
software. The elements of the circuitry have been fine-tuned to optimize the pulse shape to
get a well-behaved exponentially decaying shape with the shortest achievable decay time.
Even with the optimisation of the circuit, the best achievable pulse shape has a recovery
time of about 170 ns, which does not fit with the integration window. The pulse shape
has been measured to test the reliability of the model. The measured pulse shapes are
even longer than the simulated one, this difference being due to the bad simulation of the
OPA (Operational Pre-Amplifier) that consists of a black box made of transfer functions
provided by the manufacturer (Texas Instrument).

Since the pulse of the LVR3 sensor is too long even after optimisation of the circuit, a
solution to sharp the waveform has been considered. An ASIC called MUSIC (Multiple
Use SiPM Integrated Circuit), developed at the University of Barcelona for SiPM readout,
implements an option to reduce considerably the length of the pulse thanks to a shaper
circuit. This ASIC has first been characterized coupled to a 3x3 mm? LVR3 SiPM. Satisfac-
tory pulse shapes, with recovery time of less than 30 ns, can be easily achieved using the
so-called Pole Zero Cancellation (PZC). When going to a 6x6 mm? LVR3 SiPM, the photon
counting capability can only be achieved by considerably increasing the over-voltage and
hence the crosstalk probability to more than 15%. This is not suitable for our application
since the sensors in the camera are operated with a 8% crosstalk probability. The LCT5
sensor (microcell capacitance of 101fF) has therefore been tested with the MUSIC ASIC,
since it also has a longer pulse shape than the LCT2 sensor. The application of the PZC on
the LCT5 sensor allows to achieve easily pulses shorter than 30 ns, and single photon sen-
sitivity is achieved without increasing the over-voltage. The linearity of the LCT5 sensor
coupled to MUSIC has been measured. It appears to have a predictable behavior in satura-
tion. The LCT5 sensor could therefore be a good solution to upgrade the photo-detection
plane of the camera with the MUSIC ASIC as preamplification stage. Furthermore, the
measured pulse shapes for different configurations of cancellation match very well with
the simulation of the ASIC performed by the team of Barcelona.

A second solution to improve the overall optical efficiency has been investigated. A
new entrance window has been produced and its transmittance spectrum and uniformity
across its surface have been characterized. The transmissivity of this window compared
to the first prototype has been improved, but not sufficiently to achieve the 20% camera
efficiency just by changing the entrance window and without also upgrading the photo-
sensors. Upgrading the sensor to LCT5 would, however, bring the optical efficiency to
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about 25%. The uniformity of the new window is better than for the first one installed
on the camera prototype. The impact of the non-uniformity of the window on image
reconstruction has been studied. Even though the impact on the image reconstruction
is negligible, a correction for this non-uniformity has been implemented in the camera
pipeline that is used to process the data.

The first chapter of this thesis introduces the use of Cherenkov telescopes in gamma-
ray astrophysics and describes the CTA project, especially the SST-1M telescope. The
working principle of a silicon photo-multiplier (SiPM) is discussed in a second chapter.
The third chapter describes the simulation work that has been performed to optimize the
coupling between the camera front-end electronics and anew type of sensor with increased
PDE. The characterization of the MUSIC ASIC is discussed in the fourth chapter. Finally,
the measurement of the entrance window and the impact of non-uniformity on image
reconstruction are discussed in a fifth chapter. Overall conclusions and outlooks are
discussed at the end of this thesis.

iii






Acknowledgments

The substantial advice and contributions to this project of various people have to be
mentioned. To start with, I would like to express my sincere gratitude to Prof. Teresa
Montaruli for giving me the opportunity to work on this exciting and enriching mas-
ter project on the SST-1M camera. I also wish to particularly thank my supervisor, Dr.
Matthieu Heller, for his continuous help and guidance along this year.

Beside my advisors, I am also indebted to Eng. Isaac Troyano for his help with PSpice®
simulations and with the installation of the MUSIC ASIC measurement setup. Moreover,
I am very grateful to Dr. Andrii Nagai for his precious help on the measurement of SiPM
pulse shapes, MUSIC ASIC, and entrance window transmittance. I also want to thank
Cyril Alispach and Dr. Yves Renier for their help on the digicamtoy Monte Carlo toy
and on the digicampipe camera pipeline. I would also like to extend my thanks to the
other members of the CTA /IceCube group at UniGe for their helpful comments all along
the year and for their kindness. Thanks Mimmo, Imen, Anastasia, Stéphanie, David,
Stéphane, and Francesco.

I also appreciate the help with MUSIC ASIC and entrance window setups from the
electronics and mechanics groups of DPNC, respectively. The upstream work on front-
end electronics model and on LCT5 pulse shape studies by Eng. Yannick Favre has been
particularly useful to the work performed in this thesis. Thanks to Yann Meunier for his
help on IT, to Catherine Blanchard and Nathalie Chaduiron for the administrative part,
and to Sandro D’Aleo for providing the room for the defense.

Furthermore, I would like to thank Eng. Sergio Gémez and Eng. David Gascén from
ICCUB, University of Barcelona, for their help with the MUSIC ASIC and its simulation. I
am also thankful to Dr. DuSan Mandat from the Institute of Physics of the Czech Academy
of Sciences (FZU), Czech Republic, for his valuable help on the measurements of the en-
trance window transmittance. Thanks also to Jakub Jurysek from FZU for providing
simulation files for the study of the impact of the entrance window non-uniformity on
shower reconstruction and to Prof. Rafat Moderski from Nicolaus Copernicus Astronom-
ical Center for producing them.

Finally, I wish to thank my family and my friends for their support and encouragement
throughout my studies.






Contents

Abstract
Acknowledgments
Contents

I High Energy Astrophysics with the CTA Experiment

1 Gamma-Ray Astrophysics . . . .. ... ... ... ... .. ... . ..
1.1 Gamma-Ray Production Processes . . . . . .. ... ... .........
1.1.1 Leptonic Gamma-Ray Production . ... ... ... ........

1.1.2 Hadronic Gamma-Ray Production . . . . .. ... ... ......

1.2 Possible Gamma-Ray Sources . . . ... ... ................
1.2.1 Galacticsources . . . . .. ... ... Lo

1.2.2 Extragalacticsources . . .. ... ... ... ... ........

1.3 Propagation of Gamma-Rays . . ... ... ... ... ...........

2 The Cherenkov Telescope Array Observatory . . . .. ... ... ........
2.1 Detection of gamma-rays with Cherenkov telescopes . . . ... ... ..
2.1.1 Gamma-rays arrival on Earth and the ways to detect them . . . .

212 Cherenkoveffect . .. ... ... ... ... . oo L.

2.1.3 Imaging Atmospheric Cherenkov Technique . . ... .. ... ..

2.2 The current generation of Cherenkov observatories . . . ... ... ...
2.3 The Cherenkov Telescope Array and its performance . . ... ... ...
2.3.1 The array of Cherenkov telescopes . . . . ... ...........

232 CTAperformance. . .. ... .....................

2.4 Science with the CTA experiment . . . ... ... .. ... ........
241 Sciencethemes . ... ... ...... ... . ... .0 ...

242 Keytargets. . . . ... ... ... o o

3 The SST-1M telescope and its digitizing camera . . . ... ... ... .....
3.1 The telescope structureand optics . . . . .. ...... .. ... .....
3.2 The camera working principle and design. . . . . ... ... .......

II Silicon Photomultipliers (SiPM)
1 Semiconductor physics. . . .. ... ... ... L
1.1 Basics of semiconductor physics . . . ... ... ... .. . . 0L
1.2 Doped semiconductors . . ... ... ... ... o o L.

vii



CONTENTS

2
3
4

Detection mechanism of Avalanche PhotoDiodes (APDs) . . . . .. ... ...
Characteristics of a Silicon PhotoMultiplier . . . . ... ... ... ... ....
Modelling the pulse shapeofanSiPM . . . . ... ... .. ...........

IIT Pulse shape simulation of SiPM with PSpice®

1

=~ w N

5
6

Electronic model of the camera front-end electronics . . . ... ... .....
Pulse characterisation . . . . .. ... ... . ... ... .. ...
Optimization of the pulseshape . . . . ... ... ... ... ... ....
Faithfulness of the electronicmodel . . ... ... ... ... ..........
4.1 PSpice model and measurement setup of the 6x6mm? SiPM . . . . . . .
42 Measured vs. simulated pulses . . . . .. ... ... ... 0L
4.3 Measurement and simulation of a single channel PCB. . . . . . ... ..
Monte Carlo simulation of the camera readout with digicamtoy . . . . . . . .
Conclusions . . . . . . . . e e e e e

IV Characterisation of the MUSIC ASIC with LCT5 and LVR3 SiPM

1
2
3

4
5

The Multiple Use SiPM Integrated Circuit MUSIC) . . . ... ... ... ...
Measurementsetup . . . ... ... L L o
Measurementresults . . . . . . . ...
3.1 Pulse shapes and single photon sensitivity . . . ... ... ........
32 Linearity . . . . . . ...
Comparison with simulations . . . . . ... ... .. ... ... ... ....
Conclusions . . . . . . . e

V  Characterisation of the uniformity of the entrance window of the camera

1
2

68}

5

Measurementsetup . . . ... .. ... L L oL o
Uniformity and efficiency of the new window . . . ... ... .........
21 Angulardependency . . . . ... ... .. ... o oL
2.2 Transmittance for each pixel position . . ... ... ... ... .. ....
Comparison with the first window . . . . .. ...... ... .........
Impact of the window non-uniformity on image reconstruction . . .. .. ..
4.1 Implementation of window flat-fielding correction factors in the camera
analysis pipeline . . .. .. ... ... ... L o oo
4.2 Effect of the non-uniformity on measured data-set . . . . . .. ... ...
4.3 Effect of the non-uniformity on MC simulated on-axis gammas . . . . .
Conclusions . . . ... ... .. L

Summary and outlooks

Bibliography

A Evolution of noise contribution as a function of Ryn, Rg and Rg

B Influence of different electronic components on the LVR3 pulse shape

viii

86
86
88
90

91

93

97

929



Chapter /

High Energy Astrophysics
with the CTA Experiment

Throughout the ages, man has always been fascinated by the night sky. The existence
of ancient buildings dating back nearly 5000 years, such as the Egyptian pyramids or
megalithic stone alignments (e.g. that of Stonehenge, UK) edified according to some as-
tronomical landmarks, is proof that astronomy is one of the oldest sciences. But it is from
the end of the Renaissance that astronomy experienced a significant evolution, especially
with the introduction of the heliocentric model by Copernicus or the laws governing the
planetary motion by Kepler. It is during this same period that astronomers (Galileo Galilei
among others) began to observe the sky with optical telescopes, marking the beginning
of a new era for astronomy.

The use of optical instruments allows the observation of celestial objects invisible to the
naked eye. It is first the planets of the solar system as well as some of the brightest nebulae
that are studied by astronomers, who draw their observations by hand. Increasingly large
and powerful telescopes are being built, giving access to more astronomical sources, but
also to more distant sources. Space telescopes are also constructed (e.g. the Hubble Space
Telescope) to avoid atmospheric turbulence. Data acquisition has also been improved
through the development of photographic equipment at the end of the 19th century, and
later through the design of digitizing detectors such as CCD cameras.

Visible light is the only source of information in astronomy until the beginning of the
20th century. It is mainly during the last century that the observations has been extended
to the rest of the electromagnetic spectrum (Radio waves, InfraRed, UltraViolet, X-rays,
v-rays), thus allowing to gather more information about astronomical sources, including
their composition and the different physical phenomena that govern these sources. This
enlargement of the observational window led to the discovery of new extremely energetic
sources such as radio galaxies, pulsars and quasars. Images of our galaxy at different
wavelengths are shown in figure 1.

Nowadays, photons are not the only information carriers that can be used to study
our universe. In 1912, Victor Hess figured out that the ionisation rate increases with the
altitude, which is the evidence for a radiation of cosmic origin. This radiation, called
cosmic rays, is a new way to see our universe. Cosmic rays are mainly composed of

1



1. HicH ENErRGY AsTrROPHYSICS WITH THE CTA EXPERIMENT

protons, antiprotons, electrons, positrons, neutrons, and atomic nuclei. In 1987, the first
neutrinos from a supernova have been detected by three neutrino experiments, including
Kamiokande, giving birth to neutrino astronomy. More recently, the detection of gravi-
tational waves from merging neutron stars opened a new field in astrophysics, offering
a new approach to probe the cosmos. With all these different types of cosmic messen-
gers, multi-messenger astronomy allows to study a wide range of aspects of astronomical
sources.

. . v et - Radi#ﬁontinuum (2.4-2,7 GHz)
f et P A o A e = ST s , ,

. Molecular Hydrogen

Infrared

Mid Infrared

Near Infrared

Optical

Figure 1. Multi-wavelength Milky Way Images (Credit: NASA)

As can be seen in figure 2, only visible light (including near IR and near UV) and radio
waves can be detected on the ground using optical or radio telescopes. Indeed, other
wavelengths are absorbed by the atmosphere, forcing us to send instruments into space
to study the high energy part of the electromagnetic spectrum. Even if using space tele-
scopes (e.g. the Fermi Gamma-ray Space Telescope) allows very low background noise,
the effective area (~ 1 m?) is limited by the mass that can be sent in space. But even if
the atmosphere blocks gamma rays from reaching the ground, it can actually be used
as a calorimeter. Gamma photons entering the atmosphere engender electromagnetic
showers made of photons, electrons, and positrons. Incident gamma-ray photons being
highly energetic, relativistic charged particles in the shower travel faster than light in the
surrounding medium. This induces the emission of UV /blue light cones by the charged
particles (the so-called Cherenkov effect) that can be detected from ground using tele-
scopes. Gamma-rays can therefore be indirectly observed from ground using the Imaging
Atmospheric Cherenkov Technique (IACT). Despite the enormous hadronic background
noise of such detection, it has the advantage of having a huge effective area (~ 10° m?),
which allows to probe very high energies.



The current generation of IACT experiments, consisting of H.E.S.S., MAGIC, and
VERITAS, has widened the field of investigation of the cosmos to extreme energies with
the detection of more than 200 sources' and many new types of cosmic sources at TeV scale
(SNR, PWN, ISM, galactic center, binary systems, star cluster, radiogalaxies, blazars, AGN,
and new types of sources). The future Cherenkov Telescope Array (CTA) experiment,
legacy of the experiments mentioned above, will allow to investigate in detail the TeV
region thanks to its hundreds of telescopes. CTA will increase the sensitivity by one
order of magnitude compared to the current observatories, while having a better angular
resolution. Being spread over two sites (one per hemisphere), the CTA telescopes will be
able to cover most of the sky. With its three different sizes of telescopes, the array will
cover a wide range of energies, from 20 GeV, overlapping the energy range of Fermi, to
the unexplored 300 TeV. The smaller telescopes, the SSTs, are covering the most energetic
part of the CTA energy range. One of the three proposed designs for the Small-Sized
Telescope of CTA is the single mirror SST-1M telescope, whose mechanical structure has
been developed in Poland and optical systems in Czech Republic. The camera mechanics
and photosensor plane has been designed and assembled by the University of Geneva,

Switzerland.
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Figure 2. Atmospheric opacity to electromagnetic radiation
(Original picture credit: NASA)

In this chapter is first discussed the physics of gamma-rays, from their emission to
their arrival on Earth. The Imaging Atmospheric Cherenkov Technique is then described
so as the current IACT experiments. The future CTA experiment performances and its
scientific goals are subsequently depicted. Finally, the working principle of the SiPM-
based digitizing camera of the SST-1M telescope is detailed.

1http://tevcat.uchicago.edu
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1. HicH ENErRGY AsTrROPHYSICS WITH THE CTA EXPERIMENT

1 Gamma-Ray Astrophysics

Gamma-rays form the most energetic part of the electromagnetic spectrum, with pho-
ton energies above 100 keV. Gamma-rays are detected up to hundreds of EeV (~10% eV).
Hence, it is useful to split this huge energy interval into energy sub-bands. Consequently,
photons usually detected from space are divided into low /medium energy (from 100 keV
to 30 MeV) and High Energy (from 30 MeV to 100 GeV) ranges. Gammas typically detected
via ground-based experiments are conventionally distributed into two ranges: the Very
High Energy (VHE) range from 100 GeV to 100 TeV and the Ultra High Energy (UHE)
photons with energies above 100 TeV.

Observing simultaneously an astrophysical object over the whole electromagnetic
spectrum, from radio to y-rays, is very important to understand the physical processes
involved within the source. Even though this implies to work with different observa-
tional techniques because of the wide range of energy, it is more suitable to represent the
quantity of emitted energy by the source in a given range of the spectrum in a universal
way. The emission of an object is therefore expressed by the Spectral Energy Distribution
(SED), which is a plot of the flux density vF(v) versus the frequency. F(v), measured in
units of erg cm 2s"'Hz™!, is the energy received on a given surface per unit of time in a
given frequency range Av. Equivalently, with the spectrum ‘é—];, the SED can be defined

as the plot of Ez?j_lgl (= vF(v)) as a function of energy, N being the photon number density

The underlying physical processes in gamma-ray sources and the possible high-energy
astrophysical sources themselves are discussed in this section.

1.1 Gamma-Ray Production Processes

Interaction between high-energy charged particles (for instance, electrons accelerated
by the shock waves of a supernova remnant) and magnetic fields or molecular clouds can
produce highly energetic photons. But gamma-rays can also be generated by decaying
heavy particles. Two classes of production mechanism are then notable: those purely
leptonic, and models in which photons are produced via hadronic interactions. The
latter allows to gather information about acceleration sites of cosmic rays, since these
are deflected by galactic magnetic fields and thus do not directly pointing back to their
source. Apart from leptonic and hadronic models of gamma-ray production, there exist
some more exotic models such as nuclear transformations, matter-antimatter annihilation
or dark matter annihilation.

