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"Nous sommes condamnés a espérer. Ce qui se passe aujourd’hui ne peut pas étre la fin
de I’Histoire"
Saadallah Wannous, (1941-1997) un critique littéraire et dramaturge syrien.

"We are condemned to hope. What is going on today can not be the end of the History"
Saadallah Wannous, (1941-1997) Syrian playwright.
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Introduction

Cosmic rays are particles that are believed to carry lot of responses to the questions
about the history and may be the future of our universe. Even though composition and
propagation mechanisms of these rays are now defined, most of their sources are still
veiled. Several instruments were sent to space, built on the ground trying to track back
these rays to their origins, studying their properties and to find out the hidden blocks of
the energy and matter edifices.

Cherenkov Telescope Array (CTA) is a project of building ground-based high-energy
gamma ray observatory[1]. This project aims to cover a wide energy range: some 10 GeV —
300 TeV with improved performance in terms of sensitivity, resolution, and field of view|2].
For this aim, two sites of different-size telescopes will be constructed in both northern (La
Palma in Spain) and southern (Paranal in Chile) hemispheres'. Three types of telescopes
are being studied and developed for a data taking launch by the year 2020: Large Size
Telescope (LST), Medium Size Telescope (MST), and Small Size Telescope (SST)][3].

The motivation of this thesis goes in the interest of a new camera for the LST using
more efficient photodetector device. The ameliorated sensitivity sought demands devices
with higher photon detection efficiency. A proposal is introduced to build a second gener-
ation camera based on the last photodetection technology with its adapted fast front-end
electronics.

Four Large size Telescopes (LST)s are planned to be constructed in both CTA sites.
LSTs are the lower energy instrumentation. Each LST is planned to detect the lower
range of energy between 20 GeV and « a hundred of GeV. This makes it more sensitive
than any other existing ground-based gamma ray instrument.

Some principles of gamma rays astrophysics and some details about the CTA project
are introduced in the first chapter.

The first generation of LST camera will use photo multiplier tubes (PMT)s that have
been efficient photodetectors used in most current instruments. However, an emerging
technology represented by the Silicon PhotoMultipliers (SiPM) seems to be able to solve
some of the PMTs drawbacks and to reach even lower energy (~ 10GeV'). SiPMs are
serious candidates to replace PMTs in the second generation camera dedicated to the
LSTs. SiPM is a small size photodetector robust to magnetic field and high light intensi-
ties. It operates at lower voltages comparing to the PMT and provides almost close gain
with higher quantum efficiency. The First G-APD Cherenkov Telescope (FACT)[4][5] is a
successful and encouraging experience of exploiting these detectors in such instruments.

A review of the photodetection principles and detector’s evolution are introduced in
the second chapter. PMTs advantages and disadvantages are underlined before investi-

!Decision was made in 2015 https://portal.cta-observatory.org/Pages/News.aspx.


https://portal.cta-observatory.org/Pages/News.aspx

gating the characteristics of the emerging SiPM detectors. SiPM technology is showing
the possibility of building a large surface photodetector in the form of matrix. An array
of sixteen macro pixels of the type SiPM is being tested and characterized. Results are
discussed and specifications are summarized in order to design appropriate readout elec-
tronics. This part of the project started on February 2013 and its results were presented
on July in the first SiPM workshop in Munich[6].

The motivation of this thesis is to prove the feasibility of such SiPM-based camera.
A demonstrator readout electronic chip was proposed. This demonstrator can interface a
4 x 4 SiPM array fabricated by Hamamatsu to the current acquisition system represented
by NECTAR|[7] or DRAGON|8]. Design process, circuit solutions, choices, and control
facilities are explained in the third chapter. Simulation results and expected performance
are also presented.

Design and simulation took place between August 2013 and March 2014. Simulation
results were presented in the second SiPM workshop in Geneva on March 2014[9] and in
the LST general meeting in Padua on July 2014. The readout chip is labeled ALPS that
stands for ASIC de Lecture Pour SiPM was designed using AMS 0.35 um BiCMOS -
SiGe technology. It was fabricated as a part of a multi project circuit (CMP) run between
March and August 2014.

Five packaged samples with 25 non-packaged dies of ALPS were received at the end
of July 2014. Test benches and Labview slow control interface are described in the fourth
chapter. ALPS performance was measured using electrically generated signals and with
SiPM generated signals. Test environment, problems and results are discussed in this last
chapter. Some results of the electrical tests were presented in the LST meeting in Annecy
on February 2015[10] and in the 34" ICRC conference on 2015[11].

Finally, achievements and perspectives are proposed in the conclusion.
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1.1 Introduction

Gamma rays emission was first detected in 1967 by the OSO III satellite. Precious in-
formation about energetic phenomena in the universe is carried by the very high-energy
(VHE) electromagnetic radiations. Some of these radiations reach the earth, they are
detected by nowadays telescopes. These instruments have demonstrated that VHE phe-
nomena exist and come from everywhere in the cosmos. They have raised lots of questions
whose answers demand more better data for deeper understanding of these phenomena.
This is the reason why a more developed observatory Cerenkov Telescope Array (CTA)
is needed and proposed for the future. Telescopes of different sizes (large, medium and
small) are being studied to provide a wide dynamic range of gamma-rays energies. Large
size telescopes (LST) of the CTA are planned to detect the lower energy gamma rays ever
detected by a ground based instrument.

Silicon Photomultiplier (SiPM) is a new technology in photosensors that is being
investigated to equip a new generation camera for CTA telescopes. The main motivation
for this work is to prove the merit of exploiting SiPM detectors in the second generation
camera or the LSTs. SiPMs should enable increasing the sensitivity of these telescopes to
as low as possible energy (« 10 GeV).

Here in this chapter is a very short introduction to gamma rays astronomy. More
detailed information about the CTA project and the LST in particular is also presented.

1.2 Cosmic ray

Cosmic rays are particles that bombard our earth from beyond its atmosphere. The
origin of these rays is still a dynamic field of research. Decades of research have shown
that cosmic rays are charged particles composed of majority of atomic nuclei (drawn in
Fig.1.1: 87% protons, 12% of heavy nuclei (Helium and other nuclei) and about 1% of
very energetic leptons (i.e. electrons).

These particles are accelerated to extremely high energies up to 102°eV. They prop-
agate and interact with the different components of the universe and are detected either
by space-satellites (AGILE and Fermi) or ground-based telescopes (HESS, VERITAS,
MAGIC, etc...). Fig.1.2 is an illustration of the cosmic ray journey, including genera-
tion, propagation and detection. Astronomical instruments are trying to understand the
production and acceleration mechanisms of these particles and to trace back important
information about their sources.

The detection and study of the cosmic ray include classical astronomy and astroparti-
cle physics. The classical astronomy made use of the visible light till 1945 when new
wavebands have joined to optical astronomy (radio, millimeter, infrared, ultraviolet,
X and gamma rays astronomies). This has led to the growth of many new areas of
astrophysics[12]. Astroparticle physics studies information carried by three types of par-
ticles. These messenger particles are either charged particles:(protons p and heavy nuclei),
photons 7 or even neutrinos v[13] and may be the gravitational waves in the future.
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Figure 1.1: Nuclear abundance: cosmic rays compared to the solar system.
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Figure 1.2: The journey of the cosmic rays from their source to their detection[13].
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1.2.1 Energy spectrum

The plot of particle flux as a function of the energy is called the energy spectrum. It was
found to follow a power-law given in Eq.1.1 and Fig.1.3, where I' is the power law index
and it is defined by the slope of the log-log plot of the power law.

PFE)=—xET" 1.1
(B) = = o (11)
This spectrum covers a wide range in both energy (12 orders of magnitude) and flux (32
orders of magnitude). It can be divided into three regions of energy: intermediate, high
and very high energies. These regions are defined by different indexes.
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Figure 1.3: Energy spectrum of cosmic rays. Source of the figure:http://www.physics.
utah.edu/~whanlon/spectrum.html.

Cosmic rays spectrum shows a very good regularity except in two points where the
power-law index changes. The first is known as the knee and is situated at 10'>4eV. The
second occurs at 10'5eV and is called the ankle.

These changes in the power-law have been explained by the transition between the
galactic and extra-galactic origins of the cosmic rays.

Information about cosmic rays sources, acceleration mechanisms and propagation
could be extracted by studying this spectrum and the composition of the cosmic rays
at each energy. The fact that cosmic rays are charged particles makes it difficult to trace
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them back to their sources. Charged particles are deflected in the magnetic fields (galac-
tic and extragalactic) and their energy is uncertainly determined![14]. They isotropically
reach the ground. Thus, neutral particles stemming from the same sources (photons in
particular?) are the most useful messengers for studying sources of cosmic rays.

1.3 Gamma rays

Gamma rays are thought to be of the same sources as the cosmic rays but not only. They
could also be produced by the decay of heavy particles, from collisions between relativistic
particles and the ambient gas or also from the interaction of relativistic particles with their
propagation medium.
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Figure 1.4: On top: Different components of the electromagnetic spectrum where gamma
rays occupy the upper part. Bottom: Energy range of gamma rays.

Gamma rays are the most energetic part (highest frequency or smallest wavelength)
of the electromagnetic spectrum as illustrated in Fig.1.4. They are composed of photons
having an energy between «~ 100keV and some hundreds of T'eV. Photons having energies
above some tens of MeV are referred to as high energy gamma rays. This range of energy
reflects the non-thermal radiation.

Being of galactic and extragalactic sources, high energy and very high energy gamma
rays astronomy is used in exploring cosmic rays sources far away in the universe, to

'Except for the very highest energies but their origins form a large correlated areas in the sky.
2Neutrinos, are difficult to detect because of their weak interactions. Other neutral particles (like
kaon kY and pion 7°) have short life time insufficient to travel over large cosmic distances.



enforce the knowledge of fundamental physics and also to give a glance on the nature and
constituents of the dark matter.

1.3.1 Production mechanisms

High energy gamma photons are produced, by charged cosmic rays, according to two main
mechanisms: leptonic and hadronic[14][15].

e In the leptonic processes, gamma photons are emitted through one of three
scenarios|12][16].

— Synchrotron radiation of relativistic electrons gyrating in a magnetic field.
— The inverse Compton scattering of low energy photons by relativistic electrons.

— Bremsstrahlung radiation emitted by accelerated electrons in the electrostatic
field of nucleus.

e The hadronic process is based on the decay of neutral pions 7. These neutral

pions are produced through nuclear interactions between high energy protons or
heavier nuclei with ambient protons, nucleons or photons in dense regions of inter-
stellar medium.

Other mechanisms of gamma photons production are the annihilation of dark matter
particles (Weakly Interacting Massive Particles WIMP)[16][17] and the primordial black
hole evaporation.

1.3.2 Detection mechanisms

It is possible to directly detect gamma rays in space but at high energies above 10°¢eV/,
large detection area is required. This is because of the low flux estimated by some events
per year per m?[16]. Besides, at these energies it is impossible to focus these photons of
wavelengths shorter than interatomic distances. Hence, wide detection area is needed and
this can not be afforded by the relatively small space-based detectors (e.g, FERMI-LAT
«~ 1m? and AMS). For the very high energy gamma rays, the solution is then to indirectly
measure them on the ground.

Considering the opacity of the atmosphere, when high energy gamma rays enter the
atmosphere, they interact with its nuclei and produce cascade of secondary particles
(electrons, positrons, photons) called extended air shower (EAS)®. The number of these
secondary particles increases while their energy decreases. It depends on the nature and
energy of the primary particle whether this air shower can reach the ground or die out
earlier at high altitude.

Ground based detectors measure gamma-ray induced particle-cascades in the atmo-
sphere by detecting those particles that reach the ground (air shower detectors), by detect-
ing the fluorescence photons emitted from the shower during its development through the

330 do hadrons and leptons as well. In contrast to electromagnetic air shower, hadronic cascade is
generally irregular and grows asymmetrically around the direction of the incident particle[18].
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atmosphere’ (fluorescence detector in the Pierre Auger observatory) or by their Cherenkov
light (Cherenkov telescopes). Fig.1.5 shows the indirect detection of VHE — v — ray on
ground according to these two scenarios.

B iy

-

~0.1-10 GeV _
EGRET 8.5k,
‘,”;’

Particle
Detectors
>

Figure 1.5: Indirect v — ray detection scenarios. Right: air shower particle detector
(detects cascade particles that can reach the ground). Left: Cherenkov telescope (images
Cherenkov light emitted by secondary gamma-ray induced particles that do not reach the
ground).http://astronomy.nmsu.edu/tharriso/ast536/ast536lecture3.html

Here are some examples of gamma rays detectors in space. OSO-3 (third Orbitingg
Solar Observatory), SAS-2 (the second Small Astronomy Satellite), COS-B, EGRET (En-
ergetic Gamma-Ray Experiment Telescope), AGILE (Astro-rivelatore Gamma Immagini
LEggero) and Fermi-LAT (Fermi Large Area telescope) are telescopes that were (are still
for some of them) landed on satellites.

CANGAROO (Collaboration of Australia and Nippon (Japan) for a GAmma Ray
Observatory in the Outback), HESS (High Energy Stereoscopic System), MAGIC (Major
Atmospheric Gamma Imaging Cherenkov Telescopes), VERITAS (Very Energetic Radia-
tion Imaging Telescope Array System), and HAWC (High-Altitude Water Cherenkov Ob-
servatory) are examples of on-ground very high energy gamma rays (30 GeV' — 100 TeV).

4 Atmospheric nitrogen molecules being excited by shower particles (electrons and positrons) emit
isotropically fluorescence photons with wavelengths between 300 — 400 nm/[19][20]. The fluorescence light
emitted is proportional to the energy deposited in the atmosphere by charged particles in the shower.
Light observed on the ground, after some corrections related to the varying attenuation of the atmosphere
and to the signal contamination by Cherenkov light, can give a measurement of the energy of the primary
particle[21].


http://astronomy.nmsu.edu/tharriso/ast536/ast536lecture3.html
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1.3.3 Cherenkov light

When secondary charged particle in gamma induced cascade move in the atmosphere with
a speed greater than the speed of light (v > ¢/n), it will asymmetrically polarize the
medium in front of and behind it causing an electromagnetic shock wave. Consequently,
it will emit light near the ultra-violet® called Cherenkov light. Cherenkov light is emitted
in a cone around the direction of the original particle. It makes on the ground a circle of
about 250 m diameter (for near vertical showers) called Cherenkov pool[22].

Many on-ground very high energy gamma ray telescopes were built to detect photons
by the Cherenkov light. Some examples are HESS, MAGIC, and VERITAS. Fig.1.6 shows
the energy range covered by some of these telescopes besides that aimed to be covered by
the future CTA.
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Figure 1.6: Integral sensitivity for CTA from MC simulations, together with the sensi-
tivities in comparable conditions (50 h for IACTS, 1 year for Fermi-LAT and HAWC) for
some gamma-ray observatories[3].

1.4 Cherenkov Telescope Array (CTA)

CTA is a future gamma-ray observatory that aims to achieve full-sky coverage with con-
siderable improvements over the existing instruments (Fig.1.6). Two sites in the two
hemispheres are programmed for this purpose. The northern site will be situated in La
Palma in Spain while the southern site will be in Paranal in Chile®.

Each site will be equipped by an array of telescopes of different sizes: Large, medium,
and small size telescopes. That is how a wider energy coverage is possible between some
tens of GeV (20GeV') up to some hundreds of TeV. Fig.1.7 illustrates the energy range
of each telescope of the CTA.

5Actually Cherenkov light has a flat spectrum but due to absorption in the atmosphere, it shows a
maximum around the ultra-violet.
6Decision was made in 2015 https://portal.cta-observatory.org/Pages/News.aspx.


https://portal.cta-observatory.org/Pages/News.aspx

12

The northern site will be dedicated to extragalactic physics (will not require coverage
of the highest energies). While the southern site, will be optimized for galactic and
extragalactic physics (hence it needs to be sensitive over the full energy dynamic range)|2].

Analyzing signals from an array of telescopes provides a stereoscopic view at large
energies. This improves the angular and the energy resolutions (improve the quality of the
data) besides allowing a better background rejection (better gamma-hadron separation)[2].

Thus CTA project will deliver better sensitivity thanks to the wider effective area
covered by the array (an order of magnitude improvement with respect to the current
minimum energy 30 GeV detected by HESS), wider energy coverage (span about 4 decades
between 20 GeV and 300 TeV'), better energy and angular resolution, besides, a wider field
of view (6 — 8 degrees).

The technical improvements that are needed to realize such performance are being
studied in the institutes member of the CTA collaboration all over the world. This
includes, among many others, the choice of the photodetecters. Two main candidates
are photomultiplier tubes (PMT) and the silicon photomultipliers (SiPM). SiPM-based
camera will equip the dual mirror Schwarzschild-couder (SCT) MSTs and most of the
SSTs. The use of SiPM in the camera of the LST is under study.

Large Size Telescope (LST): It can also be called the low energy instrument in
whose context lays the question of this thesis. It will be discussed in the next section.

Medium Size Telescope (MST): It is a 12m diameter telescope of one mirror
Davis-Cotton design. Another design is also under study. That is Schwarzschild-couder
dual mirror design (SCT) of smaller diameter that allows for a wider FoV and whose
camera is based on SiPM detectors[23].

MST array covers an energy range from 100 GeV up to 10 T'eV. These energies are well
covered by other current instruments. The particularity of the CTA is the use of larger
number of MSTs which will improve the sensitivity due to the increased covered area and
the better quality of shower construction. An additional advantage of extended MST-
grid (operating in two telescope trigger condition) is the possibility of lower triggering
threshold since there are always telescopes sufficiently close to the shower core[22].

Small Size Telescope (SST): This is the smallest in size telescope (4—6 m diameter)
with a field of view of around 10 degrees. It covers the upper part of energy in the range
covered by the CTA (10TeV — 3007eV). Since at these high energies light yield is
large, large number of this telescope will be used to cover a wide area of the southern
CTA site[22]. The northern CTA site will not host any SST because it will focus on the
extragalactic sources, hence it will be dedicated to lower energy range.

Several technical solutions are proposed for the SSTs: a single-mirror Davis-Cotton
telescope (SST-1M) and two telescope designs with dual-mirror Schwarzschild-Couder
(SST-2M). All the three designs will use SiPM-based cameras[24].
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Figure 1.7: Dynamic range of CTA telescopes. Thin lines with small symbols illustrate
the limited impact of a reduced dynamic range of the readout electronics (clipped at 1000
photoelectrons). The dashed black line with diamonds, shows the sensitivity if there was
no electron background|3].

1.5 Large Size Telescope (LST)

It will be dedicated to the lower range of energy (down to few tens of GeV') covered by the
CTA. The advantage of detecting in this energy domain by a ground-based instrument is
to provide a wider effective collection area and field of view, than that in the space-based
telescopes like Fermi-LAT whose effective area is < 1 m?2.

A group of 4 large size telescopes will be installed in each CTA field. These telescopes
will be placed in a compact configuration with inter-telescope distances of about 100 m.
Each telescope is a 23 m diameter and provides a field of view of 4.5 degrees.

The main goal of this LST grid is to achieve sensitivity in the energy domain from
few tens of GeV (10 — 20GeV) up to ~ 100 — 300 GeV". Even if event rate is high,
the uncertainty in the systematic background seems to limit sensitivity improvement (i.e,
higher detection rate but lower amount of detectable light). LST allows for a higher
collection efficiency and multiple LSTs allows better background suppression [2].

Detecting photons in Cherenkov light with as low as possible energy (down to 10 GeV')
requires efficient photosensors. The key feature for a better sensitivity is the photo de-
tection efficiency (PDE: Eq.A.4) which is strongly related to the quantum efficiency (QE:
Eq.A.3) of the photodetector devices in the camera[25]. For the first generation camera,
of the LST, photomultiplier tubes (PMTs) are planned to be adopted[26][27]. Advantages
and disadvantages of such detectors will be discussed in the next chapter (Chapter.2).
An emerging technology in photo detection is represented by the solid state silicon photo-
multiplier (SiPM). These new detectors promise to provide a rival performance in respect
to that of the PMT, particularly in their quantum efficiency. SiPM structure and perfor-
mance will also be presented in the next chapter(Chapter.2).

“In order to get an intersection with the upper part covered by the MST.
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1.5.1 First generation camera of the LST

LST reflector is a parabolic dish of 23 m diameter that consists of 198 segmented mirrors.
Each mirror is a hexagonal-shape of the size 1.5m flat to flat which makes a unit of
« 2m?. The total area of the LST reflector is then « 400 m?[27].

The camera is situated in the focal plane of the mirror and is conceptually divided
into three parts: focal plane instrumentation, cluster electronics and the global cam-
era elements. These three parts will be put inside a sealed structure with temperature
control[26]. One can understand the motivation for such a structure since the camera of
the first generation LST is planned to use PMTs. A motorized shutter will be used to
protect the PMTs and to allow for a day-light operation with high voltage switched on.
Electronics inside the camera dissipate power (~ 5kW) which produce a considerable
amount of heat that needs to be evacuated. In order to stabilize temperature inside the
camera body, two scenarios are being studied: Air flow cooling system and water cooling
system based on cold plates|26].

The first generation of the LST camera will be based on Hamamatsu R11920-100 PMT
photodetectors (Table.1.1 lists the main characteristics of these PMTs). 1855 PMTs will
be organized in 265 clusters of 7 modules each. Fig.1.8 shows a group of three clusters,
while Fig.1.9 lists the different components of one cluster.

number of dynodes 8
Window diameter D = 40mm
Sensitive area of the PMT cathode a circular area of D = 30mm
Super Bialkali Cathode Revrvature = 21 mm
QE 35% at A = 350nm
Nominal gain 4 x 104

After pulse < 0.02% above 4 pe

The Cockcroft-Walton power supply range 850 — 1500V

Table 1.1: Main characteristics of the Hamamatsu R11920-100-20 developpped for CTA
project[26].

A photodetector module is composed of a light guide[28], a PMT with its Cockeroft-
Walton high voltage power supply (provided by Hamamatsu) and its own preamplifier.
Each photodetector module works as a pixel of the camera. While there is a preamplifier
per PMT module, There is one readout board based on DRS4 ASIC per cluster as depicted
in Fig.1.10.
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Figure 1.8: Three clusters of the first generation camera of the LST. Each cluster is
composed of 7 PMT modules and the cluster electronics[26].

Trigger backplane DRS4 readout

+ +

Ethernet ) .. Trigger (LO+L1)

Slow Control

board
Preamp

Figure 1.9: Photograph of one cluster to be installed in the camera of the first LST.
7 PMT modules in the cluster share the same readout board. The core of the readout
system is based on the Domino Ring Sampler chip (DRS4), which is based on switched
capacitor arrays (SCAs)[29][30].
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Figure 1.10: Bloc diagram of one cluster of the first LST camera[29].
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Figure 1.11: Spectrum of Cherenkov light in blue, night sky background (NSB) spectrum

in red.

1.5.2 Second generation LST camera

Silicon photomultiplier (SiPM) is a new technology in the photodetector industry. These
devices are being developed in an accelerated rhythm and are showing lots of advantages
over the PMT devices. They are being used in wide range of applications like in the
medical instrumentation field. SiPM photodetectors are becoming day after day serious
candidates to replace PMTs in the Cherenkov Telescopes for their moderate operating
conditions (i.e, low voltages), their high detection efficiency and fast pulse rising time.
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Even though small in size and weight, SiPMs suffers from several drawbacks: small ef-
fective area, high crosstalk (section.A) and high dark current rate (section.A). These
drawbacks, however, are being restricted with new improvements in the technology and
building structure.

The average Cherenkov light density is given by Eq.1.2:

E

5/4
1T€V> (12)

pCher(E) =~ 219(

The effective quantum efficiency of the photodetector in respect to the detected signal

spectrum is described as in Eq.1.3:

JQE(PDE)(\) .signal spectrum(X\)dA
[QE(PDE)d\

QFcr; = (1.3)
Considering the Cherenkov light spectrum and that of the night sky background (NSB)
presented in Fig.1.11, Table.1.2 lists the effective quantum efficiency obtained by the PMT
and SiPM respectively for the Cherenkov light and the NSB.

’ QFc;y \ PMT \ SiPM ‘
Cherenkov light | 0.81 | 0.292
NSB 0.026 | 0.115

Table 1.2: Effective quantum efficiency of the PMT and that of the SiPM for both the
Cherenkov light and the night sky background (NSB) respectively. SiPM effectively col-

lects 1.6 times more Cherenkov photons and 4.4 times more NSB photons than that
collected by the PMT]31].

Now taking into account the minimum number of photo electrons needed to reconstruct
an event N, = 100 pe, the system reflectivity R, ~ 0.85 (mirrors reflectivity and losses
in light guides, etc) and the reflective area lost ng ~ 0.9 (due to shadowing by the mast
of the camera); the required Cherenkov light density is then calculated from Eq.1.4:

= 1.4
PCher M—nR-Rt-QEeff ( )

Where M = 407 m? is the total mirror dish area. This means that from Eq.1.2, one can
conclude the energy threshold that can be obtained as:

min 0.8
Ep[TeV] = (%) (1.5)

From Eq.1.4 and Eq.1.5, one can see that Fy, QEG_fOJ;S and hence:

i sipar 08
R 2 = 0.69 (1.6)
EtIiDLMT Eé}]}/[T : ’

The use of SiPM devices in the LST may reduce the energy threshold to less than
15 GeV in respect to the threshold of about 21 GeV attained with PMT detector operating
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in its nominal conditions[31]. SiPM is then favorable for the LST in terms of reducing
the energy threshold. At the same time, using SiPMs collects 4.4 times more night sky
background (NSB) photons than those collected by PMTs. The solution to this problem
may be through using optical filters with a cut-off frequency at 555 nm. The NSB could
thus be reduced by 70%[31]. The number of pixels n, needed in the camera is given by
Eq.1.7. £ FoV.
FoV.m
" T 1800 (L.7)
Where f is the focal length of the telescope, FoV is its total field of view, and d is the
physical pixel size. In order to cover the effective area of the LST, more than 10000 SiPM
devices are needed. This may be solved with the new wider effective area SiPMs being
developed together with the use of efficient light guides like the Winstone cones that lead
to extended physical pixel size®[31]. i.e, the effective area of the LST camera is a circle of
2.2 m diameter which means ~ 48000 pixels each pixel is a 3 x 3mm? SiPM with a light
guide that extends its effective area to a 10 mm flat-to-flat hexagonal shape.

Light density inside the Cherenkov pool is pcher(100GeV) ~ 12.3 photons/m?. Due
to the mirror reflectivity, effective quantum efficiency of the photosensor, to other losses
this number is reduced to ~ 2.7 photons/m?. Considering the total mirror area of the
LST M =~ 407m?, 100 GeV corresponds to 1098.90 pe and hence 10 GeV corresponds to
~ 61.8 pe.

For the MSTs and the SSTs, SiPM devices may be of great advantage thanks to their
extended dynamic range and their robustness to high light flux among all other moderate
operating conditions.

In this thesis, a new camera based on the SiPM technology with its adapted front-end
electronics is proposed. Characterization tests on the SiPM detector, front-end electronic
design, and performance check-up results are successively presented in chapters that fol-
low.

1.6 Conclusion

Gamma rays astronomy reflects the non-thermal universe. Since of neutral charge (pho-
tons), information about their direction and sources can be extracted from detecting
gamma rays over wide energy spectrum extended between 100 keV and some hundreds of
TeV. They can be used as a rich source of information about cosmic rays, dark matter,
and to answer lot of questions related to fundamental physics.

Photons having an energy above 20 MeV are called High Energy ~ rays, while above
some hundreds of GeV are referred to as Very High Energy v rays. The flux of gamma
rays, like that of cosmic rays, follows a power low that decreases radically with energy, thus
detecting high and very high energy gamma rays needs a wide detector area. That is the
reason why indirect detection via on-ground instruments is mandatory. The propagation
of gamma rays in the medium induces cascade of secondary particles. A relativistic
charged particle traveling in the atmosphere emits Cherenkov light. On-ground telescopes
detect photons from this light and hence, they allow a complementary research to the
space-based ones.

8FACT uses 3 x 3mm? pixels with light guides that enlarge them to 9.6 mm flat-to-flat hexagonal-
shape.
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Cherenkov Telescope Array (CTA) is a project of building a wide grid of telescopes
in the two hemispheres. La Palma in the Canary Island (Spain) will host the northern
grid while the southern one will be situated in Paranal in Chile. The northern site focus
on extragalactic sources so sub grids of LSTs and MSTs will be built (i.e, no SST). The
southern site will look for wider range including galactic and extragalactic sources. Hence
in the southern site, sub grids of telescopes of different sizes (small, medium and large size
telescopes) will be used to provide a full-sky coverage over a wide energy dynamic range
between 10 GeV and 100 TeV. Even if some ranges of energy are covered by the current
instruments, CTA promises enhancements in the sensitivity to gamma ray sources. CTA
will enlarge the covered energy band and improve angular and energy resolutions with
better gamma-hadron separation.

An array of four Large Size Telescopes will be deployed at the center of both CTA
sites. These LSTs will provide low energy threshold and a wide field of view. This last
point makes the advantage of such telescopes over space-based instruments like FERMI-
LAT.

For the first version of the LST camera, photomultiplier tubes (PMTs) will be used as
photo detectors. An emerging technology in photodetectors is the silicon photomultiplier
(SiPM) which provide a better photodetection efficiency. This thesis aims to underline
the merit and feasibility of a second-generation camera using this new SiPM technology.
A demonstrator based on SiPM photodetector with its compatible readout electronics is
discussed in this manuscript.
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2.1 Introduction

Cherenkov light detection with the large size telescope aims to work for the lowest energies
covered by the future CTA. LST project is forseen to measure showers from 10—20 GeV up
to 100 — 300 GeV'. This requires a very sensible camera of new and advanced technology.
LST camera including light detectors and their following front-end electronics should
enable more observation time, lower energy threshold and hence, more data acquisition.

This chapter shows the photo detection principle with a brief review of detection
techniques and the evolution of the photodetectors up to the Silicon Photo-Multipliers
(SiPM). Some results from the first experience that makes use of SiPM detectors in a high
energy gamma-rays dedicated telescope (FACT), at La Palma, will be presented.

Characterisation tests were done in order to evaluate this new geometry of photode-
tectors. The results unveil the reason that makes of SiPM a promising candidate for
the new LST camera and defines the primordial specifications of the following frond-end
electronics.

2.2 Photo detection principle

Photoelectric effect consists of electron emission when a material (metal or semiconductor)
is illuminated. This principle is exploited in all photo-sensors. In these devices, electrons
are excited by light and they may (in case they get enough energy from light) leave their
atoms creating holes. The combination electron/hole forms the raw materiel for the outer
circuit to drive these charge-carriers and passe an electric current[32][33][34].

Light is an electromagnetic radiation that was proved to have wave nature as well as
corpuscular nature at the same time. The first nature is considered when discussing the
interaction radiation-radiation (interference, diffraction, etc...) while the second is more
helpful to understand the interaction radiation-matter[33].

In optoelectronic devices like photodetectors, the interaction light-matter goes with
energy exchange. Light is then considered as particles called photons. A photon has an
energy E, given by Eq.2.1, where h is planck constant', Ai=h /21, w =27 v.

E,=hv =hw (2.1)

Considering the energy band structure of the material (metal or semiconductor), semi-
conductor in particular?, the gap nature® influences the interaction electron-photon. There
are three scenarios when the interaction light-semiconductor takes place. This interac-
tion could be: Fundamental absorption, spontaneous emission and stimulated emission
(Fig.2.1)[33]. In photodetectors, the fundamental absorption is the interesting scenario.
An incident photon with an energy FE, greater than the energy of the bandgap (exam-
ples: E, (Eysi = 1.11eV, E,q. = 0.67eV, E;cqas = 1.43€eV)) of the semiconductor
material, can cause an electron to jump from the valence band to the conductance band.

This process is governed by conservation condition of both energy F and momentum

'Planck constant: h = 6.626201073%.J s

2In some modern PMTs, the pohotoemissive materials of the photocathode and dynodes are semicon-
ductors instead of metals.

3There are semiconductors with a direct gap and others of indirect gap.
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Figure 2.1: Left:Transitions between energy band extremes. a) Semiconductor with a
direct gap, vertical transitions with photon absorption/emission (radiative). b) Semi-
conductor with indirect gap, oblique transition (non radiative). c) Semiconductor with
indirect gap, stimulated vertical-transition then transition to the minimum of the con-

ductance band: direct absorption of the photon[33].
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Figure 2.2: Dispersion curves: a) photon in the space and inside a semiconductor. b)
Electron in the space. ¢)Electrons in a semiconductor with a direct gap. d)Electrons in a

semiconductor with an indirect gap[33].
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s —

(? = h'k where k is the wave vector)?. This condition is described in Eq.2.2 and Eq.2.3
where the indexes 7, f and p refer to the initial state , finale state of the electron and the
incident photon, respectively. The + sign refers to the absorption of the incident photon.

E;— E, = +E, (2.2)
" —
Kp—ki=+k, (2.3)

From these equations, and considering the reflection and absorption coefficients of the
illuminated area of the semiconductor (the detector), it is concluded that the rate of
absorbed photons is equal to that of the electron/hole pair generation. i.e, the number of
created pairs e/h is equal to the number of converted photons. Detector’s output current
is then proportional to the incident light intensity.

Absorption coefficient is a very important factor that limits the quantum efficiency
(appendix.A) of the detector, it determines the distance in the material that the pho-
ton passes through before being absorbed. Materials with low absorption coefficient are
transparent for photons with long wavelengths[33][34].

Development in photodetctors starts with the photomultiplier tubes (PMTs) and con-
tinues with the solid state devices that make use of the emerging technologies in the
semiconductor materials that doesn’t stop with the invention of the silicon photomulti-
pliers.

2.3 Photomultiplier tube (PMT)

Nowadays cameras of all gamma rays telescopes use this kind of detectors. Its structure
and principle are demonstrated in Fig.2.3, [32][35]. It consists of a window whose inner
surface is covered with a thin layer of photo emissive material forming a photo cathode.
This input stage absorbs incident photons and emits electrons (also called photo electrons)
inside the tube. A system of several electrodes will then accelerate and focus the photo
electron beam onto the first dynode in the tube. A dynode is an electrode covered with
a layer of secondary emissive material and connected to a high voltage®. The electron
multiplier is formed of a series of subsequent dynodes along the tube. The beam will
be electrostatically® accelerated and curved/focused from one dynode to another. Each
time photoelectron beam hits a dynode (with an energy of hundreds of electron volts), it
liberates secondary electrons that in turn join the beam. Secondary electrons from the
last dynode will be collected at the anode that delivers a proportional electric current to
the outer circuit.

4photon-electron interaction is considered as an elastic chock between two particles (electron and
photon).

SPMTs demand high voltage source of the order of kilo volts. A volt divider circuit is then used to
distribute an optimum voltage to each dynode[35].

5Due to potential difference between the dynodes along the tube.
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Figure 2.3: Photomultiplier tube.

Each stage of the PMT system is described by its own parameters. The photocathode
is defined by its quantum efficiency, cathode radiant sensitivity and its spectral response.
Other parameter which is very important is the collection efficiency defined as the ratio
between the number of the electrons incident to the first dynode to the number of electrons
emited by the cathode. In addition, each dynode in the multiplier system has its collection
efficiency as well.

The gain of the PMT is the ratio of the number of anode output current to the
photoelectric current from the photocathode or it is the ratio of the number of secondary
electrons to the number of primary electrons. i.e, Gpyr = Ianode/ Iphotocathode- 1t depends
on the primary incident energy, dynode material and geometry, number of dynodes in the
electron-multiplier and the applied voltage. This gain is controlled by varying the high
voltage supplied to the dynode system.

If § is the secondary emission ratio per stage, n is the number of dynode stages (usually
8 to 12), F is the interstage voltage, « is a coefficient related to the dynodes’ material
and geometric structure (0.7 to 0.8) then gain per stage can be written as 6 = AE® where
A is a constant. And the overall gain of the PMT is Gpyr = ™.

PMTs have a very high gain which makes them very sensible to high voltage fluctua-
tions. As an example, one need to hold the power supply stability within 0.1% in order
to maintain that of the output within 1%.

PMTs show a very good performance in terms of gain. PMTs gain is estimated by
the order of some 10° with a reasonable amount of noise of the order of 1071* — 1016
Watts. However, they are relatively big detectors (their size is of the order of ¢m) and
they need a stabilized, very high voltage power supplies of the order of some hundreds of
volts (500 — 1000 V'). Dark current of the PMTs strongly depends on the supply voltages
and temperature as shown in Fig.2.4a and 2.4b. This may demand cooling techniques to
stabilize and reduce noise levels in these tubes.

A main drawback of PMTs is also their sensibility to magnetic field depicted in
Fig.2.4d. An external magnetic field can deflect the trajectory of the electron beam
inside the tube causing a loss of gain.

Moreover, PMTs are easily damaged when exposed to high light levels. Protection from
day light and night moon light adds more expenses to the already expensive production
techniques. PMTs operate at lower gain in order to be compatible with moon time.
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2.4 Semiconductor photodetectors

The technology of Photodetectors based on semiconductor materials has been in develop-
ment along with the semiconductor industry and the market needs. Their popularity is
due to their compact size, robustness and performance. They are insensitive to magnetic
field, they tolerate higher light levels than that for the PMTs and they are cheaper. These
aspects have opened a wide range of application for these devices especially in medical
imaging (e.g, positron emission tomography (PET) and single-photon emission computed
tomography (SPECT)), and analytical and medical diagnostic instruments.

Used materials vary from simple semiconductors like silicon S7 and Germanium Ge to
the III-V compound semiconductors and their alloys like Gallium-Arsenide GaAs, Indium
Gallium Arsenide InGaAs, Galium Phosphide GaP and Galium Arsenide Phosphide
GaAsP, to mention some.

In these solid state photodetectors the minimum energy that the incident photon
should have in order to create a pair electron/hole depends on the type of the detector.
It is the energy of the gap for the simple detectors built with one material or it can also
most of the time be the barrier height as in hetero-junctions (like metal- semiconductor
or semiconductor -semiconductor) devices or even homo-junction devices composed of
two regions of the same semiconductor but with different types P and N. It should be
mentioned that the materials and the structure of the solid state photodetectors are
carefully optimized for the wavelength (or the range of wavelengths) of interest. Si and
Ge have indirect gap and hence their absorption coefficient is low in respect to the I1I-V
compound semiconductors which have a direct gap and hence high absorption coefficient.
For materials with indirect gap, like Si, in order to create a pair electron/hole, there will
be vibrations in the crystal lattice called phonons” which are slow phenomenon|33][34].
However, silicon stays the major semiconductor in modern photodetector industry due
to its good electrical properties, less generated noise (thanks to its relatively high gap
E, =1.12¢€V), and above all its flexible characteristics and compatibility with the ongoing
improvement in electronic circuits manufacturing. In particular, because of the easy
formation of one of the best insulators with excellent transmission of light, the silicon
di-oxide Si04[36][37].

The principle of these detectors is the simple PN junction and all other more sophis-
ticated detectors are its descent: PIN, avalanche photodiode (APD), Geiger-APD. The
main motivation for developments in structure and mechanism of solid state photode-
tectors is the improvement of the quantum efficiency, gain and consequently the devise
sensibility.

Gain in advanced solid state photodetectors is obtained by electron multiplication
process. This process was observed long time ago in broad junctions of silicon (and
germanium)([38][39]. The multiplication rate increases rapidly as the breakdown voltage
is approached. Hence, avalanche multiplication of photo-generated electrons and holes
can be triggered by applying high reverse voltage through a PN junction. This scenario
imposes more complicated structure than the simple PN photodiode.

The development of these semi conductor photosensors from the simple PN junction
to the silicon photomultiplier is discussed in the sections that follow.

7A phonon is a quantum of the lattice vibrations that results from the thermal vibrations of the atoms
in the material[32].
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2.4.1 PN junction

A PN photodiode is a junction of two semiconductor materials, one of the type-P (the
active surface or photosensitive layer) and the other is of the type-N (substrate). Putting
two inversely doped materials side by side will give birth to an intermediate region called
depletion layer. The structure and charge carrier movement in the diode are illustrated
in Fig.2.5.

Incident light creates electron/hole pairs in the three regions P, N and depletion. In
the vicinity of depletion region, photo generated minority charge carriers (electrons in
the P-layer and holes in the N-layer) will diffuse toward the depletion layer. While those
generated far from depletion region in P/N layers will recombine quickly[32].

Charge carriers generated in the depletion layer together with those reaching it from its
vicinity of other layers will be pushed to the layer where they become dominant (electrons

to N-layer and holes to P-layer) because of the internal electric field.
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Figure 2.5: PN operation principle[40].

The photo current has double origin: generation and diffusion. Generation current is
the current due to charges generated in the depletion layer. Diffusion current is due to
charges generated in the depletion neighborhood and that diffuse into the depletion layer.
The diffusion mechanism is slow. It has a time constant of the order from 10~® to 107°
second [33] and affects the response speed of the diode.

Under reverse bias (positive tied to N-type part and negative to P-type), the external
electric field will reinforce that of the local internal one in the depletion layer. Thus,
limiting time needed by charge carriers to reach their final destination. Nevertheless, PN
junctions shows no multiplication mechanism of the number of photo-generated charge
carriers and its gain is then unity.

2.4.2 PIN junction

PIN detector is a PN photodiode with an additional intrinsic layer (/) inserted between
the P-layer and N-layer. This new layer will widen the depletion region. The probability
that the incident light is absorbed in this layer is then higher. As a consequence, the
diffusion part of the photocurrent will be negligible in favor of the generation current.
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Applying a reverse bias to the PIN photodiode, a high electric field in the depletion
layer increases the speed of the photo generated charge carriers. These photodiodes are
fast (response time in the tens of pico seconds) and very sensitive.

(Typ. Ta=25 °C, Ru=100 kQ)
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(a) Structure of PIN photodiode. LLUMINANGE (i)
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ferent reverse voltages[41].

Figure 2.6: PIN photodiode: structure and linearity limits for different bias voltages.

Applying a reverse voltage also helps to improve frequency response and linearity but
it has several disadvantages like increasing the dark current and noise levels[41]. Reverse
voltage should not exceed certain limits not to damage the device. Same as in the PN
junction, in PIN photodiodes the ideal quantum efficiency is unity® and there is no internal
gain in the material i.e, its gain is unity.

2.4.3 Avalanche Photodiode (APD)

In contrast with the PN and PIN photodiodes, avalanche photodiodes (APDs) are de-
signed to handle high reverse voltages close to the breakdown value. They provide a gain
ranging from dozen to several hundred for some hundreds of volts as bias voltage. Having
certain gain improves the sensibility of the device to lower light levels with respect to that
detected by the normal PIN diodes.

If incident photon is absorbed in the depletion layer, it creates a pair of electron/hole
exactly like in PIN diodes. However, the high electric field in the depletion region acceler-
ates these charge carriers giving them high energy. Moving very fast, these carriers collide
with crystal lattice and new electron/hole pairs are generated (by ionization). The new
charge carriers generate themselves other pairs in a chain reaction process as illustrated
in Fig.2.7a. The number of pairs generated by a charge carrier during the time per unit
distance is defined as the ionization rate. Electrons are found to have an ionization rate

« higher than that of holes § and the ratio k = — is a parameter that indicates the noise
o

8In practice, QF < 1 because of current loss due to reflection, incompletion absorption (when absorp-
tion coefficient is low) and recombination[34].
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Figure 2.7: APD structure and gain.

in these APD devices. The gain in APD devices depends on the ionization rate which
depends on the drift speed and hence on the strength of the electric field’. This requires
an attention to the bias circuit in order to stabilize the APD gain. Another aspect of in-
terest is the dependency on the temperature depicted in Fig.2.7b. At high temperatures,
vibration in crystal lattice causes collisions with charge carriers not yet having enough
energy to induce ionization which is translated in gain decrements. The solution is then
to adjust the bias voltage with temperature.

The multiplication or gain doesn’t depend on the place in the depletion region where
charge carriers are generated[38]. However, according to its wavelength, the incident light
may be absorbed near surface or deep in the junction. The spectral response of the APD
is then a function that shows a peak for certain incident wavelength[40].

2.4.4 Geiger-Mode Avalanche Photodiode (G-APD)

Applying a reverse voltage above the breakdown voltage through an APD makes it work
in a mode called Geiger. The device is then called Geiger-mode Avalanche Photodiode
(G-APD). The difference between the operating voltage Vp;.s and the breakdown value
Vir is referred to as the over voltage AV = Vi, — Vgr as described in section.A. It is
worth to mention that for such type of photodiodes Vgg is estimated between 30V and
70V [42].

For a device to tolerate such bias voltage, special structures and geometries are
exploited[43]. An example is depicted in Fig.2.8a which is based on planar arrangement.
This structure offers an efficient, ultra-sensitive, low-power, low-cost and miniaturized
photodetector especially when using n-well guard rings[44]. Another example of another
technology is the reach-through structure shown in Fig.2.8b.

9Reach-through structure of the near infrared Si-APD guarantees the concentration of the electric
field in the depletion layer and hence the efficiency of the ionization process.
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Figure 2.8: Two different structures of the G-APD

In the thin junction G-APD, n™ layer forms the optical window where the incident
photons penetrate into the device. High electric field is concentrated in the nt — p
depletion region that includes the breakdown and thus the avalanche process. The n~
diffusions are guard rings used to limit and isolate the breakdown region and to avoid the
premature edge breakdown (PEB phenomenon)!.

Under bias condition over the breakdown, the strong avalanche multiplies the number
of photo-generated electrons and holes faster than they can be extracted on the output.
This gives an exponential growth to their population before forming the output-photo
current. In this operating mechanism, G-APD is high-speed detector with a gain that can
reach infinity if not controlled. Hence, these devices are sensitive to very low light levels
down to one single photon.

The growth of charge carrier population (i.e, photo current) lasts as long as the electric
field is constant in the diode (more precisely in the avalanche layer) which blinds the
detector to the newly incident photons. It is then important to stop the avalanche and
recover the device to detect the next photon.

Quenching circuit is used in order to stop the Geiger discharge and make the device able
to detect separate successive incident photons. It consists of an outer circuit connected
in series with the detector (e.g, Fig.2.9a). Photo current flows into this circuit developing
a voltage drop across it. This reduces the voltage between the device’s terminals down
to its breakdown voltage. The avalanche is then stopped and consequently the gain is
not infinity any more (the gain of quenched G-APD is of the order of 10° which is a
high gain value, though). The avalanche process takes a time that depends on the inner
parameters of the G-APD (resistor R; and capacitor Cy as we will see in section.2.7).
After this time, the photo-current pulse vanishes and the operating voltage across the
device recharges to the initial value Vg;,s = Vg + AV. The device is then recovered and
is again sensible to an incident photon. Recovery time depends on the device capacitor
(hence, it depends on the size of the device!! and on its structure) and on the quenching
resistor R,. If the resistance value R, changes with temperature (the case of polysilicon

10Edge breakdown is due to high electric fields at the edges of typical planar junctions.
1 G-APD devices of 5 — 30 um? are considered small cells. Large cells are about 50 — 100 um? [47].
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resistors), recovery time will strongly depend on temperature. It is then recommended
to use metal alloy with high resistivity (like FeCr) for quenching resistors to avoid the
temperature dependency|[47].

There are two types of quenching, passive and active. in the passive quenching drawn
in Fig.2.9a, a resistance (of the order of hundreds of k) is used in series with the G-
APD. While in the active quenching, an active charge designed using a CMOS transistor
is used[43]. Fig.2.9b resume the different steps of the detection and quenching process in
a G-APD. A reach-through structure of the G-APD with the quenching mechanism was
described in details in[48].
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(a) G-APD with its quenching resistor[49]. (b) Quenching principle[40].

Figure 2.9: Operation principle of a G-APD.

The active layers of silicon are thin (2 — 4 um). Working in the Geiger mode, the
avalanche process through the intrinsic resistor of the device (Ry: between few hundreds
of ohms and some k?) is fast (some hundreds of ps). The recharge process takes more
time (recovery time could take some tens of ms) since it occurs through the quenching
resistor which is larger than that of the diode (R, > Ry).

Time resolution is an important parameter that also defines the device immunity to
overlapping or blinding successive photons. G-APD shows a time resolution of the order
of some tens of pico seconds o = 42 ps[47].

Thanks its internal high gain, G-APDs gives a better output signal than the PN, PIN
or even APD diodes. Nevertheless, the output current pulse is the same whatever the
number of simultaneously incident photons. G-APD is then a dual state device (on/off
device) that can only give an information whether photons were detected or not regardless
their number. Therefor, G-APD can not measure light intensity.

2.5 Silicon Photo-Multiplier (SiPM)

One SiPM is a parallel connection of large number of Geiger-mode avalanche photodiodes
(G-APDs) with their series quenching circuits as illustrated in Fig.2.10. Henceforth, I will
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call micro pizel or micro cell each individual G-APD inside one SiPM.
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Figure 2.10: SiPM structure: Source:http://www.hamamatsu.com/us/en/community/
optical_sensors/tutorials/physics_of mppc/.

This arrangement is helpful in order to overcome the fact that the output signal is
independent of the number of input photons in a single G-APD. In the SiPM and since all
G-APDs (micro cells) are connected in parallel, their output pulses will superimpose on
each other creating a large pulse. All micro cells produce identical pulses when receiving
one photon (Fig.2.11). Measuring the height of the resulting pulse refers to the number of
detected photons as illustrated in Fig.2.12a. Another method is the charge measurement
that uses the relation between the number of photons and the number of fired cells as
described by Eq.2.4, Eq.2.5 and Fig.2.12b.

Qout =Cx*xAV % Nfired (24)

— Nphoton * PDE)} [49] (2.5)

Nfi’red = Ntotal * {1 — €xp ( N.
total

Where, C' is the capacitance of one individual micro cell, Ny;,.q is the number of the
G-APDs that detect photons. Very essential issue should be in mind here. Number of
incident photons must be smaller than the total number of micro cells. Otherwise, more
than one photon could enter individual micro cells and the linearity of the PDE will be
damaged. By this SiPM photodetector makes an analogue device from an array of digital
devices.


http://www.hamamatsu.com/us/en/community/optical_sensors/tutorials/physics_of_mppc/
http://www.hamamatsu.com/us/en/community/optical_sensors/tutorials/physics_of_mppc/
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Figure 2.11: Photon counting with a SiPM[50].
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Figure 2.12: Methods for estimating number of detected Photon by a SiPM[50].

SiPM was found to have a fast response (some hundreds of pico seconds). And the
average time resolution was found to be some hundreds of pico seconds for one photoelec-
tron signal (Hamamatsu MPPC has o ~ 260 ps, while in [51], they found oy,. =~ 600 ps
for a SiPM of 3600 micro-cells).

Another aim of making one SiPM as the combination of several G-APDs is to fabricate
a wider photodetector. It is well known that thermal noise increases exponentially with
surface[52]. The DCR is the most important noise factor in the SiPM. Thermally gener-
ated electron or hole can trigger an avalanche[48]. This means that one single detector
of large surface suffers from noise. In this case, the background noise count (i.e, the dark
count rate) may not allow the detection of single photon events.
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Connecting small diodes in parallel to form a wide one device avoids noise increment.
Nevertheless, its active detection area still depends on the form and size of individual
diodes. Active area'? of the SiPM varies between 30% and 80% and its improvement is
still an important field of research. One SiPM has a surface of about 1mm? optimized for
the limitation of the dark current[48], and even recently SiPM can also be of 3 x 3mm? or
6 x 6 mm? while an individual photodiode (micro cell) could be of different sizes (e.g, 10 x
10 m?, 25 x 25 um?, 50 x 50 um?, 100 x 100 um?). Dead spaces between photodetectors in
a Cherenkov telescope camera can be reduced by using light concentrators (as mentioned
in section.1.5.2). Light concentrators (e.g, Winiston cones) increase the effective photon

collection area of the detectors and hens they help to obtain a lower energy threshold.

2.5.1 SiPM industrial variety

Since its invention in the 1990s in Russia, SiPM photodetectors are being fabricated and
developed world wide by different companies and laboratories. Some are MePhi/Pulsar
in Russia, Hamamatsu in Japan, Sensl in Ireland, RMD in USA, Excelitas USA, FBK-
Advanced SiD in Italy, ST microelectronics in Italy, Philips in Germany.

Each foundry produce several forms (linear, square)and sizes of the SiPM photodetec-
tors. They use different technologies and structures, different number of micro cells and
different fill factors. Thus the performance of the same size SiPM differs according to its
fabricator.

The most heavy in the market is the Japanese company Hamamatsu that covers almost
70% of the market need in both PMTs and Solid state photodetectors.

2.5.2 Multi-pixel Silicon photo multiplier (SiPM matrix)

In order to widen further the photodetection area, an array of several detectors of the type
SiPM was built. These individual SiPMs will be connected on one electrode cathode or
anode while the other electrode forms the individual output terminal. The array geometry
may provide position information that could not be obtained from single SiPM. There
exist two types of such arrays discrete and monolithic.

Discrete SiPM matrix is formed by putting several independent SiPMs together in
some form. While in monolithic matrix, all individual SiPMs share the same Si substrate.
The main advantage of the monolithic array with respect to the discrete one is the effective
detection area. Building a discrete array is easy and the uniformity of voltage parameters
(bias voltage and breakdown voltage) is better controlled. However, it suffers from a
significant dead space dedicated to wire bonding pads between adjacent active areas.
This problem is solved in monolithic arrays since the wire bonding pads are built at the
edge of the chip. Trace lines become longer (i.e, output current signals follow longer paths
to propagate between the pixels and the output) and their impedance is hence greater
(more recovery time). As a consequence, time resolution of monolithic array is damaged.
In monolithic array, wafer quality and process conditions play an important role in the

12The ratio of the active area size of a pixel to the pixel size including circuits is called the fill factor[49].
It is also known as the geometrical efficiency.

13In 2014, Hamamatsu announced an effective photosensitive area of up to 3 x 3mm? for its 4 x 4
SiPM array. This was achieved by using the through-silicon vias TSV to minimize non sensitive portion
around the sensitive area.
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Figure 2.13: Discrete SiPM arrays (fabricated by from left to right: Hamamatsu, FBK,
Sensl). Pixels are assembled on a printed circuit.

Figure 2.14: Monolithic SiPM arrays (left form Hamamatsu, right from Sensl). Pixels are
integrated on the same substrate.

voltage (breakdown and bias) uniformity. All these constraints could be improved by
ameliorating the characteristics uniformity within individual pixels as explained in [53].
Such multi pixel arrays of SiPM have very wide applications in various domains where
wide detection area is an important aspect (e.g, in medical imaging and astrophysical
instruments). Even if the SiPM array form is already exploited in some scientific fields, it is
still a premature technology that needs further development in what concerns its crosstalk,
dark count rate (DCR), and performance dependency on temperature. The resulting
image is promised to have high quality as the independence of each pixel ameliorates.

2.5.3 SiPM in astrophysics instruments

Even though of high gain and high photo detection efficiency (PDE), PMTs actually used
in high energy gamma-ray telescopes show a group of drawbacks: Their need for a stable
high voltage power supply, their sensitivity to even weak magnetic fields, being easily
damaged by high light levels, their limited QE (limited possibilities to further increase
QE) and their expensive production techniques. This made them in competition with the
emerging solid state detectors that provide higher PDE, operate at lower voltages, show
robustness toward both high light levels and magnetic fields. A complete review of the
advances in solide state photodetectors was published in 2009[36]. Since then, industry
continued to develop new techniques and solutions for enhanced performance.

The first G-APD Cherenkov telescope (FACT) project was born in the aim of exploring
the feasibility of replacing PMTs by using G-APDs in Imaging Air Cherenkov Telescope
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(IACT). A prototype camera was built. The prototype was based on a camera composed
of 144 G-APD in groups of four that makes 36 pixels. This prototype camera has managed
the strong dependency of the G-APDs on temperature by using a feedback system that
continuously tracks temperature changes and compensates with adapted bias voltage.
The first observation of air showers with this prototype was reported in 2009[25][54][55].

As a consequence, the full camera of FACT was constructed with a hexagonal ar-
ray (Fig.2.15) of 1440 SiPMs (characteristics in Table.2.1), with a feedback system that
stabilizes the over-voltage against the effects of both temperature and background light
changes|[56].

After the preamplifier stage, signals are buffered in the switched capacitor array of
the Domino Ring Sampling chip (DRS4). The trigger decision is made upon a signal over
threshold logic. This first level of triggering is done over sum signals of nine-pixel patches
each. Then a global OR operation is applied to these trigger signals in order to generates
the final trigger signal of the telescope FACT[56]. A trigger signal will stop writing to the
ring buffers and data will then be digitized by an external ADC.