1.1.1 Leptonic Gamma-Ray Production

The elementary astrophysical leptonic model is the so-called Synchrotron Self-Compton
(SSC) mechanism. Ultra-relativistic electrons accelerated in a magnetic field within the
source emit Synchrotron Radiation (SR), also known as magnetobremsstrahlung, creating
a peak in the energy spectrum from the infrared to X-rays. These soft photons produced
by SR subsequently interact with their parent electrons via Inverse Compton scattering
(IC). Inverse Compton scattering is the scattering of a low-energy photon with a high-
energy electron, that transfer part of its kinetic energy to the former. This second process



1. Gamma-Ray Astrophysics

is responsible for a second peak in the GeV-TeV region of the energy spectrum. Both
mechanism are illustrated in figure 3.

low-energy y-ray |

electron hoton

magnetic field y-ray
a
- —_— .

electron

Figure 3. Synchrotron radiation and Inverse Compton scattering (Credits: CXC, S.Lee)

To understand the shape of the spectrum corresponding to SR and IC mechanism, we
first assume the energy spectrum of the parent electrons to follow a power law of spectral
index ve: ﬂ—g oc E7Ye. To better describe its behavior, the spectrum generated by leptonic

model, sketched in figure 4, is separated in four regions designated by I, II, III, and IV.

The synchrotron part of the spectrum is describe by a power law:

»dN

E dE

This expression is diverging at small energies. Actually, it describes the falling part of

the synchrotron peak (II), which also exhibit a dependency on the magnetic field: Ezi—? o

B(e*D/2_ This infrared divergence can be revised by thermodynamical considerations.

Since the brightness temperature of a source cannot exceed the kinetic temperature of

the emitting electrons, part of the synchrotron radiation is absorbed via synchrotron self-

absorption by the surrounding matter. In the low-energy Rayleigh-Jeans limit, this leads
to the following behavior for branch I:

o ECvetD/2 (1)

2dN 50
B < E / (2)
To be noted that in this region the magnetic field dependency of the flux density is
also different: E24Y oc B/,
At low energy, the Inverse Compton scattered photons have a spectrum of the form
(region III):
»dN

For the highest energy part, the ultra-relativistic Klein-Nishina limit has to be consid-
ered, leading to a distribution of the form:

Ezi—]: o« E7Y¢ In (E) (4)
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Figure 4. Spectral Energy Distribution of high-energy photons produced in
leptonic/hadronic models (Adapted from [4])

Animportant feature of the SSC model is the correlation between synchrotron radiation
and inverse Compton processes. This interplay between those two processes determines
the position and amplitude of the corresponding peaks in the SED. Magnetic field strength
plays an important role in this connection between SR and IC mechanisms. Indeed,
emission of synchrotron photons leads to inverse Compton scattering but reduces in the
meantime the energy of the parent electrons available for this same inverse Compton
scattering. In turn, up-scattered photons reduces the amount of energy available for
the electrons to emit synchrotron radiation. A faithful model of the physical processes
governing the sources allows to access object parameters such as the amount of electrons,
the strength of the magnetic field, and the spectral index of the electron.

The power loss for synchrotron radiation and inverse Compton mechanisms are given
by, respectively:

dE 4
Psynch = —(a) = §UTCY252U«B )
synch
and:
dE 4
Pic = _(E)IC = gGTCYzﬁzurad (6)
where o1 = 3{::26;14 is the Thomson cross section, ug = % is the energy density of the

magnetic field, and ,q = Nhv is the photon energy density.
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1.1.2 Hadronic Gamma-Ray Production

High energy photons can also be generated via pion decay in hadronic showers induced by
accelerated protons or nuclei. The neutral pion can be produced via two main processes.
On one hand, pion can be generated in proton-proton collisions:

p+p— i KEK p,n, .. (7)

This kind of interaction happens when accelerated hadrons collide with target nucle-
ons, e.g. molecular clouds. Such mechanism is known as the astrophysical beam dump.
On the other hand, beam of high energy hadrons can interact with a sea of soft pho-
tons, referred as hadronic photo-production. This mechanism takes place through the A*
resonance:

p+y—-At s +p 8)

Neutral 7 mesons decay into a pair of gamma photons:

= yy 9)

High energy neutrinos can also be produced by similar processes: the interaction

between hadrons and low-energy photons (8) can produce charged pions along with neu-

trons. Charged pions generated by (7) or (8) undergo a decay chain made of charged
leptons and neutrinos.

In the case of a source smaller than the meson interaction length but larger than the
proton mean free path, high energy neutrinos and photons are produced via the same
mechanism. Hence, there is a strong relationship between energy spectrum of primary
cosmic rays, neutrinos, and photons (in terms of spectral indices: ycr ~ v+ ~ vy if we
neglect the absorption of photons). Thus, measuring gamma-ray SED provides important
constrain on the expected neutrino flux and is a valuable source of information on cosmic
rays.

In the rest frame of the neutral pion, the two gammas produced in (9) share the 135 MeV
mass of the pion. Considering isotropic angular distribution of the emitted photons (since
7 has spin 0), one finds the photon spectrum ([4]):

dN 1
de  2pvypy
where p?, is the momentum of one of the photons in the pion frame.

(10)

The formula (10) being constant for a given pion energy, the distribution of the number
of photons is constant over the energy range [Emin, Emax], as depicted in figure 4. This
feature of the SED is called pion-decay bump.

By kinematic considerations, the energy range of the photon in the laboratory frame is
found to be constrained by Emax = %(1 + B).

Another possible way to hadronically originate photons is via synchrotron radiation
of the proton. Since the proton is ~1836 times heavier than the electron, it is obvious from
(5) that the power loss via proton synchrotron radiation has a fainter contribution to the
spectrum due to the m~2 behavior of the Thomson cross section.
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1.2 Possible Gamma-Ray Sources

The biggest amount of gamma-rays come from the galactic plane, whose center is
especially luminous at very high energies. More than two hundred sources have been
measured at TeV energies until now. As shown in figure 5, a significative fraction of these
VHE sources are located in the galactic plane, with the super massive black hole Sgr A* in
the center. In addition to the galactic gamma-rays, TeV emissions are also detected from
extragalactic sources.

Source Types

sV Halo /TeV Halo
'UT V Halo PWN/TeV Hal
PWN

@ Binary XRB PSR Gamma
BIN

HBL IBL GRB FRI FSRQ
Blazar LBL AGN
(unknown type)

Shell SNR/Molec. Cloud
Composite SNR
Superbubble

[ Starburst
@ DARK UNID Other

¢ uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

Figure 5. Sky map of the discovered VHE gamma sources
(Credit: TeVCat catalog)

The principal classes of galactic and extragalactic VHE sources are discussed here.

1.2.1 Galactic sources

The advantage of studying galactic sources is that their detailed morphology can be stud-
ied due to their proximity. The most common sources in the galaxy are the supernova
remnants (SNRs). They constitute the structure left by the explosion of massive stars.
Two types of SNRs can be distinguished: the shell-type SNRs, consisting of a nebula
without core, and the pulsar wind nebulae (PWN), where a rotating magnetized neutron
star (pulsar) constitute the core of the surrounding shell. A neutron star is a very dense
object with a mass comparable to that of our Sun for a diameter of about 10 km.

The best know VHE galactic source is a PWN called the Crab source. It consists of
a pulsar, observable in the X-ray band, surrounded by a shell nebula visible via optical
instruments (see figure 6). The Crab nebula, discovered in 1054 by a Chinese astronomer
and located at less than 2 kpc in the Taurus constellation, is a very bright and steady
source, emitting photons in all wavelengths from radio to gamma. This is the reason why
itis used as a "cosmic candle" to calibrate ground-based and spatial instruments. The SSC
behavior can be recognized on the spectrum of the Crab source, shown in figure 6.
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vFv[ergs/cmZ/sec]

Figure 6. Spectrum of the Crab source (left, Credit: arXiv:1004.3098), Crab nebula (upper
right, Credits: NASA /ESA /]. Hester and A. Loll), and Crab pulsar (lower right, Credits:
NASA /CXC/SAO/FE.Seward et al.)

Another common type of galactic sources emitting gamma-rays is the binary systems,
where a normal star (usually a white dwarf or a blue giant) is accompanied by a compact
object such as a neutron star or a black hole. The star transfers part of its mass to the
compact object, producing an accretion disk around it or emitting directly X-ray photons.
The accreted matter releases gravitational potential energy and is heated up, forming a hot
plasma that generates strong magnetic fields. Thereafter, this magnetic field accelerates
particles, emitting relativistic jets of particles. When the compact object is a black hole,
the binary system is called microquasar.

1.2.2 Extragalactic sources

The active galactic nuclei (AGN) are the most typical extragalactic sources. An AGN is a
galaxy whose core is a supermassive black hole (SMBH) of mass ranging from a million
to a billion times the solar mass. The flux of such sources span the whole electromagnetic
spectrum, and is very variable, especially when the source is flaring, where the flux can
increase of a few orders of magnitude during small periods.

Different kinds of AGN with various observed properties have been observed (e.g.
blazars, quasars, Seyfert galaxies, radio galaxies). A unified model of AGNs, illustrated in
tigure 7, describes the different types of observed sources as being the same kind of source
observed with a different inclination. In this model, a central rotating SMBH generates an
accretion disk that emits photons from optical to X-ray bands. The outer part of the disk
is a torus made of dust that absorbs the photons from the inner disk and emits infrared
photons. Tight jets of a few kpc long are emitted perpendicularly to the disk. An AGN
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whose jets are aligned with our line of sight is called a blazar, while an AGN seen from
the slice is a radiogalaxy.
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Figure 7. Classification of the AGNs (left, Credit: Biplob Sarkar) and time duration of
GRBs from BATSE catalog (right, Credit: Robert S. Mallozzi)

Another violent phenomenon, this time relatively concentrated in time, are flashes of
gamma-rays coming from random places in the sky, called gamma-ray bursts (GRBs). The
duration of these bursts varies from milliseconds to minutes. Figure 7 shows a histogram
of the time duration of the GRBs measured until now. From this plot, two types of GRBs
can be distinguished, the short bursts, whose duration does not excess 2 seconds, and
the long bursts, which can last up to a few minutes. The long GRBs are thought to be
originated by hypernovae, explosion of supermassive stars, while the short GRBs are
probably connected to neutrons star mergers.

1.3 Propagation of Gamma-Rays

Very high energy photons from the source must reach the observer on Earth to be
detected. In the high energy regime, the dominant interaction mode of the photons is pair
production (see figure 9). Interaction with the extragalactic background light (EBL) is a
source of opacity for VHE photons:

Y+vesL — e’ +e” (11)

Extragalactic background photons span a wide range of frequencies from CMB photons
tonear UV energies. The cross section of this process is given by the Bethe-Heitler formula

[4]:

25 Mec’ 2
U(Ey, EEBL) ~ 1.25x 10~ FEBL cm (12)
Y
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In the case of an isotropic distribution of background photons, the cross section above
is maximised for:

Eepr(Ey) =2

2\2
(mec?) - (520GeV) oV 13)

E E,

This effect is therefore energy dependent. Around a few tens of GeV, the absorption
is dominated by UV photons, while for 100 TeV gammas it is dominated by IR photons.
In the PeV-EeV region, the main source of opacity is the interaction with CMB photons.
Above tens of EeV, the attenuation is led by the radio background.

The interaction of gamma-rays with the EBL is similar to the GZK cutoff for cosmic
rays, implying a maximum travelling distance for high energy photons. As can be seen
in figure 8, the highest energy photons that will be detected with the CTA experiment
(300 TeV) will come from ~ 1 Mpc at maximum.
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Figure 8. Mean free path of photons and protons as a function of their energy
(Credit: arXiv:0902.3288)
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2 The Cherenkov Telescope Array Observatory

A way to detect gamma-rays of cosmic origin is to detect the Cherenkov light produced by
the charged particles generated in atmospheric showers using optical telescopes equipped
with pixelated cameras. Current experiments using Cherenkov telescopes are made of
a few telescopes. The astroparticle community has the project to build an array of more
than hundred telescopes with improved capacities. This project, known as the Cherenkov
Telescope Array (CTA), is part of the future generation of large-scale experiments in high
energy astrophysics. To cover a wider range of the electromagnetic spectrum with an
optimized sensitivity, different types of telescopes have been developed. Large telescopes
(LSTs) are used to lower the energy threshold, medium telescopes (MSTs) have an im-
proved sensitivity to intermediate energies, and small telescopes (SSTs) are sensitive to
the highest energies. One of the proposed designed for the SSTs, the small size telescope
SST-1M, was designed and developed partly by the University of Geneva.

Firstly, the arrival of gamma-rays on Earth and their detection via Cherenkov telescopes
are described. The current Cherenkov telescope experiments are then depicted. Finally,
the CTA project so as its expected performances and its science questions are discussed.

2.1 Detection of gamma-rays with Cherenkov telescopes

211 Gamma-rays arrival on Earth and the ways to detect them

Once they traveled over large distances, gamma-ray photons enter the atmosphere and
interact with nuclei producing electron-positron pairs, which is the dominant interac-
tion process for photons above GeV (see figure 9). These charged leptons will in turn
interact via bremsstrahlung producing other photons. This chain reaction generates an
electromagnetic shower, as illustrated in figure 10.

AIR
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Figure 9. Mass attenuation coefficient for photons in air (Source: MIT OpenCourseWare)
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Detection of astrophysical gamma-rays can be performed either from space, directly de-
tecting the high-energy photons, or from the ground, using the atmosphere as a calorime-
ter and detecting secondary products of the interaction between primary gammas and
nucleus in the atmosphere. Sending detectors into space allows a low background, but
the detectors are size-limited since it is very expensive to send heavy instruments in orbit.
The effective area of space detectors is therefore of the order of a few squared meters at
maximum. Since the flux of gamma photons decreases with energy, the effective area
limitation of space detectors restraints the maximum detectable energy. Hence, to detect
photons with energy greater than a few hundreds of GeV, ground facilities with higher
effective area (up to squared kilometers) have to be developed. The main drawback of
ground detectors is the huge hadronic background due to extensive air showers generated
by cosmic rays compared to low-noise space instruments.
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Figure 10. Electromagnetic air shower induced by a gamma-ray photon entering the
atmosphere (Modified picture. Source: Konrad Bernlohr, 1999 - Max Planck Institute)

From the ground, the charged particles that compose the electromagnetic showers can
be detected by the light they emit. Indeed, being very energetic, electrons and positrons
travel faster than the speed of light in the air. This implies the emission of blue light
via the so-called Cherenkov effect. This radiated visible light can afterwards be detected
using photo-detectors.
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2.1.2 Cherenkov effect

When a charged particle of velocity v travels in a transparent medium, the atoms along
its path are polarized, becoming electrical dipoles which emit electromagnetic radiation.
When the velocity of the charged particle is smaller than that of the light in the medium
(c/n), the radiation on both sides of the trajectory cancel each other. But if the charged
particle moves faster than light in the medium, the downstream material cannot be po-
larized. The electromagnetic radiation generated by the charged particle spreads slower
than the particle itself, and a net radiation results.
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Figure 11. Polarization of a medium crossed by a charged particle
faster (left) and slower (right) than light in the medium

Polarization of the surrounding medium is shown in figure 11 forv < cand v > c. The
wavelets generated by the charged particles for both cases are shown in figure 12. The
cone of emitted Cherenkov light is depicted for the case v > c.
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Figure 12. Emission of Cherenkov radiation by a relativistic particle
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The aperture angle of the Cherenkov cone is given by the relation:

(1_

1 hk

cosB. = —

+_
pn = 2p

1

2

(14)

where p is the momentum of the charged particle and hk is the momentum of the

photons.

Usually, since hk < p, the recoil of the charged particle is neglected, leading to the

relation:

effect can be used to indirectly detect theses air showers.

1

cosB. = —

fn
When a gamma-ray photon enters the atmosphere, it generates an electromagnetic air
shower made of very energetic charged particles, which emits Cherenkov photons. This

(15)

altitude vertical depth local density Cherenkov Cherenkov
(km) (g/cm?) (10 g/cm3) threshold (MeV) angle (°)
40 3 3.8-103 386 0.076

30 11.8 1.8-102 176 0.17

20 55.8 8.8 107 80 0.36

15 123 0.19 54 0.54

10 269 0.42 37 0.79

5 550 0.74 28 1.05

3 715 0.91 25 1.17

15 862 1.06 23 1.26

0.5 974 117 22 1.33

0 1032 1.23 21 1.36

Table 1. Relevant parameters for production of Cherenkov light

in the atmosphere by an electron [2]

The intensity of the Cherenkov light can be estimated starting with the expression of
the number of emitted photons per unit of wavelengths and travelled distance:

dN  2naZ?

dadx © A2

sin” 0

(16)

where Z is the charge of the particle emitting the Cherenkov light and « ~ 55 is the
fine-structure constant.
Integrating over wavelengths and using (15) leads to the Franck-Tamm formula:

dN

dx

= 2t Z2 J (1 -

1

[52“2

|

dA
A2

(17)
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It is clear from the A~2 dependency of (17)
that the main contribution of Cherenkov

light is due to the lower wavelength pho-

tons, or equivalently to the most energetic

photons. Since the light above UV is ab-
sorbed in the air, the Cherenkov light is
mainly made of blue and near-ultraviolet
photons. The formula (17) gives the amount
of Cherenkov photons emitted per unit of
distance for a given initial charged particle.
For instance, considering the wavelength
window 300—700 nm, a 1 GeV electron emits
about 50 Cherenkov photons per meter.

10 km

We see from (15) that the threshold for
Cherenkov emission is the defined by the
condition 3 > 1/n. Accounting for the rela-
tions E2 = p2 + m? and p = Ep leads to an
energy threshold: v

A
Y

m? m 200m
B=4/1-— = EBjpwr=—= (18)

2
E 1-4 Figure 13. Evolution of the aperture of the

Tz
" Cherenkov light cone with the altitude [2]
Consequently, a particle of mass m can emit

Cherenkov light only if its energy is bigger
than Ey,.

Since the density of the air, and so its refractive index, varies with the altitude, the
Cherenkov energy threshold and the cone aperture angle depends on the altitude. The
table 1 gives theses two quantities for different altitudes in the case of the electron. Figure
13 shows the evolution of the cone aperture as the shower penetrates deeper into the
atmosphere. The refractive index can be linked to the pressure or to the density of the air
by empirical relations [37].