’ Parameter \ Value ‘
Sensitive area 3 x 3mm?
Number of cells 3600
Cell size 50 x 50 pm?
Dark count rate 5-8 MHz
Crosstalk probability w 10%
Photon detection probability « 33%
Operation voltage 70-72 V
Figure 2.15: [56] Table 2.1: [56]

Table 2.2: Left: One pixel of the FACT camera. We can see a hexagonal entrance window
of the light guide that concentrates light onto the square sensor. Right:Parameters of the
SiPMs chosen for the FACT project: Hamamatsu S10362-33-050C[56].

Since October 2011, FACT operates at the Observatorio del Roque de los Muchachos.
Datataking continues during dark nights up to full moon nights without any problems or
modification to the datataking routine[4].FACT camera makes proof of the merit of G-
APDs as a great option for the future CTA project since they have shown easy handling
and stable operation. They essentially afford continuous (full observation time 24/7)
monitoring of even brightest sources on long term[5].

2.6 4 x4 SiPM matrix characterization

In order to verify the commercial performance of the multi-pixel SiPM and to decide
whether it can be useful for the camera of the large telescope of CTA, we have been holding
characterization tests on a sample composed of an array of 16 macro pixels (SiPMs). These
tests are the first step in the project of this thesis. Their main purpose is to study the
effect of bias voltage on gain and to define gain characteristics of the SiPM array. It will
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lead to extract the specifications and priorities that our new front end electronics must
respect.

’ Parameter \ Value ‘
Number of elements 16 (4 x 4)
Effective active area/channel | 3 x 3mm
Pixel pitch 50 pum
Number of pixels/channel 3600
Number of pixels/device 57600
Fill factor 61.5%
PDE for A = 440 nm 50%
Dark current/channel 3 uA
Terminal capacitance/channel 320 pF'
Gain 7.5 10°
Figure 2.16: SiPM array under test. Table 2.3: Specifications of the tested array.

Table 2.4: Source: Product information of Monolithic MPPC array with FPC (S11829-
3344 MF, S11830-3344MF).

The matrix under test is a monolithic 4 x 4 square-form matrix from Hamamatsu
dipicted in Fiig.2.16 whose specifications are listed in Table.2.3. Product reference: S11830-
3344 MF with FPC! of 5¢m large. It consists of 16 pixels that we call macro pixels. Each
macro pixel is a SiPM that has an effective area of 3 x 3mm and is formed by 3600
G-APDs connected in parallel. Each G-APD is a 50u pitch and hence called micro pixel.

The sixteen macro pixels are connected to power supply by their common cathode,
while each individual anode drives each macro pixel’s signal to the external circuit repre-
sented by the front end electronics.

We consider for our application a dynamic range about 2000 photoelectrons over the
whole matrix. This means 125 pe per one macro pizel. According to the large number
of micro cells inside one macro pixel (3600 cells per macro pixel) and considering the
proportionality condition between the number of incident photons Nppeten, and the number
of cells Niotar (Nphoton < Niotar), €ach SiIPM could linearly achieve the required dynamic
range. The front end electronics should then be able to cover signals due to number of
incident photons ranging from one photon up to such wide dynamic range. It will be
also necessary to pay attention to the big capacitance (320 pF'/macro pizel) of the device
when tailoring the readout electronics.

2.6.1 Test bench

A test bench has been used to characterize this matrix. It is depicted in Fig.2.17 and
Fig.2.18. This test bench was used to characterize the PMTs for HESS-I experiment[57].
SiPM output signal is positive while that of a PMT is negative. The test bench was then
modified to meet the needs of SiPM tests.

Test bench consists of a dark chamber that contains the photodetector and the elec-
tronic system. All power supplies and control instruments are outside the dark chamber.

1FPC stands for Flexible Printed Circuit which is the connector type.
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The SiPM matrix is included in a box that is shown in Fig.2.17a. FPC connector passes
through the box leading power supply to the matrix and driving the 16 output signals to
an electronic interface. In this first discrete electronic circuit, amplification and inversion
stages are included. Signals are amplified by Ginterface = —4". The circuit scheme is
drawn in Fig.2.17b). The purpose of this stage is to reshape signals so they have an
adequate form compatible to HESS-I acquisition system.

Shown in Fig.2.18a, two identical acquisition electronic boards digitize the 16 signals
(8 channel/board) and send them to a Labview program outside the dark chamber. A
light emitting diode (LED) that gives light around blue (A = 450nm) is used to simulate
Cherenkov light. The LED is controlled by a pulse series of 300H z and 5ns wide in order
to synchronize it with the measurement window. A fiber optic is used to guide light to
the SiPM box inside the dark chamber.

Data acquisition Considering one acquisition channel, input signal is sent to two sub
channels of different gains (Gye = 72.7, Gre = 5.3)[57]. This gain duality helps to
measure small signals as well as large signals and thus to manage a wide dynamic range.
Plus, signal on the high gain is also derived to a discriminator of programmable threshold
in order to contribute (if it passes the threshold) in the generation of a trigger signal.

Signal processing includes sampling at 1G H z, storing samples in the analog memory,
reading analog memories, digitizing (12-bit analog to digital conversion) and then ADC
outputs are stored in a first in, first out (FIFO) register. Data are then transferred to
Labview computer that forms data files before analyzing them with C++ codes via ROOT
platform.

Reading Analog Memories Analog Ring Sampler (ARS) is a front end ASIC that was
designed for PMT signal processing for the ANTARES detector'®. It contains 4-channel,
128-memory-cells, 1 GHz sampler (i.e, sample duration is 1ns). Samples are written at
the place of those from the precedent cycle[58]. It was used for HESS-I telescopes|[57].
When a trigger signal arrives, the storage into analog memories is stopped after some
time equivalent to stopping at the cell of the order (128 — Ny). This means that only
N, previous samples will be kept from the precedent sampling cycle. Ny was adjusted
so that the signal is at the center of the reading window in order to avoid loss[57]. And
only samples in the Ny, cells are read at 1M Hz. Ny, is defined as the time window during
which we read analog memories and this time should be superior to FWHM of the signal.
It shouldn’t be that much to avoid integrating noise in the signal'”. N value is set to 16
as pointed out in [57].

For sixteen macro pixels of two channels each (high gain and low gain), we need 32
channels of analog memory. Each analog memory has Ne, an = 4 channels[58]. So we
need 8 analog memories, this means N4ns/b0ara = 4 analog memories per acquisition board.

Reading analog memory channels in one board is done in parallel and that can be
accomplished in two modes. Either summing N samples per channel and thus reading

15In theory, this interface circuit has a gain of about —10, however, gain measurement has shown a
gain of —8. The signal divider formed by the two 512 resistors gives half the signal at the output. Which
makes a total gain of —4.

16 ANTARES used a developed version of the chip: ARSI.

17N, should be of suitable value so that to insure having the interesting signal in the cells we read.
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(a) SiPM box with the electronic interface.

Rq

G=8 1 M - PRISE-SMB_D
SiPM signal _’\ P
o IN+ 100 nF Rs G=-1 ‘NV\, I 2
IN+ 510 510
51Q Opa 2694

Opa 2694 Trig_A2
pa rig
PA21 *

(b) Electronic scheme of the interface circuit. We recognize the measured gain with the potential
divider on the output.

Figure 2.17: SiPM characterization test bench (I).

(a) The acquisition system of HESS-II. (b) Power supply and Labview control.

Figure 2.18: SiPM characterization test bench(II).
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the charge per channel, or reading the whole N samples of each channel. The second
mode is slower than the first one since each reading cycle we read Nans/poard * Nenjanm * Np,
samples. If one sample time is 1ns this means 16 N, = 256 ns. While in the first mode
we need only Narpoard * Nenjan = 16ns.

Digitization As for the analog to digital conversion, the full dynamic range of the ADC
is 5V with 12 — bit resolution. This means that an ADC channel (or also called ADC
count) corresponds to what we call ADC conversion factor:

d

Slow Control (SC) Fig.2.19 shows Labview program interface where we choose the test
to hold (over voltage variation, temperature variation, light flux variation) and where we
control test’s parameters (initial, final values and the step ). Fig.2.19 shows the interface
of the Labview program. Test type and all its parameters are controlled via this interface.

Save Directory Ampltude LED
JEt\resultat_test_siPM)Test de variation de la tension du capteur|19Fev2013114_19_27), o

LED Table XY Température | Tension du capteur |
[ ® Jeonouer = Temperature snceints
i Fréquence | 300 Pos® 10.0
Demarer ib impulkions | 3000 fonsne |10 EXZN - 0.0 SR
[ B Jeotor o test | Ampltuds [0 llecture 12 2732 -LIZ000 110000
[ B Jyisuaer s rastat dxée__J5 s T
Visualiser les résultats T — e
Consigne 10 Temperature SiPM 8 <
o e _ -
120,07
27.25
1000
' ceint= [ tableXY [m—
i o

amme

0.0-p
-11800.0-11600.0 -11400.0
Time
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o 5 i i e eleur Units &
10 en®
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71,000000 | snvolt |
‘ 72000000 en volt

Pas de tersion 0.100000
Amplude dela Led 0.000000
Largeur de mpuision de a Led 5

200

80,0}

Ampltude

Figure 2.19: Example of test configuration via labview interface.

This program communicates with a FPGA on each acquisition board and thus organize
the acquisition process. All tests that follow have the same purpose of studying the gain
in a monolithic array of SiPM. The elements that can affect gain stability or uniformity
are also investigated.
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2.6.2 Temperature Measurement

G-APD characteristics (gain, photodetection efficiency PDE, dark count rate DCR, crosstalk,
...) depends on the applied over voltage that depends on the breakdown voltage which is
in turn relative to temperature. Hence, SiPM photodetectors is found to be sensitive to
temperature as depicted in Fig.2.20b and Fig.2.20a. Adjusting bias voltage could compen-
sate gain dependency on temperature. It is then trivial to define an optimal over voltage
compatible with the operating conditions including temperature so that a sufficient gain

is obtained.

(M=2.75 % 10%)
5.0x10° &
U X
72 ]
v
10x10° P N /
~~ = /
""-,\. p 71 /
3 \-..h g’
30 %10 g
- ~ © 70 A
s M = 2.75 x 10° \\\ > 7
[
. \\ 6 /
20 %10 2 5
QD
o /
1.0 % 10° 68
67
0 20 -10 0 10 20 30 40 50
0 10 20 30 40

. . Ambient temperature ("C)
Ambient temperature (°C)

(b) Reverse voltage vs. ambient temperature at

a) Gain vs temperature at constant voltage.
(&) P & constant gain (G = 2.7510°).

Figure 2.20: Temperature characteristics of one SiPM[49].

Temperature sensor is inserted inside the SiPM box so that temperature measurements
are recorded during the tests. As seen in Fig.2.21 temperature rises of about 1°C' at most
during these tests.
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Figure 2.21: Temperature variation measurement during tests.

In general, temperature affects the breakdown voltage of the SiPM leading to gain
fluctuations. Usually, cooling techniques are used to compensate this effect. From this
viewpoint, cooling dispenses could be put away simply through controlling bias voltage
so that to keep a stable over voltage and hence a constant gain.

2.6.3 Pedestals

The first test was done in dark, Fig.2.22 and Fig.2.23, show the distribution of the total
charge measured respectively on high gain and low gain when SiPM array is in dark with
no incident light. These signals, called pedestals, are due to noise.

Taking the distribution of the pedestal of one SiPM, the mean value is the position
of the pedestal that represents the electronic bias (i.e, base line). The width of the
distribution is due to fluctuations in the base line because of noise, i.e, pedestal RMS
depends on the read out electronics. In general, two main actors contribute to noise in
such systems that are: the readout electronic circuit noise and the background noise (from
night sky background) detected by the SiPM. These two types of noise are not correlated.
However in our case, electronic noise is permanent and dominant since the SiPM array is
put in the dark room (the background noise is negligible). Pedestals here are due to the
electronic noise.

Spectra of Fig.2.22 and Fig.2.23 also show a very good performance of the SiPM in
terms of dark count rate since no distinguished peaks exist after the pedestal.

Pedestals can be recognized in tests with light as the first peak of events in the spec-
trum as shown in Fig.2.24.
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Figure 2.23: Pedestals measured on the low gain of each SiPM of the array (for 15 macro pixels). Pixel number 16 was connected
to the oscilloscope which explains its distribution
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Figure 2.24: Charge spectrum of one pixel biased with 72V measured on the high gain:
LED was controlled by a pulse of 2.35V amplitude, 5ns width with repetition of 300 H z.
We can see the pedestal represented by the 0pe peak, the peaks of the single photo
electron, two photo electrons, three photo electrons, respectively. The red arrow points
out the position of the single photo electron in respect to the pedestal.

Signal of the SiPM under light In addition to the electronic base line and noise,
other information can be extracted from the spectrum of one pixel (Fig.2.24). The distance
between the pedestal position and that of the first peak represents the amplitude of the
signal due to one photo electron. The signal to noise ratio (S/N) is the ratio of this
amplitude to half the width of the pedestal (0,cq). Fig.2.24 shows S/N « 58,

The amplitude of the one photo electron signal refers to the system gain including
SiPM gain and readout electronic gain. Now the question is how does this amplitude
change with over voltage?

2.6.4 Gain variation with over voltage

One SiPM is a dense matrix of parallel connected G-APD. The Geiger mode is triggered
when applied reverse voltage passes the breakdown voltage. Geiger gain is a function of
the applied voltage. As a consequence, SiPM gain depends on the operating voltage. More
precisely, the gain of the SiPM is a function to the so called over voltage (section.2.4.4,
section.2.5 and Eq.A.7).

Analyzing output charge spectrum of one SiPM in the previous section (section.2.6.3),
we found that information about gain is implicit in the position of the one photo electron
peak (P ) in respect to that of the pedestal (Ppeq). Gain dependency on over voltage can
be concluded from the shift in the photo electron position as the applied voltage changes.

8The Fit of this spectrum and the parameters used to find this value of signal to noise ratio can be
seen in Fig.2.32.
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Figure 2.25: Shift of the photo electron peak position as a function of bias voltage for one
pixel.

The position of the single photo electron (Py,.) is measured on the high gain for three
different bias voltages (71.8V, 72V, and 72.09). The peak is found to move linearly as a
function of bias voltage. Break down voltage value is constant during the test since the
temperature was constant (Vgr = 70V at T = 27C°). Photo electron position varies
linearly with over voltage by about 40 ADC channel per 200mV as shows Fig.2.25. So
one can control SiPM gain by adjusting the applied high voltage.

2.6.5 Optimum operating point

The overall performance of the SIPM depends on its over voltage (section.A, section.2.4.4,
and section.2.5). The importance of bias voltage comes from its direct effect on gain as
we see in the previous section (section.2.6.4).

One of the power supplies that feed the matrix is fixed to produce 50V and the second
in series completes the potential to the value defined by a parameter that is set via
Labview.

We are looking for the smallest possible bias voltage that guarantees enough gain to
separate signal due to photoelecton from noise.

In these tests we are scanning the bias voltage from Vp;os = 71V to Vpies = T2V
with a step of AV = 100mV and with test iterations of 7000 events. Tests were hold at
room temperature whose average is «~» 27C°. Output charge during the reading window
is measured for each macro pixel (SiPM) at each bias voltage.

The criterion that will define the optimal operating voltage is the peaks separation. A
uniform distance (in ADC counts) between each two successive peaks refers to gain. The
distance between the first photo electron peak and the pedestal leads to signal to noise
ratio as well.
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As an example, Fig.2.26 and Fig.2.27 show the quality of peak separation on both
high and low gains for fifteen pixels of the matrix when it is biased with Vpg;.s = 71.3 V.
The conclusion to consider is that reverse voltage should be higher for the sake of enough
gain.

At several bias values, we can distinct several peaks of events at well different am-
plitudes. Vx = 72V was found to offer good results, according to the conditions above,
like illustrated in Fig.2.28 and in Fig.2.29. Vz = 72V was thus adopted as the optimal
operating voltage for the tests that follow. The complete spectra of the array measured

respectively on high gain and low gain acquisition outputs for Vp;,s = 72V is shown in
Fig.2.30.

2.6.6 Gain dispersion among the 16 pixels

The reliability of multi-pixel SiPM array is defined by its homogeneous characteristics.
Especially in monolithic array and since we focus on the gain, it is essential to investigate
gain uniformity of the array elements (SiPMs).

At Vigs = 72V, we are drawing the distribution of the charge generated by each macro
pixel. Spectra on the high gain are shown in Fig.2.28, and on the low gain in Fig.2.29 with
the absence of one macro pixel which was connected to the oscilloscope. Signal form of
the macro pixel sixteen is shown in Fig.2.39. The complete spectra of a 16-SiPM matrix
illuminated with less light intensity (LED control pulse is of less amplitude 2V') can be
seen in Fig.2.30 at the same reverse voltage Vp;,s = 72V.

We can notice that each spectrum consists of at least two peaks. The first is the
pedestal that represents the electronic noise (section.2.6.3). The second is the response to
the first photoelectron, and the photon counting continues in order (second photelectron,
third, etc... ). In this test the whole matrix is illuminated, that is why all pixels have
signals. Those whose spectra show more peaks are in the center of spot light emitted by
the fiber optic into the matrix box and hence they receive more light intensity.

The position of the first photoelectron peak in respect to the pedestal peak represents
SiPM gain measured in number of ADC channels (7{}2¢). The gain of an individual
macro pixel can be calculated from Eq.2.15 and can be written as.

Gsipyr = 1713.5y10¢ (2.7)

1pe

'yf;fe) ¢ can be extracted from fitting the spectrum to a suitable function (Eq.2.8). Each

spectrum can be approximated by a combination of a Gaussian distribution (pedestal) and
several Poisson distributions (photo electron events). Fig.2.31 shows a fitted spectrum of
one SiPM of the matrix with fit parameters.

Y YECRL)
N e—f e Oped 20 Nl N e—é gz e ope

fz) = +2 57 (2:8)

Oped i=1 7! \/Z Ope

mu = (¢ is the height of the first photoelectron peak in respect to the first minimum,
it depends on the luminosity.
pedestal = ji,eq is the position of the pedestal.
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Figure 2.26: Charge distribution measured on the high gain for each pixel. SiPM array was biased at 71.3V and received light from
a LED controlled by a pulse of 2.35V amplitude, 5ns width with repetition of 300 H z.
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Figure 2.28: Charge distribution, measured on the high gain, of 15 macro pixels of the SiPM array. The matrix was biased at 72V
and received light from a LED controlled by a pulse of 2.35V amplitude, 5ns width with repetition of 300 Hz. Plots are organized
in the same connection order of array elements and readout channels.
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Figure 2.30: Charge distribution of 16 macro pixel of the SiPM array. The matrix was biased at 72V and received light from a LED
controlled by a pulse of 2V amplitude, 5ns width with repetition of 300 Hz. Plots are organized in the same mapping of the SiPM
array. Less luminosity was applied here that can be noticed from short spectra containing one or two photoelectron peaks at most.
Test iterated with 11000 events.
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single _pe = 7{;;30 that shows the gain (the distance between the first photoelectron
and the pedestal or the amplitude of the output signal in responce to one photo electron).

sigma_ped = Opedestar 1 the standard deviation of pedestal distribution and it repre-
sents the electronic noise.

sigma__gamma = o is the half width of first photoelectron distribution.

N, N; are fit normalization constants. The index i refers to the number of detected
photons.
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Figure 2.31: Spectrum of one macro pixel approximated to a fit function. Dots are
measured data points, continued red line is the fit function.

This same function is used to fit spectra of Fig2.28 and the result is shown in Fig.2.32.

A main question when talking about an array of SiPM, monolithic in particular, is
whether all its macro pixels show the same gain under same environmental conditions
(bias, temperature, noise, etc... ). To verify gain uniformity among array elements, the
distribution of the gain in the array is drawn in Fig.2.33.
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Figure 2.32: Spectra of 15 elements of SiPM array illuminated by blue LED controlled with a 300H z pulse of 2.3V amplitude and

Sns wide.
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Figure 2.33: Single photo-electron position distribution among the 16 macro pixel of the
SiPM array fed by Vg, = 72V. Position parameter is extracted from fitted spectra in
Fig.2.32.

We can define the system gain Vﬁg ¢ as the number of ADC counts when one photon
is detected. 'yf;fe) ¢ includes SiPM gain, readout electronic gain G;, the sum of N; = 16
samples and the ADC conversion factor. One photon detected by a SiPM gives at its anode
an electrical charge equals to Qgsipaipe = ¢ Gsipavr. Where g is the charge of an electron
and Gg;pys is the gain of the SIPM. This signal reaches now the electronic system where it
will be amplified, on the high gain channel by G; = Gue * |Ginter face| = 72.7 % 4 =290.8
and on the low gain channel by G; = Grg*|Ginterface] = 5.3 * 4 = 21.2, before getting to
the ADC. Considering the ADC conversion factor previously mentioned as Vape (Eq.2.6)
and assuming a number of ADC channels ’yﬁfgc we can conclude the output voltage of
the SiPM for one photoelectron as a function to the number of ADC channels as follows:

‘/out,SiPM,lpe = T (29)

The mean value of the SiPM gain in the 16-element array is extracted from Fig.2.33. It
is found to be G = 7{}020 = 420 ADC counts. Substituting in Eq.2.9, we can predict the
SiPM output for 1 photo electron as a OZTSZ-PM = 1.76mV ~ 2mV at 512 load.This
amount reveals a charge concentrated in a rectangular pulse of 1 ns width whose amplitude
is Vout,sipam,1pe being developed on a load R.

Q A . ‘/out,SiPM,lpe'lo_g _ ’yﬁgc ) VADC 1079 (2 10)
out,SiPM,1pe R R Gz ‘
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Average gain of the SiPM array - consideration SiPM output signal is asymmetric,
its shape is different from that of the PMT output. It has a fast rising edge but a slow
falling edge because of the huge capacitance of the SiPM (terminal capacitance of the
SiPM is of the order of some tens of pico Farad). This output signal can be approximated
by an exponential function to time:

t

V(t) = Voe T (2.11)

Where 7 is the falling edge time constant and it is found for 1 photo electron signal as
the time it takes for the signal to reach 1/e of its maximum Vj. For V (t) = Vj/e, falling
edge time constant, 7 = 45ns was concluded from simulating the SiPM model for an
input that corresponds to one detected photo electron (SiPM modeling will be discussed
in section.2.7 and simulation was done with Cadence).

Vo

SiPM signal

V,/e

n

0 16 ns T=45ns Time (ns;

Figure 2.34: SiPM output signal (blue line). At ¢t = 7 = 45ns, V(1) = V/e. The green
part is the sum of the N, = 16 samples being read in charge reading mode (i.e, Q16 samples )-

In charge reading mode, acquisition system measures the sum of 16 samples of 1ns
each. Hence, reading window is then 16 ns long and is situated at the beginning of the
signal (Fig.2.34 illustrates charge calculation). Considering signal shape given by Eq.2.11,
SiPM output charge for one photo electron developing in a load R can be written as:

1 16ns _——
Qout,SiPM,lpe = E%/O e Tdt (212)

For t = 16nms and 7 = 45 ns we can write:

037V
Qout,SiPM,lpe = R 0 (213)

From Eq.2.10 (expression of SiPM output charge concentrated in a 1ns pulse for one
detected photo electron) and Eq.2.13 (expression of SiPM output charge concentrated in
a 16 ns pulse for one detected photo electron), we can write:

VDOV pe 1070 AD
rVp = A2 = 1410779 = 588107 "*[V.s] (2.14)
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The average gain of the SiPM array is then:

Vo | 14.1071%40¢
qgR qR

Gsipv = = 7.210° (2.15)

Where the resistance at the photo detector output is R = 51€2, the charge of the electron
g = 1.6107'Y. For the 'yﬁfc?c = 420 ADC channel, this means an average gain of Gg;pp; >~
7.210° close to the gain of a PMT. This gain is very close to that announced in the SiPM
array data-sheet. However, we will under estimate this gain to 510° for a security margin.

A dispersion of about 10% is noticed in Fig.2.33 among SiPMs in the array. This
dispersion can be minimized by controlling the overvoltage of each SiPM (i.e, macro
pixel) individually. This function should be integrated in the front-end electronics.

Gain is found to increase linearly with bias voltage. This makes it easier to adjust
gain to compensate temperature variation and to balance gain homogeneity among array
components. This feature should be studied carefully. Individual pixel gain control func-
tion should then be one of the most important priorities of the front end electronics. And

this will be studied in the next chapter (section.3.6.2 and section.3.6.1).

2.6.7 Noise in SiPM

Noise origins in the APD were investigated by Roland H. Haitz in [45]. Noise pulse rate
was found to be determined by two aspects.

o Minority carrier diffusion from substrate to the breakdown region. Which can be
suppressed using a suitable geometry.

o Carrier generation in the space charge layer of the breakdown region. Three mech-
anisms are responsible of this phenomenon that are:

— Thermal generation from generation centers.

— Re-emission of carriers trapped during preceding periods of avalanche break-
down.

— carrier generation by internal field emission (i.e, band-to-band tunneling)

The first two mechanisms depends on the junction and material quality. The density
of the generation centers and traps within the breakdown region could be reduced
by localized heat treatment[45].

The dark noise rate depends on temperature, overvoltage, pixel size, and the quality of
the semiconductor material[59][60]. The last two factors are fabrication aspects while
temperature and overvoltage are related to operation conditions.

In 2011, noise measurements were held at LAPP by R. Kossakowski. A the dark
current rate (DCR) of about 360 kHz was found for one SiPM of 1 x 1mm? size at
the ambient temperature 25°C. Fig.2.35 shows that DCR doubles when temperature
increases by 10°C.
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Figure 2.35: Dark current rate measurement with temperature for 1 x 1mm? SiPM.
Source: La photo-détection avec les SiPM dans le cadre du CTA, R. Kossakowski - pre-
sentation CL, LAPP 2011.

For a SiPM of 1 x 1 mm?, a DCR of about 360 kHz was found at 25°C. The LST
camera is about 1600 mm? which gives a total DCR of about 576 M Hz more than the
night sky background (NSB) estimated by 150 M H z.

These results confirm the need for temperature control to minimize the DCR to less
than NSB. Cooling techniques will be considered in the LST.

This kind of tests have to be held on the 16-pixel SiPM array which is used since 2011
and even on a new one possibly having better noise performance.

2.7 SiPM Modeling

Understanding the electrical characteristics of the SiPM is an essential step towards a
proper design of its front-end electronics. An electrical model will represent the device
when designing and simulating the front-end system.

Since one SiPM is composed of large number of G-APDs (micro cells) connected in
parallel (3600 micro cells in each SiPM of the tested matrix), its model is a parallel
replica of the electrical model of one micro cell. This electrical model consists of the
diode capacitance Cy, a current source that provides the total charge delivered by the
micro cell due to an incident photon (an event). As for the series quenching resistor, it is
represented by a resistor R, in parallel with a very small parasitic capacitance Cy[61].

The presence of a current source indicates an event being detected in the micro cell
and so, its absence indicates a passive micro cell that doesn’t detect any event. According
to this convention and assuming that only one photon is being detected in one micro cell,
only one branche in the SiPM model contains the current source while all the others are
grouped in an equivalent passive circuit of (3600 — 1) micro cells in parallel. Fig.2.36
illustrates the model that we used for one SiPM composed of 3600 parallel connected
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Figure 2.36: Electrical model of one SiPM. This model of photodetector is used in the
design and simulation of the front-end electronics in the next chapter.

An accurate model of the SiPM should integrate the grid parasitic capacitance C,
between its terminals. This capacitance is due to the metal routing (metal grid) used
to connect in parallel all the micro-cells that form each macro-cell (i.e, macro pixel or
SiPM). Tt is the contribution of two types of parasitics. The first contributes in a small
part which is the metal-substrate capacitance of the order of 11pF (considering 35% of
the total surface of one SiPM (1mm?) is covered by the metal grid with a capacitance of
the order of 0.03fF/um?). The second is the fringe capacitor of the metal lines, bonding
pad, etc[61][62].

]parameter\ Value ‘

C, 07.22 fF
R, 252 k)
c, 2fF
Cy 5pF

Table 2.5: Used model parameters for one micro cell in a SiPM.

Model parameters are listed in table.2.5. These values were extrapolated and opti-
mized for a correct signal shape desired at the output of the SiPM.

Before the avalanche, Cy charges to the value of Vg;,s and no current exists in the
circuit. When a charge carrier is photo-generated, it initiates an avalanche while passing
the breakdown region. Cjy starts to discharge and a current peak quickly reaches (Vjus —
Ver)/Ra; where R, is the diode resistance. As the current outside the diode increases,
a voltage drop on the quenching resistor increases pulling down the potential across the
diode to a minimum value equal the breakdown voltage. As a consequence, the current
also decreases to a value estimated by (Vpias — Var)/(R, + R4). The avalanche is then
stopped and the sensor starts to recover for a new event. C; recharges again to Vpjas.
The time it takes for Cy to reach Vg4 is the recovery time 7 = R, Cy.
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R, should be high enough to quench the avalanche, but not very high. A very high
R, degrades detector sensitivity since it makes the recovery time slow and leads to a long
dead time. Typically, R, is of the order of some hundreds of kQ[37].

The form of the output current signal consists of three time constants, depicted in
Fig.2.38, depending on the current path in the model. Rising time depends on the
avalanche development in the SiPM. Recovery time, as seen above, depends on the diode
charge through R,. The third part is a fast spike on the signal leading edge due to the
parasitic capacitance[63].

Rise time

Slow recovery time

—

“Fast spike” on leading edge

| dueto “parasitic” capacitance

1
[

199
]

Figure 2.37: Output signal form of a SiPM (3.5 x 3.5mm? 3600 cells, N-on-P
structure)[63].

Figure 2.38: SiPM signal shape. Result from simulating the model shown in Fig.2.36 with
a current pulse I.,e,; of: Amplitude= 231.15uA, rise time = 1ns = fall time, 499ps pulse
width at FWHM.
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Figure 2.39: Output signal of the SiPM sixteen measured on the oscilloscope (yellow
signal). Output pulse integration during the reading window, gives the charge distribution
spectrum that represents the photon counting and that is shown in orange.

The shape of the SiPM output pulse is also affected by the front-end electronic char-
acteristics, especially by the input impedance of the electronics. For the electronic signal
to be proportional to the number of fired cells, the preamplifier input impedance should
be zero[64].

A very influential parameter, that we did not consider here, is the coupling inductance
of the wiring between the SiPM and electronics. This parasitic inductance affects the slope
of the rising edge of the output current pulse and can be compensated by adding a series
inductance of few nH[64][65].

2.8 Conclusion

In this chapter, we discussed the photodetection principle with a review on the develop-
ment of the different types of the nowadays photodetectors.

Photomultiplier tubes (PMTs) are widely used in astrophysical instruments (e.g HESS
telescopes) and they have been showing good performance till now. However, they are
sensitive to magnetic field and to high light intensities and voluminous in size. Their
operating conditions are somehow demanding: stable high voltages up to hundreds of kilo
volts and cooling. Moreover, they have reached a limit in their quantum efficiency.

Solid state detectors are proved to be of great advantage being compared to the pho-
tomultiplier tubes. They are robust towards even high magnetic fields, light intensities
and small in size. They operate with only small voltages of the order of 70V. They show
very good performance in quantum efficiency, photodetection efficiency and even a high
gain (of the order of that of the PMTs) in the emerging technology of Silicon photomul-
tipliers (SiPMs). SiPM shows a very good time resolution and we can separate pulse of
1 photoelectron from that of the pedestal and from the pulse due to two photelectrons
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and so on, which makes the photon counting process very efficient. SiPM output signal
is characterized by a short rise time. A new form of these detectors is an array of several
SiPMs built on the same substrate (monolithic) is investigated as the base element toward
a large area detector.

Results of our tests on a monolithic array of 16 macro pixel were presented. Each
SiPM is able to detect number of incident photons ranging from single photoelectron up
to 2000 photoelectrons. For an optimum bias voltage of 72V we found a mean value of
gain of about 10° with a small dispersion among the array elements «~ 10%. A correction
procedure will be considered in the front-end electronics that we will develop in the next
chapter in order to improve gain homogeneity of the SiPMs in the array. Moreover,
the specifications of our proposed FE-electronics should consider the high capacitance of
the SiPM and their input impedance should approach zero not to influence the timing
performance of each SiPM and to keep its proportionality.

Table.2.6 resumes a comparison between one PMT and an array of 16 SiPMs. SiPM
is a serious candidate to replace PMTs in the future Cherenkov telescopes that will be
constructed for the CTA project. The encouraged experience of the FACT camera is a
reference example. SiPM applications go beyond high energy gamma-rays astronomy to
biology domain and medical instruments.

| \ PMT \ SiPM array
Sensitivity to magnetic field Yes No
Sensitivity to high ligh intensities Yes (destroyed) No
Size bulky compact
Polarization «~ hundreds of kV «~ 70V
Quantum efficiency 20 — 30% (X : 300 — 450 nm) | 30 — 40% (visible light)
Gain 10 — 108 at the order of 710> %
Noise (dark current) low v 3uA/SiPM
Crosstalk No Yes

Table 2.6: Comparison of the critical characteristics of photo-multiplier tubes and the
tested array of SiPM.

19Tests have shown an average gain of 7.2 10°, while SiPM gain about 7.5 10° announced by Hamamatsu.
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3.1 Introduction

In order to benefit from the new emerging technology in photo detection industry, that
is presented by SiPM and its matrix form detectors; a parallel development should be
driven on the readout electronics and data acquisition systems as well.

Presented in the previous chapter, section.2.6 and 2.7, a detector of the type SiPM has
special electronic characteristics; in particular: its high capacitance and the dependency
of its output impedance on the number of fired cells. These characteristics make it difficult
to use the same readout electronics for the SiPM as its PMT counterpart. A new approach
is being studied for the front-end electronics in order to take full advantage of the SiPM
potential (fast response and high gain).

For the astrophysical application in the LST of CTA, in case of a possible upgrade
of the LST camera, SiPM characterization in the previous chapter raises a group of
specifications for the readout electronics to adapt: Large dynamic range of about 2000
photo electrons (for an SiPM array of 16 macro pixels that is proposed to replace one PMT,
this means a dynamic range of 125 pe per macro pixel of the array), with a special care
and study of the single photo electron signal (localizing the single-photon peak provides
the possibility to control the gain of the electronic chain[11]), high speed within 3ns
and a group of functionalities for gain control and noise minimization. The more these
specifications are fulfilled the better translation of the detector signals and so, the more
accurate and precise data are gathered.

This chapter is the second part of the practical work of this thesis. It is dedicated to
the full-custom circuit design of a readout ASIC to be attached to the SiPM in the new
camera of the large size telescope (LST') of the Cherenkov telescope array CTA.

The chip is labeled ALPS, that stands for "ASIC de Lecture Pour SiPM". It consists
of 16 channels each of which reads the output of one macro pixel of Hamamatsu 4 x 4
SiPM array previously characterized in section.2.6.

In this chapter, the design process is presented. The chip is designed in Austria
Micro Systems (AMS) 0.35 um SiGe technology. Simulation results that represent the
theoretical performance of the main blocks of the chip (ALPS) will be shown. A special
attention is dedicated to the design of the preamplifier considering its major role and
impact on the overall performance of the chip as a unity.

3.2 State of the art in readout-electronics

Front-end readout electronics vary according to their application and requested perfor-
mance. Their concept depends, among others, on the physical amount to measure whether
it is the charge, time, position, speed, trace of the detected particle.

Lots of readout ASICs were designed to read signals from photomultipliers, they can
be found in LHC calorimeter, in medical and biological devices and instruments using
positron emission tomography PET. They are used in space based detectors AMS and in
the gamma ray telescopes.

Table.3.1 is a short introduction to some readout chips that were used in the last
decade. Some details of each chip follow in separated paragraphs.
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chip name ‘ photodetector ‘ PA type ‘ measurement | channels DR ‘ power
FLC SiPM charge energy 18 11 bits (I1mV —2V) 200mW
MAROC2 MAPMT current energy 64 10 pe > 220mW
MAROC3 | MAPMT, SiPM | current energy 64 30 pe 220mW
SPIROC SiPM charge | energy, time 36 1-2000 pe 25uW/channel
EASIROC SiPM charge | energy, time 32 1-2000 pe 156 mW
PARISROC 16 PMT voltage | energy, time 16 0.3 — 300 pe -
PACTA PMT current energy 1 15.9 bits 160 mW

Table 3.1: Some examples of the readout electronic chips that read different types of
photo detectors.

FLC-SiPM A charge sensitive front end chip that consists of 18 channels. It was de-
signed in 0.8 um CMOS technology in 2004 for the ILC analog hadronic calorimeter. Each
channel is a series of a shaper (first derivation by a high voltage decoupling capacitance
and a resistor), a variable gain charge preamplifier (4 bits control the feed back capacitance
that varies the gain between 0.7 — 10 [V/pC]), a CRRC? shaper with a varible shaping
time (12 — 180ns), and a track and hold buffer that gives one multiplexed output. In
parallel, an input DAC allows to tune the detector gain by varying the operating voltage
by up to 5V excursion. The chip provides a dynamic range of 11 — bit (1mV to2V') and
consumes ~ 200mW with 5V supply voltage[66].

MAROC readout chip series The name stands for Multi-Anode ReadOut Chip.
MAROQOC series is a developement of the MAROC chip including version-2 and version-
3. It consists of 64 channels designed in 0.35 um SiGe AMS technology between 2005
and 2006. It is a generic readout chip dedicated to read multi anode PMT and similar
detectors. The main feature is the individual variable gain preamplifiers that could correct
gain dispersion among the detector channels. Each preamplifier is a current mode, low
noise, low input tunable impedance (50 — 100€2) that minimizes crosstalk. Currents are
then delivered to two paths (slow and fast shapers). A CRRC? slow shaper followed by
two sample and hold buffers. One buffer allows charge storage in a 2 pF' and then analog
and digital multiplixed charge output. The other buffer measures the base line and the
maximum of the signal. Beside, a CRRC fast shaper path followed by discriminator with
10-bit DAC that generates the trigger output. MAROC chip operates with 3.5V power
supply and consumes 3.5 mW/channel ~ 220mV for the 64 channels[67] [68].

MAROC3 was used to test the feasibility of a SiPM-based cameras for Fluorescence
and Cherenkov Telescopes[69].

SPIROC Stands for Second Generation SiPM Read-Out Chip is the evolution of the
FLC chip. SiPM Integrated Read-Out Chip is a 36-channel ASIC dedicated for a pro-
totype that uses the SiPM in the ILC hadronic calorimeter. The circuit was built in
0.35 um Si—Ge AM S technology in 2007. An 8-bit DAC was inserted at the input of each
channel in order to adjust individual SiPM gain within 0.5 —4.5 V. Input charge is taken
from each detector anode and is sent to two preamplifiers of different gains (low and high
gains). Each preamplifier is followed by a RCC R? slow shaper (25—175ns) and an analog
voltage memory (16-bit depth switched capacitor array). In parallel, high gain preampli-
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fier output is sent to a fast shaper (15ns shaping time). This fast signal is compared to a
threshold by the following discriminator to produce trigger signal. The trigger threshold
is generated by a common 10-bit DAC. Four additional bits are used to finely tune this
threshold inside each channel. Trigger output is sent to the digital part of the chip that
in turn manages the switched capacitor arrays. A voltage ramp of 300 ns (generated by
each clock edge of the ILC and stopped by the trigger signal from the discriminator) is
used to give analog time measurement. Time and voltage outputs can be digitized using
a common 12-bit Wilkinson ADC. SPIROC is a system on chip whose digital part was
integrated in the ASIC. It was designed to match the beam structure of the ILC (2ms of
acquisition, conversion and readout data for 198 ms of dead time) and hence a precious
power saving was possible (in power pulsing mode the chip consumes 25 uW/channel ).
It covers the complete sensor output range (1to2000 photo electrons)[70][71].

EASIROC Extended Analog SiPM Integrated Read-Out Chip is based on the previous
SPIROC circuit and was designed in the same technology. It consists of 32 fully analog
readout channels each with a 8-bit DAC for SiPM gain control within 4.5 V. It measures
charge ranging between 160 fC up to 320 pC' (1 up to 2000 photo electrons) thanks to its
two gain paths (low and high gains). Each gain path is a series of tunable gain charge
preamplifier (4 bits are used to adjust the low gain preamplifier between 1 — 15, and
other 4 bits are used for the high gain between 10 — 150), a slow shaper (seven shaping
times between 25 — 175ns defined by the slow control facility), track and hold analog
memory (switched capacitance array). The output of the high gain preamplifier is also
treated by a fast shaper (15ns) and is then compared to a threshold in order to generate
a trigger signal. A unique threshold is generated by a 10-bit DAC (DAC resolution is
1.3mV allows threshold tuning between 1.1 —2.4V') and is then sent to 32 discriminators
inside each channel. This gives 32 trigger analog outputs of the ASIC (can be used for
timing measurements) beside a digital trigger output (a trigger multiplixed output) and
the logic OR of these 32 signals. EASIROC chip consumes about 4.8 mW/channel which
means a chip consumption of 155 mW and unused features could be disabled to reduce
power consumption[72].

PARISROC Stands for Photomultiplier ARray Integrated in SiGe Read Out Chip, it
was designed in 0.35 um AMS SieGe technology. It was proposed as the readout electronic
for the square meter photodetector project for neutrino experiments. The idea is to seg-
ment the large surface of the detector into arrays with a single front-end electronics. Only
useful data will be sent in surface to be stored and analyzed. There are 16 independent
and self triggered channels that measure charge and time. Each channel has dual gain
paths. A gain path is composed of a voltage preamplifier (of adjustable gain by variable
feedback capacitance), a slow shaper (CRRC? with a variable shaping time up to 200 ns),
and then the shaped signal is stored in an analog memory (depth of 2). Only the correct
signal (of the high gain path or the low gain one) will be digitized by an internal ADC.
The trigger path takes its signal from the high gain preamplifier. It consists of a fast
shaper (5ns) followed by a discriminator. Two time values are measured: time stamp by
a 24-bit counter at 10 M Hz and a fine time by Time to Digital Converter that converts
amplitude into time. Time signal will also be stocked in an analog memory before being
digitized by another ADC. A common digital part for all the chip manages all these op-
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eration in all channels. PARISROC measures input signals ranging from 1 photo electron
up to 600 photo electrons with a signal to noise ratio of 12 for the minimal signal with a
gain of 12. It is triggered at 50 fC' and measures time with 1ns resolution[73][74].

PACTA Acronym for PreAmplifier for CTA, is a current mode preamplifier that was
designed for CTA project considering a PMT based camera. The design uses AMS 0.35 um
BiCMOS technology and reads output signal of one pixel in the camera (one PMT).
Preamplifier is attached to the Camera pixel and its output is transmitted to the FE
-signal conditioning electronics by a cable. Input current is split into two scaled currents
by factor n before being copied to the corresponding gain stage. Each gain stage consists
of a current mirror with a saturation control mechanism on the high gain direction.

PACTA covers high dynamic range with low noise and low input impedance. How-
ever, the power consumption of its input stage is about 10mW. In order to drive the
transmission line (cable) while conserving the wide band width (500 M H z), it uses an AB
output stage after the transimpedance amplifier. This adds about 150 mW for dual high
and low gains differential outputs[75].

From PACTA, a new prototype was designed for SiPM readout electronics. It includes
3 channels each of which consists of a preamplifier with high gain, high speed timing
path and a lower gain, lower speed energy measurement path, besides a fast current
discriminator with digital output. In this new prototype, they have also integrated a
saturation control circuitry that prevents any effect of the high gain saturation on the
linearity of the low gain path. This new prototype provide a 400 M Hz band width on
the high gain and 218 M Hz on the low gain. It consumes about 7mW/channel[76].

Discrete electronic approaches In parallel to the development of a readout ASIC
(ALPS), two other discrete electronic approaches were built. Both of them are adder
circuits that consider demonstrating the feasibility of SiPM solutions for large Imaging
Atmospheric Cherenkov Telescopes (IACT) cameras.

The first scheme, developed at the Max Plank Institute for Physics - Munich, is based
on a common base amplifier for each SiPM. The amplified currents of 7 SiPMs are then
summed. The total current pulse gives a voltage signal on the output capacitor propor-
tional to the number of detected photons. Using this scenario, the single photon peak
is separated with a signal to noise ratio ~ 4. The pulse width is ~ 4ns and the circuit
consumes ~ 300 mW[11].

The second scheme, developed at INFN - Padova, is based on two sum stages built
with fast, low noise operational amplifiers. An additional gain stage can be used to
implement two-gain output design. Two prototypes were tested. With the first prototype,
of 16 (3 x 3mm?) SiPMs, the single-photon peak could be separated with a signal to noise
ratio ~ 3. For the second prototype, of 32 SiPMs, the power consumption is ~ 300 mW
while the pulse width is ~ 3ns[11].

3.3 Readout chip, block diagram development

Towards a new Cherenkov telescope, the camera will be subject to development and up-
grade. Readout electronics should adopt the choice of the new photo detector which may
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most probably be based on SiPM arrays. The motivation for this choice is to reduce the
minimum energy detected by this telescope to ~ 10 GeV about half the energy considered
today (20 GeV') as mentioned in section.1.5.2.

In order to develop this front end part of the camera, we propose a demonstrator
composed of a readout ASIC for a 16-SiPM array detector. The ASIC could be interfaced
with the current acquisition system!. This last point determines types of signals to be
delivered by the readout electronics to data acquisition part.

The first readout diagram we proposed for this purpose is shown in Fig.3.1. It is a
dual gain chip able to cover as wide dynamic range of 2000 photo electrons. High gain
(H.G.) is responsible for detecting the smallest signal (including the single pe) while low
gain (L.G.) tolerates the higher range of signals.

H.V.
16
x Analog Diff. H.G.
L sum buffer Diff. output
16 -—— 1
H.G. Fast Shaper ——

Variable Fast discri Trigger
gain amplifier output

L.G. Threshold DAC
Bias monitor

DAC 16

Analog Diff. LG,
sum buffer Diff. output
Low Shaper

Figure 3.1: Preliminary block diagram of ALPS (presented in the SiPM advanced work-
shop - July 2013).

A productive brain-storming with the Italian partners? has led to modify our proposal.
The aim is to replace every PMT in the first generation camera by an array of SiPM photo
sensors. In practice, there is no physical interest in reading individual macro-pixels’ signals
so far. Since the acquisition system accepts only the outputs of the photo detector and
the trigger signal, a need rises to group outputs from all SiPMs of the array in only two
output signals, one for each gain besides the pixel-level trigger output.

As for the LST trigger strategy, Monte Carlo simulations showed that the Sum-Trigger
have the best performance in terms of triggering showers at the lowest energies. In this
strategy, analog signals of the trigger region are analogically added. The LST is aiming to
reduce the energy threshold as much as possible. This explains the choice of Sum-Trigger
configuration for the LST camera[77].

!Examples of nowadays used data acquisition systems are NECTAR and DRAGON. At this stage of
CTA design, these systems will probably be reused.

2During the 1st SiPM advanced workshop at Munich-Germany on July, 2013. https://www.
cta-observatory.org/indico/conferenceDisplay.py?confId=487


https://www.cta-observatory.org/indico/conferenceDisplay.py?confId=487
https://www.cta-observatory.org/indico/conferenceDisplay.py?confId=487
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On the one hand, huge detector capacitance makes it useless to sum signals directly
at the detector level. Summing that way means connecting the SiPMs in parallel which
implies a huge capacitance (proportional to the detector area: ~ 50pF/mm?). At the
input of the readout electronics, this is translated into high levels of electronic noise[11]
and probably an early saturation as well. On the other hand, temperature sensitivity and
gain dispersion among detector® macro pixels concluded from SiPM characterization in
section.2.6.2 and section.2.6.6 showed an advantage in treating signals from every macro
pixel individually. Therefore, our ASIC reads SiPM macro pixels separately one by one
and it contains a sum function that gives both one high gain and one low gain signals
besides the trigger signal. These three signals will be delivered to the acquisition system
behind ALPS (NECTAR|[7][78] and Dragon[8]). Fig.3.2 depicts the final bloc-diagram of
a 16-channel readout chip.
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Figure 3.2: Block diagram of ALPS

ALPS consists of 16 channels compatible with a 4 x 4 SiPM array. Each channel
reads one macro pixel (one SiPM), therefore it includes a preamplifier of two gain paths
(high and low gains) to cover the largest possible range of input signals. One requirement
was to unify the gain among all channels which is the role of the gain control block
that makes it possible to even eliminate (mask) the channel if it is found to be noisy.
A DAC of 8 bits resolution will adjust the over-voltage of each SiPM so that to reduce
the gain dispersion among the 16 SiPMs (section.2.6.4, section.2.6.6) and to neutralize
temperature-sensitivity of the gain.

Signals out of the 16 individual preamplifiers will then be summed on both: low and
high gain paths. Resulted sum signals are converted into differential form. This last

3From here on, the detector is used to mention the array of 4 x 4 SiPMs. One element of the array is
a macro pixel.

>
/

Interface with NECTAR and DRAGON
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step is necessary for ALPS to be interfaced with the acquisition boards like NECTAR or
Dragon since only two signals in addition to the trigger signal are available. Gain will
be treated on two levels. First, gain dispersion among array elements (SiPMs) will be
reduced by means of an 8-bit DAC. Sixteen DAC channels are available for this purpose
(one DAC per macro pixel is inserted at the beginning of each channel of the sixteen
readout channels). The role of these DACs is to adjust the applied voltage of each SiPM
enabling gain unification and temperature effect compensation at the same time. Second,
gain control after the preamplifier stage. To assure identical weight of signals in the sum,
a control bloc is inserted between the preamplifier of each channel and the sum bloc. This
bloc is programmable by the slow control routine (the rose block labeled "G. adjustment
+ mask" in Fig.3.2) that will be loaded in a FPGA situated on the mother board.

A trigger signal is generated from the high gain sum through a fast discriminator of
programmable threshold. Trigger signal will also be delivered in differential form as well
as single-ended mode.

Design process was realized using AMS BiCMOS 0.35um technology. It may not be
the today’s most fine technology but it was more reliable for the purpose and time of
this work. It provides high performance bipolar NPN transistors, better performance for
a given power budget for analog electronics, relatively high power supply (3.3 used in
our design which is good in order to achieve the high dynamic range desired and which
may be difficult with newer technologies of 1V supply voltage). In addition, for short-
term research project like this thesis it is easier and cheaper to carry-out thanks to the
multi-project runs.

3.4 The preamplifier

The preamplifier is considered as the core of the readout chip, it plays a crucial role in
determining the performance of the overall chip in what concerns the speed, linearity and
the covered dynamic range. There exist three types of preamplifiers according to how to
deal with the input signal: current mode, voltage mode or charge sensitive preamplifiers.
Each of these three preamplifier types has its advantages and disadvantages.

Current mode preamplifiers are pulse-shape conservators thanks to their low input
impedance. This will shorten the time constant formed by the equivalent capacitance of
the detector itself with the input impedance of the preamplifier. It is a benefit for a fast
response since the rising edge is kept with minimum distortion.

In voltage mode preamplifiers, high input impedance is needed as current-voltage
converter. This will be useful for amplitude measurement but its time response is slow.
The most important shortcoming here is that using high resistance for current-voltage
conversion provokes variation in the detector bias under signal.

Charge sensitive preamplifiers (CSA) are integrators where a special attention should
be payed to the saturation (i.e, the dynamic range), and the bandwidth of the ampli-
fier. To guarantee that most charge produced in the detector is transmitted into the
amplifier, CSA should have high feedback capacitance, high gain, and hence high input
capacitance[79]. Such large feedback capacitance occupies large area when integrated in
the silicon. Moreover, a heavy capacitance (formed by the detector capacitance in series
with the feedback one) requires an additional output stage able to drive it. A suitable
output stage can ameliorate speed performance but it entails a significant increase in
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power consumption[62].

Timing is one of the targeted aspects in the desired performance of our ASIC (sec-
tion2.5). This makes current mode preamplifier the best fit for the astrophysical applica-
tion to take advantage from the timing characteristics of the SiPM detectors.

As mentioned in the previous chapter (section.2.6), SiPM matrix has common cathode
tied to the power supply. Output signals from individual macro pixels can then be read
from each anode. Positive current pulses result from this arrangement as photo generated
electrons are derived to the common cathode. These signals are uni-polar ones, which
means that it is possible to push the operating point of the pre-amplifier so that it covers
as much as possible dynamic range without being saturated (without distorting or clipping
signals)

Pre-amplifier is made of two stages, the first one is the input stage that will transfer
the input current into the second stage whose role is to provide the gain and to send the
signal to the next part of the readout circuit (gain correction and sum circuits).

3.4.1 Interface with the detector - Input stage

Input stage is the very first interface with the detector. From the detector side, SiPM pro-
portionality tightly depends on the input impedance of the front-end electronics[64] (sec-
tion.2.7). The varying output impedance of the SiPM combined to the input impedance of
the following electronics causes nonlinear behavior[80]. The high capacitance of the SiPM
causes slowness in the overall system response, it could degrade system performance in
terms of both bandwidth and noise[81]In order to improve the system linearity and to
speed up its response, the preamplifier input impedance should approach zero[64].

From the electronic side, as signals generated by the detector are currents, this first
stage should ideally provide a zero input impedance. Low input impedance is also im-
portant not to disturb the operation mechanism of the detector (the discharge and the
quenching process). Reducing the input resistance will also boost the bandwidth of the
system.

Two types of amplifiers could achieve this aim. Drawn in Fig.3.3 both transimpedance
amplifiers and current amplifiers are possible candidates as they both have small input
impedance. The difference between them is that the first have a zero output impedance,
it then provides voltage output; while the second have an infinite output impedance and
delivers a current output. In what follows, each possibility discussed in order to make the
appropriate choice between both of them.

3.4.1.1 Transimpedance amplifier

An example of transimpedance amplifier is shown in Fig.3.4. In this example, the circuit
consists of two stages tied in cascade. That is a common gate (common base for bipolar
transistor) of a small input impedance, and source follower (an emitter follower for bipolar
transistor) which insures a small output impedance. Input impedance can be described as
Zin = 1/gm1 and output impedance is Z,,; = 1/gm2. The function of this configuration is
said to be current to voltage conversion as it senses current and generates voltages. The
following gain stage of the pre-amplifier is then fed by voltages.

At high input current levels, high output voltages are predicted. Unless voltage di-
viders (converters) are considered, gain stage will be soon saturated and only poor dy-
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Figure 3.3: Input stage candidates
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Figure 3.4: Example of transimpedance amplifier

namic range could be covered. Several techniques may be implemented to improve this dy-
namic range, e.g, output signal limiting, input current steering or variable transimpedance
gain. A complex circuit with much bias and feedback control results[82]. These techniques
are not that simple to edit for a correct operation.

As for bandwidth extension, there are several techniques like for example: series in-
ductive peaking and regulated cascode architecture (RGC)[81][83][84][85][86] including
reducing the input resistance. The used technique ought to avoid additional noise and
power consumption.

The disadvantage of this kind of circuits is that it compromises dynamic range, low
voltage, low detection threshold. Not forgetting the response speed, since working with
voltages makes the circuit slower as parasitic capacities will charge and discharge to the
full voltage swing. This causes more dynamic power consumption[87].

3.4.1.2 Current amplifier (current conveyor)

It is simpler than the transimpedance amplifier according to the fact that one transistor
tied in common gate (common base for bipolar transistors) can represent the concept|[88].
According to this topology, transistor shows a small input impedance at the source (or
emitter for bipolar transistors) and ideally an infinite output impedance at the drain (at
the collector for bipolar transistors). It senses current and provides current with a unity
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Figure 3.5: Building the input common base current conveyor with bipolar transistor.

gain as the same input current flows to the output.

For the next stage (gain stage), it is more flexible to deal with currents as they can
simply be replicated into other parts of the circuit using few transistors that forms a
current mirror. Using current mirror structure makes it easy and efficient to design multi-
gain stages. Saturation can be controlled by managing an appropriate copy ratio (scaling
factors). The solution of multi-gain stages is an easy feasible matter. As a consequence,
desired dynamic range can then be easily looked after.

Common base bipolar transistor biased to work in its active region has an input
impedance of 1/g,, = Vp/I. which is smaller than that for its MOS counterparts (in its
saturation region) for the same bias current. Moreover, bipolar transistors could be faster
and more immune to noise.

Using NPN transistor for this stage (Fig.3.5a) means that the positive input current
pulse will be subtracted from the bias current. In order to detect large signals, bias current
should be as large as possible which means more power consumption and that increases
the minimum detectable signal.

Instead, using PNP transistor (Fig.3.5b) input current will be added to bias cur-
rent. This latter could be chosen as small as possible to sense the minimum input signal
(1 photo electron) and to detect large signals at the same time.