The Cherenkov effect is very useful in multi-messenger astronomy and particle physics.
It is used for instance to indirectly detect neutrinos with experiments such as IceCube,
or to detect air showers generated by charged cosmic rays or gamma rays. Extensive air
showers can be detected via Cherenkov effect either using water tanks equipped with
photo-sensors to detect charged particles that cross the water, or by using telescopes
equipped of pixelated cameras to detect the Cherenkov light produced in the atmosphere.
Unlike the former method, the latter one needs cloudless and clear nights to be operated.
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2.1.3 Imaging Atmospheric Cherenkov Technique

Since the primary photons are very energetic, the charged leptons generated in the elec-
tromagnetic air showers described earlier are moving very fast. They are so energetic
that they travel faster than light in the atmosphere, whose velocity is given by c¢/n with
n~ 1.0003 the refractive index of the air. The resulting Cherenkov light forms a light pool
of about 200-300m diameter depending on the primary photon energy. This light pool is
an ellipse whose eccentricity increases with the angle between shower incoming direction
and zenith.
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Figure 14. Operating principle of an Imaging Atmospheric Cherenkov Telescope

The working principle of an Imaging Atmospheric Cherenkov Telescope is shown in
figure 14. The telescope has large mirrors that reflect Cherenkov light from the showers
into pixelated cameras made of fast response photo-sensors. This photo-sensors are usu-
ally photo-multiplier tubes (PMT) or silicon photo-multipliers (SiPM). The fast response
of the sensitive pixels allows to observe the evolution of the shower in time. The obtained
image is an ellipse (a circle for on-axis showers) which is described by a set of parameters.

To obtain a readable image, a cleaning mask has to be applied to avoid some of the
pixels that are enlightened by night sky background (NSB) photons. The NSB is a back-
ground light mainly composed of light pollution from artificial infrastructures (e.g. cities)
reflected on the atmosphere, of moonlight (either directly or scattered by the floor), of
light from stars, and of light reflected on the ground.
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Even once the image has been cleaned, a lot of hadron events are still triggered (about
1000 hadron events for a single y like event). To perform a y/hadron separation, the image
has to be parametrized. An ellipse can be fitted to the remaining pixels. The resulting
ellipse is parameterised by the Hillas” parameters and additional parameters:

Size: The size gives an idea of the intensity of the event and is defined by the number of
photo-electrons (p.e.) in the image.

Length: Thelength is the major axis of the ellipse and is a measurement of the longitudinal
development of the shower.

Width: The width is the minor axis of the ellipse and is a measurement of the lateral
development of the shower.

Center of Gravity (CoG): Coordinates (x,y) or (r,$) of the center of gravity of the ellipse.
The origin is defined as the center of the field of view (FoV) of the camera.

Dist: The distance between the CoG of the ellipse and the position of the source on the
camera.

Alpha: Alpha is the angle between the major axis of the ellipse and the line linking the
centroid to the expected source position on the camera.

Miss: Distance between the main axis of the shower and the source position.

Skewness: Distance between the highest pixel and the center of gravity. It characterises
the longitudinal asymmetry of intensity within the ellipse.

Kurtosis: The kurtosis is a dimensionless quantity that determines how much the distri-
bution of intensities over the ellipse is flat.

center |

Figure 15. Definition of the main image parameters
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These parameters are depicted in figure 15, where the source is in the center of the
tield of view. Other image quality parameters can be used to describe the events:

Number of islands: The number of islands is the number of separated groups of pixels
in an event. It allows to characterize the quality of the cleaning.

Leakage: The leakage is defined as the fraction of the signal in the outermost ring of
pixels. It allows to know which fraction of the signal is outside the camera.

The reconstruction of the incoming direction of the primary gamma is quite ambiguous
using the Hillas parameterisation. A proper reconstruction of the incoming direction of
the shower can be obtained by using stereoscopic measurements. It consists of using
an array of Cherenkov telescopes to observe the showers from different perspectives.
The combination of the images acquired by the telescopes allow to determine the source
position as the crossing of the ellipses axes. This is illustrated in figure 16.

Primary y-ray

Particle Shower

Figure 16. Stereoscopic observations with Cherenkov telescopes (left) and superposition
of three camera images for reliable reconstruction of shower direction (right)

With a single IACT telescope, stereoscopy cannot be used to determine the direction of
the shower and the position of the source. The distance between the source position and
the centroid of the ellipse along its major axis is then estimated by using the displacement
method [9]. A possible parameterisation of the displacement, that depends on the width
over length ratio, is given by:

width ) 19)

disp = sign(skewness) - & - (1 - length

where £ is a scaling parameter.
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This method provides a good estimate of the source position. It is also used for
stereo reconstruction since it improves the determination of the source location. Figure 17
illustrates the determination of source position via stereoscopy and via the displacement
method. The real source position is marked with a dark blue star. The cyan triangular
marker represents the reconstructed source position from stereoscopy and the yellow
square is the location determined by combining the disp of the two events. The final
outcome of the data analysis is the primary incoming direction (source position) and its
energy.
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Figure 17. Illustration of the displacement method

20



2. The Cherenkov Telescope Array Observatory

2.2 The current generation of Cherenkov observatories

The current generation of IACT experiments is mainly represented by MAGIC (Major
Atmospheric Gamma Imaging Cherenkov telescopes), H.E.S.S. (High Energy Stereoscopic
System), and VERITAS (Very Energetic Radiation Imaging Telescope Array System). The-
ses observatories compose the third generation of imaging Cherenkov telescopes. The
pioneer IACT experiment, called Whipple, was made of a single 10 m diameter tele-
scope. It allowed to discover the first TeV emission from extragalactic sources. The first
Cherenkov telescope array that used stereoscopy was the HEGRA experiment.

MAGIC, HEES.S., and VERITAS are Cherenkov observatories composed of a few tele-
scopes each and exploring the electromagnetic spectrum from a few tens of GeV to a
hundred TeV. These telescopes discovered a few tens of VHE sources. The table 2 gives
the location, energy range, and number of telescopes of H.E.S.S., VERITAS and MAGIC.

H.ESS. VERITAS MAGIC
Location Namibia Arizona, USA  La Palma, Spain
Hemisphere South North North
Number of telescopes 5 4 2
Field of View 5° 3.5° 3.5°
Energy range 30GeV-100TeV 50 GeV -50TeV 30 GeV - 100 TeV
Telescope diameter 4x12m+1x18m 4x12m 2x17m

Table 2. Principal features of the current generation IACT experiments >

The first telescope of MAGIC has started to observe the VHE sky in 2004. With his
single telescope, the MAGIC collaboration developed the displacement method to de-
termine the source position [10]. To take advantage of stereoscopic measurements, a
second telescope, MAGIC-II, was built in 2009. The better precision of three-dimensional
shower reconstruction allowed to improve angular and energy resolutions. By adding a
second telescope, the background rejection became stronger, improving the sensitivity.
The MAGIC telescopes have discovered 44 sources until February 2019.

The H.E.S.S. experiment started the observations in 2003 with four telescopes. In 2012,
a fifth telescope, much larger, has been built in the center of the existing telescopes to im-
prove the sensitivity and extend energy range to lower energies. The H.E.S.S. telescopes
have discovered 111 very high energy sources.

The VERITAS observatory is composed of four 12m diameter telescopes. It is operated
since 2004 and has discovered 24 very high energy sources. The design of the telescopes
is based on the previous generation 10 m diameter Whipple telescope. The experiment is
using stereoscopy, but also the displacement method developed for MAGIC since it was
proven to improve the determination of the source location.

2H.E.S.S.: https://www.mpi-hd.mpg.de/hfm/HESS/
VERITAS: https://veritas.sao.arizona.edu
MAGIC: https://magic.mpp.mpg.de
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Figure 18. H.E.S.S. (upper left), VERITAS (lower left), and MAGIC (right) experiments
(Source: @Wikimedia Commons)

As for the previous generation of IACT, the three observatories shown in figure 18 use
pixelated cameras made of photomultiplier tubes. A new emerging photo-detector, used
by the First G-APD Cherenkov Telescope (FACT), is the silicon photomultiplier (SiPM).
The advantages of this kind of detector are the low power consumption and the high
quantum efficiency. This is why it will be used in most of the telescopes of the next IACT
generation. This next generation array, called Cherenkov Telescope Array (CTA), is the
legacy of the experiments described above.
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2.3 The Cherenkov Telescope Array and its performance

2.3.1 The array of Cherenkov telescopes

The next generation IACT experiment is the Cherenkov Telescope Array (CTA). Thanks
to three different sizes of telescope, CTA will cover a wide energy range from 20 GeV
to 300 TeV. The large-sized telescopes (LST) will be sensitive to the lowest energies, the
medium-sized telescopes (MST) will measure gamma-rays from 150 GeV to 5 TeV, and
the smaller telescopes (SST) will extend the energy range up to the unexplored 300 TeV
energy. The effective area is linked to the size of the array (number of telescopes and
distance between them), while the size of the mirrors is related to the energy threshold.
This is why large telescopes are used to lower the energy threshold while a lot of small
telescopes distributed on large surfaces are used for the more energetic part in order to
compensate for the low y-ray flux at high energy. Figure 19 shows the proposed designs
for each three sizes of telescopes. The highest energies will be useful to study the extreme
objects that accelerates cosmic-rays in our galaxy, and the lowest energies will provide the
possibility to measure sources far into the universe (since at ~10-100 GeV the gammas are
not absorbed by EBL, see figure 8).

SST-2M
ASTRI

SST-2M SST-1IM

GCT

Figure 19. Prototype designs of the CTA telescopes.
(Credit: Gabriel Pérez Diaz, IAC.)

The array will be split on two sites, one on each hemisphere, to cover most of the sky.
The northern site, located at La Palma, Spain, on the same site of the MAGIC telescopes,
will host 4 large telescopes and 15 medium telescopes. The southern site, located at the
ESO site of Paranal, Chile, will host 4 LSTs, 25 MSTs, and up to 70 SSTs, and will be able to
measure gammas up to 300 TeV with an improved sensitivity. Figure 20 shows the location
of the two sites, and the sky coverage with the combination of both sites. The northern sky
will be mainly focused on observations of extragalactic targets since the galactic center is
part of the southern sky, which explains the absence of SSTs in the northern hemisphere.
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La Palma

Spain
"~ .

Paranal
Chile

Figure 20. CTA sites locations (left) and sky coverage obtained with both sites (right,
Credit: doi:10.1063/1.4968902)

The distribution of the telescopes on both sites are shown in figure 21. The northern
array is spread over 0.6 squared kilometers, and the southern sky is spread over four
squared kilometers.
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Figure 21. Proposed layout for the CTA telescopes on both sites [11]

The CTA consortium is composed of about 200 institutes in 31 countries. The Cherenkov
Telescope Array will be the first IACT observatory operated as optical observatories: the
whole astrophysics community will be able to submit observation proposals, boosting the
scientific output of the experiment. 40% of the observing time will, however, be dedicated
to multipurpose observations prepared by the CTA consortium to answer predefined sci-
ence questions [12]. Few designs are proposed for MSTs and SSTs. For the small-sized
telescopes, two of the three designed are dual mirror telescopes, while the SST-1M is a
single mirror telescope. Table 3 details the features of each type of telescopes.
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Table 3. Comparison chart of the CTA telescopes features [11]
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2.3.2 CTA performance

The wide field of view of the individual telescopes allows to contain entire shower im-
ages and increases the field of view of the whole array. The large number of telescopes
combined with wide individual field of view provide a collection area of more than one
order of magnitude bigger compared to previous IACTs. This increase of collection area
improves the detected photon rate and therefore gives access to short time scale phenom-
ena.

The large number of recorded images for a single shower by different telescopes (>10)
provides excellent angular and energy resolution. The angular resolution for CTA as a
function of reconstructed energy is shown in figure 22 and is defined as the angle contain-
ing 68% of the reconstructed gamma-rays. The large field of view and the improvement
of angular resolution make possible for CTA to observe extended sources.
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Figure 22. Angular resolution as a function of reconstructed energy
for CTA South and other instruments [11]

The high image multiplicity also improves the background rejection, which, combined
with the good angular resolution and the increased collection area, improves the point-
source sensitivity of the array. The differential energy flux sensitivity for 50 detections,
improved by one order of magnitude at 1 TeV, is plotted as a function of the energy and
compared to that of other experiments in figure 23. The sensitivity for CTA is plotted for
at least 10 detected primary gammas per energy bin and for 50 hours of observation time.
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Figure 23. Differential energy flux sensitivity for CTA South and North
compared to other experiments [11]

The overall improvement of performances of CTA compared to current Cherenkov

arrays is illustrated with the figure 24, which shows the H.E.S.S. galactic plane survey
compared to the simulated one for CTA.
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Figure 24. H.E.S.S. Galactic Plane Survey (left) and CTA Galactic Plane Simulation
(right) (Plot credits: Christoph Deil, Roberta Zanin)

In addition to sensitivity and resolution improvements, CTA will be able to operate

multiple sub-arrays pointing different directions in the sky. This operation flexibility and
the possibility of responding to external alerts rapidly and point the telescopes anywhere
in the sky in less than a minute make CTA a very effective array.
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2.4 Science with the CTA experiment

2.4.1 Science themes

The science goals of CTA can be classified in three themes [12]. These opened questions
in astrophysics are discussed here. The observation program planned to answer these
questions is discussed in the next section.

EFSSEEEE Theme 1: Understanding the Origin and Role of Relativistic Cosmic Particles

Highly energetic particles are known to play an important role in many astrophysical
systems such as supernova remnants, galaxy clusters, or active galactic nuclei. But the
relationship between relativistic cosmic rays and the evolution of stars and galaxies has
still not been figured out. With its high angular resolution measurements, CTA will pro-
vide a better understanding of the acceleration and transport processes responsible for
the evolution of galaxies.

Cosmic Accelerators: Understanding where particle acceleration takes place is a major
goal in gamma-ray astrophysics. Galactic and extragalactic surveys will allow to
identify particle acceleration sites in the universe. CTA will also provide an insight
in acceleration processes establishing resolved spectroscopy and very high statistics
light curves of bight nearby sources. These approaches are meant to answer key
questions: Are supernova remnants the only major contributor to the galactic cosmic
rays? Where in our galaxy are particles accelerated up to PeV energies? What are
the sources of high-energy cosmic electrons? What are the sources of the ultra-high
energy cosmic rays (UHECRs)?

Propagation and influence of Accelerated Particles: Apart from acceleration sites and
processes, another important point to be solved is the role of the accelerated particles
in the evolution of their surrounding objects. Thanks to its powerful background
rejection and to its unrivalled angular and energy resolutions, CTA will study the
extended emissions around gamma sources and disentangle emissions associated
with cooling (electrons) and diffusion (hadrons).

BF - Theme 2: Probing Extreme Environments

Extreme environments such as neutron stars and black holes are believed to be responsible
for the emission of very high energy particles. CTA therefore constitute a way to probe
these compact objects.

Black Holes and Jets: Both supermassive and stellar mass black holes are known to pro-
duce jets of relativistic particles. But the process by which these jets are produced
is still an open question, so as the region of the black holes responsible for particle
acceleration. CTA will provide access to the composition of these jets at VHE and to
the inner regions of the jets.

Neutron Stars and Relativistic Outflows: The ultra-relativistic outflows and the gamma
emission from magnetosphere of pulsars will give to CTA a probe to study neutron
stars and their environment. CTA will also be able to observe merging neutron stars
in parallel to GRB (gamma-ray burst) and GW (gravitational waves) detections.
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Cosmic Voids: By studying the universe at large scales, it turns out that its structure
is composed of filaments of galaxy clusters separated by enormous cosmic voids
(typical diameter of ~10-100 Mpc). CTA will allow to study the weak radiation and
magnetic fields contained in cosmic voids via the detection of VHE photons that
interacts in these voids.

BEET " Theme 3: Exploring Frontiers in Physics

In addition to the study of high energy sources and acceleration mechanisms, CTA will
also bring major breakthroughs in fundamental physics for instance by covering a wide
range of masses for self-annihilating dark matter particles or by studying the variation of
the speed of light due to quantum fluctuations of the metric.

Dark Matter: It has been learned from the measurement of the CMB (cosmic microwave
background) acoustic oscillations that about 27% of the energy content of the uni-
verse is made of an unknown form of massive matter that does not interact via
electromagnetic interactions and that is not part of the standard model of particle
physics. The long distances traveled by gamma-rays combined with their low wave-
lengths will allow CTA to study this so-called dark matter by measuring quantum-
gravity effects on the speed of light.

Quantum Gravity and Axion-Like Particles: Apart from the quantum-gravity effect just
mentioned, CTA could also detect axion-like particles (ALPs) and study a possible
Lorentz Invariance Violation induced by quantum effects on space-time. ALPs are
a candidate for cold dark matter and are supposed to couple to gamma-rays. This
coupling would resultin an increase of photons flux at TeV energies, hence detectable
by CTA.

2.4.2 Key targets

Trying to address the science questions discussed above, a core program has been pro-
posed by the CTA consortium [12]. The key targets of this observation program are
described here.

The Galactic Center: The Galactic Center is the richest region of the sky in terms of
variety and number of sources, especially at high energies. In this part of the sky
can be found supermassive black holes (SMBH), supernova remnants (SNR) and
pulsar wind nebulae (PWN), stellar nurseries, dense molecular clouds, and many
other classes of sources. This is why the galactic center is the most observed region in
any part of the electromagnetic spectrum. CTA will investigate particle accelerators
in the region and characterize the central source: Sgr A*. In addition to the apparent
scientific output, the study of the galactic center will also allow to look for signatures
of dark matter self-annihilation.

Large Magellanic Cloud: The Large Magellanic Cloud (LMC) is a satellite galaxy of the
milky way that hosts the famous SN1987A supernova remnant. As one of the
nearest galaxies and being very active, the LMC is a perfect target for CTA to study
the high energy population of an entire galaxy. This source will also be used to
study individual sources like SNR and PWN, but also to investigate the transport of
cosmic rays on long distances and to search for dark matter signatures.
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The Galactic Plane: The whole galactic plane will be surveyed by CTA to address a few
important scientific goals among which the galactic PeVatrons, the discovery of new
physical phenomena and new classes of energetic sources, but also to improve the
statistic on the already known classes. This higher statistic is useful for population
and distribution study of energetic sources.