AMS technology does not support vertical PNP bipolar transistors. Besides that
circuit may induce a large bias current that could be avoided using common gate PMOS.
According to these constraints the only solution is to build a common gate PMOS input.

Fig.3.6a shows common-gate stage whose input impedance can be written as:

B 1 N 1 (3.1)
_gm+gmb_gm '

9m = \/2/460090(‘2/)[D (32)

Zz‘n

where,
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(a) Common gate topology (b) Super common gate

Figure 3.6: PMOS input stage.

Where, C,, is the gate oxide capacitance per unite area. W and L are MOS dimensions
that refers respectively to the width and length of its channel (neglecting channel length
modulation effect, A = 0).

Now the question is how to scale back this impedance and keep a stable operating
point of this input stage? The normal expression of g, reveals that input impedance
depends on the current flowing through the circuit. At the upper limit of the dynamic
range this could degrade the performance since large currents are expected. One further,
voltage disturbance at node I N affects the operating region of the transistor M; if V},
stays constant. To solve these problems super common gate topology could be efficient.

Shown in Fig.3.6b, another PMOS M, tied in common source topology, is inserted
around the input common gate M; in order to control its gate voltage. As the voltage at
node I N rises, Vs, increases the current flowing through Rpe. The voltage at node X
will be scaled up counteracting the change at the input voltage (like negative feedback
principle) and keeping the operating point of M; constant.

Moreover, input impedance is now much smaller than 1/g,,;. New Z;, expression in
Eq.(3.3) can be found from small signal model depicted in Fig.3.7.

| Component | W/L (um/pum) |

M, 700/0.35
M, 300,/0.35
Rps 10k

Table 3.2: Device parameters of the input stage as drawn in Fig.3.6b.
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Figure 3.7: Small signal model of the super common gate input stage. Where V, is an
input voltage applied at the node IN of Fig.3.6b, V,,; is the voltage at the drain of the
transistor M, of the same figure. Z;, formula is found by analyzing the circuit to find the
relation Vi, /1.

Simulation shows a low input impedance of about 20 €2 depicted in Fig.3.8. The rising
part of the plot is due to inductive effect that become obvious at high frequencies out of
our domain of interest. Now having current out of this stage it is easy to introduce this
current to next steps by using the concept of current mirroring.
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Figure 3.8: Simulation plot (by Cadence) of the input impedance of the input stage built
with a super common gate current conveyor.

3.4.2 Gain stage

After copying input current-signal into the pre-amplifier, current mirrors are used to
transmit this current into "gain" stages. For precision issue, MOS transistors are preferable
to bipolar counterparts for building current mirrors. The reason behind this is the error
due to non zero base current in bipolar transistors that makes them more affected by
process variation. However, this does not mean that MOS current mirrors are the best
solution. As a matter of fact, device mismatch is the main source of errors in MOS
circuits in general. Many challenges rise in order to decrease this error and to meet the
best possible linearity over the demanded dynamic range.

Input signals are spread over a wide range starting with one photo electron signal up
to current corresponding to 2000 photo electrons and maybe even more. According to the
desired dynamic range laying between one and 2000 photo electrons, current expected out
of the SiPM model varies according to incident light flux between 2.7 uA and 5.5mA at
the pre-amplifier input*. One can then say that dynamic range starts with small signals
and reaches even large signals. This paradoxical reality makes it necessary to build two
gain lines one for small signals (high gain), the other is dedicated to large signals (low
gain).

The choice made in the previous section.3.4.1.2 helps along the work. Fortunately,
current mirrors can copy different ratios of the original current into several branches.

4In order to simulate the response of the SiPM model to one photo electron, a current pulse is used
as was explained in section.2.7.
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Building two gain paths is now possible without increasing the complexity of the circuit
or its consumption. As a consequence an extended dynamic range is expected. Attention
to linearity will be necessary as transistor mismatch limits the precision of the current
COpY Process.

High gain This part is needed in order to measure the small signals including that issue
of an incident single photo electron. This signal being small should first of all be above
the noise level of the circuit. CMOS circuits are affected by random noise whose source
varies from thermal noise, noise generated by the current in the channel, flicker noise
caused by the imperfect interface between gate oxide and silicon substrate[88]. Design
considers short-channel MOSs in order to assure minimum noise in respect to the smallest
interesting signal expected.

Low gain As the light flux becomes higher, increased number of photo electrons induces
stronger signals out of the detector. If we need to cover a wide dynamic range, the previous
high gain path will not be enough. High gain can not compromise between the minimum
and maximum of the desired dynamic range since it will be soon saturated. Here comes
the role of the low gain path. In this branch, current mirror copies a fraction (tenth) of
the original current so that to postpone saturation as far as possible. This means that
the low gain path will not be sensitive to small quantities of photo electrons whose signals
mostly lay below the circuit’s noise level.

3.4.3 Current mirror choice

The principle is resumed in Fig.3.9a and Eq.3.4. It says that a current passing through
the master diode-connected transistor will be copied in the slave transistor with a gain
equal to the ratio between aspect ratios of the two transistors:

[copy (W/L) slave
= 3.4
Iref (W/L)master ( )

The concept of "Mirroring" was inspired as the simplest solution to make current
sources avoiding current dependency on supply, process and temperature[88].Many differ-
ent current mirror schemes have already been proofed in analog integrated circuit design
literature[87][88][89]. Current-voltage relationship in transistors is non linear, as a con-
sequence compressed output voltage swing (square root of current) goes well with the
reduced supply voltage. However, a slight mismatch in devices’ parameters results in a
considerable deviation from the aimed linearity. Therefore, several circuit schemes should
be checked for better linearity over an optimal output swing. Fig.3.9b shows an example
of a current mirror scheme that can be used for this purpose.
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Figure 3.9: Gain stage, current mirror choise

3.4.3.1 Simple current mirror

The first simple scheme drawn in Fig.3.9a is a demonstrator of current mirroring principle.
Now a simple current mirror like exampled in Fig.3.9a should has at least Vpg,: at the
output. This condition is necessary to drive the slave device (M) in saturation region. It
is still a low voltage headroom, or let’s say the lowest possible; which leads to high output
swing.

The main drawback of this scheme is that nothing guarantees the same Vpg across
both master and slave devices (Mgpr and M respectively). If short channel transistors
are used, channel length modulation plays a crucial role that limits the output impedance
and thus impacts the output characteristics[90]. MOS transistor is not anymore an ideal
current source with an infinite output resistance and Ip — Vpg characteristic plot shows
a slight slope in the best cases as depicted in Fig.3.10.

Ideally, output impedance is that of the load. In practice, channel length modulation
should be taken into account and output impedance is then:

Zout = RloadHTol = To1 (35)

Where in general,
dlp

OVps

If Rjpqq is large, Z,,; = r, is however low,

)~ (3.6)

ro = (

1
Lot = —— 3.7
"D (3.7)
Therefore, Ip becomes dependent on the Vpg value. Drain current in a device affected
by channel length modulation (Ip ) is formulated in Eq.3.8, and hence the current ratio
formula for a simple current mirror becomes that of Eq.3.9.

1 w
Ipy = i,ucox(f)<VGS — Vin)*(1 + A\Vps) (3.8)
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Figure 3.10: Output characteristics of a simple current mirror and an ideal cur-
rent mirror. Source: Design analogique en technologies fines, lecture by Marc Pastre
from EPFL, IN2P3 summer school 2013. http://www.in2p3.fr/actions/formation/
microelectroniquel3/Pastre.pdf.

This basic current mirror was used with the previously approved current follower input
stage. Devices of the current mirror were used with dimensions that are listed in table.3.3.
Output swing and linearity on both gains were investigated. Then after, output voltage
was checked for one photo electron equivalent signal to test both noise tolerance and
response speed on the high gain path.

| Component | W/L (um/pum) |

MNRrgr 100/0.35

MNy wa 100/0.35

MN; 1a 10/0.35
Ruc 5 kS2
Rra 500 €2

Table 3.3: List of simple current mirror parameters for a gain ratio HG/LG = 100. Ry
and Rjq are respectively the high gain load and the low gain load.

Input signals To simulate an incident photo electron detected by the SiPM, we used
SiPM model that was discussed in section.2.7. Considering a gain of 510° for the SiPM,
that makes a charge that is equal to 80 fC' at the SiPM output for one detected pho-
ton. Now to simulate that event, the current source in the model generates a pulse of
FWHM = 499 ps width with identical rising and falling time of 1ps, which makes an
amplitude of 160 uA per photo electron.


http://www.in2p3.fr/actions/formation/microelectronique13/Pastre.pdf
http://www.in2p3.fr/actions/formation/microelectronique13/Pastre.pdf
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Figure 3.11: Simulated response to 1 photo electron (pe) signal measured at simple current
mirror high gain output. Response time represents the rising time of this output signal
calculated between the base line and the maximum of the front edge.

Output signal corresponding to one photo electron is depicted in Fig.3.11. Noise level
and the covered dynamic range are shown in 3.12. The response to one photo electron
shows enough level (13mV’) to be separated from noise with a limited rise time about
3ns.

Linearity degradation may not be obvious when looking separately at high gain and
low gain. Actually, we can say both gains are well linear over 200 photo electrons for the
high gain and over «~ 1000 photo electrons for the low gain. However, it can be easily
distinguished that gain ratio plot (rose plot in Fig.3.12) does not show any stable constant
part. Over the whole range, gain ratio shows a nonlinear decreasing that turns sharper
at high rate inputs. The two gains are not of the same quality. High gain is superior to
low gain, and this latter shows more clear damaged linearity at the limit of the range.

Designing MOS with longer channel decreases its speed since the speed of a MOS
transistor scales down with L? for a constant Vgg and it scales down with L when I is
constant.Scheme improvement may be needed to compromise both precision (linearity
with a stable gain ratio) and speed (output capacitance).

3.4.3.2 Cascode current mirror

The first approach normally thought about in order to boost the output impedance is the
cascode current mirror[88] shown in Fig.3.9b. Cascoding is normally used to increasing the
voltage gain in amplifiers. It has another advantage here. That is to insure the same Vpg
across both master and slave transistors of the current mirror. Therefore, desensitizing
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Figure 3.12: Simulated response of the preamplifier built with a simple current mirror
preamplifier.

the copied current to channel length modulation and doing so minimizing the copy error
by approaching an ideal current source (Fig.3.10 depicts the difference between output
characteristics for both simple and ideal current mirror schemes.).

The enhanced output impedance of the cascode current mirror is given in Eq.(3.10).
It can be deduced from the small signal model of the circuit depicted in Fig.3.13.

Dt = 3 (3.10)

903901

Now, M, and Ms; are chosen in a way they have the same V;g. Looking at Fig.3.9b, we
can write that:

Ve, = Vas2 + Vb Mupres
Vam, = Vass + Voo, = Vb Mupr = VD1 (3.11)

Vase = Viass,

This technique unifies potential across both sides of the mirror. It shields the slave device
from voltage variation due to load circuit and suppresses the effect of channel length
modulation.

We should keep in mind that Vout min = Viass — Vin +Vas 1, i.e. the added circuit above
the slave must guarantee a minimum output voltage of:

Vvout,min = 2‘/Dsat + VTH (312)

Voltage base line has increased by Vpge: + Vin. i.e, we obtain a lower output swing than
that given by the basic scheme of the simple current mirror. Which will damage large
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Figure 3.13: Cascode current mirror - small signal model

signals by the fact that output transistors will soon be saturated. And by consequence,
this scheme covers smaller dynamic range than the basic one. The question at this step is
how to improve Z,,; without wasting on output swing? Solution is presented in Fig.3.14.

3.5 Proposed preamplifier and simulation results
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Figure 3.14: Improved current mirror

Fig.3.14 shows another scheme whose output impedance is the same as for cascode current
mirror (Zour = gm3s/(9go1903)). However, it decreases the voltage headroom a little bit in
respect to the cascode scheme. The slave part is composed of two cascaded transistors:
M; and M;. The difference from the cascode current mirror is that M; and M3 are biased
separately. An additional device Mj is used to correctly bias M3 to saturation.
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Now if all is biased correctly, M; is in saturation so it’s drain potential is at least
Vo.aymin = Vpsat- In addition, Mj should also be in saturation, but its gate voltage
should at least provide Vry + Vpsarar, not to disturb the operation of M;. Eq.3.13
develops output analysis.

Vasmuge = VrH,
VDS,M1 = VDsata

= V;m ,min — 2V sa 3.13
Vasv, = Vra + Vpsat, ' Doat (3.13)

Vbsv = Vbsats

As a consequence, lower voltage is lost on the output. Load circuit should maintain not
less than 2Vpg,; which is lower than that of the cascode current mirror by an amount of
Vrg A larger output swing is then allowed. From the output swing point of view this
scheme seems appropriate (the best so far) for our needs.

The final scheme of the pre-amplifier including the super common gate as its input
stage, bias circuit and both high gain and low gain; is drawn in Fig.3.15. Although a new
bias circuit is involved, the same bias current is reused to bias the extra transistor in this
slave path Ms.

A major advantage of this choice is that even when high gain path gets saturated, it
doesn’t affect the low gain performance. From the current point of view, we can say that
high gain and low gain are isolated one from the other.
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Figure 3.15: Pre-amplifier, final scheme. M Py, Ry, M P,, M N, forms the general polar-
ization circuit that is common for all the sixteen preamplifiers.

In simulation, pre-amplifier takes its input signals from the output of the SiPM
model explained in section.2.7, and input signals consider the argument mentioned in
section.3.4.3.1 (input signals paragraph). The main criteria to judge its performance are
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response speed, linearity, dynamic range, gain ratio stability, as well as the signal to noise
ratio for the smallest input signal (i.e, the single photo electron signal).

Attributing suitable dimensions to each of M N1, Ry, MN4, and Ry defines how
we deal with signals. Here we have two scenarios: making gain by a transimpedance
amplification or by current adjustment. Keeping in mind that we need both gain branches
to provide the best performance without affecting each other, while different scenarios
could show benefits for one but not the other gain path.

3.5.1 Symmetric currents (transimpedance gain)

Fig.3.16 and Fig.3.17 shows the results when devices’ sizes are chosen so that current is
copied into both high and low gains with no adjustment, i.e, with a gain of unity. Load
resistors are sized to get different voltages on both sides. Table.3.4 is a list of the used
dimensions for high and low gain branches.

| Component | W/L (u/mum) | ia(nA) |

M P, 43.96/1 —150.7

MP, 41.20/1 144

MP, 28/1 99.6

MN, 10/9 99.6 Rin | 10kQ
M, 700/0.35 ~150.7 Ry | 10k
Mip pis 300/0.35 —172.5 Rig | 1kQ
MN, 500/0.35 150.7 Rug | 5k
MN, 500/0.35 158.9

M Ns 12.58/0.35 158.9

MN, 500/0.35 158.2

M N5 12.58/0.35 158.2

Table 3.4: List of devices’ dimensions for the transimpedance gain scenario.

In spite of the very good measurement of the single photo electron signal on the high
gain, rising time is more than 3 ns which is good. Besides, low gain can not cover much
more signals than the high gain. On the low gain saturation is quickly reached and it
is hopeless to achieve the demanded 2000 photo electrons. Low gain hardly covers 400
photo electrons. Consumption will be higher in this case due to the same current level as
in high gain that passes in the low gain branch. Considering a total number of sixteen
preamplifiers having in common the polarization part mentioned in Fig.3.15 we can find
a total consumption of ~ 34.6 mWV.
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Figure 3.16: Simulation of high gain response to one photo electron signal according to
the symmetric currents scenario.
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Figure 3.17: Symmetric currents (transimpedance gain) scenario, preamplifier simulated
results of the high gain response (blue), low gain response (green) to input signals ranging
from 1 to 7000 photo electrons.
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3.5.2 Symmetric loads (current gain)

In this scenario, devices are sized to copy current in the high gain path with no gain,
while on the low gain side, only a fraction of this current is copied. Symmetric loads are
used on both sides. Table.3.5 is a list of used devices that shows a current gain of unity
on the high gain while on the low gain we copy a fraction 1/5 of the current.

| Component | W/L (u/mpm) | ia(pA) |

MP, 43.96/1 —150.7
MP, 41.20/1 144
MP, 28/1 99.6
MN, 10/9 99.6 Rin | 10£Q
M,; 700/0.35 —150.7 Ry | 10kQ
M pis 300/0.35 —172.5 Rre | 5kQ
M Ny 500/0.35 150.7 Rug | 5kQ
MN, 100/0.35 32.8
MN; 12.58/0.35 32.8
MN, 500/0.35 158.2
MN; 12.58/0.35 158.2

Table 3.5: List of devices’ dimensions for the current gain scenario.

Depicted in Fig.3.18, high gain responds slowly (rising time more than the standard
3ns) to the one photo electron signal, even if it shows good signal level. Fig.3.19 shows
simulated performance of the pre-amplifier working in this scenario. Low gain hardly
reaches the limit of 700 photo electrons before getting saturated. Power consumption was
found about « 28 mWW less than that of the previous scenario.
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3.5.3 Combination of transimpedance and current adjustment

In this scenario current signal is copied to high gain path with a gain of unity. It was
found enough to measure the signal of the single photo electron with good signal to noise
ratio (section.3.5.1 and section.3.5.2). In order to respect the high level of current signal
at the limit of the desired dynamic range a fraction of input current is copied into the low
gain path. Low gain load is also lowered in order to boost the maximum measured signal
as far as possible. Design devices and dimensions are listed in Table.3.6. Here after are
simulation results of this new configuration.

’ Component \ W/L (umpum) \ iq(1A) \ gm (WA/V) ‘ Gas (LAJV) ‘

M P, 45/1 —160 746 10.41
MP, 40/1 —144.4 675.8 7.35
MP, 45/1 —164.3 767 7.9
M N, 10/9 164.3 195.1 0.62 Ry | 15k
M, 700/0.35 —160 3129 85.7 Rin | 10k
Mip pis 300/0.35 | —170.4 2744 78.2 Rig | 5009
M Ny 100/0.35 160 3632 33.3 Ruc | 5kQ
MN, 10/0.35 18.72 295.5 3.32
M N3 10/0.35 18.73 301.1 5.1
MN, 100/0.35 172.2 2796 32.2
M Nj 10/0.35 172.2 963.9 20.5

Table 3.6: List of preamplifier component parameters and DC operating point.

3.5.4 Response speed

This characteristic is tightly related to the effective detectable dynamic range. It defines
the time it takes for the readout electronic channel to output a maximum signal level in
response to a given input. Output pulse width also affects the system’s time resolution
since the readout electronics should recover fast in order to minimize the dead time and
the pile up phenomenon.

High gain can measure one photo electron with a good level 14 mV that guarantees
a good signal to noise ratio. It also responses in 2.5ns (within the standard 3 ns) which
is very important for trigger system strategy. Fig.3.20 shows a pulse corresponding to
1 photo electron simulated at the output of SiPM model (section.2.7). This pulse repre-
sents the input of one readout channel. Since low gain is insensitive to such input because
of the noise level and its gain of current fraction, observation is made on the high gain
output. The resulting pulse as depicted in Fig.3.21 is narrow that reduces the dead time
needed by the channel before recovering and being able to measure another successive
signal. This fact alleviates the risk of piling up several successive signals produced by dif-
ferent successive photo electron packets detected by one SiPM macro pixel and delivered
to the corresponding readout channel.
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Figure 3.20: Current pulse simulated at the output of the SiPM-model for one photo
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Figure 3.21: Voltage signal simulated at high gain output as a response to one photo
electron response of the SiPM model.
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3.5.5 Dynamic range, Linearity

Simulation results in Fig.3.22 show good linearity especially on the high gain. On the
one hand, high gain effectively measures low signal level due to low light flux. We can
clearly see in Fig.3.22 that the single photo electron signal is about 14 mV a very good
level that could sustain for next stages. The whole plot lays above the noise. Linearity
error on the HG is depicted in Fig.3.23. Linearity error passes the desired 3% for small
signals (1 — 20 pe) but it lays beneath £3% for the rest of the dynamic range. High gain
covers a good range with a good linearity before reaching its saturation limit at 125 photo
electrons per macro pixel.
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Figure 3.22: Preamplifier simulated results on dynamic range for the transimpedance and
current adjustment scenario.

On the other hand, low gain covers a wider range between ~ 15pe and 2000 photo
electrons as depicted in Fig. 3.22. As predicted in section.3.4.2 the first part of low gain
response goes beneath noise. Low gain is useful for signals higher than 15 photo electrons
and till more than 2000 photo electrons. However, it shows a deviation from the straight
line. The linearity error on the low gain is shown in Fig.3.24 where it is found to be in a
band between 3% and 10% for input levels between 125 — 1000 pe.

For both gains, linearity correction and calibration may be necessary for analyzing
signals lower than 20 pe and over 1000 photo electrons. Above all these, the two gains
intersect over about one decade with a constant stable ratio shown in Fig.3.22 (the rose
plot points out a gain ratio of ~ 92). This area will be helpful for system adjustment and
calibration.
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Figure 3.23: Linearity error on the high gain can be seen about 8% at the beginning of
the covered range. The error stays in the range of 3% for inputs between 20 pe and 125 pe
which is the maximum covered by the HG before it gets saturated.
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Figure 3.24: Linearity error on the low gain is about 3% for an input of 125 pe, it increases
to 10% before drawing back to 3% for an input of 1000 pe.
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3.5.6 Signal to noise ratio

From readout-electronics perspective, and after putting aside the distortion in signal form
caused by a bad choice of operating point(i.e, if the operating point is perfectly chosen
so that preventing signals from being clipped), noise is the main disturbance that signal
may suffer from. Noise can limit the performance of the electronic circuit.

Preamplifier performance toward noise should be heeded in order to achieve the
promised minimum detectable signal of the dynamic range with least or no compromises
and also to produce reliable signal level that can sustain the rest of the readout and signal
processing circuit.

Eliminating the environmental noise sources, noise is mainly produced in MOS circuits
according to two mechanisms®®, thermally (thermal noise also known as Johnson noise or
Nyquist noise) and industrially-physically (flicker noise also known as low frequency noise
or 1/f noise).

Noise is a random phenomenon whose value can not be predicted at any time. It
is then presented by the probability density function PDF of its amplitude in the time
domain. It can also be presented by its power spectral density PSD in the frequency
domain.

Thermal noise is due to the random motion of charge carriers in a conductor. This
random motion is induced by the thermal energy and could be found in resistors as well
as in transistors since the channel material of MOS transistors is resistive.

The current spectral density of thermal noise in a resistor is expressed in Eq.3.14 and
in a MOS transistor by Eq.3.15. Where K = 1.3810-23)[m?kgs 2K '] is Boltzmann
constant, v depends on the channel length. It is found to be 2/3 for long channel MOS,
whereas it takes larger values (2 — 3) for short channel MOS[91][92][93][94]. It is then
measured in I%/Hz.

—— 4kT
Sin—r(f) = rQL,th - R (3.14)
Sith-mos(f) = I} y, = AKT (ygm) (3.15)

Thermal noise owing to resistive nature of gate material in the preamplifier can be
reduced while drawing the layout by folding the used transistors or connecting the gate
on both sides of each transistor|88].

The origin of flicker noise was the subject of several theories e.g. [95][96][97]. However,
two theories seem to dominate among them[98].

The first one says that flicker noise is produced by the imperfect implementation of
gate-oxide over the silicon surface. Traps will catch and release charge carriers in the
channel causing a disturbance in the surface potential and hence a fluctuation in the
number of charge carrier in the channel[99][100].

50ther sources of noise is shot noise which is usually generated at a junction between two materials
where exist an electric field. Charge carriers may flow across the potential barrier. The probability that
one carrier crosses the barrier is independent of the other carriers. So charge movement has a discrete
nature and it is uncorrelated. The result is the so called shot noise given by Sisnor = 2¢I(1%/Hz).

6In MOS transistors, shot noise is due to gate leakage current into the channel, and the ac gate current
due to the gate-channel capacitance that becomes important in RF amplifiers for example[90].
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The other theory attributes the origin of flicker noise to fluctuations in the charge
carrier mobility because of their interaction with the lattice fluctuations[101]. It is worth
mentioned that both theories may reunion to explain flicker noise in one device[102].

In NMOS devices dominates the theory of carrier number fluctuations[103], whereas
in PMOS counterparts’ it is the theory of mobility fluctuations[107].
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Figure 3.25: Noise simulated on the high gain output of the preamplifier. RMS noise is
the square root of the integration of this plot over the same frequency range. RMS noise
is found to be 2.3mV.

Noise in the proposed preamplifier (for a combination of transimpedance and current
adjustment) was verified and is shown in Fig.3.25. Flicker noise dominates at low frequen-
cies which is totally expected as its spectral density can be described by Eq.(3.16)[91].

Sir(F) = T2, = g2.Su(f) (3.16)

Where according to the first theory:

— K 1 1
_vz _
Sv (f) - Vn,l/f - éox WL f»y (317)
And according to the second theory:
- K(Vgs) 1 1
v =V2 , =—0_——_ 18

"Buried-channel PMOS keeps charge carriers farther away from the Si — SiO; surface and thus they
are less affected by the interface traps[104][105][106].
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Where K is called flicker noise coefficient, f is the frequency of the trap-release pro-
cess of the charge carriers. While supporters of the first theory on the origin of flicker
noise says that K depends on fabrication details and that it is independent of the bias
conditions[108][109]. Moreover, noise spectral density is proportional to 1/f7 instead of
1/f (Eq.3.17) where 0.8 < 4 < 1.2 because the spatial distribution of the traps in the
oxide is not uniform[108]. Those who support the second theory show the dependency of
K on Vgg and noise spectral density is proportional to 1/f (Eq.3.18). K is in the order
of 107%(V2F) in CMOS processes[88][110]. C,, is the oxide capacitance and it is of the
order of (fF/um?).

The spectral density of the total noise in MOS transistor can then be summarized in
Eq.3.19 as thermal noise sources and flicker noise sources are uncorrelated.

Si(f) = Sun(f) + Sir(f) (3.19)

Since the bias current source is built with relatively low transconductance PMOSs and
a big resistor (R; = 15K(), its flicker noise effect on the output signal is low and can
be neglected. The same argument is applied to the input stage formed of two wide
PMOSs and a big resistor R;,. However, the transimpedance amplifier built of NMOS
current mirror of big transconductance and relatively narrow channels for the high gain
path makes its flicker noise contribution dominant to those of the other components. For
the low gain path, the slave NMOS has narrower channel but smaller transconductance
making its flicker noise negligible.

For one preamplifier, Table.3.7 lists the contribution of each component in the total
noise over a frequency bandwidth between 100 kHz and 1 GH z.

’ Component ‘ noise type ‘ Noise contribution ‘ % of total ‘
M is id 2.75e — 06 51.6
M N, id 8.1le — 07 15.22
M; id 5.53e — 07 10.39
M Ny id 4.83e — 07 9.07
Rya rn 3.81e — 07 7.16
R;, thermal 1.19e¢ — 07 2.23
Ryc thermal 8e — 08 1.5
MP, id 5.67e — 08 1.07
MP, id 4.8e — 08 0.9
M N5 id 1.83e — 08 0.34
MP, id 5.93e — 09 0.11
Ry thermal 5.57e — 09 0.1
M bis TS 2.98¢ — 09 0.06
M Ny fn 2.78e — 09 0.05
Integrated noise summary (in V?) sorted by noise contributors.
Total summarized noise = 5.32e-06.
Total input referred noise = 4.62e-08.

Table 3.7: Noise summary showing the contribution of each device in the preamplifier. id
is the drain-source resistance thermal noise, rn is the noise due to the physical resistor
(i.e, thermal noise), rs is the source parasitic thermal noise, fn is the flicker noise.
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Three dominant devices are responsible of output noise in the circuit. These are,
Mip pis; M Ny and M;,,. All of which contribute in the drain-source resistance thermal
noise (pointed out by id) as they are the largest devices in the circuit and hence they
show the highest values of transconductances. However, the preamplifier shows good
performance towards noise as seen in Fig.3.22. RMS noise is the square root of the
total summarized noise shown in Table.3.7. It is calculated over the same band width
(100 kHz — 1GH~z) and it is found to be about 2.307 mV (the value was shown and used
to calculate signal noise ratio in Fig.3.22). As depicted in Fig.3.22, this level still doesn’t
affect the measurement of the single photo electron at the high gain path.