Galaxy Clusters: Galaxies and AGN within clusters and formation processes of these
clusters are thought to be responsible for the acceleration of a consequent population
of charged cosmic rays. These cosmic rays are expected from some models to play
a valuable role in cooling flows on galaxy clusters. Galaxies could also be detected
individually due to high activity (star formation or AGN). Due to their large size,
galaxy clusters are also suitable for dark matter study.

Cosmic Ray PeVatrons: The spectral index of cosmic ray spectrum changes around a few
PeV, at the knee. This implies that some galactic sources, called PeVatrons, can
accelerate particles up to PeV. But most of the PeVatrons in the milky way are to be
discovered, since the only known PeVatron in our galaxy, Sgr A%, is not powerful
enough to explain the measured flux at such energies. The interaction of PeV CR
with interstellar medium (ISM) produces gamma-rays beyond tens of TeV. CTA is
thus suitable for the indirect study of galactic PeVatrons.

Star Forming Systems: CTA will be able to study the role of high energy cosmic rays in
the regulation of the star-formation process by observing star-forming systems over
six orders of magnitude in star-formation rate. By measuring the gamma-ray flux for
different formation rates both in small formation regions and in entire galaxies, CTA
will be able to disentangle between global properties and source-specific properties
and to study the equipartition between CR, magnetic and radiation fields.

Active Galactic Nuclei: Active Galactic nuclei are galaxies with a SMBH in their core.
These objects emit very luminous radiation over the whole electromagnetic spec-
trum, and could influence the evolution of the whole host cluster of galaxies. The
signals from AGN vary in time, especially at TeV energies, that give access to the
core of AGN. CTA observations of such objects will be linked to AGN physics but
also to CR and fundamental physics.

Transient Phenomena: Extreme objects in the universe happen to flare or explode unpre-
dictably emitting radiation over the full EM spectrum but also via multi-messengers
(neutrinos, GW, CR). The time scale of such events varies from milliseconds to years.
Thanks to its sensitivity and ability to study short time-scale events, CTA will be
able to study the physics of these variable objects in parallel to other instruments
such as GW interferometers or neutrino observatories.
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3 The SST-1M telescope and its digitizing camera

For the small-sized telescopes, that will be sensitive to highest CTA energies, three designs
have been proposed. One of them is the single mirror SST-1M telescope. The general idea
of the SST-1M telescope is first discussed, followed by the working principle of its digitizing
camera.

3.1 The telescope structure and optics

The SST-IM telescope has a dish diameter of 4m and a focal length of 5.6m. It is
based on the Davies-Cotton geometry [13] (see figure 26), which provides a good imaging
quality for large field of view telescopes. The FoV of the SST-1M is of almost 9°, with an
angular pixel size of 0.24°. The point spread function (PSF) is 0.07° on axis and 0.22° at
4° off-axis, which fits the CTA requirement of 0.25° at 4° off-axis. The entire telescope
weighs 8.6 tons accounting for the 200 kg digitizing camera. The telescope structure is
made of steel, and is industrially buildable. Moreover, it is compact, stiff, and has a low
production cost compared to the other Schwarzschild-Couder dual mirror SST telescopes.
The SST-1M is therefore suitable to be produced in series and transported and installed to
high-altitude sites.

Figure 25. Picture and CAD view of the SST-1M first prototype [19]

As can be seen in figure 25, the mirror is made of 18 hexagonal facets distributed
on two concentric rings. The mirrors are coated with AlSiO; to achieve a reflectance of
roughly 90% between 300 and 600 nm. A mirror prototype is shown in figure 26. The size
of a mirror is 780 mm flat-to-flat. Each mirror is fixed on 3 points for a secure fixation and
can be orientated individually using actuators. The total reflection area is 9.42 m?. By
accounting the shadow of the camera and the mast on the mirrors, the effective collection
area of the reflectors reduces to 6.47 m?.
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incident ray ) .
on axis off axis

Figure 26. Picture of an SST-1M mirror [19] and schematic of the Davies-Cotton design
(Credit: arXiv:1610.00723)

3.2 The camera working principle and design

The SST-1M camera is composed of a detection part, the photo-detection plane (PDP),
and a trigger /readout part, called DigiCam (see figure 27). Its dimensions are restricted
by the telescope geometry. It has a hexagonal shape with a vertex-to-vertex size of 112cm
and a height of 73.5cm.

Digicam

Photo-detection
plane

§ Chassis

Entrance

Figure 27. CAD view of the camera housing and shutter
and split view of the camera [14]
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When the telescope is not being operated, the camera entrance is protected by a shutter
from environmental conditions and surrounding light (see figure 27). During operations,
when the shutter is opened, the PDP is protected from dust and water by a 3.3 mm
thick entrance window made of Borofloat (see figure 28). The use of this material allows
mechanical rigidity. The coating applied on the window allows to filter wavelengths above
540 nm, where the Cherenkov contribution is negligible. The window has a satisfying
transmittance down to 310 nm (see figure 28). Cutting off the high wavelengths allows to
avoid most of the night sky background (NSB) since it is peaked in the red, and is especially
important for a SiPM-based camera since silicon photomultipliers are sensitive up to near-
infrared wavelengths. It can be seen from the plot in figure 28 that the optical efficiency of
the camera (conversion factor from photons to photoelectrons) between 300 nm and 550 nm
is 16.6%. The required optical efficiency has been increased to 20% by CTA, which is not
reached by the camera prototype. The optical efficiency is computed as the transmittance
spectrum of the entrance window weighted by the Cherenkov spectrum and convolved
with the sensor PhotoDetection Efficiency (PDE), the fill factor of the PDP (to account
for dead spaces between pixels), and the collection efficiency of the light guides. The
requirement can therefore be reached either by improving the entrance window spectrum
or by upgrading the sensors to achieve a better PDE.

0.5
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Figure 28. Picture of the camera entrance window (left, [14])
and its transmittance spectrum (right)

The PDP is made of 1296 pixels distributed in 108 modules of 12 pixels each and weighs
35 kg. Each pixel is made of a hexagonal hollow-light concentrator (see figure 30) coupled
to a hexagonal SiPM sensor (see figure 31). A hexagonal shape is used for the pixels to have
fully symmetrical conditions (equal distance between any pixels), important for pattern
recognition, and to minimize the dead space between pixels. In each module, twelve pixels
are mounted on the front-end electronics, composed of a preamplifier board that handles
the signal from the sensors, and a slow control board (SCB), whose main purposes are to
stabilize the operational point of the sensors and to route the signal from the preamplifier
board to DigiCam. The 108 modules are screwed together on an aluminium backplate,
which ensures the mechanical stability of the PDP. The temperature of the whole PDP
is stabilised by water cooling (air cooling being incompatible with the IP65 insulation
requirement for the camera). The full PDP and a single module are shown in figure 29.
The different elements composing the PDP are described thereafter.
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Figure 29. CAD view of the photo-detection plane (left),
CAD view and picture of a 12 pixels module (right) [14]

The hollow light guides, whose dimensions are shown in figure 30, are used to focus
the light from the pixel entrance surface to the sensor surface with a compression factor
of about 6. The design of the light funnels is based on the Winston cone shape and the
inner surface of the cone has been optimized by a Bézier curve, which, together with the
coating applied on the inner surface, allows to reach an 88-90% collection efficiency (see
tigure 30). The angular size of a single pixel is 0.24°. The PSF being fixed by the optics of
the telescope, smaller pixels would not improve the image resolution. Another purpose
of the cones is to reduce the amount of stray light entering the sensors mainly coming
from reflections on the ground. The geometry of the cones has been studied to reject the
light coming from incident angles greater than the cut-off angle of 24°. The cones are
produced in two halves to improve the uniformity of the deposited coating (whose goal is
to enhance the reflectivity of the inner surface of the cone), which are glued together after
the coating process.
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Figure 30. Collection efficiency as a function of the incidence angle [17] (left),
picture of a cone before and after being assembled [14] (middle),
and dimensions of the cone (right) [14]
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The SiPM sensors (see chapter II) are based on the low cross-talk technology developed
by Hamamatsu, where the microcells are separated by trenches that limits the optical
cross-talk between the cells without reducing much the fill factor. The so-called 5S10943-
3739(X) sensor (LCT2) is used for the PDP. The hexagonal sensor has a large sensitive
surface of 95.56 mm? and is composed of 36840 square 50 um microcells (see figure 31).
Such large sensitive area implies a relatively large capacitance (3.4 nF) which induces long
signals that are incompatible with the 30 ns integration window requirement. To deal
with such large surface, the sensors are divided in 4 channels of 9210 cells each (see figure
31), reducing the capacitance to 850 pF per channel. The high number of cells allows a
high dynamic range up to thousands of collected photons. The sensors are DC coupled
to the front-end electronics, which allows to monitor the baseline shift due to changes of
intensity of the NSB and to correct for it. The break-down voltage of the SiPMs depends on
temperature with a coefficient of 54 mV /°C. Since the gain of the sensors is proportional
to the over-voltage, defined as the difference between bias and break-down voltages (AV =
Vbias — VBD = 2.8 V), the sensors undergo a gain variation of 2%/°C. This is the reason why
each pixel is equipped with a NTC (negative temperature coefficient) probe to monitor the
temperature of the device. This temperature is then readout by the front-end electronics
to stabilize the working point of each sensor, as explained later.
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Figure 31. Picture of a sensor and its electric equivalent circuit (left, [16]) and microscope
picture of the sensor showing the microcells matrix (right, [14])

The front-end electronics is divided into two printed circuit boards (PCBs) because of
space constraints (see figure 29): the preamplifier board, whose purpose is to hold the
twelve pixels together and to amplify the signal of the sensors, and the slow control board
(SCB), whose goals are to route the signal from the preamplification stage to DigiCam,
to read the bias voltage and temperature of each sensor, and to stabilize the working
point of the pixels. Because of power and cost constraints, the fours channels of each
pixel are summed together in pairs via two low-noise transimpedance amplifiers, whose
outputs are combined by a differential output stage. This electrical topology is shown in
tigure 32. The parameters of the electrical circuit have been fine-tuned to get well-behaved
waveforms over the whole dynamic range, implying that even if the response is linear
only up to 750 photons, the signal above saturation can be reconstructed up to thousands
of photons with a satisfying resolution. As mentioned above, temperature has an effect
on the over-voltage of the sensors (but also on PDE, optical cross talk, and after pulse
probability), implying that temperature variations across the PDP and even in time would
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affect the uniformity of the gain and thus of the reconstructed image and the reliability
of the trigger. The working point of the sensor (over-voltage) has therefore to be tuned in
time for each pixel according to temperature variations. A water-based cooling system is
responsible for keeping the PDP temperature between -15°C and +25°C during operations.
The working point of each sensor is then stabilised by a correction loop implemented in
the SCB that reads the temperature from the NTC probes to keep constant the over-voltage
of each sensor. RE
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Figure 32. Electronic topology of the preamplification stage [14]

Once the signals from all pixels are amplified and received by the SCB, they are sent to
DigiCam and stored in ring buffers. A low resolution copy of the data is used to apply the
pattern matching trigger logic. If an event passes the trigger, the original data set is sent
to the camera server. This allows to keep data taking while applying trigger selection to
previous events. The fully digital system that digitizes the data, applies trigger selection,
and sends data to the camera server, is called DigiCam and is based on field programmable
gate arrays (FPGAs). Digicam is composed of 27 digitizer boards and 3 trigger boards
equally distributed in 3 micro-crates (see figure 33), each micro-crate being connected to
one third of the PDP (36 modules). Each digitizer board receives analog signals from 4
modules, and digitzes the signals at a rate of 250 MHz by 12-bit fast analog to digital
converters (FADCs). The trigger boards of the three micro-crates are connected together
to allow data processing of images that are spread on two or the three sectors. DigiCam
has its own cooling system based on heat pipes.

Figure 33. A digicam micro-crate (left), one digicam trigger board (middle),
and one digicam digitizer board (right) [14]
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Silicon Photomultipliers (SiPM)

During the last decades, silicon photomultipliers (SiPMs) have begun to replace pho-
tomultiplier tubes (PMTs) in many applications, especially in high-energy physics. The
reason for this change in terms of technology is that SiPMs have a lot of advantages
compared to PMTs. For instance, they are very compact devices with high quantum
efficiency over a wide range of wavelengths. They are also more robust against intense
light, insensitive to magnetic fields, and cheaper to manufacture. The fact that SiPMs have
negligible ageing effects make them suitable for long period experiments such as CTA.
The low power consumption of such devices is perfect for big-scale experiments. The
table 4 summarizes the benefits of SiPMs compared to PMTs.

PMT APD SiPM
Quantum Efficiency 25% to 40% up to 80% up to 80%
Single photon resolution v - v
Operation voltage 1-3kV 100-500V 2040V
Gain 10%-10° 30-300 10°-107
Temperature dependence Low High Low
Robustness - v v
No damage in bright light - v v
Insensitivity to magnetic fields - v v
Miniaturisation - v v
Production costs Medium Low Low

Table 4. Comparison chart of PMT, APD, and SiPM [27]

A reminder of semiconductor physics is first proposed. The photo-detection mech-
anism and the working principle of photodiodes are then discussed. Subsequently, the
concept of the silicon photomultiplier is described so as its main characteristics. Finally,
the so-called Corsi model, that describes the SiPMs behavior via electronic circuits, is
detailed.
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1 Semiconductor physics

1.1 Basics of semiconductor physics

In the case of an isolated atom, its electrons can only occupy given discrete energy
levels. When atoms are combined into molecules, their respective orbitals overlap. When
growing the number of atoms to reach macroscopic crystal lattice, the allowed energy
levels for the electrons form continuous bands of energy, separated by forbidden energy
bands. The electrons fill the bands starting from the less energetic. The last (more
energetic) filled band is called the Valence band, while the next one, that can be either
empty or partially filled, is called the conduction band. This is what is called electronic
band structure of a solid. From this band structure we differentiate three types of solids.
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Figure 34. Valence and Conduction bands in solids

The figure 34 depicts the band structure of these three families of solids. We distin-
guish the electrical insulators, which have a forbidden gap of energy E4 between their
valence and conduction bands, from the metals (electrical conductors), where valence and
conduction bands overlap. The last energy band of a metal is thus partially filled. The
insulators have their valence band completely filled and their conduction band empty. But
when the energy gap that separates valence band from conduction band is small enough
(of the order of eV), electrons can be thermally excited to the conduction band by a photon
(whose energy is bigger than the gap). This is what defines the semiconductors.
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Material Electrical resistivity p
Insulators 10 - 10% Q-cm
Semiconductors 1072 - 10° Q-cm
Conductors (Metals) 107% Q-cm

Table 5. Resistivity range of insulators, semiconductor, and metals

The fraction of thermally excited electrons in an insulator is given by exp ( 25 T) with

E4 the size of the forbidden gap at 0 K (1.1 eV for Silicon). The electrical resistivity p,
inversely proportional to the fraction of excited electrons, decreases therefore with temper-
ature. Despite this behavior, opposite to that of metals, the electrical conductivity (o = 1/p)
of a semiconductor is still smaller than that of a metal, even at high temperatures. The
typical values of electrical resistivity for these three types of solids are shown in the table 5.

Electron-hole pairs are continually produced by thermal excitation in a semiconductor.
Considering the probability that a state of energy E is occupied by an electron, given
by the Fermi-Dirac distribution Frp(E) = m, the concentration of electrons n
(equivalently, the concentration of holes p) under stable conditions is found to be:

2k T

where kg = 8.62 - 10™° eV - K™ is the Boltzmann constant, and Ny and N¢ are the
number of states in the valence and conduction bands, respectively. For intrinsic (pure)
semiconductor crystals, the Fermi energy level is Er.

—Eq 3/2 —Eg
n=p=+NcNyexp ¥n T oc T2 < exp (20)

1.2 Doped semiconductors

The number of electrons equals the number of holes in a pure semiconductor crys-
tal. By introducing impurity atoms with one more/less valence electron in the lattice,
this equilibrium can be broken. This process, called doping, gives birth to an extrinsic
semiconductor. The additional electron/hole brought by the impurity comes apart from
the remaining ion impurity, contributing to the overall conduction of the material. There-
fore, doping can be used to boost the electrical conductivity of the semiconductor. As an
example, introducing a fraction of 10~ Boron atoms in a Silicon lattice would boost the
electrical conductivity of the material by a factor 10°.

Two types of impurities are distinguished. The donor impurities, which releases
electrons in the lattice and create a donor bound level just below the conduction band,
in the gap, give rise to n-type semiconductors. The acceptor impurities, which releases
holes in the lattice and create an acceptor bound level just above the valence band, in the
gap, give rise to p-type semiconductors. These two types of semiconductor impurities are
illustrated in figures 35 and 36.
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(a)

Donor bound level

(b)

Figure 35. (a) Introduction of an impurity in a Silicon crystal structure to get a
n-doped semiconductor with an excess of negative charge (electrons).
(b) Donor energy level induced by the Arsenic impurity.