The preamplifier can then be said to cover a real dynamic range between 1 to 2000
photo electrons thanks to its two gains. It is still sensitive to low signals down to one
photo electron with good signal to noise ratio Fig.3.21 and Fig.3.22.

3.5.7 Power consumption

A major criterion in all systems and so as for the preamplifier is its power consumption.
Table.3.8 details the calculation of the static power being consumed in the preamplifier.
Voltage source used for the design is 3.3V. Calculation is done for the whole block
consisting of 16 channels.

| Branch | I(pA) | Power /channel(mW) | Power/16channel(mW) |
Iy 160 0.528 8.448
Io pis 170.4 0.56232 8.99712
I 144.4 0.47652 0.47652
I e 164.3 0.54219 0.54219
Irq 18.72 0.061776 0.98842
Iy 172.2 0.56826 9.09216
| total power consumption | 2.73907 \ 28.54441

*These values are common for the 16 channels.

Table 3.8: Power consumption calculation

About 30mW is consumed in the entire pre-amplifier. simulation shows good power
saving at this stage in respect to current mode preamplifiers readout chips existing so
far[111]. The preamplifier built with both current and transimpedance adjustment shows
to full fill the specifications defined at the beginning of this chapter. It covers wit good
linearity the demanded dynamic range (1 up to 2000 photo electrons) thanks to its dual
gain design. Its high gain path response within 3ns to the single photo electron signal
with a signal to noise ratio of about 6. As a consequence, this scenario will be adapted for
the readout chip ALPS. The added gain control facilities are described in the following.

3.6 Slow control
A gain dispersion of about 10% among the 16 macro pixels was found from SiPM matrix

characterization in section.2.6.6 (Fig.2.33). The 16 output signals being summed together,
they should respect a uniform standard of gain. This gain dispersion will be controlled
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Figure 3.26: Controlling the applied voltage at the anode of one macro pixel (SiPM).

and minimized on two levels: at the detector level (optical gain adjustment) and at
preamplifier level (electronic gain adjustment).

3.6.1 8-bit DAC for per-pixel over-voltage control

Since photo-detector gain is proportional to the applied over voltage, it can be adjusted
via controlling the over voltage of each macro pixel individually. This is the role of the
DAC included in each readout channel preceding to the preamplifier input. The optimal
operating point for a well biased pixel lays between 70V and 72V (i.e. 2V of margin). The
optimal gain is then defined by tuning the over voltage of every macro pixel between these
two values. Considering the limited voltage supply of the chosen technology 3.3V, 2V full
scale sounds suitable. AMS kit provides DAC blocs of several resolutions and that were
found reliable in previous experiences|[112] and POLAR chip. DAC of 8-bit resolution can
largely attempt this 2V full scale range with an adequate precision defined as the least
significant bit (LSB) of 7.8mV. A higher resolution makes small gain variations (given
the smaller LSB). Gain gets less sensitive to over voltage variation at each step (LSB).
8-bit resolution is then enough and a standard AMS 8-bit DAC is then used. The block
diagram of the over voltage control is drawn in Fig.3.26.

DACS cell followed by an op-amp OP_WB from the A CFELLS library of the AMS
technology is used. The architecture is a dual resistor divider each of which consists of
16 resistors. This DAC has a high output impedance that depends on the received code.
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Because of code dependency, this DAC requires a low-offset operational amplifier whose
common mode range includes both the negative and positive reference voltages of the
DAC (according to AMS DataSheet).

The code used to control the over voltage is set in a Labview program that masters
the slow control process. It will be written in an in-chip register that feed the DAC 8 bits.

3.6.2 Preamplifier gain correction

The second gain adjustment step is via controlling the electronic gain of each preamplifier
in every channel. There exist many solutions inspired from DAC’s known structures.
Binary weighted-resistor or weighted-capacitor network are just examples[113]. The main
drawback of many of these structures is that for long control word (more than 4 bits),
accuracy in resistors’ or capacitors’ values is not guaranteed because of the large spread
in the smallest and largest components|114](exponentially increasing capacitance spread).
For some other structures like potentiometric DACs, the main drawback is the impractical
large number of required resistors (2") and switches (27! — 2). For these reasons R-2R
architecture is preferred.

The principle of the so called R-2R ladder is shown in Fig.3.27. It can be looked at
as a high speed current divider.

ii/2 /4
2R % 2R
S 1 —>| S 2 Rf

b—-a0 Vout

Slow control register

"]

Figure 3.27: Adjusting a channel’s gain by R-2R ladder

Accuracy, precision and stability are assured by limiting the used resistances to two
values R,2R. Where the last 2R resistor has only a terminating function. Adapting this
arrangement, preamplifier will always be loaded by the same charge 2R regardless the
position of the digitally controlled switches.

At each node, currents and voltages are binary-weighted:

1 1
ij+1 = §ZJ hence, Vjy1 = §Uj (320)

Since the precedent circuit always sees 2R resistance, the pulled current into the
structure is:

Vi
lin = 5p (3.21)
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According to the control word, ladder currents are diverted to the ground or to the virtual
ground of the following operational amplifier (op-amp). The total current flowing out of
the R-2R ladder can be written as:

out = —b1 + —by+ —bs+ ...+ —b, .e. out = Yin — 3.22
Tout 9 1+42+83+ +2n 1. Tout ? k:12k ( )
And since iy = i,y the consequent output voltage is then:
. = by
Vout = _Rflout = _szznkzl ? (323)

For Ry = 2R, substituting Eq.3.21 in Eq.3.23 the weighted output voltage is expressed in
Eq.3.24. Output voltage is proportional to the control word.

nbk

ok (3.24)
k=1 2k

Vout = —Uin

Now how to define the length of the control word? Like the over voltage DAC, for a
full scale potential of 2V, 8-bit resolution means LSB = 7.8mV and the output will vary
among 2% values which is enough for this purpose. A higher resolution would not be more
effective. The control word will be generated by the slow control system from outside the
chip (Labview program). The 8 bits are stored in a register included in the gain control
bloc inside the chip.

In order to properly polarize the operational amplifier (op-amp), its non-inverting
input is attached to a reference voltage V,ey = 1V. A minimum offset in the op-amp
is desired so that limiting errors. However, error in currents is produced because of the
asymmetric directions of the current at the end of each branch (In case the switch is off:
current flows to a point whose potential is V... In the case the switch is on current flows
to the ground). To keep the symmetry of this structure and to reduce this error, each
switch will connect to Vs (instead ground) in case the corresponding branch is on.

This structure can be exploited in voltage mode as well as current mode. However, cur-
rent mode was found to have lower power dissipation than the voltage one[115]. Especially
when high value of R is used (order of some k€2, and low noise levels is an advantage also),
smaller currents passes through the activated branches. Besides, remembering that after
gain adjustment of each channel individually, signals of the 16 outputs of the preamplifier
will be summed together. This sum process boosts the interest of the current version of
R-2R ladder for simplicity.

In the case when gain meets the standard uniform value and no need for gain control,
the preamplifier signal could be turned directly to the sum input bypassing the R2R
network. This decision is taken at the input of the R-2R block. This is possible via
attributing a high logic level to an additional bit (labeled gain_ fiz) that will drive current
directly to op-amp input.

3.6.3 Noisy channel elimination function

If a macro pixel (SiPM) in the detector matrix is found more noisy than predicted, out of
service or if a fabrication defect makes a readout channel noisy to the extent of affecting
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the data gathering, in these cases it is possible to eliminate the output signal of this
channel. It will not be summed with the other signals of the rest of the chip.

A channel is said to be noisy when high trigger rate occurs. If high noise level is
detected, the decision of elimination is then taken. This is decided after the calibration
tests on the chip and during the SiPM matrix characterization. Or it could be found
necessary after data analysis in late stages of the entire readout system, in this case a
re-calibration process may be needed as the external slow control is done in series for the
whole chip.

For this aim, an additional bit is added to the R2R network to alter the signal of
this channel away from the sum direction. It is done by giving a high logic level to the
corresponding bit of the slow control word. This bit is named no_ CB on the Labview
interface that communicates with a FPGA on the mother board holding the chip.

Fig.3.28a shows a scheme of the used switches. The principle consists of a combination
of PMOS and NMOS transistors called a pair of complementary transistors put in parallel.

?

—0 In

AL o o TR o
1, l

(a) (b)
Figure 3.28: (a)Analog switch, (b) 1 to 2 Multiplixer

< O0—

The advantage of this switch is its ability to perfectly connect both low and high
voltage levels to the output. The switch being in series with the signal path should not
degrade signal level. For this last point large devices are required in order to keep the on
resistance of the switch as small as possible. So as minimum as possible voltage headroom
is consumed by this on resistance. Devices’ dimensions were chosen to compromise a small
on-resistance with the response speed of the switch keeping in mind that larger devices
have greater gate capacitance and hence are slower.

It could be used as a building bloc for the two-output switch (i,e. multiplixer) needed
in order to drive currents between sum direction and the elimination direction. The
command signal cmd is generated from a NOR operation between the no_ CB bit and the
inverted bit of slow control that corresponds to the branch as depicted in Fig.3.29.

b,
cmd
No_CB

Figure 3.29: The generation of the command bit ¢md for one multiplixer.
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Table. 3.9 summarizes all considered cases of gain control function and the noisy
channel suppression.

. . R2R control-word of 9 bits . . .
gain_ fix bit BT 52 [ 53 [ b4 [ b5 [ b6 | b7 [ b8 [ 1o CB switch direction Comments
1 regardless to sum amplifier | bypassing R2R bloc
regardless 1 to false out channel is suppressed
0 1 0 1 0 1 1 1 0 0 1 => to sum It v code
0 => false out

Table 3.9: Gain control and noisy channel suppression function, in short.

3.7 Analog sum function
Inverting input of the operational amplifier in Fig.3.27 actually receives currents from the

sixteen channels that are reading signals from the sixteen SiPMs of the array. Fig.3.30
illustrates this idea, we can then write:

i
R2R - 1° macro pixel o
. R
i
( R2R - 2" macro pixel }—m

Sum ampli b—0 Vour

+

"]

( R2R - 16" macro pixel 3

Figure 3.30: Summing the sixteen controlled signals after the preamplifier gain correction.

16

: : ®. b
=1

Jj=1

The output voltage of summed signals can be written as:

vt = Ry, S (i 3 3.26
out — f Yin,j - 2k ( )
k

j=1 =1

Substituting Eq.3.21 and the value of Ry = 2R gives:
16 LI
Vout = — Z (Uin,j Z 2;€> (327)
j=1 k=1

Which is the sum of weighted outputs of the sixteen preamplifiers. The performance of
this block will be verified and test results will be shown in the next chapter.
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3.8 Trigger

Trigger is a very important function in astrophysical telescopes. The purpose of this
system is to select and focus on data corresponding to the targeted events (Cherenkov light
produced by gamma-ray photons) excluding data due to night sky background (NSB®).
Each camera is divided into clusters (group of adjacent pixels). And trigger system (for
a group of at least two telescopes) is divided into two levels: local and central.

Trigger strategy lays on the fact that photons due to Cherenkov light are detected by
several close pixels in a narrow time window (few nanoseconds) while photons due to night
sky background follow a Poissonian distribution and rarely form compact images. Hence,
the local trigger gives a signal only if there is a time coincidence among signals detected
by different pixels in one cluster. This step makes it possible to differentiate between
NSB-induced events and gamma-like events. On the central level, signals are registered if
several cameras (several telescopes) show a time coincidence among their trigger signals.
This helps to reject the NSB more effectively.

In the previous experience HESS, there are three parameters that control the trigger
process. Threshold per pixel, it is the minimum number of detected photo electrons that
decide whether the pixel will contribute or not in the cluster trigger process. Threshold
per cluster, which is the minimum number of pixels in the cluster whose signals passes
the first threshold. When this condition is verified, a trigger signal is sent to the central
trigger level. Threshold per telescope, minimum number of cameras (telescopes) whose
trigger signals show a time coincidence.

Trigger function that is integrated in the front-end electronic belongs to the local
trigger system. It is used to perform a first evaluation of signals per pixel. It should
be noticed that a pixel here is one array composed of sixteen SiPMs since this array is
considered the alternative of one PMT. That is why this first step of trigger system is
performed on the sum of the sixteen SiPMs’ signals.

As mentioned before, LST trigger strategy will be based on the Sum-trigger scenario.
Since Monte Carlo simulations found it to be the most effective strategy in terms of
lowering the energy threshold[77].

Fig.3.31 shows the main blocks that compose the trigger function inside the chip (pixel-
level trigger). Trigger in ALPS consists of a discriminator that compares the sum of the
sixteen readout channels on the high gain path to certain threshold. A programmable
user-defined threshold is produced by a 10-bit DAC (DAC10 cell) of the AMS library
(A_CELLS) that receives its 10-bit word from labview interface. As for the 8-bit DAC
that controls the over voltage (section.3.6.1), this DAC is followed by a low offset, high
input impedance op-amp (OP_WB from the same library) as recommended by AMS
to minimize errors. Besides that the discriminator uses an input stage of dual bipolar
transistors in order to minimize the offset.

3.9 Overall chip and layout

ALPS chip design respects the rules of BICMOS AMS 0.35um. The mask draw (layout) is
shown in Fig. 3.33. It makes a die of about 3.673X3.298mm?. It has 96 pins in all, some

8NSB is light emitted by different sources i.g, stars or the moon itself. It could be due to star-light
scattered in the atmosphere or scattered light from the rising or dawning moon, to mention some.
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Trigger signal
Discriminator [—9°
DAC
Slow 10 bits 10
Control R
3 bits
register

Figure 3.31: A block diagram of the trigger function integrated inside ALPS.

of which will be used in order to probe signal at some critical points of the circuit and
to test the functionality of certain blocks, in particular the preamplifier. Some other pins
will be used to force some points in the circuit to different potentials in case of unwanted
deviation from the design and in case of errors.

Multiple power pins were preferred to a general unique one. Blocs inside circuit will
then be isolated in terms of power supply. The benefit of this arrangement is to avoid
power supply degradation and its undesired impact on the performance of the different
blocs of the circuit. Power supplies are grouped into two categories, one for the analog
part and the other is dedicated to slow control registers. The second should be permanent
not to loose the control in case of stop while the first one can be turned off if not used to
save power.

In the preamplifier layout, polarization part was extracted as an independent block
since it is common for the 16 channels. One channel layout is shown in Fig.3.32a side by
side with that of the common polarization part Fig.3.32b.

Besides measurements of SiPM array performance with this chip, tests on the perfor-
mance and functionality of the circuit itself are planned to be held. For this purpose,
test points are integrated to probe some internal points of the different blocks as was
said before. These test points will be activated by the slow control. Test facilities are
mentioned in the next chapter. Measurements will be discussed and compared to the
simulation results.
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(a) One channel layout (b) 16 channel common-polarization

Figure 3.32: Preamplifier layout parts

Figure 3.33: ALPS layout
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3.10 Single-ended to differential converter

Due to time constraints this functionality is not implemented in the chip. It is instead
realized by means of a discrete electronic component (Fig.3.34) which is welded on the

the mother board (test board).
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Figure 3.34: Single ended to differential conversion of the high gain sum output on the
test board. The same scheme is used for the sum signal on the low gain. Conversion
functionality will be integrated inside the chip in a forthcoming version.

The main criteria used to select these electronic components are their low noise and

wide band width.

3.11 Conclusion

A new ASIC was designed for an optimal readout electronics dedicated to a matrix of
sixteen SiPMs from Hamamatsu. It consists in sixteen preamplifiers with their gain control
mechanism, an analog sum amplifier and a trigger function. The preamplifier is the core
part of the ASIC. Its design was discussed in details and its performance was checked by

simulation.

The preamplifier works with currents, it has a small input impedance about 202 is
obtained with simulation. It consists in an input stage (super common gate) and dual
gain paths. On the high gain path of each preamplifier the signal of one photo electron
can be measured with a signal to noise ration of about 6 that corresponds to a gain of
~ 14mV per photo electron. High gain tolerates a signal of 125 photo electrons before it
gets saturated. On the low gain path, we can measure an input dynamic range that goes
from 15 up to 2000 photo electrons with a gain of ~ 0.14mV per photo electron. Good
linearity was observed on the high gain. It still need some improvements and correction
especially for the low gain. Inside the ASIC, the preamplifier is divided into a polarization
block which is common for the sixteen blocks (input stage and gain stage) one per macro
pixel of the detector. One preamplifier was put apart the readout channels for individual
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test purpose. Its input and outputs are separated from the inputs and outputs of the
readout channels.

Around the preamplifier, several important functions were predicted for an optimal
performance. A coupling capacitance shapes the output signal of the detector before
introducing it to the readout channel. Each gain path of the preamplifier is followed by
a follower that connects its signal to a R-2R block. The role of this R-2R block is to
adjust the preamplifier gain within 2V according to 8-bit word fixed by the user. An
additional bit (no_ CB) was added to enable the suppression of the channel if it is found
to be noisy. Suppression of the high gain and low gain of each readout channel is also
possible independently. A general bit (gain_ fir) was added to enable bypassing all R-2R
blocks for all channels. This option will be helpful in case of dysfunctional performance
probably caused by hardware or software errors in these blocks.

Gain adjustment can also be done by changing the over voltage of each macro pixel
separately. Changing the over voltage within 2V can compensate the dispersion of gain
among the SiPM array elements. This is possible thanks to an 8-bit DAC that is inserted
at the beginning of each readout channel. The over voltage 8-bit control word is also
decided by the user.

In order to be able to interface this front end electronic circuit with the existing
acquisition system (NECTAR or DRAGON), the sixteen signals will be directed to an
analog sum amplifier. Sum function will be performed on high gain as well as on the low
gain and hence the chip gives two output signals.

A trigger function is also integrated in the ASIC. Trigger signal (the third output
signal of the chip) is produced by a discriminator that compares high gain sum signal to
a programmable threshold. This dynamic threshold is generated thanks to 10-bit DAC
controlled by the user.

Both 8-bit DAC and 10-bit DAC are standard cells of AMS technology library. The
process of setting control bit sequence of the over voltage, R-2R gain control including
the suppression bit and the R-2R bypassing bit, trigger threshold besides activating in-
termediate signal probing is done through a Labview interface that will be described in
the next chapter. ALPS performance will be tested and checked in the next chapter.

In a forthcoming version of this ASIC, single ended to differential converters will be
integrated inside the chip to directly provide differential signals.
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4.1 Introduction

ALPS readout chip was submitted at the beginning of March 2014 and was received at
mid July. It was realized as a part of a fabrication run gathering several chips of different
projects called -in french- Circuit Multi Projet "CMP". We have received 25 dies. 5
samples were packaged in ceramic CQFPI100 type package. During fabrication time a
test board with all slow control facilities was designed. Slow control consists of producing
a sequence of bits that will help controlling the gain of each channel on both detector
side (over voltage control) and electronic side (gain adjustment after the preamplifier)
besides activating test points to probe signals or force some values to some points inside
the circuit.

Tests involve two main categories. Electrical test is the experimental characterization
of the chip to verify its own functionality and performance. Tests with the detector under
light will follow to take a glance of the performance within more realistic conditions. In
this chapter I present the test environment and will discuss test results for both test
categories.

4.2 'Test board design

Two test boards were designed. The first one aims to test each of the 5 packaged samples
of the chip. This step is important in order to decide which sample to be soldered on the
second test board. The purpose of soldering a chip on the test board has been proved to
be of less noise usually captured by the socket pins and connectors.

The first test board is depicted in Fig.4.1. It can receive input signals in three ways:

16 analog inputs (lemo connectors) that serves as gates leading electrically-generated
signals into readout channels of the ASIC.

e a spare data link connector to an interface board simulating the SiPM.

o a HIROS(HRS) to FPC" connector of the SiPM itself in case we need to test it with
this board.

Besides, three analog inputs (lemos) for the isolated test-dedicated blocks: preamplifier
block called PA_ TEST and amplifier block called AOP__TEST. Chip under test will be
put in a weld yamaichi IC socket and so every chip of the 5 packaged samples in turn.
Analog outputs are sensed from lemo connectors or test points at the preamplifier
level, at the chip outputs and at the outputs of the test blocks previously mentioned.
Digital part of the chip is controlled by the FPGA firmware that communicates with a

Labview program via USB connector. The control code installed in the FPGA is written
in VHDL 2.

'Flexible Printed Circuit cable.
2Hardware Description Language.
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Figure 4.1: The first test board. a)analog inputs leading electrical signals into the ASIC,
b) SiPM connector, c)interface connector, d) chip socket, e)analog outputs, f) FPGA, g)
USB connector

Figure 4.2: The second test board. a)analog inputs , b) SiPM connector, ¢) ALPS chip, d)

digital slow control probes, e)analog output probes, f)analog outputs (lemos), g) FPGA,
h) USB connector

The second test board is almost the same geometry but the chip will be directly
welded on it. It basically has the same functionality as the first one. In addition, it
involves isolation buffers to protect output signals from added noise that could be picked
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in from cables or surrounding environment. Besides, single-ended to differential converters
(section.3.10) with adjustable common mode were added for both high gain and low gain
sum outputs in order to interface these outputs to the acquisition system represented by
NECTARCAM (for the MST camera) or DRAGON. These converters could be integrated

in the readout chip in the forthcoming version.

On both boards, potentiometers are used to fix reference voltages of high gain sum,
low gain sum, overvoltage DAC-8 bits, discriminator DAC-10 bits * and discriminator
threshold.

4.2.1 Labview slow control interface

ALPS contains gain control facilities, in particular, pixels’ overvoltages (section.3.6.1) and
channels’ gains control (section.3.6.2), not forgetting the trigger threshold (section.3.8).
All these facilities are controlled according to user data as entered in a Labview interface
that is shown in Fig.4.3.

In this interface we can adjust the following parameters:

o The overvoltage of each macro pixel of the SiPM array within 2 V. This is done by
defining an 8-bit word for each of the sixteen DACs (section.3.6.1). These digital to
analog converters are inserted before each readout channel inside the ASIC.

o The gain of the R-2R block (section.3.6.2) of every channel on both high and low gain
directions. 8-bit word defines the number and location of the connected switches in
the R-2R block. Hence, It defines the fraction of the current transmitted from the
preamplifier to the sum amplifier via the R-2R block. As a consequence, the gain
of each preamplifier will be adjusted and identical signals on different channels will
be identically weighted in the sum output.

« Suppression decision of noisy channels (one bit labeled no_ CB). There are two bits
per channel, one for the high gain and the other for the low gain. Activating this
bit will mask the corresponding signal from the sum step.

o Discriminator threshold. A 10-bit word is the input of the DAC that will accordingly
generate the threshold over which the chip output (sum output) is defined.

It is even possible to neutralize the gain control process (i.e, bypassing the preamplifier
gain-control block) by activating a separated bit labeled gain_ fiz bit. This bit is unique
for the sixteen channels and is allocated in the second Labview interface which is shown
in Fig.4.4.

3according to AMS kit, positive and negative references for these DACs should be within the common

mode range of the op-amp that follows (e.g. between 0.8V and 2.4V)
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Figure 4.3: Labview interface(I). a) 8-bit words for overvoltage adjustment by per macro-
pixel DAC 8-bit, b) 8-bit words for high /low gain adjustment via R-2R blocks, c¢) high/low
gain noisy channel suppression (no_CB bits), d) 10-bit word to the DAC 10-bit for
discriminator threshold adjustment.
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Since preamplifier is the main part of this chip, it is important to evaluate its perfor-
mance independently from the rest of the circuit. For this purpose, a part of the Labview
program, which is shown in Fig.4.4; is dedicated to activating and probing the preampli-
fier outputs of a chosen channel. Please notice that even though essential, signal probing
at a test point affects the signal level because of the added capacitive loading (test point
and probe). A way to limit this effect will be to use active probes instead of the passive
high-impedance resistor divider probes.

These commands are sent to the on-board FPGA by usb protocol connector. The
VHDL program in the FPGA translates the received commands into a serial sequence of
bits that will be written in a FIFO standard to the in-chip register.

¢ High Gain Output =

|

Figure 4.4: Labview interface(Il). a) bypassing the gain control process with active
gain__fiz bit, b) probing a selected channel preamplifier outputs.

4.3 Test bench of Electrical tests

Electrical tests are the first set of planned tests. Electrical signals will be injected into
the chip to verify its behavior and compare it with the simulation. In this section, the
test bench is described. In the following sections, the purpose of each test is mentioned
and followed by a discussion of its results. At the end of these tests the concept of the
preamplifier and the efficiency of its facilities will be evaluated.
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The test bench that was used for the electrical tests is shown in Fig.4.5.

067 073 019 075 So2

BEEE

Figure 4.5: Test bench for chip electrical tests.

It is composed of the following devices:

o Stabilized power supply AL 936, a DC generator for power supply. Different power
supplies will be separated on the test board among the different blocks of the chip
and the digital part of the board. Table.4.1 shows a list of all used voltage values
on the board.

o Agilent 81110A 165-330 MHz pulse generator that will simulate the output of the
photo detector, i.e, generate input signals to be injected in chip inputs. The gen-
erated pulse is limited to a minimum transition time of 2ns. This pulse generator
also serves as an external trigger for the oscilloscope.

e RSA-35110D-BNC-R attenuator that provides an attenuation between 0 and 110
dB with 1 dB step over a wide frequency range from DC to 3 GHz. This attenuator
is used to change the ASIC input levels according to the adjusted attenuation.

o LeCroy wavepro 950 oscilloscope whose band width is of 1GHz in order to visualize
and measure output signals.

o Labview program on a dedicated computer to control the digital part of the ASIC and
to define the slow control values.
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Symbol | Value(V) | Purpose
USB

Veo g buffers
P-5 -5 buffers
P6.5 6.5

P3V3 3.3

P2V5 2.5 FPGA

P1V5 1.5

VDD 3.3 ALPS Chip

Table 4.1: Power supply list

Input signals In order to simulate the current output of the SiPM, Fig.4.6a shows the
arrangement which is used as the input circuit. It consists of adding a 1.1 K2 resistor
between the attenuator and the channel input. A 50 €2 load is used to properly adapt the
impedance between the attenuator and the impedance composed by the 1.1 KQ and the
input impedance of the chip being of the order of 50 (2.

23 25
Attenuator A .
0-110dB i
500 E
>4 Ius FWHM
(a) (b)

Figure 4.6: (a)lnput circuit configuration, (b) Input signal form.

Using the pulse generator mentioned above limits the speed of the signal used as input
to a minimum rising time of 2 ns while that of the SiPM signal is of the order of 1ns
(more precisely, some hundreds of pico seconds). Fig.4.6b illustrates the form of the
generated input pulse. As a matter of fact, rising edge is the important part of the input
pulse even if the falling edge is slow or that the pulse is wide. This is because rising time
describes the response speed of the detector itself* and that only the rising edge includes
information about higher frequency components of the signal®. i.e, the critical anomaly
in what concerns the readout electronic bandwidth comes from that rising edge. Besides,
coupling capacitors were inserted before the input of each preamplifier inside the chip
ALPS. These coupling capacitors will perform a shaping of the input signal.

Now to approach the input levels that were provided by the SiPM model to the chip
design during simulation, another simulation was performed with a voltage source and its
50€2 impedance as the input of the preamplifier instead of the SiPM model. Input voltage
level is found to be of about 385 uV for one photo electron signal that will give a response

4The response speed measures how fast a current output is formed by charge carriers generated in the
detector and extracted to the external circuit.

0.35
5The cut-off frequency of the detector is given by f, = <5 where t, is the rising time of the output
signal. '
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at the high gain output similar to that obtained when SiPM model was used. Figure.4.7
shows the response of the high gain path of the preamplifier simulated with one macro
pixel (SiPM) model and with a voltage source. One photo electron is considered in both
cases and output amplitudes are almost identical.
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Figure 4.7: High gain output of the preamplifier for one photo electron equivalent signal.
In red, when a voltage source of 385 uV amplitude, rising time of 2ns is used as input.
In blue, when SiPM model is used as input.

From here on, input voltages can be translated into number of photo electrons knowing
that one photo electron is the equivalent to an input voltage of about 385 V.

Input circuit shown in Fig.4.6a doesn’t affect timing resolution of the signal at the chip
input. The coupling capacitor inserted at the preamplifier input (inside the chip ALPS)
together with the input impedance forms a shaper that shortens the input pulse. Input
amplitude could be adjusted according to the attenuation. The output signal appears on
the oscilloscope as the average of 1000 iterations. The purpose is to average the random
noise picked up by cables.

4.4 Preamplifier tests

A preamplifier block was put in the chip out of the readout circuit for the purpose of
individual test. In this section, the performance of this block called PA_TEST will be
discussed.