(a)

(b)

Figure 36. (a) Introduction of an impurity in a Silicon crystal structure to get a
p-doped semiconductor with an excess of positive charge (holes).
(b) Acceptor energy level induced by the Boron impurity.
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2. Detection mechanism of Avalanche PhotoDiodes (APDs)

2 Detection mechanism of Avalanche PhotoDiodes
(APDs)

A boundary between a p-type and an n-type semiconductors in a crystal is called a pn
junction. When such a junction is created, the two Fermi levels of the n and p semicon-
ductors are matching and a transition region with an electric field, called the depletion
region, is formed between the n and the p sides. An equilibrium state is reached where
some electrons are drifting from the p to the n side due to the electric field, compensating
the diffusion of electrons from the n side to the p side. An external bias voltage can be
applied to the pn junction. The junction can either be forward biased or reversely biased.
In the case of a forward bias, the p side is made more positive and the depletion region
becomes smaller, while in the case of a reverse bias, the p side is made more negative
and the depletion zone is wider. The three biasing modes of a pn junction so as its I-V
characteristics are depicted in figure 37. Forward bias cannot be used to detect photons
since current is growing exponentially with voltage and is already very important at low
voltage. Moreover, the depletion zone, which is the zone used to detect the photons,
is very small. Detectors using pn junction, such as for instance diodes, are therefore
reversely biased.
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Figure 37. Biasing modes of a pn junction (left, from A. Bravar PhD lectures)
and I-V characteristics of a pn junction (right, Credit: Nikhil. M.R)

The working principle of an Avalanche PhotoDiode (APD) is illustrated in figure 38.
An incoming photon with a minimal energy of 1.1 eV, corresponding to the gap of Silicon,
is absorbed by the intrinsic region "i". The absorbed photon generates an electron-hole
pair. The electron drifts to the n* side and the hole drifts towards the p* side. The electron
can gain enough energy thanks to the electric field and then scatters on the lattice and
create a new electron/hole pair. This pair is accelerated in turn, creating more pairs.
This process is known as an avalanche and allows to convert a photon to an electric signal.
The number of electrons produced by the avalanche is known as the gain. Layers with
different doping are used to enhance the electric field near the avalanche region, increasing
the acceleration power and therefore the gain of the APD. A standard APD is operated in a
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linear mode, for which the charge generated is proportional to the energy of the absorbed
photon. The typical gain of an APD is of the order of a few hundred.
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Figure 38. Working principle of an APD (left, from Wikipedia)
and SiPM circuit schematic showing the APD microcells (right)

3 Characteristics of a Silicon PhotoMultiplier

The gain of an APD can be increased
by increasing the magnitude of the electric
tield, or equivalently, by biasing the diode
above breakdown voltage. For high enough
electric fields, the avalanche is saturating,
and the amount of deposited charge is no
more related to the energy of the incoming
photon. Such deviceis called a Geiger-mode
APD (G-APD) and has a binary response.
An array of G-APD can therefore be used to
detect the amount of incoming photon. This
is the principle of a Silicon PhotoMultiplier
(SiPM). An SiPM consists of a matrix of mi-
crocells connected in parallel. Each pixel is
composed of a G-APD and a quenching re-
sistor Rq (see figure 38). When a photon in-
duces an avalanche in a microcell, the silicon
breaks down and become conductive, am-
plifying the primary electron in a detectable
current. Once a current flows into the mi-
crocell, it is quenched by the quenching re-
sistor, limiting the current flowing into the
diode. Once the avalanche is stopped due to
quenching, the diode recharges to the bias
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voltage, and becomes operational again af-
ter the recovery of the microcell. This cycle
is depicted in figure 39. The main perfor-
mance parameters of an SiPM are now de-
scribed.
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Figure 39. Breakdown, quench and reset
cycle of a G-APD [26]
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3. Characteristics of a Silicon PhotoMultiplier

Break-down voltage: The breakdown voltage Vpp is the bias voltage above which the
electric field in the depletion zone is strong enough to create a Geiger discharge. It
can be determined by measuring the dark current as a function of the bias voltage.
The break down is then corresponding to the bias point where the dark current
begins to exponentially increase. Usually, SiPMs are operated a few volts above the
breakdown. The bias voltage of a SiPM can therefore be expressed as:

Vbias = VD + AV (21)

Gain: The gain of an SiPM is defined as the amount of charge induced by a single
photoelectron (i.e. detected photon) and can be expressed as:
Q _ Cucell AV

Gain = =

. - (22)

where e is the charge of an electron, Q is the charge released in the avalanche, and
Cjicen is the microcell capacitance. The typical gain of an SiPM is of the order of
10°-10°.

Photo Detection Efficiency (PDE): The PDE is the ratio between the number of fired
cells (number of photoelectrons) and the number of incident photons. The PDE is
different from the Quantum Efficiency (QE) that is usually used to characterised
PMTs or APDs due to the microcell structure of the SiPM. Indeed, it is expressed as
the product of the QE with the avalanche probability ¢ (also called Geiger efficiency,
which correspond to the number of excited pixels divided by the number of pixels
hit by a photon) and the geometrical fill factor F (the fraction of the overall SiPM
surface covered by the sensitive microcells, usually about 60%):

PDE(A, V) = QE(A) - e(V) - F (23)

Note that the QE depends on the wavelength of the incoming photon and that the
Geiger efficiency depends on the bias voltage.

Photon counting ability: Each microcell be- 7 SiPM Photoelectron Spectrum
ing a G-APD, it has a binary response I
and can detect a photon independently. N e om i

The resulting signal of an SiPM being the
sum of the photocurrents of each cells,
it is thus providing information on the T e
number of measured photons. Making a
photoelectron spectrum of an SiPM, like o

Count

the one shown on the right [26], allows st :
therefore to count the number of detected 20[®° -
photons as a function of the amplitude or ol A ]
the charge of the signal. i PR L

o 200 400 800 800 1000 1200 1400 1600
ADC Channel

Dark Count Rate (DCR): The DCRis the main source of noise of an SiPM. It correspond to
the rate of dark pulses generated by thermally excited electrons. The DCR increases
with the overvoltage and temperature. It is usually of the order of MHz for a few
mm? detection surface.
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Optical crosstalk: Another source of noise is the optical crosstalk between the microcells.

In the avalanche, accelerated electrons within the high field region can emit pho-
tons, that can cause an avalanche in a second microcell. The secondary photon can
either directly travel to a neighbor cell (direct crosstalk), generate an electron/hole
pair near a neighbor cell that can diffuse to the microcell and cause a discharge
(delayed crosstalk), or even being reflected on one of the layer interfaces and reach a
neighbor cell indirectly (indirect crosstalk). The crosstalk probability increases with
the overvoltage, and can be limited by trenches or guard rings around the micro-
cells. Nevertheless, such technologies affects the fill factor of the sensor (fraction of
sensitive surface).

After pulsing: During the avalanche multiplication, charge carriers can be trapped in

defects in the silicon, and released a few ns later, inducing a second avalanche and
therefore an afterpulse in the same microcell.

Dynamic range and Linearity: The dynamic range is the optical range over which the

SiPM provides a signal from which we can extract the light level with a satisfactory
resolution. The response of the sensor is first linear up to a certain point, above which
a saturation occurs. This saturation is due to the recovery time of the microcells and
to the limited number of microcells. Two photons hitting the same microcell one
after the other (within a time shorter than the recovery time of the sensor) will count
for a single photon. The dynamic range depends therefore on the number of cells
and the geometrical saturation of the sensor can be expressed as:

Ny - PDE - (1 + PXT)))
Ncells

Niiredcells = Neells (1 —exp (_ (24)

where N5 is the total number of cells, N, is the number of incident photons,
PDE is the photodetection efficiency of the sensor, and Pxt is the optical crosstalk
probability. Note that the afterpulses probability is neglected since afterpulsing
occurs after the initial detected pulse.

Temperature coefficient: Temperature as an effect on the breakdown voltage of an APD
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and therefore has a direct effect on the gain and on the applied overvoltage:

1.36__1 Ve
G dT AV 0T

(25)

Typical temperature coefficients are of the order of a few tens of mV /K.



4. Modelling the pulse shape of an SiPM

4 Modelling the pulse shape of an SiPM

An electrical model of an SiPM has been proposed by has been proposed Corst et al. [31]
in order to describe the output pulse shape of such detector. This model is shown in figure
40.

s NiCq —— NoNG —__ (N=N¢)Cq

I Q) N¢Ca — (N=N¢)Ca ——

Figure 40. Equivalent circuit of the SiPM according to the Corst model [31]

The model of a single cell is composed of a diode capacitance C4 coupled in series
with the quenching resistor Ry. A small parasitic capacitance C is placed in parallel to
the quenching resistor. In order to simulate a fired cell, a current source can be added
parallel to the diode capacitance to model the charge released in the microcell during a
Geiger discharge. The whole matrix of microcells (5iPM) can then be simulated using the
circuit shown in figure 40. It can be described in three parts. The first part of the circuit
represents the N fired cells with the current source simulating the avalanche. The second
part of the model is made of the same circuit but without current source, and corresponds
to the remaining N — N¢ non-fired microcells. Finally, a grid capacitance Cg, parallel to
the fired and unfired cells, accounts for the presence of a parasitic component due to the
metal grid spanning the surface of the sensor that connects the microcells all together. An
SiPM can therefore be characterised by the Corsi parameters Cq, C4, Cg, and Ryq.
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Figure 41. Example of SiPM pulse shape (left)
and typical readout schematic of a SiPM (right, [30])

A typical readout electronic circuit for SiPMs is shown in figure 41, so as the usual
shape of the output signal. The characteristic time of the rising edge of the pulse is given
by the product of the output resistor of the sensor Rs and the diode capacitance:

Trise = Rs - Cqa (26)

The tail of the pulse is composed of a fast exponentially decaying part, whose charac-
teristic time is:

Tfall fast = Rs - (Cq + Cg) (27)

and of a slow exponentially decaying component, whose decay time is given by:

Tfall,slow = Rq ’ (Cq + Cd) (28)

The recovery time of the whole pulse, which correspond to the time for the microcell
to be recharged, is given by:

TRC = Cd(Rq + Rg - N) (29)

where N is the number of microcells.
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Chapter /]

Pulse shape simulation
of SiPM with PSpice®

Since the requirement for overall camera optical efficiency (B-TEL-1170) has been in-
creased to 20% (that includes the PDE of the sensors but also the entrance window
transmittance, the cone efficiency, and the dead spaces between pixels), the sensors have
to be upgraded to a greater photo detection efficiency technology in order to meet this
requirement. Two sensors with increased PDE, the Hamamatsu LCT5 (S13360) and LVR3
(514520) SiPMs, are good candidates for this upgrade. Atthe working point of 8% crosstalk
probability, the use of LCT5 or LVR3 sensors would increase the PDE from 34% to 48% or
52%, respectively (see figure 42).
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Figure 42. Photo-detection efficiency versus crosstalk probability for LCT2,
LCT5, and LVR3 SiPMs (Measurements from A. Nagai)

The microcell capacitance and quenching resistor of the LCT5 and LVR3 sensors being
bigger than that of LCT2 sensor (85 fF and 190 kQ for LCT2, 101 fF and 300 kQ for
LCT5, and 128 fF and 430 kQ for LVR3), the signal induced is expected to be longer (see
chapter II). A study has already been performed for the LCT5 sensor. The LVR3 sensor
has to be considered not only for its bigger PDE but also for questions of technology
harmonisation between the different SST projects. The idea of the work presented here
is therefore to use the Corsi model parameters corresponding to the LVR3 sensor as an
input to the front-end electronics PSpice model, and to fine-tune electronic components
to have an optimized short and well-behaved pulse with the LVR3 sensor while keeping
a good photon counting ability and a wide dynamic range.

47



REs

III. PuLse SHAPE SIMULATION OF SIPM witH PSPIcE®

1 Electronic model of the camera front-end electronics

The electronic PSpice model of a four-channels hexagonal sensor coupled to the pre-
amplification stage is shown in figure 43. It consists of four parallel Corsi circuits, each
one modelling a channel of the hexagonal sensor, summed by pairs via two low-noise
transimpedance amplifiers. The outputs of the two operational preamplifiers (OPA846
from Texas Instruments) are then combined via a differential amplifier (LMH6551 from
Texas Instruments). The pulse is measured as the voltage difference between the positive
and negative outputs of the differential amplifier.

20 l
cas
T e
£
0
lC:;s Ryt 5 <Rs . scols lc:’j EAESP ~E T S a1 7 Rol7 SRET - oce] Cals | 2Rgis SRpS o oCgl
ROFF = (ROFFL | (0o}~ SoRang  S=(REMHND] | Caf-N ROFF = {ROFF] | <[CaNiih 5 <Ry S=IRIMNNE] | =(CAHNNITE ROFF = [ROFF] | <ICUNf} - Torong  S=IRIN-NOL | <(Cafiv-nl ROFF = (ROFF) | SCaNf}  Tufrany  S=RENND} | SCalMNT}
s ooty JorF = o VSRR S8
o= 1y VoN= 1 YoN= 1y voN= 1y
sir s st 1)
= conr = cete = coie = cem
wi=g VI s ook vi=g V3 & oo vi=0 V32 g e wi=p V3 5 {eat
Vil ROV cpis V2 ih R0t pe RDis | iy 7 Vil RDZ0 2G0T ooOaE
={RA/Nf] ={Ca"Nf} e i-Nf) =[R/Nf ={CaNf =C If1)] ={Rd/N ={Ca"Nf] 0t ={RA/N ={Ca"Nf} SO NN}
TR={Tr} = " TR={Tr} = 4 TR={T4 -( " TR=. = "
TF={T} . TF ={Tr 5 TF={Ti . TF= .
B0 = [Puj =5 P = P % vig W = Pu} £ veo PW = P = ver
FER = {FER}] o FER = {FER] T o . FER = {FER] T o FER = {FER}] =
L v Bk L =B L e = = s
A T T : T A T
=50 =t o= 5 =50
R4 R R Rer
=RiN <RiN “fRin <RIN
Ras R4 R3s R
=ra) &y e =R
T o o o
R17
PARAMETERS:
v 1 .
RE_s R3
Vo
v e L
= ={VHV_BK+VHV_OV} =[RF_DZ} 50
K B RG_4 U13 LMHEE51/TI
T o Vot - “:‘
1L |
=, s 249 wap S
0 €
Ute oPABas - 0
avan T 100
L
=, Res RF3 R23
op
R18 245 o 0
N=s5210 aa S
VHV BK =375 =(rF} = Rz
0 =0
o
aav

ou
e 5.
U17 OPAB4S

0 ‘9-'31.

Figure 43. PSpice model of the hexagonal sensor

The Corsi parameters for the LVR3 sensor provided by Hamamatsu are confidential, so
they are not given here. The LVR3 sensor is based on the low voltage resistor technology
from Hamamatsu, where the thickness of the depletion region is reduced in order to
improve the PDE, implying a bigger microcell capacitance. The quenching resistor is
also increased to deal with higher gain. The table 6 gives the values of some electronic
components that are used in the model to fine-tune the pulse shape.

Parameter Cg [nF] Re [Q] Rin [Q] Rg [Q]
Original value 44 560 10 200

Table 6. Original values of the different parameters
that are changed to handle the pulse shape

48



2. Pulse characterisation

2 Pulse characterisation

In order to determine if a given pulse shape is short enough and has a comparable charge
and amplitude to that of the LCT2 reference signal, five parameters, illustrated in figure
44, are defined to describe a generic pulse:

Maximum Amplitude: Amplitude of the pulse between the maximum and the baseline
in units of voltage.

Charge: We usually refer the area under the pulse on a fixed integration window as the
charge, even if the charge itself is given by this integral divided by the amplifier gain
and the amplifier input impedance and is therefore proportional to the area of the
pulse (see [16]):

1
Q- JV(t)dt (R = 50Q) (30)
Gamp ‘ R
Rising time: Time between 5-95% of the maximum amplitude (duration of the rising edge

of the pulse).

Falling time: Time between 95-5% of the maximum amplitude (duration of the falling
part of the pulse).

Recovery time: Time between the 5% amplitude on the rising edge and the 1% amplitude
on the falling side (duration of the entire pulse, until the baseline is recovered and

stable).
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Figure 44. Characterisation of a pulse shape
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3 Optimization of the pulse shape

The simulation is first performed by changing the Corsi parameters of the LCT2 to those of
the LVR3 sensor. Figure 45 shows the pulse of the LCT2 sensor and the pulse of the LVR3
sensor without changing any electronic values in the circuit outside the Corsi circuits. All
the signals are simulated for a light level of 100 photoelectrons (p.e.).
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Figure 45. Simulated pulse shape with the LCT2 and LVR3 Corsi parameters
and signal to noise ratio (SNR) as a function of the integration time
in number of 4 ns samples (plot from C. Alispach)

As expected from the large microcell capacitance and quenching resistor of the LVR3,
the pulse obtained for this sensor is quite long (see table 7 for the pulse features) and does
not meet the required 30 ns integration window. Indeed, CTA requires (B-SST-1210) that
"signal integration must be possible within a time window of between 20 and 30 ns with respect to
the Camera trigger time for signals in the range 0-400 photons". The goal of this requirement is
to keep the noise contribution reasonable since increasing the integration window would
lead to an increase of the signal-to-noise ratio (SNR) (the larger is the integration window,
bigger is the probability to collect afterpulses or Dark Count Rate pulses). It can be seen
in figure 45 that the SNR reaches a maximum at around 20 ns integration time, and
decreases very fast when increasing the integration window. More information about this
can be found in this article: arXiv:1403.3573. Furthermore, as can be seen in figure 45, the
pulse shape is quite peculiar: it is made of a first main fast-decaying pulse, followed by
a secondary bump that extends the pulse duration to about 150 ns. Such pulse shape is
not satisfactory, not only for its long recovery time, but also for this secondary peak that
prevents us from disentangling between a pure signal and a signal followed by after-pulses
or superimposed with dark count rate signals.

Parameter Trec [NS] tran [ns] trise [NS] Charge Amax [mV]
LCT2 pulse 52.3 32.3 4.69 2.35.1078 1538
LVR3 pulse 148.6 75.6 541 440-1078 1995

Table 7. Features of the pulse obtained with the LVR3 Corsi parameters
compared to those of the LCT2 pulse
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3. Optimization of the pulse shape

The LVR3 pulse shape has therefore to be optimized to get a smooth signal (with an
exponentially decaying part without any bump) with the shortest recovery time achiev-
able. In order to optimize the waveform, the Ry preamplifier input resistor and the Rg
leakage resistor have to be fine-tuned.
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Figure 46. Position of Ryy in the model (left) and evolution of the LVR3 pulse shape as a
function of Ry (right)

The Ry and Rg resistors so as their effect on the pulse shape are shown in figure 46
and 47, respectively. We see that increasing Ryy or decreasing R, which implies to reduce
the fraction of the signal going to the OPA, reduces the pulse amplitude and duration
and lessens the secondary bump. The impact of Rin and Rg to the noise contribution has
been studied and is discussed in the Appendix A. The conclusion of this study is that
increasing R reduces the noise contribution so as increasing Ryy. Therefore, to minimize
the noise component, Rg cannot be reduced too much. Moreover, Ry has to be quite
lower than Rg to have acceptable conditions.
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Figure 47. Position of R¢ in the model (left) and evolution of the LVR3 pulse shape as a

function of Rg (right)
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Simulations have been performed for different (Rin, Rg) configurations. The values of
the charge and the recovery time for each of these simulated pulses are shown in figure 48.
We see that similar amount of charge can be reconstructed compared to the LCT2 pulse,
but the shortest achieved pulses are very long and far above the 30 ns required window.
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Figure 48. Evolution of the charge (left) and of the recovery time (right)
in the (Riy, Rg) phase space

The simulation of the pulse shape evolution as a function of the resistor R, parallel
to the OPA, is shown in figure 49. It can be seen that increasing the resistor increases the
pulse amplitude without affecting much the recovery time of the signal. Rr can therefore
be used together with Riy and Rg to select the shortest pulses and fine-tune the signal
amplitude to have a gain similar to that of the LCT2 pulse. The effect of putting parallel
capacitance to the Ry, R, and Rr resistors has been studied, so as the effect of the bias
capacitance Cg. They are discussed in the Appendix B.
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Figure 49. Position of Rr in the model (left) and evolution of the LVR3 pulse shape as a
function of Rr (right)
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3. Optimization of the pulse shape

The optimization of the pulse shape is thus performed with the three resistors Ry, Rg,
and Rg. Figure 50 shows two of the best pulses achieved with this optimization, while the
table 8 gives the pulse parameters of nine of the best pulses compared with those of the
LCT?2 signal.
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Figure 50. Optimized pulses for configurations (Riy=200Q, Rg=300, Rp=910Q)
and (Ry=2Q, Rg=10Q, Rp=1000Q))

The shortest well-behaved pulses obtained after circuit optimization are still too long
(~170 ns). The LVR3 sensor is therefore not compatible with the current front-end elec-
tronics for the required 30 ns integration window. The electronics would have to be
redesigned in order to obtain short pulses with the LVR3 sensor. An ASIC implementing
an option that allows to sharp the pulse shape has then been studied (see chapter IV).

Rin [Q] Rg[Q] Rp[Q] Trec [ns]  trise [nS]  tran [NS]  Amax [mV] Charge [V-s]

1 10 910 174.7 6.064 100.8 1553 6.77 - 1078
2 10 1000 176.9 5.906 102.2 1540 6.82-1078
51 10 1300 182.5 6.015 105.7 1519 7.04-1078
20 15 1600 175.3 5.180 99.10 1541 5.63-1078
20 30 910 167.0 4.683 92.00 1532 4.49-1078
20 51 750 168.2 4.666 92.20 1549 4.44-1078
20 100 680 171.4 4.839 93.80 1605 4.67-1078
20 150 620 172.6 4.635 94.40 1551 4.51-1078
20 220 620 174.0 4.795 95.20 1592 4.69-1078
10 200 560 52.3 4.69 32.3 1538 2.35-1078

Table 8. Pulse features for some optimized configurations
compared to those of the LCT2 pulse
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4 Faithfulness of the electronic model

4.1 PSpice model and measurement setup of the 6x6mm? SiPM

The PSpice simulations performed for the LVR3 hexagonal sensor now have to be
compared with reality. Since the hexagonal sensor is not a commercial model but was de-
signed for the SST-1M camera, the measurements are performed with a standard 6x6 mm?
squared LVR3 SiPM. The model has therefore to be modified from a 4-channels SiPM with
9210 cells per channel to a single-channel sensor with 14336 cells. The model is shown in
figure 51. The three unused channels are left in the model since the 6x6 mm? sensor is
connected to a cathode and an anode of a hexagonal board pixel.

RBS
A
2500
cBs
cep

-|||>H}—~

o

J~Cq1,5 éRqLE %qu_s lcqz_
ROFF = {ROFF} T={ca*m) —{Ra/Nf ={Ra/(N-NT}} T=€Ca ((N-NT)}
VOFF = 0.0V

+ J;
== CG17

{Co}
RN —=CD1_s —CDz 5
={RAMf} ={Ca™n ={Can(N-NT}}

R44 R45 R45 R4T

oYy VP VP oYy
={RIN} =[RIN} =[RIN} ={RIN}
R33 R34 R3S R36
% =[G} =(RG} =(RG} ={RG}
=4 =4 £ =4
= = =) =

Figure 51. PSpice model of the 6x6mm? sensor

The measurement setup and the location of the Ryy and Rg resistors on the board
are shown in figure 52. The two pins (anode and cathode) of the 6x6 mm? sensor are
connected via an adaptor to the cathode and one of the four anodes (A2) of a pixel on
the board. The Ryy and Rg resistors are changed according to the tested configurations.
The measurements were performed in a dark room at IdeaSquare (CERN). An LED is
used as a light source. The signal is readout through an oscilloscope and stored in the
computer thanks to the LabView™ program. The sensor is biased with a 4.4 V over-
voltage (corresponding to 8% cross talk) and the temperature is monitored thanks to a

probe placed near to the sensor.
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Figure 52. Pulse shape measurement setup (left) and sketch of the preamplification
board with the position of Ry and Rg (right)

4.2 Measured vs. simulated pulses

Two well-behaved pulses have been selected for the comparison between measurement
and electronic simulation. The comparisons for the two configurations are shown in
figure 53. It can be noticed from these plots that the measured pulse shapes are smoothly
decaying but systematically longer in time than the simulated waveforms. The reality is
therefore worse than the simulation.
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Figure 53. Comparison between PSpice simulated and measured pulses for the
(Rin=20Q, Rg=100Q) (left) and (Rin=51Q, Rg=100Q)) (right) configurations

Three main reasons can explain this difference. The first is that a parasitic capaci-
tance comes from the three unused channels, therefore inducing longer signals. Another
possibility is that this difference is due to the fact that the operational preamplifier is
badly simulated. Indeed, it consists of a black box made of transfer functions provided
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by the OPA manufacturer and that is hard to tune. This OPA frequency response has
been validated for the LCT2 sensor. A worse agreement for the LVR3 sensor can therefore
be observed since the frequency ranges of the two sensors are different. Moreover, these
OPA models are usually not tested for the very small currents generated by a SiPM. The
third possibility is that the measured Corsi parameters provided by Hamamatsu are not
exactly matching the truth behavior of the sensor.

4.3 Measurement and simulation of a single channel PCB

In order to investigate the possible parasitic contribution of the three unused channel,
measurements are performed with a simpler PCB composed of only one channel. The
transimpedance preamplifier based on the OPA846 is kept and the sensor used is the LVR3
3x3 mm? (3584 cells). A picture of the board and its electronic model are shown in figure
54.
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Figure 54. Picture and model of the simple PCB

It can be seen by comparing the measured and simulated pulses (figure 55) that
the difference is still present and even more important with this single channel board.
The difference observed with the camera board can thus not be due to some parasitic
contribution from the non-connected channels. This disagreement between simulations
and measurements comes therefore either from bad simulation of the OPA or from wrong
Corsi parameters.
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5. Monte Carlo simulation of the camera readout with digicamtoy
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Figure 55. Comparison between PSpice simulated and measured pulses
with the simple board

5 Monte Carlo simulation of the camera readout with
digicamtoy

The digicamtoy Monte Carlo (MC) simulation tool [32] is used to simulate the response
of the camera digitizing system (DigiCam) given an input signal template that is sampled
with a 4 ns step and introducing electronic noise, cross talk, and NSB rate according to the
configuration file. The simulation is done with the pulse of the Rg=200 Q & Rin=20 Q
configuration for the LVR3 hexagonal sensor and also for the hexagonal LCT2 pulse in
order to see if the single photon resolution after digitization is comparable for both sensors.
Both template pulses are shown in figure 56 together with their corresponding charge in
mV-s integrated over a 20 ns window. Figure 56 is also showing the LVR3 input template
coming from the PSpice simulations pulse compared to a MC produced via digicamtoy
with a 4 ns sampling.
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Figure 56. LCT2 and LVR3 pulses with the integration window (left) and LVR3 template
pulse (Rin=20Q, RG=200Q)) compared to a MC produced pulse with digicamtoy (right)
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The parameters in the .yml configuration file used in digicamtoy are shown here:

events_per_level: 10000 crosstalk: 0.08 gain [ADC]: 5.8

time_start [ns]: O gain_nsb: True baseline: 200
time_end [ns]: 368 n_photon: [5.] time_signal: 0.
time_sampling [ns]: 4 poisson: True jitter: 0.3
n_pixels: 1296 sigma_e: 0.8
nsb_rate: [0.003] sigma_1: 0.8
The Multi-PhotoElectron (MPE) spectrum is described by a sum of generalised Poisson
distributions:
N 1 veneg\2
f()=A > P(nly, )\)[ e () l (31)
=0 V27ton
where:
w(AAn) " exp(—p-nA) . . . L .
e P(n|u,A) = — is the generalised Poisson distribution, that ac-
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counts for branching crosstalk [34]

® 0 = /02 + ncr% is the noise with the electronic and the gain contributions, respec-
tively 0. and o07. oy, gives the width of the nth peak.

e A = 0.08 is the probability of optical crosstalk

e L is the mean number of photoelectrons (that correspond to n_photon in the .yml
file for the MPE or to a number between 0 and 1 for the SPE)

e g is the gain, which also correspond to the distance between the peaks

e Aisthe amplitude, that depends on the statistics (number of total events considered)

—— MC simulated data —— MC simulated data
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Figure 57. MPE spectrum simulated for the LVR3 (left) and LCT2 (right) sensors



5. Monte Carlo simulation of the camera readout with digicamtoy

The electronic noise o and the intrinsic noise associated with the single photon detec-
tion (and to the gain) o1 can be converted from their value of 0.8 in the configuration file
of digicamtoy to their expected value into the MPE given as a function of the charge. This
allows us to fix these two parameters when performing the fit of the MPE in order to have
only the amplitude A and the gain g (charge) as free fits parameters. They are respectively
given by o1 = charge - 0.8/5.8 and o = charge - 0.8/5.8/VNypins. The resulting values are
shown in the table 9.

charge [mV ns] 01 Oc
LCT2 68.1447 9.399 3.837
LVR3 75.5435 10.42 4.254

Table 9. Conversion of the noise using the charge obtained from figure 56
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Figure 58. MPE spectrum of the LVR SiPM without dark counts

The figure 57 shows the MPE for the LVR3 and sensor so as the fit performed using
the function (31). A deviation from the fit is observed for the peaks and the hollows of
the MPE for both sensors. This difference is due to the fact that the fit function does
not model the superposition between a signal and a NSB pulse in the 20 ns integration
window (pile-up). Figure 58 shows the MPE from digicamtoy performed by removing
the NSB of 3 MHz. One can observe that the fit is in better agreement with the spectrum,
which confirms that the deviation from the fit is due to the fact that NSB is not accounted
for. Looking back to the figure 57, we see that the spectrum for the LVR3 sensor has a
nice behavior despite the long-tailed pulse since we integrate over the first 20 ns of the
signal (range that contains most of the charge). We can observe that the fitted gain is very
near to the expected one (75.58+0.06 vs 75.54 for the LVR3 and 68.39+0.06 vs 68.14 for the
LCT2). This result is therefore quite satisfying since we are able to well reproduce the
spectra with the Monte Carlo toy even if the pulse of the LVR3 is longer than the LCT2
pulse. But this simulation has been performed for a PSpice®simulated template pulse.
The result for a measured pulse with a hexagonal LVR3 sensor is expected to be different
since the simulation provides too optimistic results.
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6 Conclusions

A solution to increase the efficiency of the SST-1M camera would be to adopt a sensor
with better photo-detection efficiency. The front-end electronics of the camera has been
simulated via the PSpice software. A fine-tuning of the electronic components has been
performed in order to optimise the pulse shape of the LVR3 sensor, which has a PDE 50%
bigger than the LCT2 sensor currently used on the camera prototype. Despite a detailed
study of the pulse shape behavior and evolution in terms of different electronic elements,
the shortest well-behaved LVR3 pulses are way too long for the required integration time
of 30 ns.

The faithfulness of the electronic model has also been tested via measurements. The
measured signals appear to be systematically longer than predicted. A possible explana-
tion for this difference, that has been rejected with measurements, could have been that
the channels not connected to the 6x6 mm? two-pin sensor induce a parasitic component,
increasing the signal length. The only remaining explanations for this lack of accuracy of
the model are either a bad modelling of the OPA846 operational amplifier or an insuffi-
cient characterisation of the Corsi parameters by Hamamatsu.

The optimised simulated and measured waveforms being too long, a solution to
sharpen the pulse shape in the pre-amplification stage has to be found. It is in this
perspective that the MUSIC ASIC developed for SiPM readout has been considered (see
chapter IV).

An additional study has been performed on the camera digitizing system, simulated
via the digicamtoy Monte Carlo toy. The single photon resolution after digitization of one
of the LVR3 pulses previously simulated has been compared to that of the LCT2 sensor.
The results are good for the PSpice®simulated template pulse of the LVR3 sensor since
the photon resolution and the reliability of charge reconstruction are similar than for the
hexagonal LCT2 sensor. But the result for a measured pulse with hexagonal LVR3 sensor
is expected to be not so good due to the optimism of the pulse simulation. Moreover, with
a LVR3 sensor we would have a higher current, which would increase the gain drop.
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Chapter IV

Characterisation of the MUSIC ASIC
with LCT5 and LVR3 SiPM

Fine-tuning the current front-end electronics to adapt the pulse shape of another
sensor appears to still give very long pulses. The preamplification stage has therefore
to be modified. A candidate for preamplification electronics is the Multiple Use SiPM
Integrated Circuit (MUSIC) ASIC [35], developed at the University of Barcelona, that
offers the possibility to apply a pole cancellation, reducing the pulse full width at half-
maximum (FWMH) of the pulse, while allowing to sum the 4 channels of a pixel like
for the current electronics. This is particularly interesting for big capacitance sensors
such as the LVR3 SiPM. Furthermore, this ASIC could also allow to reduce the power
consumption. The idea would be to use a MUSIC board per pixel to readout, sum, and
amplify the signals of the 4-channels of the pixel and to send a single signal to the slow
control board (SCB). The integration of MUSIC in the current camera topology is shown
in figure 59. Since this ASIC is AC coupled, its current readout for slow integration has to
be used in order to monitor the baseline shifts due to the variation of NSB. The readout of
this slow integration output together with the summed signal for each pixel would imply
to modify the SCB design.

Current slow

Summing readout Only HG
channels channel
wo — : > Slow i
g m Y { —»| control —P
- Al A2 Bl B2 ’ : V board i
4-channels SiPM  MUSIC ASIC ~ Modified SCB Digicam

Figure 59. Integration of the MUSIC ASIC in the SST-1M camera

The MUSIC ASIC is first described, followed by the measurement setup used for the
ASIc characterization. The measurements of MUSIC with the LVR3 and the LCT5 sensors
are then discussed. Finally, the measurements are compared to the simulation of the ASIC
performed by the team that developed MUSIC.
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1 The Multiple Use SiPM Integrated Circuit (MUSIC)

The Multiple Use SiPM Integrated Circuit (MUSIC) is an ASIC that has been developed at
the ICCUB (University of Barcelona) for the readout of SiPM arrays. It has 8 single-ended
analog outputs and a differential output that allow to sum the individual output channels.
The diagram depicting MUSIC and a picture of the board are shown in figure 60.
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Figure 60. Functional block diagram of the MUSIC ASIC [35] and picture of the PCB

This ASIC is very interesting for our application since it contains a shaper circuit that
allows to apply a so-called Pole Zero Cancellation (PZC) on the pulse shape to reduce
significantly its duration. Furthermore, it allows to sum the 4 channels of a pixel together,
reducing the apparent capacitance. The Pole Zero shaper circuit and an example of pulse
before and after PZC are shown in figure 61. The cancellation is parameterised by two
values, R and C, that correspond to different values of resistors and capacitance in the
shaper circuit. The C parameter is a 5-bits following a linear distribution starting from
1.2 pF with steps of 0.1 pF. The R parameter is not following a linear distribution, and the
corresponding resistor values are shown in the table 10.
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Figure 61. Pole Zero shaper circuit and example of pulse shape before and after applying
PZC [35]
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2. Measurement setup

R; (low atten

R; (low atten

Riad OFF) [Q] ON) [Q] R; [0]
0 46500 18600 7650
1 48300 20400 5850
2 50100 22200 4050
3 51900 24000 2250
4 52350 24450 1800
5 52800 24900 1350
6 53250 25350 900
7 53700 25800 450

Table 10. Values of the resistors in the Pole Zero shaper circuit
for the different resistance ladder configurations [36]

Furthermore, the cancellation can be attenuated by enabling the attenuation option in
the ASIC configuration, corresponding to different values of the R1 resistor (see table 10).
Another option when configuring the ASIC allows to choose the transimpedance mode
between high (higher gain) and low (lower gain) transimpedance. The different possible
transimpedance gains for single-ended and differential outputs are shown in the table 11.
Note that the differential outputs HG and LG can be used in parallel.

Gain

Sum HG Sum LG Single-Ended

High transimpedance

Low transimpedance

690 O
90 QO

315 Q
45 Q

480 QO
180 Q)

Table 11. Possible gain configurations with MUSIC [36]

2 Measurement setup

Dark shielding box

HV power LV power
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Figure 62. Schematic view of the experimental setup
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The MUSIC is placed in a dark box in order to avoid external light. The sensor (either
LCT5 or LVR3) is soldered on a small dedicated PCB connected to the MUSIC board. Two
other boards are connected to the MUSIC board, one in order to communicate with the
computer and configure MUSIC, and the other in order to readout the single-ended and
differential outputs using SMA cables. An LED with a wavelength of 525 nm is placed
in the dark box and connected to a pulse generator placed outside the box in order to
control the light source. The MUSIC is connected to an oscilloscope via SMA connectors
in order to display the signals. The oscilloscope is then connected to the computer in
order to automate the data taking using the LabView ™ software. Two power supplies
are connected to MUSIC: the High Voltage power supply to bias the sensors (~40-50V)
and the Low Voltage power supply in order to bias the MUSIC ASIC (6.5V).