119

4.4.1 Linearity and dynamic range

Input signal varies according to the attenuation of the input voltage V,. Voltages injected
in the chip inputs, via the lemo connectors, go from 50 puV up to 400 mV. Which are
the equivalent to a number of detected photo electrons that goes from 1/7.7 up to 1038.9
photo electrons.

Outputs are measured on the PA test lemo outputs called OUT HG _TEST and
OUT LG TEST for high gain and low gain outputs respectively. Each output is the
average signal of 1000 iterated signals done by the oscilloscope, and the output potentials
that we measure as the Y-axis in Fig.4.8 are the maximum amplitude of the preamplifier’s
output pulse at each input.

Preamplifier test
100co 1038.9 pe
259.7 pe
1000
.

100 +
; | = K
£
¥ 10 & n "
Q
.:tl + | |
= 1 + =

| #out_HG_test
0.1 | Mout_LG_test
|
out_HG_test/out_LG_test
0.01 :
0.01 01 1 10 100 1000 Vin (mV)
0.025974 0.25974 2.53974 25.974 259.74 2597.4 Photo
electron (pe)

Figure 4.8: Preamplifier output on both high gain and low gain for different input signals.
The high gain seems to be less than what was found by simulation while low gain is higher
than predicted.

The amplitude of output signals are ranging between 1 mV to ~ 2V on the preampli-
fier high gain before it reaches saturation as depicted in Fig.4.8. These outputs correspond
to input voltages between 50 uV" to 100 mV. Which is equivalent to a number of photo
electrons between 1/7.7 and 259.7 photo electrons.

While on the low gain and because of the noise it is difficult to measure small signals
with good certainty. However it was possible to measure output signals up to 200mV
corresponding to input voltage approaching 400mV i.e, 1038.9 photo electrons. It is
worth to mention that at this extent, the low gain path is not yet saturated. Now what
about the linearity of these preamplifier plots?

Figure.4.9 shows the linearity error on the high gain. High gain can measure signals
starting by 11 pe up to 193 pe with good linearity (linearity error is less than 3% except
for the second point = 34 pe where the error is about 4%). Linearity error on the low gain
is illustrated in Fig.4.10. A maximum linearity error is 3% for a range of inputs between
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Figure 4.9: Non-linearity on the HG of the preamplifier shows a similar pattern to what
was found in simulation. The error in linearity stays in the range of 3% for a dynamic
range that goes between 11pe and 193 pe excepting the second point corresponding to
34 pe where the non-linearity is about 4%.
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Figure 4.10: Non linearity on the LG of the preamplifier is within the desired value 3%
for a dynamic range between 171.7 pe and 337.7 pe.
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171.7 pe and 337.7 pe.

The gain ratio between high and low gain is less than that found in simulation. It
was measured to be of about 20 while the expected ratio is ~ 90. A possible cause of this
reduction is due to the test board since a ratio of only 10 was measured using the first
test board (Fig.4.1) while by using the second one (Fig.4.2) the gain ratio was doubled.

For conclusion, the preamplifier covers a wide dynamic range of 11 pe up to more than
300 pe on the combination high gain and low gain with a very good linearity that meet
the need of the LST (linearity error < 3%) as shown in Fig.4.8, Fig.4.9 and Fig.4.10.

4.4.2 Signal shape

As for timing, Fig.4.11 shows the shape of the output signal of the test block of preamplifier
for an input of 1.28 mV. The output on the high gain is a pulse of leading edge as slow
as 12.25 ns as a response to a charge equivalent to 3.3 photo electrons which is slow
recalling that in simulation we had a 2.8 ns leading edge output pulse for 1 photo electron
equivalent input.

C

OUT_HG_TEST

Ext AC 0.000 V IMQ

Figure 4.11: Preamplifier output signal seen on high gain for an input of V;,, = 1.28mV =
3.3 photo electrons.

Beside the slow rising edge of the input signal (limited by the voltage generator itself),
possible reasons for this degradation are parasitics. From the one hand, capacitive and
inductive elements added by the signal path from the lemo connector where the signal
is injected till the ASIC input. These parasitics were not considered in the simulation.
For proper design an inductance should be added between the input source (SiPM model
or voltage source) and preamplifier input. Fig.4.12 shows the difference in input signal
shape with and without this inductance.

On the other hand, there are the parasitic elements that charge the output of the
preamplifier. These parasitic elements are caused by the test board and lemo connectors
whose capacitance is of the order of 10 pF.

So to verify this assumption, it is helpful to re-simulate the preamplifier circuit taking
into consideration these undesired loads and using the same input arrangement (voltage
source). The results shown in Fig.4.13 support the explanation and confirm the perfor-
mance of the pure preamplifier. For a long term verification, it is worth designing another
test board with reduced parasitics.
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Figure 4.12: Elementary current pulses produced by the SiPM for BW=300 MHz and
different values of Rin and L the inductive element added by the connector between the
SiPM and the readout electronics[65].
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Figure 4.13: The effect of a parasitic capacitive load due to lemo connectors (estimated
by 10pF') at the input and on the preamplifier high gain output (in red). Output of the
preamplifier with no capacitive loads (in blue). Input signal is the equivalent of 1 photo
electron voltage being simulated as a pulse of 385 uV amplitude and 2ns leading edge.



123

4.5 Slow control tests

These tests aim to verify the gain control facilities that were integrated in the chip for each
readout channel (section.3.6). Since over voltage adjustment uses a DAC taken from AMS
library, the following tests concentrate on the preamplifier gain control. The performance
of the R-2R block (section.3.6.2) is discussed.

In order to test the performance of the sixteen readout channels, only one channel will
be fed by an input signal at a time. All other channels will not be connected to any input
signal. Output signals are measured at the single ended outputs of the sum amplifier.
Single ended sum outputs are labeled SUM__HG SE and SUM__LG __SFE for the high gain
and low gain respectively.

4.5.1 Residual pedestal

The output of the pre-amplifier passes through a control block (R-2R) described in sec-
tion.3.6.2 before being summed with other controlled preamplifiers’ outputs.

Talking about one channel fed by input signal, when its R2R code is set to zero, no
signal supposed to appear on the ASIC output and the preamplifier output signal should
be canalized to a false output called OUT __BID after the R2R gain control block. This
case is normally supposed to be the equivalent of suppressing the channel contribution in
the sum output by activating the no_ CB bit. However, this is not the case. As a matter
of fact, we can measure a non zero signal that we will call the residual pedestal even if
the R2R code is set to zero or the no OB bit is activated.

Residual pedestal @ LG Residual pedestal @ LG

Vin 36.9mV Vin 75mV
mean = 36.25mV mean =47, 75mV
RMS=1.677 RMS=2.22

1 2 3 4 5 6 7 88 9 10 11 12 13 14 15 16 i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Channel number Channel number
. . # pedestal-chl
Residual pedestal @ LG pedestal-meanvs Vin  mpecestaicn
Vin 14e6mV 50 A pedestal-ch3
mean = 67.5mV A pedestal-ch4
100 0 ¥ pedestal-chs
RMS=4.02 = pedestal-c
—_ 5 60 @ pedestal-ché
5 80 E
E =50 # + pedestal-ch7
w 60 “ ag “ | =pedestal-chd
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g 20 @ 20 47.75 2.22 M pedestal-ch11
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Figure 4.14: Residual pedestal measured on the SUM LG _SE for different input levels.
The dispersion found to be 4.7%, 4.6% and 6% for the used input levels of 36.9mV', 75 mV
and 146 mV (equivalent to 95.8, 194.8, and 379.22 photo electrons) respectively.
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Fig.4.14 shows the distribution of the residual pedestal over the sixteen channels. It
is not unique for all channels and its value shows a dispersion that, at its turn, depends
also on the input signal. This residual pedestal appears on low gain output as well as on
the high gain output. The residual pedestal measured on the high gain can be seen in
Annex.B.1. It is then necessary to correct measured values by deleting their contents due
to residual pedestal as we will see later in section.4.5.3.

When no input is applied to the channel, no signal appears on the preamplifier output.
Which eliminates the preamplifier responsibility of this phenomenon. Residual pedestal
could be due to current leakage through R2R switches or to an error in the slow control
bit-sequence propagation.

4.5.2 Gain control

The purpose of this test is to show the concept of gain control block (section.3.6.2) and to
verify its performance for each of the sixteen channels. This test passes through applying
an input at one channel at a time and measuring its output for the four essential gain-
control codes of the gain control block (R-2R). These are the four codes 64, 128, 192,
255 that correspond to gains of 0.5, 1, 1.5, 2 of the control block respectively. Normally
if no gain adjustment is needed, R-2R code should be set to the mean value of 128 that
means a gain of 1.

For an input signal V;,, = 3.69mV (= 9.6 photoelectrons), Fig.4.15 shows output
dispersion among the sixteen channels for each gain-control code on the high gain path.
This is an average dispersion of around 3.6% for the considered input pulse value 3.69m V.
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Figure 4.15: Dispersion among the sixteen channels for Vj, = 3.69mV is about 3.6%,
3.7%, 3.4% and 3.8% respectively for R-2R-gain 0.5, 1, 1.5 and 2.

The origin of this dispersion is believed to be the residual pedestal that was discussed
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in the previous section.4.5.1. It could be solved by using the gain-control block exactly
for the job it was designed for, as will be shown in the next section.

More test results on high gain output and also on the low gain output for different
input signals are shown in Annex.B.2.

Now considering the mean from each sub-figure of Fig.4.15 and trying to verify the
linearity of the gain control block gives Fig.4.16 where we can distinguish the very good
linearity on the high gain part in respect to the input signal.

Gain control on HG path
2000 —| + vies3.88mV
M |y=94032x
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Figure 4.16: Linearity of gain control process on high gain path for two different inputs.
Each point is the mean of the sixteen channels outputs for the given input and gain-control
code. In blue, plot represents average outputs of the sixteen channels for V;, = 3.69mV.
In red, plot represents average outputs of the sixteen channels for V;,, = 13.2mV

Gain control process is also found well linear on low gain part of the ASIC as we can

see in Fig.4.17.
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Figure 4.17: Linearity of gain control process on low gain path for two different inputs.
Each point is the mean of the sixteen channels outputs for the given input and gain-control
code. In blue, plot represents average outputs of the sixteen channels for V;, = 75mV.
In red, plot represents average outputs of the sixteen channels for V;,, = 146 mV'.
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4.5.3 Gain equalization

Even if the schematic is the same for all the sixteen channels, nothing really guarantees
the exact same response to the same input. The dispersion on the output could be
explained by the effect of potential parasitic elements that are inserted according to the
environment of each channel and its neighborhood which is not the same for all channels.
The used fabrication technology also plays a role according to the precision of chip layers
that it can manage during fabrication. Besides, the added residual pedestal discussed in
section.4.5.1. Nevertheless, readout electronics must show a homogeneous response to a
given input signal.

Here comes the role of the gain control block whose idea is based on the the R2R
network (section.3.6.2) and whose performance was shown in section.4.5.2. The aim is to
change the code of each channel so that unifying their response to a given input signal.

Gain equalization should then take account of this undesired residual pedestal value
and its annoying characteristics. The correction procedure implies the following steps:

1. Measuring the residual pedestal ped for each channel at the given input.

2. Deciding a standard output level out.

3. Knowing the pedestal value gives the output level predicted including the pedestal.
out;® = ped + out.

4. Gain control code is then to be adjusted so that predicted output out; can be
measured at the output.

5. A manual correction of measurements is then to be done by rolling out the pedestal
from the measured output and the result is nothing but the decided standard output
which is the same for all the sixteen channels.

Fig.4.18, shows gain equalization procedure step by step on the high gain, for an input
of Vi, = 3.69mV = 9.6 photo electrons. The target is to reduce output dispersion among
the sixteen channels to about 1%. Gain equalization process for other inputs can be seen
in Annex.B.3. Fig.4.19 shows final results of high gain equalization for other different
inputs.

Sout; is the intermediate output
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Figure 4.18: The procedure of gain correction after the HG pre-amplifier for an input
signal of 3.69mV: a) measuring the pedestal of each channel and fixing the standard
output (here it was put to 200mV’), b) digitally control the gain of each channel via
programming the switches of each R-2R bloc, ¢) measuring the output which at this step
includes the pedestal and here we can notice the 2.1% dispersion of the output value, d)
the sixteen outputs after residual pedestal subtraction from measured data. We can notice
a dispersion of about 0.24% among the sixteen channels. The gain is now homogeneous
for almost all the channels and the small dispersion (less than 1%) is better than expected.
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Figure 4.19: Gain equalization on high gain path for two other different input signals
Vin = 8mV and Vi, = 21 mV (equivalent to 20.78 photo electrons, 54.5 photo electrons).
That reduces gain dispersion in the sixteen readout channels to less than 1% (about
0%, and0.2% respectively).

The same procedure is applied on the low gain of the sixteen readout channels for two
different input levels V;, = 146 mV and V;, = 292mV . Process details can be seen in
Annex.B.3 (Fig.B.7 and Fig.B.8).
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Figure 4.20: Gain equalization on low gain path for two different input signals V;, =
146 mV, andVy, = 292mV (equivalent to 379.2 photo electrons, 758.4 photo electrons).
That reduces gain dispersion in the sixteen readout channels to less than 1% (about
0.48%, and 0.25% respectively).

The final results of low gain equalization for V;, = 146 mV and V;, = 292mV are
shown in Fig.4.20. The corresponding outputs were equalized to ~ 100mV and ~ 200mV
respectively.

Standard outputs chosen above are arbitrary, a correction table should be put including
all expected input levels with the corresponding standard outputs and correction codes.

Linearity @ HG after pedestal subtraction Linearity @ HG after gain equalization
without gain equalization
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Figure 4.21: Each high gain output is the mean of the 16-channel outputs measured for
only one channel fed at a time. Left: high-gain output vs V},, after pedestal subtraction, for
different R-2R gains (i.e, for different gain control codes which are unique for the sixteen
channel each time). Right: high-gain output vs Vj, after gain equalization including
pedestal subtraction.

This procedure is helpful not only for gain equalization purpose itself, but also to boost
the covered dynamic range and for linearity correction if needed (Fig.4.21). For example,
high gain path of one channel may get saturated at some limits of the input signal (only
one pixel is saturated but not the others for example). This saturation will be translated
in a deviation from linear response of the sum amplifier. Using gain equalization could
force standard levels of output that optimize the linearity in such cases and hence increase
the accepted range of inputs within this linear domain.
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4.5.4 Noisy channel suppression

ALPS chip provides the possibility of software deleting any channel. This solution may be
considered if a high noise level was measured on a given channel. This is done by giving
a high logic value to the bit labeled no_ CB that forms the ninth bit of the R-2R block
control word. This process consists of driving the signal to a false output away from the
sum amplifier input.

. . R2R control-word of 9 bits . . . )
gain_ fix bit b1 ‘ 53 ‘ b3 ‘ ba ‘ N ‘ b6 ‘ o7 ‘ b3 ‘ o CB switch direction Comments
0 ‘ 1 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 1 ‘ to false output ‘ channel is suppressed ‘

Table 4.2: Gain control configuration with an active no_ C'B bit that leads to delete the
low gain path of the corresponding channel (channel 15 here) even if the gain control was
set to 128 (i.e, Gror = 1).

Fig.4.22 depicts channel 15 suppression on low gain path according to the configuration
in table.4.2. Low gain path and high gain path of the same channel can be suppressed
individually since each path has its own no_ CB bit.

Figure 4.22: Left: low gain sum output of channel 15 when receiving an input of
Vin = 100mV = 259.7 photo electrons and passing through R-2R block that was pro-
grammed according to the code 128. Right, the output at the same point if channel 15 was
suppressed by activating the bit labeled no CB. The signal that appears on the output
is a residual pedestal. This result was obtained with the first test board.

The deleted channel will be suppressed from the sum output whatever its state was
before activating this no_CB bit (i.e, regardless the 8-bit word that forms the R-2R code
previously as was shown in Table.3.9).

Fig.4.23 depicts the output level when channel 15 is suppressed while its R-2R gain
control code is set to 255 as depicted in table.4.3. We can notice the same output level
in Fig.4.22-right.
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. . R2R control-word of 9 bits . L
gain_ fix bit b1 ‘ ") ‘ 53 ‘ b ‘ N ‘ b6 ‘ o7 ‘ b3 ‘ o CB switch direction Comments
0 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ to false output ‘ channel is suppressed ‘

Table 4.3: Gain control configuration with an active no_ C'B bit that leads to delete the
low gain path of the corresponding channel (channel 15 here) even if the gain control was
set to 255 (i.e, Gror = 2).

LG sum output

Figure 4.23: Low gain sum output when channel 15 is suppressed while receiving an input
of 100mV and gain control code of 255. The same output level is noticed as when the
gain control code was set to 128 in Fig.4.22. This result was obtained with the first test
board.

Channel suppression on high gain can be seen in Fig.4.24. All these results were
obtained with the first test board that is the reason of the kind of oscillation on the base
line.

Figure 4.24: Left: high gain sum output of channel 15 when receiving an input of V;,, =
100mV and passing through R-2R block that was programmed according to the code
255. Right, the output at the same point if channel 15 was suppressed by activating the
bit labeled no CB. This result was obtained with the first test board.

4.5.5 Bypassing gain control

This option may be needed in case of a dysfunction of R-2R control block. It consists of
activating the gain_ fix bit from the labview interface (Fig.4.4). An example of the gain
control configuration is shown in table.4.4. The preamplifier output of all channels will
bypass the R-2R block directly to the sum amplifier.
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This means that the input signal will be amplified by the product of preamplifier gain
and the sum amplifier, i.e, Gpa * Gsum—ampii-

R2R control-word of 9 bits

gain_ fix bit switch direction Comments

bl\b2\b3\b4\b5\b6\b7\b8\no_CB
1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 0 ‘to sum amplifier ‘ bypassing the R2R, block

Table 4.4: Gain control configuration with an active gain__ fiz bit.

HG sum output

Figure 4.25: Using the first test board, for an input signal of 100 mV: Left, high gain
output when signal is treated by the gain control whose code is fixed to full scale (255).
Right, the same output when the signal bypasses the control step (active gain_ fiz).

For a given input of V;,, = 100mV applied at channel number 15 , Fig.4.25 shows the
sum high gain output before and after gain_fix bit is activated. While Fig.4.26 shows the
same effect on the low gain path. These results were obtained with the first test board
that is the reason of the kind of oscillation on the base line.

LG sum output

) DRt TR yem N

Figure 4.26: Using the first test board, for an input signal of 100 mV: Left, low gain
output when signal is treated by the gain control code of 255. Right, the same output
when the signal bypasses the control step (active gain_ fix).
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4.6 Sum function

The purpose of this test is to show the reliability of the output sum of several channels.
The used method implies choosing two channels, applying an input on one channel at
a time and measuring its own output. Then simultaneously applying the same input
signal” on these two channels and check whether the output of the chip is identical to the
calculated sum of the two precedent measured values.

This test is divided into two sub-tests since the output signal depends on the gain of
the readout circuit. It particularly depends on the programmed gain of the intermediate
block (R-2R). The first sub-test verify the effect of gain control code on the reliability of
the sum function whether we are summing two identical signals or two different signals.
The second sub-test verify the sum as a function to the input signals.

In all these tests a pedestal correction will be done but not the equalization of the
gain (for which an improvement of the performance is foreseen).

4.6.1 The shape of output signal

Observing signals on the oscilloscope gives an idea about signal form besides that we can
verify the analog sum function. Fig.4.27 shows the high gain sum output of the ASIC
for different gain-control codes (vertically). It shows also the output when two inputs
(Vin = 21mV) are separately applied to two different channels (channel 5, and channel
16) and then the measured sum output when both channels read simultaneously these
two inputs(horizontally).

Table.4.5 shows the configurations set via Labview interface to control the R2R gain
for each case.

Each signal is the average of 1000 measurements done by the oscilloscope to eliminate
the random noise.

. . R2R control-word of 9 bits . . .
gain_ fix bit b1 ‘ ") ‘ B3 ‘ v ‘ NS ‘ b6 ‘ b7 ‘ s ‘ 1o CB switch direction | Comments
0 0 0 0 0 0 0 0 0 0 to sum amplifier | Grog =0
0 0 1 0 0 0 0 0 0 0 to sum amplifier | Grag = 0.5
0 1 0 0 0 0 0 0 0 0 to sum amplifier | Grog =1
0 1 1 0 0 0 0 0 0 0 to sum amplifier | Grorp = 1.5

Table 4.5: Gain control configuration for the four cases considered in the signal shape test
of the sum output.

"In order to generate two input signals a splitter is inserted between the pulse generator and the
attenuation part. Two attenuators are then necessary to allow the selective suppression of one input on
one channel while measuring the output of the other input on the other channel.
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(Ch5+Ch16)-HE

(Ch5+Ch16)-HG

(Ch5+Ch16}HG

Chi6-HG (Ch5¥Ch16):HG

(d)

Figure 4.27: ASIC outputs (from left to right)of chs, ch16 and ch5+ch16 for Vi, = 21mV
when: a) R-2R gain = 0, which is also the residual pedestal discussed in section4.5.1; b)
R-2R gain = 0.5, ¢) R-2R gain = 1, d) R-2R gain =1.5.

4.6.2 Sum as a function of the controlled gain

Fig.4.28a shows the variation of the sum on the high gain path as a function of the R-
2R gain. The summed output is a linear function to the R-2R code. Changing this code
doesn’t degenerate the expected sum value (i.e, the sum will change so we get the expected
sum output for the new R2R configuration).

As the input signal gets higher the sum output stops rising at the saturation limit of
the preamplifier or that of the sum amplifier which is found to be V,,; =2V as shown in
Fig.4.28b and Fig.4.28c.

Fig.4.29 is the result of doing the same process on the low gain path. In these tests
for higher inputs a very good linearity with the controlled gain was also found on the low
gain path.
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(a) Left: sum of two identical inputs before pedestal subtraction. Right: the corrected sum
after pedestal subtraction. In both figures, in blue is the output due to V;,, = 3.6 mV applied
to chd as a function of the R-2R gain of ch5. In red is the output due to V;, = 3.6 mV applied
The x plot labeled (ch5+ch16-c) is the manual
sum of the output of the two channels fed and measured separately while the plot in green
labeled (chd+ch16-m) is the plot measured at the high gain sum output when both channels
are simultaneously fed by two identical inputs of V;,, = 3.6 mV each. There is good agreement
between both plots at each point. And sum function shows very good linearity with the R-2R

to ch16 as function of the R-2R gain of ch16.
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(b) Sum of two signals of the value V;, = 13.2mV on ch5 and ch16 for different controlled

gains. The high gain path is saturated at 2 V.
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(c) Sum of two signals of the value V;, = 21 mV on ch5 and ch16 for different controlled gains.

The high gain path is saturated at 2V.

Figure 4.28: Sum measured on the single ended high gain output of the chip when two

identical inputs are applied on two channels for different controlled gains.
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(a) Left: sum of two identical inputs before pedestal subtraction. Right: the corrected sum after
pedestal subtraction. In both figures, in blue is the output due to V;,, = 37.8 mV applied to chd
as a function of the R-2R gain of chd. In red is the output due to V;, = 37.8 mV applied to
ch16 as function of the R-2R gain of ch16. The x plot labeled (ch5+ch16-c) is the manual sum
of the output of the two channels fed and measured separately while the plot in green labeled
(ch5+ch16-m) is the plot measured when both channels are simultaneously fed by two identical
inputs of V;,, = 37.8 mV each. There is good agreement between both plots at each point. And
sum function shows very good linearity with the R-2R gain.
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(b) Low gain sum output of two signals V;, = 74mV applied on ch5 and chi6 for different
controlled gains.
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(¢) Low gain sum output of two signals Vj,, = 146 mV applied on ch5 and chi16 for different
controlled gains.

Figure 4.29: Sum measured on the single ended low gain output of the chip when two
identical inputs are applied on two channels for different controlled gains.
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4.6.3 Sum of different signals

An example of the case where two different input signals are read by two channels at the
same time is considered. Their sum measured on the single ended low gain output of the
chip is depicted in Fig.4.30. It shows very good linearity with the programmable gain of
the R-2R block.
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Figure 4.30: Left: sum of two different inputs where the plots include the residual pedestal.
Right: corrected plots after pedestal subtraction. For both sides, in blue is the output
when only chd receives an input signal of 146 mV'. In red is the output when only chi16
receives an input signal of 74mV. The x plot labeled chd+chi6-c is the expected sum
of these two outputs in blue and in red. While the green plot labeled ch5+ch16-m is the
measured output when simultaneously Vj;, ;n5 = 146 mV and Vi, cp16 = 74mV.

This will compensate the limit of the high gain path for measuring upper limits of the
covered dynamic range. An input voltage of 74 mV is the equivalent of 192 photo electrons.
As for V;, = 146 mV it corresponds to ~ 379 photo electrons. These light intensities can
not be measured by the high gain readout electronics since the preamplifiers will already
be saturated. While as seen above, low gain path can easily measure such quantities.

4.6.4 Sum as a function of the input level

The second part of the sum tests is to check the linearity of the sum function with the
input level. For each R-2R four principle gain control codes, single ended sum output is
measured. Detailed results can be seen in Annex.B.4. At R-2R gain of unity, this block
is neutralized and its role is only to deliver preamplifier output to the sum amplifier.
Considering this case, we can focus on the sum as a function to the input signal.

Here also we measure the output when one channel reads an input signal at a time
before measuring the single ended output when both channels simultaneously read the
two identical inputs. The different input signals are 3.6 mV, 6.6 mV, 13.2mV, and 21 mV .
Equivalent to 9.35, 17.14, 34.3, and 54.5 photo electrons respectively.

Some deviation from linearity can be seen on the high gain sum output in Fig.4.31 (the
point equivalent to 34 pe has already shown more nonlinearity in Fig.4.9), while the low
gain sum output is very good linear as a function to the input signal as seen in Fig.4.32.

Low gain sum output as a function to input signal levels is shown in Fig.4.32. Input
signals are 37.8mV, 74mV, and 146 mV. Equivalent to 98.18, 192.2, and 379.2 photo
electrons respectively.
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Figure 4.31: Sum on high gain path of two signals as a function of the level of these
input signals. Here the R2R gain was set to 1 and in Fig.B.9, measurements are shown
for different R-2R controlled gains. Results are after pedestal correction. In blue is
the output when only chd receives an input signal. In red, is the output when only
ch16 receives an input signal. In green, the plot labeled chb+chi16-m is the measured
sum output when both chd and chi6 are fed by identical inputs. The x plot labeled
ch5+chl16-c is the arithmetic sum of the measured outputs when input signal is applied
only on chd and the measured output when the same input signal is applied only on
ch16. For input signals that cause saturation on the high gain path, the output should
be measured on the low gain path.
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Figure 4.32: Sum on low gain path of two signals as a function of the level of these input
signals. Here the R2R gain was set to 1 and in Fig.B.10, measurements are shown for
different R-2R controlled gains. Results are pedestal free. chd+chi16-m is the plot of the
measured sum output when both chd and ch16 are fed by identical input. chd+ch16-c is
the plot of the manual sum of the measured output when input signal is applied only on
chd and the measured output when the same input signal is applied only on ch16.

The non ideal linearity of the high gain path is due to the saturation of one (since in
this test no gain equalization is done) or both channels. It may be produced if at least
one pre-amplifier is saturated or even if saturation occurs at sum amplifier.

Since high gain path is designed to detect and measure the lowest signals issue of
the detector, especially the single photo electron signal; it is sufficient to be as perfectly
linear over the beginning of the dynamic range and we can manage this nonlinearity for
big signals that should be measured on the low gain path. Nonetheless, as was shown in
section.4.5.3, gain equalization may have good influence on this performance (Fig.4.21).
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4.7 Test bench for ALPS test with SiPM

The second part of tests are tests that were held with the detector SiPM connected to
the test board. Fig.4.33 shows the different devices used in these tests.

Black box of SiPM
Fiber optic ALPS test board

Pulse generator for the light control
LED container + fiber optic Power supply for

-

YL EE
i

Slow control board ALPS test board

Clock generator for
the slow control FPGA

Measurement on the oscilloscope

Figure 4.33: Test bench for tests with SiPM

This test bench is composed of the following devices:

o Stabilized power supply AL 936. A DC power supply for the test board that carries
the chip ALPS and its slow control intermediate manager FPGA.