MUSIC +SiPM Oscilloscope Pulse generator

\ (LED+Trigger)

LV power supply
Dark shielding box HV power supply

Figure 63. Picture of the experimental setup

A diagram and a picture showing the measurement setup are shown in figures 62
and 63. The light source is set with the shortest possible width (20 ns) and a frequency
of 1kHz. The MUSIC is configured via the command line tool of the computer with the
following command: » mini_music.exe config -P COM13 -e ® -u ® -t -a -p R C.
The -P option provides the USB port ID used to connect MUSIC to the computer. The -e
and -u allow to enable the single-ended channels and the channels to be summed via the
differential output, respectively. The -t option allows to enable the high transimpedance
mode and the -a option enables the attenuation of the cancellation. Finally, the R and C
PZC parameters can be set using the -p option, R going from 0 to 31 and C from 0 to 7.
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3 Measurement results

3.1 Pulse shapes and single photon sensitivity

The pulse shapes have first been measured with the LVR3 6x6mm? sensor for different
PZC configurations. The evolution of the pulse shape as a function of the R and C
cancellation parameters is shown in figure 64.
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Figure 64. Evolution of the LVR3 pulse shape with the PZC parameters C and R

The pulse shape for this sensor is shown in figure 65 before and after applying a PZC.
The cancelled pulse shape is shown for an intermediate configuration (R=4, C=9). We
can see a parasitic oscillation after the main peak, especially for the cancelled pulse. This
oscillation is not part of the real signal but is a contribution from the electronics due to
LED excitation. It could easily be characterised and cancelled for later applications.
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Figure 65. Pulse shape for the LVR3 sensor before and after applying a PZC (R=4, C=9)

65



IV. CuaracteERIsaTION OF THE MUSIC ASIC witd LCT5 anp LVR3 SiPM

The recovery time of the pulse for each pole zero configuration has been extracted,
leading to the map in figure 66. With this map we can see that the PZC allows to start
from the long 400 ns LVR3 pulse and to go down below 30 ns.
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Figure 66. Recovery time of the LVR3 pulse for each PZC configurations (left)
and evolution of the cross talk probability as a function of the over-voltage (right,
Measurements from A. Nagai)

An important features of a SiPM is the ability to count the photons. We can see in the
first histogram of the figure 67 that we are able to count photon with the 3x3 mm? sensor.
But when moving to a 6x6 mm? sensor, we are no more able to disentangle the number
of photons (middle plot). A solution to retrieve this ability is to increase the over-voltage
from 4.4 V up to 7V. The problem is that with such a high voltage, the optical cross talk is
increased to about 15% (see figure 66). Since a channel of the hexagonal sensor is closer
to the 6x6 mm? sensor than to the 3x3 mm? one in terms of surface, the use of the LVR3
for hexagonal pixels would imply an increase of over-voltage to keep the photon counting
ability. This would therefore increase the optical cross talk, which is not suitable for us
since our working point is at 8% cross talk probability.

10 20 30 40 20 40 60 80 0 10 20 30 40 50 60
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Figure 67. MPE spectrum for the LVR3 sensor: 3x3mm? and 4.4V overvoltage (left),
6x6mm? and 4.4V overvoltage (middle), 6x6mm? and 7V overvoltage (right)
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3. Measurement results

The MUSIC ASIC has therefore also been characterised with a LCT5 3x3 mm? sensor.
Figure 68 shows the pulse shapes of this sensor before and after applying the (R=4, C=9)
cancellation.
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Figure 68. Pulse shape for the LCT5 sensor before and after applying a PZC (R=4, C=9)

The initial pulse has a length of 120 ns, while applying a PZC allows to have signals
shorter than 40 ns, thus satisfying the required integration time (see figure 69). The
measurements have been performed with the 3x3 mm? LCT5 sensor since it was the
only size of LCT5 that we had. Measurements have also been performed by the team

of Barcelona on the 6x6 mm

2 sensor, showing that we are able to count photons even

with this larger sensor (see figure 70). The LCT5 coupled to MUSIC could therefore be a
suitable solution for sensor/electronics upgrade.

Figure 69.
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Figure 70. MPE spectrum for the 3x3mm? (left) and 6x6mm? (right, from S. Gémez)
LCT5 sensors at 4.4V overvoltage

3.2 Linearity

The evolution of the pulse shape as a function of the light level has been measured
in order to study the behavior in saturation of the LCT5 sensor coupled to MUSIC. The
differential outputs are used for these measurements. The idea is to see if the High Gain
channels has a nice behavior in order to use it to reconstruct signals up to a few thousand
of photons with a good resolution. Indeed, in the camera, we cannot use both HG and LG
outputs since the DigiCam system has only one input channel per pixel. Increasing the
number of channels would increase the power consumption and the price of the whole
system. Figure 71 shows the evolution of the LCT5 pulse shapes both in High Gain and
Low Gain modes. The pulses are normalised in order to bring out the shape evolution.
The shapes in saturation seem quite similar to the usual behavior of pulses in saturation:
the amplitude saturates but the pulse duration, and therefore the charge, is still increasing
above saturation.
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Figure 71. Pulse shapes of the LCT5 sensor as a function of
light level for HG and LG differential channels
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3. Measurement results

The amplitude and the charge are extracted from the previous pulses and are plotted
as a function of the bias voltage of the LED for both HG and LG channels. This is shown
in figure 72. Even if the measurements were performed in both High Gain and Low gain

modes, the study is only carried out for the HG channel since it is the one we would use
in the camera.
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Figure 72. Amplitude and charge of the pulse as a function of the LED bias voltage

The LED has now to be calibrated in order to determine the relation between the
detected light level (in number of photoelectrons) and the bias voltage of the light source.
The first step is to determine the gain for the charge and amplitude. The peaks of the MPE
spectrum for the charge are fitted with gaussians, in order to determine their positions
(see figure 73). Not that we could use the generalised Poisson fit (31), but the fit is
more precise with this multi-Gauss technique. A linear plot of the peak position vs the

number of photons is then fitted to obtain the gain as the slope of the curve, which is
1p.e.=112.08+0.55 mV ns.
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Figure 73. Determination of the conversion factor between charge and number of
photoelectrons
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Since the MPE fit for the amplitude was less precise, the gain for the amplitude is
determined as follows: mean(charge)/gain(charge)=5.05 gives the averaged number of
photoelectrons in the spectrum, which is used to compute the gain using the averaged
amplitude: mean(amplitude)/5.05 p.e.=3.4771 mV.

x10°

+ 3.0 a=7.58e+05+8.27e+04,
L b=-4.199e+0644.7e+05,
30001 e N c=8.718e+06+1e+06,
+ d=-8.039e+06--9.46e-+05,
+ 251 e=2.779e+0643.35e+05
2500 +
"
+ 2.0 4
2000 +
5 B
= £15
1500 #
5 1500 # £
F
i+
F 1.0 1
1000 ny X
# + HG data
i a=7.58e+05:8.27e+04,
500 i b=-4.199e+06+4.7e+05, 051
# — == c=8.718e+061e+06,
d=-8.039e+06-:9.46e+05,
04 i €=2.779e+0643.35¢+05 004 e
14 1.6 18 2.0 22 24 26 2.8 14 1.6 18 2.0 22 24 26 2.8
Bias LED [V] Bias LED [V]

Figure 74. Polynomial fit of the non saturated part of the charge scan

The y-scale of the charge plot in figure 72 can now be converted to photoelectrons and
the non-saturated part of the plot is fitted with a 4-polynomial function (the I-V charac-
teristics of an LED is not linear [14]) in order to extrapolate the relation between number
of photons and bias voltage of the LED (see figure 74). The number of photoelectrons is
given by the PDE times the number of photons. Using this extrapolation the amplitude
and charge can now be plotted in terms of the number of photons (see figure 75).
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3. Measurement results

The geometrical saturation due to the limited number of cells of the sensor has now to
be accounted in order to plot the charge and the amplitude as a function of the detected
photons. As discussed in the chapter II, the geometrical saturation can be accounted by
transforming the x-scale of the plots in figure 75 from number of photons to number of

photoelectrons using the following formula (see figure 76):

Nfiredcells = Ncells 1

—e

N photons

-PDE-(1+1)
Neells

(32)

where pu=8% is the cross talk probability, Nc.s=3584 cells since we are using the
3x3 mm? sensor, and PDE(ALgp)= 36% (see tigure 76).
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Figure 76. PDE of the LCT5 sensor as a function of the wavelength
(Measurements from A. Nagai) and geometrical saturation behavior

The final calibrated plots for the charge and the amplitude as a function of the number
of fired cells are shown in figure 77. We can see a good linear behavior until about 400
tired cells for the amplitude. The charge has also a good behavior in saturation.
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4. Comparison with simulations

4 Comparison with simulations

Simulations of MUSIC have been performed by the team that developed the ASIC at
Barcelona for both LCT5 3x3 mm? and LVR3 6x6 mm? sensors for different cancellations.
The agreement of the simulations with measurements is expected to be better than for the
simulation of the front-end electronic with the OPA846 because the MUSIC is simulated
at the transistor level.
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Figure 80. LCT5 3x3 mm? pulse shapes comparison between measurements
and simulations for different PZC configurations

We can see from the figures 80 and 81 that the agreement between measurements
and simulations is very nice when the PZC is enabled. Even the undershoot are well
reproduced. The only lack of compliance between measurements and simulations comes
when the PZC is off for both sensors.
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Figure 81. LVR3 6x6 mm? pulse shapes comparison between measurements

and simulations for different PZC configurations

The simulation of the linearity of MUSIC with the LCT5 3x3 mm? sensor is currently
under study and is therefore not discussed here.




5. Conclusions

5 Conclusions

Upgrading the sensors of the camera is a possible solution to increase its global opti-
cal efficiency. Two possible sensors are considered for this upgrade: the LCT5 and the
LVR3 sensors from Hamamatsu. Despite a detailed simulation study of the front-end
electronics coupled to the LVR3 sensor, fine-tuning the electronic components appears
to be insufficient to have short enough pulses. An ASIC developed at the University of
Barcelona for SiPM readout, called MUSIC, has therefore been studied for its interesting
Pole Zero Cancellation that sharps the pulse shapes. MUSIC has also the advantage of
having summation outputs, that would allow to sum up the four channels of a pixel with
a single MUSIC board.

The pulse shape of the LVR3 6x6 mm? sensor coupled to MUSIC has first been studied.
It appears that the PZC allows to have very short pulses, compatible with the required
20-30 ns integration window. The problem of this sensor is that the ability of counting
photon is good for the 3x3 mm? sensor, but is no more present with the 6x6 mm? sen-
sor. Hence, keeping photon counting ability for a large surface LVR3 sensor (such as the
hexagonal sensor) would require to increase the over-voltage, which would consequently

increase by a lot the cross talk probability.

The pulse shape of the LCT5 3x3 mm? sensor has therefore been studied. Thanks to
the Pole Zero shaper circuit, very short pulses are easily achievable. The photon counting
ability is good for both 3x3 mm? and 6x6 mm? sensors. The LCT5 sensor is therefore a
good candidate for the upgrade. The linearity behavior has then been studied with the
LCT5 3x3 mm? sensor. The results are very satisfying since the HG channel of MUSIC,
which is the channel we would use to sum the signals from a pixel, has a good linear be-
havior below saturation both with the amplitude and the charge of the signal. It also has
a good behavior above saturation, allowing to reconstruct signals up to a few thousands
of photons with a good resolution even with the small 3x3 mm? sensor.

Simulations of the pulse shapes generated with MUSIC and both LVR3 and LCT5 sen-
sors have been performed by the team of Barcelona working on the ASIC development.
The pulse shapes with no PZC are longer for measurements than for simulations. But
apart from this difference, the simulated pulse shapes with different configurations of
PZC are matching perfectly the measured ones. This is a very good news since it means
that the behavior of the sensors with MUSIC is predictable.

In conclusion, the MUSIC coupled to the LCT5 sensor would be a very nice solution for
sensor/electronics upgrade. Nevertheless, with the current ASIC design, such upgrade
would require to use one MUSIC board per pixel, since it does not allow sub-summations
of channels. A redesign of MUSIC would therefore be needed in order to use a MUSIC
ASIC for ~3-4 pixels. The use of MUSIC as preamplification stage would also require
to perform some modification of the Slow Control Board to readout the current output
of MUSIC in order to monitor baseline shift. The power consumption with the current
preamplification stage is 400 mW per pixel. The use of MUSIC would thus allow to reduce
power consumption to 100 mW per pixel in the case of one ASIC per pixel. The power
consumption could be better by using an ASIC per ~3-4 pixels. Nevertheless, the MUSIC
is more expensive than the current preamplification electronics, but the use of MUSIC
would increase the cost of the overall telescope of only 2%.
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Chapter V

Characterisation of the uniformity of the
entrance window of the camera

A second SST-1M telescope is under construction. A new entrance window for the
second camera has been manufactured with an improved coating compared to the first
prototype. The large ~1 m? surface of the window makes the coating process complicated.
In order to achieve the more uniform result, the process is performed in a large coating
chamber. For a better uniformity, the window is rotating during the coating process. An
anti-reflective coating is applied on the exterior surface of the entrance window in order to
minimise Fresnel losses while the other surface is coated with a dichroic filter that allows
to cutoff high wavelengths (>540 nm). Cutting off high wavelengths is important since
the SiPM are sensitive to them and it is the wavelength region where the NSB has the
biggest contribution. Furthermore, Cherenkov light is fainter above 540 nm. The window
transmittance spectrum and uniformity have to be characterised. The characterisation
setup is first depicted, followed by the measurement results on the second window. These
results are then compared to the first window that has been characterised a few years
ago. Finally, a study on the impact of window non-uniformity on image reconstruction is
presented.

1 Measurement setup

Camera entrance

i Integration sphere
window —

connected to

UV + visible
light source

| Translation
motors

Figure 82. Picture of the measurement setup
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The measurements have been performed in the clean room of the DPNC (UniGe).
Figures 82 and 83 respectively show a picture and a sketch of the measurement setup
used to characterise the camera entrance window. The window is placed between the
light source and an integration sphere. The integration sphere collects the photons and is
connected to an Avantes spectrophotometer that measures the photon flux as a function
of the wavelength. A transmittance spectrum is then computed by the software using
a reference spectrum. A double light source is used in order to cover both blue and
ultraviolet wavelengths. The window is moved horizontally along a rail thanks to a motor
controlled from the computer. The motor is moved by step of 20 mm in order to scan the
positions along the center-corner diagonal of the window. The window is then moved
of 60° by hand to scan a second diagonal. This procedure is repeated for each of the 6
diagonals. The whole setup is covered with a dark cloth in order to avoid external light.
At the beginning of each series of measurements, a dark spectrum, with light source off,
and a reference spectrum, with light on and without the window, are taken in order to
have a reference point to produce the window spectra.

C3 C2
r=20 mm
C4 Tloooo ee)C1 /-|=(|
r=0mm Light Source
To Spectrometer
C5 C6

Figure 83. Sketch of the measurement setup

2 Uniformity and efficiency of the new window

A reference sample of about one square centimeter has been coated following the same
procedure as for the window. The spectrum of this sample is compared with the spectrum
of the window at 240 mm from the center in figure 84. It can be noticed that the coating of
the window is of lower quality compared to the sample since the transmittance between
300 nm and 550 nm is almost constant and above 90%, while the variation of the window
spectrum is more important and the transmittance of the window is in average around
85% in this range. The coating of the sample is indeed of better quality because of the
small 1 cm? surface of the sample, which shows the difficulty of large surface coating.
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Figure 84. Transmittance spectrum of the window at 240 mm from the center compared
to the spectrum of a sample coated with the same procedure as the window

The figure 85 shows the evolution of the transmittance spectrum along a radial diago-
nal. It is clear that the spectrum in the center of the window has a narrower transmittance
window in the region of interest. This can be explained by the centrifugal force due to
the rotation of the window during the coating process. The spectrum in the border of
the window, around 520 nm, has quite a different behavior above 550 nm. Nevertheless,
apart from the center of the window, the spectrum seems quite steady along the window
diagonal. The radial uniformity of the window is therefore not perfect, especially in the
center and in the outer part.
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Figure 85. Transmittance spectrum as a function of the
radial distance to the center of the window
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V. CHARACTERISATION OF THE UNIFORMITY OF THE ENTRANCE WINDOW OF THE CAMERA

The mean spectra along the six center-to-corner diagonals of the hexagonal window
are shown in figure 86. The spectra of the six corners appear to be very similar to each
other, implying that the circular uniformity of the window is very good. This is quite
expected because of the rotation of the window during the coating process.
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Figure 86. Mean transmittance spectrum along the six
center-to-corner diagonals of the hexagonal window

To characterise the overall optical efficiency of the camera the transmittance spectrum
of the window has to be combined with other components. The transmittance spectrum
between 300 nm and 550 nm is first weighted by the Cherenkov spectrum and by the
PDE of the silicon photomultiplier, which are shown in figure 87. The resulting spectrum
is then multiplied by 0.88, which correspond to the cone transmittance, and by 0.92, to
account for the dead space between pixels (calculated as the area of a pixel multiplied
by the number of pixels and divided by the are of the whole camera). The cumulative
of this renormalised spectrum gives the optical efficiency of the camera. An example is
shown with the mean spectrum of the whole window in figure 87. The resulting optical
efficiency is 18.70% with LCT2 sensors and 25.42% with LCT5 sensors, which allows to go
above requirements.
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The spectra for the six corners are averaged for each distance from the center, which
allows to compute a mean optical efficiency as a function of the radius. This is shown,
considering LCT2 sensors, in figure 88. It can be seen that the mean optical efficiency of
the window is of 18.74+0.15%, which is below requirements. The improvement of the

coating is therefore not sufficient to pass the requirements.
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Figure 88. Optical efficiency as a function of the distance to the center of the window
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V. CHARACTERISATION OF THE UNIFORMITY OF THE ENTRANCE WINDOW OF THE CAMERA

The optical efficiency as a function of the radius can also be computed with the LCT5
PDE. As can be noticed in figure 89, upgrading the sensors to LCT5 would allow to reach
an optical efficiency above 24% on the whole window, which is far above requirements. It
is important to have such margin on the optical efficiency to compensate for the possible
ageing of the cones and to reduce the cleaning frequency of the window and of the mirrors.

Optical efficiency

Figure 89. Averaged optical efficiency as a function
of the radius with the LCT2 and LCT5 PDEs
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2.1 Angular dependency

The evolution of the transmittance as a function of the incidence angle of the light on
the surface of the window has been measured.
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Figure 90. Transmittance spectrum as a function of the incident angle (left) and optical
efficiency vs radius for different incident angles and for both LCT2 and LCT5 (right)
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efficiency seems more stable. Despite this ol

drop of optical efficiency, we see that using Figure 91. Angular distribution of the
the LCT5 sensor would allow to be above incident angle on the camera plane of the
requirements even for big incident angles. photons reflected by the mirrors [17]

2.2 Transmittance for each pixel position

A mean transmittance value is extracted from the mean spectrum of each radius,
leading to a curve of the mean transmittance (renormalised by the Cherenkov spectrum)
of the window as a function of the radius. Since the window is quite circularly uniform
(see figure 86), a curve of the transmittance as a function of the radius averaged on the six
corners can describe the whole camera plane. Since the measurements were taken every
2 cm, a spline is used to interpolate the value of the transmittance as a function of the
radius with a thinner resolution. This spline is then circularly mapped, like it was done
before for the optical efficiency, which leads to a two-dimensional continuous map of the
transmittance of the window across its surface (see figure 92). The average value of the
transmittance across the surface of a given pixel can then be computed, resulting into the
second plot of figure 92, where we see the mean transmittance of the window for each
pixel of the camera. The averaged transmittance over the pixels is 78.70%.
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Figure 92. Continuous map of the window transmittance (left)
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V. CHARACTERISATION OF THE UNIFORMITY OF THE ENTRANCE WINDOW OF THE CAMERA

3 Comparison with the first window

The mean spectrum of the new window is compared to that of the first prototype window
in figure 93. We see that the ~90% transmittance interval is thicker for the new window.
Reaching lower wavelengths improves the optical efficiency. Note that the peaks of trans-
mittance below 250 nm are due to the fact that the source emits a very low flux of photons
at low wavelengths, implying a bad reference spectrum below 250 nm.
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Figure 93. Transmittance spectrum of the new window
compared to that of the first window prototype
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Figure 94. Map of the radial optical efficiency for the first window (left) and optical
efficiency as a function of the radius for both windows (right)
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3. Comparison with the first window

The figure 94 shows the optical efficiency in terms of the radius for the first window. The
average optical efficiency of the first window is 16.77%. The improvement of the coating
has therefore induced an increase of about 10% of optical efficiency. We see from the
comparison of the optical efficiency between the two windows that the uniformity of the
coating has also been improved. It can also be seen by extracting the mean transmittance
per pixel for the first window (see figure 95) that the uniformity across the camera has
been improved with the new window.
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Figure 95. Continuous map of the first window transmittance (left)
and interpolated values of the transmittance for each pixel (right)
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V. CHARACTERISATION OF THE UNIFORMITY OF THE ENTRANCE WINDOW OF THE CAMERA

4 Impact of the window non-uniformity on image
reconstruction

4.1 Implementation of window flat-fielding correction factors in the
camera analysis pipeline

In order to account for the non-uniformity of the entrance window in the data analysis,
correction factors have been computed for each pixel. The flat-fielding factor of a pixel is
computed as the mean transmittance of this pixel normalised by the mean transmittance
of the whole window. A function has been implemented in the digicampipe pipeline
used to analyse the data in order to correct for the non-uniformity. The correction factors
are stored in a text file for each window, and the user just has to call the function with
the wanted window number to apply the correction to the data. The factors for both
windows are shown in figure 96. A study has then been performed to study the non-
uniformity impact on event reconstruction on both real and simulated showers. This
study is discussed in the following sections.
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Figure 96. Correction factor for each pixel for the first (left)
and the second (right) entrance windows

4.2 Effect of the non-uniformity on measured data-set

The impact of the entrance window non-uniformity on image reconstruction has first
been studied on real data. The study presented here has been performed on observation
data of the Crab source during the nights of the 10th and the 12th of October 2018 at
Krakow, Poland (location of the SST-1M first prototype). In order to characterise the
significance of the non-uniformity on the analysis, the Hillas” parameters discussed in the
chapter I are used.
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Figure 97. Distribution of the intensity before and after correction (left) and distribution
of the relative difference induced by the correction (right) for the Crab observations
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Figure 98. Distribution of the length before and after correction (left) and distribution of
the relative difference induced by the correction (right) for the Crab observations
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Figure 99. Distribution of the width before and after correction (left) and distribution of
the relative difference induced by the correction (right) for the Crab observations
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The distributions of the intensity, width, and length of the events before and after
applying the flattening correction are shown in figures 97, 98, and 99. The histograms of
the relative difference induced by the correction of these three parameters are also shown
in these figures. The mean relative/absolute difference and its standard deviation for all
the Hillas” parameters are given in the table 12. It can be concluded from these histograms
and values that the effect of the window non-uniformity on the event reconstruction is
very low. Indeed, the mean relative differences for the intensity, the width, and the length
are below 0.1%. The relative difference for the kurtosis is as well smaller than 0.1%. For
the other parameters, absolute differences have been computed to avoid divergences (for
instance in the case of an event in the center of the FoV with r=0). The absolute differences
are smaller than mrad for the angles and smaller than mm for distances, which is way
smaller than the pixel size. The effect of the correction is therefore very small on all the
image parameters.

Parameter intensity length width kurtosis
Mean relative difference  -7.628-10™* -1.379-107* -6.099-10"* 5.494-10~*
Standard deviation 3.766-1072  4.962-1072  2470-1072 2.287-1072
Parameter r [mm] ¢ [rad] P [rad] skewness [mm] alpha [rad] miss [mm]

Mean absolute
difference

Standard
deviation

-1.325-1071 -1.797-107* -1.062-1073 8.464-107% -3.974-107* -2.419-1071

2.049 7422-107%2 2.518-107! 5.939-1072 4.438-10~2 1.032- 101

Table 12. Mean and standard deviation of the relative /absolute difference
induced by the correction on each parameter on the Crab data

4.3 Effect of the non-uniformity on MC simulated on-axis gammas

The same study is now presented on simulated on-axis showers. The showers were
simulated by Rafal Moderski with the Corsika package and the instrument response with
the sim-telarray simulation package for the observation conditions of Krakow. A cut has
been applied on the simulated data to only keep the events with 1 island. The distributions
before and after correction of the intensity, length, and width are respectively shown in
tigures 100, 101, and 102. The distributions of the relative differences for these three
parameters are given in the same figures, and the mean and standard deviation of the
relative/absolute difference for each image parameters are given in the table 13.
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Figure 100. Distribution of the intensity before and after correction (left) and distribution
of the relative difference induced by the correction (right) for the simulated showers
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The averaged effects on the length and width are respectively about 36% and 10% and
a change can be observed in the corresponding histograms (figures 100, 101, and 102).
The effect on the intensity is about 8%. The effect is therefore quite significative on the
simulated events. This is due to the fact that the simulated events are all on-axis showers,
meaning that the impact of the non-uniformity is maximal due to its radial nature. It is
therefore important to correct for this effect in the analysis chain.

Parameter intensity length width kurtosis
Mean relative difference  8.265-102  3.600-10~!  1.018-10"!  3.089.1072
Standard deviation 2.737-1071 1.152 3.730-1071  2.688 107!
Parameter r [mm] ¢ [rad] U [rad] skewness [mm] alpha [rad] miss [mm]
g/gean absolute  ; 7>, ~5.978-10% 1.634-1073  —2.564-107°  6.202-1072 5.340
ifference
Standard 1 . 4 1 1 1
deviati 2.592-10 7.279-10 5.525-10 4.900-10 2.801-10 3.257-10
eviation

Table 13. Mean and standard deviation of the relative/absolute difference
induced by the correction on each parameter on the simulated data

5 Conclusions

A new entrance window has been manufactured for the second SST-1M camera with an
improved coating. The window transmittance spectrum has been characterised across
its surface. The new window appears to have a more uniform coating, and to have
a better transmittance in the range of interest (300-550 nm). Despite the improvement
of transmittance of the window, the optical efficiency of the camera is still below the
requirement of 20% and an upgrade of the sensors is anyway needed. The optical efficiency
as a function of the light incident angle has been measured, and it is above requirements
with the LCT5 sensor even near the cone cutoff angle. The spectrum and uniformity
of the new window have been compared to that of the first window. The width of the
transparent range and the uniformity of the window have both been improved. An
averaged transmittance value of the window for each pixel has been extrapolated and
renormalised to the mean window transmittance. A factor extracted from the data is
applied for each pixel in the camera pipeline in order to apply a flat-fielding correction
to account for the window non-uniformity. The effect of this non-uniformity on event
reconstruction has finally been studied on both real and simulated data. The impact of
this non-uniformity appears to be small on real data, but significative for simulated on-
axis event, due to the radial nature of the non-uniformity. This non-uniformity is anyway
accounted in the analysis pipeline, allowing the user to flatten the data to account the
window, if wanted.
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Summary and outlooks

This thesis has been performed at DPNC (University of Geneva) in the context of the
future generation experiment of Cherenkov telescopes, the Cherenkov Telescope Array
(CTA). More precisely, this work has been executed in the frame of the SiPM-based dig-
itizing camera of the SST-1M single mirror telescope designed for CTA. The aim of this
work was to investigate different solutions to improve the optical efficiency (conversion
factor from photons to photoelectrons) of the SST-1M camera, whose minimal required
value is 20% since the last update of the B-TEL-1170 requirement.

The first solution that has been investigated to improve the efficiency of the camera
was to upgrade the current LCT2 SiPMs to LCT5 or LVR3 SiPMs to increase the PDE of
the photosensors. Due to their higher microcell capacitance and quenching resistor, the
LCT5 and LVR3 sensors are expected to induce longer signals than the LCT2 SiPM used
for the first camera prototype. A first optimization study for the LCT5 sensors had already
been performed by Eng. Yannick Favre at DPNC. The LVR3, that has a capacitance and
quenching resistor even bigger than LCT5, has been considered in the first part of this
work because of its higher PDE and for questions of technology harmonisation between
the different SST projects. The sensors coupled to the preamplification stage have there-
fore been simulated in PSpice®in order to optimise the pulse shape generated by the LVR3
sensor by fine-tuning the electronic components of the front-end electronics. Despite this
optimisation, the better achievable pulse shape appeared to be still too long, which would
oblige us to increase the integration window if working with such signals. But increasing
the integration window is not compatible with the 20-30 ns required integration time
(B-SST-1210). Indeed, increasing this integration time would reduce the signal-to-noise
ratio since the probability of integrating noise would be higher. The electronic simulation
has also been compared to measurements, from which we get even worse results (longer
pulses). The digitization of the signal by the DigiCam digitizing system has also been
simulated using the digicamtoy Monte Carlo toy. The photon counting ability with the
simulated LVR3 pulse appears to be similar to that of the LCT2 pulse, but the real result
is expected to be bad because of the difference between simulations and measurements of
pulse shapes.

Since the fine-tuning of the electronics has appeared to be insufficient to optimise the
pulse shape, a solution to upgrade the electronics has also been considered. The Multiple
Use SiPM Integrated Circuit (MUSIC), developed at the University of Barcelona for SiPM
readout, offers the possibility of sharping a pulse shape using a so called Pole Zero Can-
cellation (PZC). The MUSIC has therefore been characterised with both LVR3 and LCT5
sensors. The cancellation is able to reduce the pulse duration enough to fit within the
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required integration time. But the photon counting ability at reasonable over-voltage (that
corresponds to a 8% cross talk probability) for a large sensitive surface (6x6 mm?) is only
possible with the LCT5 sensor, making the LVR3 sensor non suitable for our application.
The behavior of the ASIC coupled to the LCT5 sensor has also been studied as a function
of the incoming light level. It has a good linearity until saturation, and the good behav-
ior above saturation allows to reconstruct signals up to thousands of photons. Finally,
simulations of the ASIC have been performed by the team that developed MUSIC. The
simulations match very well the measured pulses for the different PZC configurations
that have been tested. The only difference between measured and simulated pulses has
been observed when the cancellation is disabled.

Another possible solution that has been investigated to improve the optical efficiency
of the camera is the enhancement of the transmittance of the entrance window. A new
entrance window has been manufactured for the second SST-1M telescope. Its transmit-
tance spectrum has been measured across its large 1 m? surface. The uniformity and
transmittance of the new window have been compared with those of the first prototype
window. The uniformity so as the transmittance spectrum of the window has been im-
proved. But this improvement of transmittance is not sufficient to pass the 20% efficiency
requirement while keeping the LCT2 sensors. Hence, the photosensors must still be up-
graded. The impact of the non-uniformity of the window on event reconstruction has
also been studied using Hillas” parameters. Even if this impact seems limited on real
data, it is quite important on simulated on-axis showers, due to the radial nature of the
non-uniformity. A flat-fielding correction has therefore been implemented in the camera
pipeline (digicampipe) to correct for this transmittance non-uniformity.

A good solution to satisfy the requirement on the camera overall optical efficiency is
therefore to upgrade the sensors to LCT5 and the preamplification stage to MUSIC. This
would require anon-negligible adaptation of the design of the SCB to continuously readout
the MUSIC current output in order to monitor baseline shifts due to changes of NSB. This
is necessary since MUSIC is AC coupled. The use of MUSIC as preamplification stage
would allow to save power. The uniformity and transmittance of the entrance window
have been improved and the non-uniformity of the window is now accounted in the
data analysis chain. An upgrade of the sensors combined with the improved entrance
window would lead to an averaged optical efficiency above 25% and therefore far above
requirements. This margin can be useful to reduce the frequency of window and mirrors
cleaning, and is also important to compensate for possible light guides ageing.
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Appendix A

Evolution of noise contribution as a
function of Rjn, Rg and Rf

In order to better understand the impact of changing the values of resistors in the
circuit, the noise evolution as a function of these resistors can be simulated. A current
is introduced after the Corsi circuit in the model to simulate the noise signal (see figure
103). The noise contribution is decreasing when increasing the value of Ryn, meaning that
biggest values of Rpy should be favored for two similar pulses.
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Figure 103. Simulation of the noise in the electronic model (left)
and evolution of the noise contribution as a function of Ryy

The figure 104 shows the evolution of the noise contribution as a function of R and R,
compared to the noise spectrum of the LCT2. Increasing Rg reduces the low-frequency
noise but increases a bit the high-frequency component of the noise, while decreasing R
reduces the overall noise contribution.
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A. EVOLUTION OF NOISE CONTRIBUTION AS A FUNCTION OF RN, Rg AND Rf
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Figure 104. Evolution of the noise contribution to the signal
as a function of Rg (left) and R (right)

In the case of similar pulse shapes, the configuration with the highest Ry and Rg and
the lowest Rg has therefore to be preferred.




Appendix B

Influence of different electronic
components on the LVR3 pulse shape

Bias capacitance Cp

The evolution of the pulse shape with the LVR3 sensor as a function of the bias capacitance
has been simulated. The currently used bias capacitance is 4.4 fF. Figure 105 shows the
bias capacitance in the model so as the evolution of the pulse shape. It can be seen that
dividing the bias capacitance by a factor 4 would allow to have very short pulses. The R
resistor could afterward be increased to keep the same amplitude gain as for the LCT2
pulse. This would therefore be a good solution to have very short pulse shapes with the
LVR3 sensor. The problem is that decreasing the value of the bias capacitance reduces
the noise filter. The bias capacitance is already very low with the current electronics, and
diminish its value would lead to a non-suitable signal to noise ratio (SNR).
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Figure 105. Evolution of the pulse shape as a function of the bias capacitance Cp

99



B. INFLUENCE OF DIFFERENT ELECTRONIC COMPONENTS ON THE LVR3 PULSE SHAPE

Bias capacitance parallel to RN, Rg, and Rg

The effect of introducing a capacitor parallel to the Ry, Rg, and R resistors has also been
studied. Figures 106, 107, and 108 show the modifications brought in the model in order
to perform such simulations and the corresponding pulse shape evolution for the three
resistors mentioned above, respectively. It can be seen that the effect of the Cin capacitor
is very weak on the pulse shape, while increasing the Cg capacitor slightly soften the
secondary bump of the pulse, but not enough to be used to reduce the pulse length.
Finally, adding the Cr capacitor has a very strong effect on the pulse shape. Increasing
the capacitance value lessen the amplitude of the signal but increases in the mean time

the duration of the pulse, which is opposite to what is needed for the LVR3 pulse.

Figure 106. Evolution of the pulse shape as a function of the capacitance parallel to Ryy

Figure 107. Evolution of the pulse shape as a function of the capacitance parallel to Rg

100

T =50

"
vieg VD s
s, o
@ i
Ly

PER = {PER}

Feis
={CeNg

Rg2_5 T2,
éﬂc‘wru"» Tocapng;

FCD2.S
e

Voltage [mV]

TR={T}
TF=[i
PYi = Pa}
PER = [PER}

TD=5n

éRc'}
=ReN}

Ra2_5 a2 !
ém TNt ] =CaTNNT)

cGir
o

=z s
~Cae}

Voltage [mV]

2000

1500 -

Jury
(=1
(=3
(=}
L

500 1

---- without Cjn
—— Cin=1pF

Cin=2pF

— Cin=5pF
— C1N=10pF
—— CGin=20pF
—— Cin=50pF

C[N=100pF

200 300
Time [ns]

400

500 600

2000 -

1750 -

1500 -

1250 -

1000 -

750

500 -

250 -

---- without Cg
—— Cg=1pF
C,=2pF
—— C=5pF
—— C;=10pF
—— Cg=20pF
—— Cg=50pF
C=100pF

200 300
Time [ns]

400

500 600




2000 - § ---- without Gy
)
! — CF=1PF
1750 - Cp=2pF
—— Cg=5pF
1500 1 —— Cg=10pF
R17 —— Cg=20pF
e > 1250 1 —— Cp=50pF
< 1000 J C§=100pF
a0
8
-3V3A =
S 750
VPt
" out Vot Red 500 - N
ne s 249 (‘ I“I‘
1 U16 OPA846 250 ; \}
"o 3v3A v S
1 I e ——
100 200 300 400 500 600

Time [ns]

Figure 108. Evolution of the pulse shape as a function of the capacitance parallel to Rr
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