« A combination of 2 DC generators for the SiPM bias in order to be able to precisely
change the detector’s high voltage with a resolution of AV = 10mV. These gener-
ators are:Agilent E3612A DC power supply that gives a maximum of 60V in series
with T'SX35 10P programmable DC PSU that gives the rest of the bias voltage.

o Agilent 81150A 120MHz pulse function arbitrary generator that provides the LED
control signal. Table.4.6 shows the light control pulse characteristics.

o LeCroy wavepro 950 oscilloscope whose band width is of 1GHz in order to measure
output signals.

In order to approach the CTA telescope conditions, a blue light emitting diode (LED
of 450nm wavelength) is used to simulate Cerenkov light. The relative intensity emitted
by this LED (Annex.C - section.C.1) at the considered wave length is found to be 0.675
which means a transmitted intensity of 20.25 med®.

8c¢md: millicandela the unit used to express luminous intensity that is the light flux emitted per solid
angle (lumen/sr).
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Vop 5V

Vbe 25V

Load impedance 5002
Output impedance 5082

Polarity Normal
Frequency 10 KHz
Pulse width 5 ns
Lead edge 2.5 ns
Trail edge 2.5 ns

Table 4.6: LED control pulse

This LED is controlled by a pulse generator output whose parameters are shown in
Table.4.6. Light is transmitted by a fiber optic to the black box where is put the SiPM
matrix. The fiber optics is a multimode type that has a relatively big diameter and
a large numerical aperture!®. From the fiber optic side, basic alignment technique is
enough to get a good coupling with the light source!!. Still, SiPM matrix need to be in a
horizontal position perpendicular to the Fiber optic emitting side. SiPM connector goes
out of the box to the test board that carries ALPS readout chip. The chip is controlled
by a LabView program and output signals are measured manually on the oscilloscope.

The second board that appears in Fig.4.33 was used to provide communication between
the chip and the Labview interface because of the breakdown of the FPGA on ALPS test
board. This arrangement will limit the tests that could be performed and will damage
test results.

Optical filters For different light intensities, a neutral light density filters'? are used.
These filters have a flat wavelength response i.e, they are insensitive to wavelength for
absorption. The optical density of a filter is given in Eq.4.1, where [; is the intensity of
the incident light and I, is the intensity of the transmitted light through the filter. It is
then the base 10 logarithm of the filter’s opacity, where the opacity is the amount of light
that the filter blocks.
D= logﬁ (4.1)
‘[0
An optical filter is usually marked with the percent of its optical density. The filters
used in these tests have the reference ND-DY% that goes from ND-10 to ND-100. The
transmitted light intensity can be found knowing light intensity of the light source and
the optical density of the used filter. Table.4.7 is a list of the used optical filters with
their optical densities and the transmitted light intensities.

9There are two types of multi-mode fiber optics: gradient-index and step-index fiber optics. The first
one has a bigger diameter with respect to the latter.

10Multi-mode fiber optics have a large acceptance cone, i.e, a large acceptance angle ©,,4, = 1/2 angle
of the cone. Their numerical aperture is then bigger than that for the single-mode counterparts.
NA =nSin®ap = /N25re — N2, Where ncore is the refraction index of the core material of the fiber
and ng.q is that of its clad.

HHowever, their band width is small and this is essentially due to the phase distortion and the group
delay distortion.

120VI Laser Optics home: http://cvilaseroptics.com/


http://cvilaseroptics.com/
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’ Filter ‘ D \relative intensity I, ‘

No filter | - 0.675
ND-10 | 0.1 0.536
ND-20 | 0.2 0.423
ND-40 | 0.4 0.269
ND-60 | 0.6 0.17
ND-80 | 0.8 0.11
ND-100 | 1 0.068

Table 4.7: Light intensities at the output of each used optical filter (losses in optical
connection and fiber optic were ignored).

SiPM matrix was polarized at a reverse voltage of 72.7V that was found to give the
best results. It should be mentioned that the spot of light emitted by the fiber optic on
the SiPM array is not precisely focused on the center of the matrix neither the matrix
is well horizontally held inside the dark box. These damages occurs because of some
treatment that was necessary to connect the SiPM array to the test board that carry
the chip. For these reasons besides a damage in the FPGA that transmits slow control
bit-sequence to the chip, it was difficult to redo all the essential tests on the chip as was
done in the electrical tests. As a consequence, it was only possible to do basic tests to
check the shape of the signal at the output of the preamplifier and at the sum output of
the chip.

4.8 Signal shape

Fig.4.34 shows an example of the signal measured on the high gain output of the pream-
plifier. This amplitude was obtained with full light intensity of the LED (with no filter
used) and with a new cover of the dark box that allows to approach the fiber optic end
from the SiPM surface.

Fig.4.35 shows the sum signal shape at the single ended sum output measured on the
high gain for an active gain_ fiz bit that will bypass the gain control process of the whole
readout channels to avoid the slow control anomaly.

As a matter of fact, measurements at the preamplifier outputs require probe activation
by slow control intervention. Instability and several anomalies were observed in this
function like for example the activation of both low and high gain outputs with sometimes
one bit and other times two different bits in the probe part of the Labview program. The
dysfunction of probe bits for some channels were also noticed. A review of the slow control
program is an essential task for future tests.

Besides, with this new arrangement (new cover of the dark box that holds the SiPM
matrix), it was not possible to measure signals from all preamplifiers since we can not
move the new cover precisely (the movement of the cover is limited) and the position of
the SiPM matrix is not precise neither.
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Figure 4.34: High gain preamplifier output of channel 6 reading a signal produced by
the corresponding macro pixel (SiPM) when the SiPM matrix is illuminated with the full
LED intensity.

Figure 4.35: Sum signal shape measured at the single ended output of the high gain,slew
rate effect can be noticed.

The try to do linearity tests on the preamplifier and on the sum amplifier can bee
seen in section.C.3 and section.C.4. There is no precise physical interpretation for those
plots since the light intensity on X-axis could not be found because of filter mismatch.
The fact that more measurements could be done on the sum output bypassing all slow
control intervention while most of these measurements were not possible at the pream-
plifier outputs involving probe activation by slow control commands implicates errors in
slow control. That is the reason why new test board should be designed. It would be of
great interest to separate the chip from all digital parts. We can envisage two sub boards,
a small chip holder board and FPGA holder, with the possibility to do one time charge
of chip register before performing tests and then cut-off every connection between the
analog and digital parts (i.e, between the chip and the FPGA).
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4.9 Conclusion

A first test board was designed with a 100-pin chip socket in order to test the 5 packaged
samples of ALPS readout chip. A labview interface was also programmed allowing to set
codes that will form the slow control bit sequence. Slow control consists in adjusting the
applied voltage (and hence, controlling the gain) of each individual macro pixel (SiPM) of
the detector, the gain of each of the sixteen preamplifiers, and the discriminator threshold.
Besides that, several test points could be activated to probe signals at different critical
points inside the chip and to read signals directly at the preamplifiers’ outputs. FPGA
is welded on this test board to handle the communication between the labview interface
and the chip registers.

The first tests used electrically generated signals as inputs. At the output of the
preamplifier, oscillation and noise were observed to affect the measured signals. In addi-
tion, high gain to low gain ratio was measured HG /LG = 10 while a ratio of about 90 was
obtained from simulation. These tests have raised the need for a second test board on
which isolating buffers were added to protect signals from noise picked by cables, signal
paths, and socket pins since the chip is directly welded on the second test board. Tests
with the second test board have lead to the following results:

Electrical tests use a voltage pulse generator with an attenuator and an input resistor
of 1.1 k8 in order to vary the input level. Input signal that corresponds to one photo
electron signal was found to be 385 uV'.

Preamplifier can measure signals ranging from one photo electron up to 259 photo
electrons on the high gain (50 uV up to 100mV’). And it measures up to 1039 photo
electrons on the low gain path (the maximum applied input voltage of 400mV’). Tt
is worth mentioning that at this maximum input signal the low gain path is not yet
saturated. Considering the linearity condition (linearity error below 3% for CTA), high
gain measures a dynamic range between 11— 193 pe. While low gain respects this linearity
condition for a range 171 — 337 pe.

The high gain to low gain ratio was doubled using this new test board. The gain ratio
at the output of the preamplifier was 20. Regarding the gain ratio of 10 that was found
with the first test board, this enforces the theory of a test board problem.

The rising time of the minimum input signal was limited by the minimum provided
by the pulse generator which is 2ns (more than double the rising time of a SiPM signal).
As a consequence, the response speed of the preamplifier could not be checked. Another
reason that has prevented this test is the additional parasitic capacitive and inductive
loads related to lemo connectors and test points. These elements directly affect the
timing characteristics of output signals.

For what concerns slow control facilities, they were checked in two cases: when each
individual readout channel was fed by an input signal (gain control and gain equalization).
And when two channels were receiving input signals (sum function).

Testing the sixteen readout channel individually has shown a gain dispersion among
them of about 5.5% in the worst case. Gain of each channel was found to change linearly
according to corresponding gain control word of 8 bits that should be set in the Labview
interface. High gain and low gain of each channel can be controlled independently.

Moreover, gain dispersion among the sixteen readout channels could be reduced to
less than 1% fulfilling the goal. For a given input, gain unification process consists of
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several steps: measuring the output of each channel when its gain control word is set
to 0 (the residual pedestal), deciding the standard output for this given input, finding
the corresponding gain control code for each channel (that will give the nearest output
to the standard output), the last step is to measure outputs corresponding to the gain
control codes and to subtract the corresponding residual pedestals from measurements.
This facility is helpful to correct linearity and to boost the covered dynamic range even
more. A correcting table should be put listing all expected levels on the input with their
corresponding standard outputs and correcting gain control codes.

Noisy channel suppression (for each channel, there are two no_CB bits one for the
high gain and the other for the low gain) and gain control bypassing (a general common
gain__fix bit for the sixteen channels) were checked and was found to work as predicted.

Introducing two input signals to two different readout channels, the sum function
(on both high and low gains) was tested and was found to show the expected performance
after the pedestal subtraction. Summed output is a linear function to gain control codes
of the two channels whether their inputs are identical or different signals. The summed
output is also a linear function to the input level.

Tests with SiPM array In these tests a blue light emitting diode was used to send
light through an optical fiber into the black box including the detector. An anomaly was
found in the slow control function and probe activation bits (for these tests an additional
test board was used to communicate with the labview interface).

To check signal shape, a new cover was designed to allow the optical fiber to come
closer to the detector. Good signal shape (similar to that found by simulation) was
measured at the high gain (and that of the low gain) output of the preamplifier and at
the single ended high gain ( and that of the low gain) sum output.

Several improvements in the test bench including: test board, slow control, and me-
chanical system could be essential for complete tests and hence, for a better evaluation of
the chip.
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Summary and perspectives

Summary SiPM photodetectors are serious candidates to replace photomultiplier tubes
(PMT) in the next generation of the LST cameras. Using SiPM detectors for the LST
can reduce the energy threshold of the detected gamma rays. Characterization tests on
a monolithic array of 4 x 4 SiPM fabricated by Hamamatsu have proved the advantage
of using such detectors. SiPM matrix operates at optimal bias voltage of about 72V a
low bias voltage comparing to that of the PMT. An average gain of 710° was measured
with a gain dispersion of «~» 10% among the sixteen macro pixels of the matrix. Gain of
the SiPM depends on its applied voltage. As a consequence, gain dispersion in the SiPM
matrix can be reduced by adjusting the applied voltage of each macro pixel. This feature
was taken into account in the front-end electronic design.

ASIC design and preamplifier simulation results: An 8 — bit digital to analog
converter is inserted at the beginning of each readout channel. Its role is to adjust the
applied voltage of the corresponding macro pixel (SiPM).

Output signal of each SiPM is read by a current mode preamplifier of dual gain: high
gain and low gain. According to simulation results, this structure makes it possible to
measure a dynamic range between 1 photo electron and 125 photo electrons on the high
gain. While on the low gain, the dynamic range can reach more than 2000 photo electrons.
The two gains overlap over one decade with a gain ratio of ~ 90. The high gain path
responds to the single photo electron signal within less than 3ns and measures it with a
signal to noise ratio of ~ 6. The power consumption of the sixteen preamplifiers is less
than 30 mW.

Each gain path is adjusted by an independent R2R structure of 8 bits. A ninth bit
is added to suppress the path if it is found noisy. An additional bit common to the 32
gain paths is added to bypass these R2R blocks. This last function is important to avoid
possible dysfunctions of these blocks.

At each gain path and after individual gain control, the sixteen preamplifier outputs
are summed. ALPS gives only two analog signals: one of the high gain sum and the other
is the low gain sum.

A discriminator generates a trigger signal which is the third output of the chip. it
is produced by comparing the high gain sum output to a programmable threshold. A
10 — bit DAC is integrated to vary this threshold.

The proposed readout electronic was designed in AMS 0.35 um BiCMOS, SiGe tech-
nology. ALPS stands for ASIC de Lecture Pour SiPM. 1t is a 100 — pin chip that
consists in sixteen readout channels, analog sum function, and trigger function. Besides,
gain control facilities.
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Two test boards were designed and a Labview interface was programmed. Tests with
the first test board showed added noise, oscillation and high to low gain ratio of 10. These
were the reasons behind the need for the second test board. The following are results of
tests that were done using the second test board.

Electrical tests, voltage pulse generator was used to produce input signals. One
photo electron is estimated to be the equivalent to 385 uV'. The high gain path saturates
at an input level of 100mV = 259 photo electrons. The low gain path measures input
signals up to 400 mV = 1039 photo electrons and it is not yet saturated.

Including the linearity condition (linearity error < 3%) imposed by the CTA, the high
gain measures a range of 11 —193 pe within the desired linearity. As for the low gain path
of the preamplifier, it measures a range between 171.7 — 337.7 pe respecting the linearity
condition.

Gain ratio was doubled: HG/LG = 20 was obtained with the second test board
comparing to that obtained with the first test board. However, it is still less than expected.
The response speed of the preamplifier could not be checked because the minimum rising
time provided by the pulse generator is 2 ns double that of the real SiPM-generated signal
(trsipm = 1ns). Both gain ratio and response speed degradation ca also be explained by
the effect of the parasitic capacitive and inductive loads related to test points and lemo
connectors.

As for the slow control tests, the gain control via R2R blocks was found linear with
the slow control codes. A gain dispersion of 5.5% among the sixteen preamplifiers was
measured. This dispersion could be reduced to less than 1% (v« 0.2% for the high gain
paths and < 0.5% for the low gain paths) thanks to the R2R configuration set in the
Labview. The noisy channel suppression and the gain control bypassing were checked.
They operate as expected. Gain equalization is a helpful mechanism to correct linearity
and to boost the covered dynamic range. A correcting table should be put listing expected
input levels, standard outputs and the correction codes.

The sum function tests include an additional pedestal subtraction process. The resid-
ual pedestal was defined as the output when the gain control code is set to zero. After
pedestal subtraction, sum function was found a linear function to gain control codes and
to input signal level.

Tests with SiPM A blue light emitting diode (LED) was used to simulate Cherenkov
light. An optical fiber is used to send light into the black box including the detector. An
anomaly in the slow control function was observed preventing complete tests. However,
signal shape at the output of the preamplifier and at the output of the sum (chip output)
was found similar to simulation.

Perspectives Outputs of the ASIC are single ended signals that should be converted
into differential signals. This is required by the following acquisition system (NECTAR or
DRAGON). Because of time constraints, this conversion is performed thanks to a discrete
electronic devices that are welded on the test board. However, the integration of this
functionality inside the ASIC is a considerable perspective for a forthcoming version.

It is important for final and more reliable evaluation of the ALPS chip to pay more
attention to test bench mechanical and optical components especially for what concerns
better light interaction mechanism with the different macro pixels of the SiPM array. The
future perspective includes a test board composed of two small sub-boards with smaller
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number of test points (less added parasitic elements) and better isolation buffers. One
sub-board will be the ALPS chip holder and the other will be dedicated for the FPGA and
control peripheries. This separation strategy may promise lower additional noise and less
digital influence on the precision of the performance of the chip. Slow control program
should be reviewed as well. Tests of the dynamic range and linearity should then be done
to complete the evaluation process of ALPS.
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Appendix A

Terminology of photodetector
devices

Whatever type of photodetector, its performance is described in some physical and techni-
cal terms. According to the technology and structure, different terms are used to describe
the performance of different photosensors. Here is a description of the most important
characteristics usually used to talk about the performance of different photodetectors[41][49][116][117]:

Photo Electron (pe) It is the term used to point out one electron that will be created
by an incident photon in the photo sensor.

Photon counting Light in its corpuscular definition is a stream of photons. Photon
counting is a technique for measuring low light levels since in this case photons are sepa-
rated from each other and can be counted.

Responsivity (R) Also called Photo Sensitivity, it is the ratio of the produced
photocurrent to the radiant power! of the incident light. This ratio is called the absolute
responsivity and is expressed in A/W.

R=-% (A.1)

The relative responsivity (%) is the normalized responsivity to its value at the peak
wavelength?.

Spectral response The output current (i.e, photocurrent) of the photodetector is pro-
portional to the energy of the incident light as seen in section.2.2. Photo responsivity
describes the conversion efficiency of the incident photons into photoelectrons, it varies

'Light quantities are considered either physical quantities or photometric quantities. In the former,
all wavelengths are considered while in the latter, light quantities are correlated to the visual sensation of
light (human eye sensitivity). Luminous flux of light ® = k,, [ ®,(A\)V(X)dX where k;,, is the maximum
sensitivity of the human eye (638 lm/W), V() is the typical sensitivity of the human eye and ®, is the
radiant power of light.

2The peak wavelength is the wavelength for which the sensitivity reaches its maximum.
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according to the incident wavelength. Eq.A.2 resumes the relationship between the energy
(measured in eV') and the wavelength (measured in nm).

1240
Alnm)]

EleV] = [34] (A.2)
According to its energy and hence to its wavelength, the incident light can pass through
the detector without any attenuation (£ < E,) or it can be partially or totally absorbed.
The spectral response describes the photo sensitivity as a function of the wavelength.
Depending on the manufacturer the spectral response range can be defined as the region
in which the relative sensitivity is higher than a specific percentage (e.g, 5%) of the peak
value.

Quantum Efficiency (QE) It describes the probability that an incident photon will
generate an electron that will contribute to the output current. Since only a fraction of
the photon flux will be effectively detected because of several issues like the reflection
at the surface of the device, the absorption coefficient and depth of device material,
recombination of produced charge carrier. 0 < QF < 1. Quantum efficiency is then
the number of generated electron/hole pairs N, divided by the number of the incident
photons Ny,,.

QF = (A.3)

Photodetection Efficiency (PDE) It is a measure of what percentage of incident
photons were detected.
PDE =QE * f, x P, (A.4)

Where QF is the quantum efficiency defined previously, f, is a geometric factor that
depends on the effective area of the detector and P, is the avalanche probability. Hence,
photodetection efficiency is an indicator related to the type of the photodetector and
to its fabrication technique. For a wave length of A « 450 nm, the PDE of PMTs? is
about 20%. While, PDE is found «~ 30% in a P-on-N structure G-APD* produced by
Hamamatsu and operates at 1V over breakdown, while it is «~~ 18% in a N-on-P G-APD
fabricated by Photonique/CPTA that operates at 4V over its breakdown[36]. PDE as a
function of wave length is depicted in Fig.A.1 for two different fabricators of SiPM® and
for different cell sizes.

Over voltage (AV) The avalanche process starts at a voltage known as the break-
down voltage. The over voltage is the bias voltage above the breakdown voltage that
starts the geiger-mode avalanche (Geiger mode photodetectors will be discussed later in
section.2.4.4). The operating voltage is then given as:

VBias = VBR + AV (A5)

Operating at a voltage over the breakdown optimizes the performance of the photodetector
in terms of gain. However, it may increase the noise as well.

3PMT: Photo Multiplier Tube will be discussed in section.2.3.
4G-APD: Geiger Analanche Photo-Diode will be discussed in section.2.4.4.
5SiPM: Silicon Photo-Multiplier will be discussed in section.2.5.
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Figure A.1: PDE as a function of wavelength for different device sizes. Left, from
Sensl[116]. Right, from Hamamatsu[49].

Gain (G) Internal gain of the photodetector is a characteristic related to photomulti-
plier tubes and semiconductor photodetectors using the avalanche phenomena. It is the
ratio of the number of multiplied electrons to one electron excited by one incident photon.
Or it is the total charge at the output of the detector responding to one photon divide by
the charge of the electron gq.

Qtotal

q
Where the total charge ;.1 is a function to several geometrical and environmental factors
represented by the detector capacitance C' and the applied operating voltage oV .

G = (A.6)

Qtotal - O * AV (A?)

Dark current (Ip) and Dark Count Rate (DCR) Noise in optoelectronic devices
is defined as the level of their output within the absence of an incident signal, i.e, in dark.
This background signal affects the minimum light quantity detected by the device.

The main source of noise is the thermal generation of charge carrier in the device mate-
rial. It can be described in the dark count rate DCR which is the number of dark induced
pulses per second (Hz)[37]. Fig.A.2 illustrates dark current pulses in a photodetector.

< I I I

rpr |
output '

Time

Figure A.2: Pulses of the incident light on top. Onthe bottom: In black, pulses due to
light at the output of the photodetector (of type MPPC: Multi Pixel Photon Counter)
and red pulses are dark induced pulses[50].
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The DCR distribution is poissonian in time and its rms is the noise contribution of
the detector[116]. DCR is found to depend on the detector size and area[116]. Since of
thermal origin, DCR increases with temperature. DCR increases slightly with operating
voltage at low temperatures but the influence of over voltage becomes very clear at high
temperatures. Hence DCR can be limited by cooling to low temperatures.

After pulse It is a spurious pulse that appears in the wake of the real pulse. This
phenomenon has different origins according to the type of the photodetector.

In the photomultiplier tubes (PMT), afterpulsing is caused by the elastic scattering
of the electrons from the first dynode. However, the main cause of afterpulses in PMTs
are the positive ions generated by the ionization of residual gases in the PMT[118][119].

In solid state photodetectors, crystal defects may trap generated charge carriers and
release them after some time (some nano seconds|[120]). The resulting spurious pulses
cause detection errors since they have the same shape as the photo-generated pulses. The
probability of the after pulse after a breakdown is «~» 20%|121].

On the contrary of the dark current, after pulse rate decreases when temperature
increases since the lower the temperature is, the higher the probability that charge car-
riers may be trapped in crystal defects. Improving materials and process technology can
reduce the after pulse rate. Which has good effect on signal to noise ratio and allow op-
eration at wide range of bias voltages, better time resolution and better photo detection
efficiency|[50].

Crosstalk Secondary photons may be generated due to energetic charge carriers excited
in the crystal®. Those photons different from incident photons may be detected in adjacent
photodetectors (or in neighbor pixels in multipixel detectors).

Figure A.3: Oscilloscope shot showing dark counts and we can see the crosstalk effect[116].

Crosstalk is considered as an important source of errors in photodetectors. Optical
trenches or grooves are integrated in the semiconductor detectors in order to isolate pixels
from each other and stop photon tunneling. Secondary photons will then be blocked from

6By stimulated emission pointed to in section.2.2
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reaching the neighbor detectors built in the same semiconductor wafer and crosstalk is
then reduced.

Rising time (¢,) For a signal to rise from 10% to 90% of its maximum, it takes some
time that is known as the rising time. This criterion is very important for the electronic
system in particular since it defines its response speed. Electronic circuit that will read
a fast signal should have a wide band width so that to keep the characteristics of the
leading edge.

Time resolution It is the width o of the time distribution between the moment light
pulse is emitted on the detector and the moment when an output pulse appears[51].
Even if photons arrive at different macro cells simultaneously, their output signals may
not be at the same time. A time fluctuation called jitter occurs. If two photons enter
macro pixels with a certain time difference shorter than this jitter, it would be impossible
to be detected. The time resolution is also defined as the minimum time difference that
can be detected by a SiPM. It is defined as the FWHM of the distribution of time jitter[49].
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Appendix B

Electrical tests (continuation)

B.1 Residual pedestal

As was mentioned in section.4.5.1 a residual pedestal is measured on the output even if
the readout channel was suppressed or that its gain control code was set to zero (R-2R
code is a sequence of bits that are all zeros). This residual pedestal was showed on the
low gain in Fig.4.14, but it is also measured on the high gain of the studied channel as

seen in Fig.B.1.
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Figure B.1: Residual pedestal measured on the SUM _HG SFE for different input levels.

The dispersion found to be 4.8%, 2% and 2.7% for the used input levels of 3.69 mV, 13.2

mV and 21 mV respectively.
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B.2 Gain control

Another test of gain control on the high gain for an input signal of V;, =
(= 934.2 photo electron) is shown in Fig.B.2.
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Figure B.2: Dispersion among the sixteen channels for V;, = 13.2mVis about 3%, 3%,
3.9% and 3.7% respectively for R-2R-gain 0.5, 1, 1.5 and 2.

Turning to the low gain path, repeating the test and analyzing the measurement
data gives Fig.B.3 for an input signal of V;, = 75mV and Fig.B.4 for an input signal of
Vin = 146mV. These figures show an average dispersion of around 5% among the sixteen
channels for the input of Vj,, = 75mV and 4.4% for V;, = 146mV .
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Figure B.3: Dispersion among the sixteen channels for V;, = 75mV is about 5.5%, 4.9%,
4.7% and 5.2% respectively for R-2R-gain 0.5, 1, 1.5, 2.
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Figure B.4: Dispersion among the sixteen channels for V;, = 146mV is about 5%, 4.3%,
4.2% and 4.2% respectively for R-2R-gain 0.5, 1, 1.5, 2.



158

B.3 Gain equalization

Fig.B.5 and Fig.B.6 depict the steps of gain equalization process on high gain path for
two different inputs V;,, = 8mV and Vin = 21 mV.
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Figure B.5: High gain equalization for an input of § mV, the standard output was defined
to 400 mV. The result shows zero dispersion among the sixteen channels.
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Figure B.6: High gain equalization for an input of 21 mV, the standard output was defined
to 1.138 V. The result shows a dispersion of about 0.2% among the sixteen channels.

The same process was applied on the low gain for V;, = 146 mV and V;, = 292mV
respectively. Process details are illustrated in Fig.B.7 and in Fig.B.8.
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Figure B.7: Low gain equalization for an input of 146 mV, the standard output was
defined to 100 mV. The result shows 0.48% of dispersion among the sixteen channels.
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Figure B.8: Low gain equalization for an input of 292 mV, the standard output was
defined to 200 mV. The result shows a dispersion of about 0.25% among the sixteen
channels.
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B.4 Sum as a function of the input level

For each R-2R four principle gain control codes, single ended sum output is measured
as a function to the input signals. Both considered channels receive the same signal
simultaneously. Fig.B.9 shows the results on the high gain sum output for input levels
that are 3.6 mV, 6.6 mV, 13.2mV, and 21 mV. Equivalent to 9.35, 17.14, 34.3, and 54.5
photo electrons respectively.
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Figure B.9: Sum on high gain path of two signals as a function of the level of these input
signals. Measurements are shown for different R-2R controlled gains. Results are after
pedestal correction. In blue is the output when only chd receives an input signal. In
red, is the output when only chi16 receives an input signal. In green, the plot labeled
chd+chi16-m is the measured sum output when both ch5 and chi6 are fed by identical
inputs. The x plot labeled ch5+chi16-c is the arithmetic sum of the measured output
when input signal is applied only on chd and the measured output when the same input
signal is applied only on ch16. For input signals that cause saturation on the high gain
path, the output should be measured on the low gain path.

Fig.B.10 shows the sum on the low gain output for input signals of 37.8 mV, 74 mV
and 146 mV (equivalent to 98.18, 192.2, and 379.2 photo electrons respectively) and at
the four main gain control codes.

As was said in the section.4.6.4 saturation on high gain path ,and hence the damage
it causes on linearity, can be postpone using gain equalization technique. It can also be
compensated simply by reading the sum output on the low gain path instead.
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Figure B.10: Sum on low gain path of two signals as a function of the level of these input
signals for different R-2R controlled gain. Results are pedestal free. ch5+chi16-m is the
plot of the measured sum output when both chd and chi6 are fed by identical input.
chb+chl16-c is the plot of the manual sum of the measured output when input signal is
applied only on chb and the measured output when the same input signal is applied only
on chl6.



Appendix C

ALPS tests with SiPM
(Specification)

C.1 Light emitting diode LED

The light source used to simulate Cherenkov light is a blue light emitting diode (LED).
It was used to emit at A = 450nm. At this wave length the relative light intensity can
be found from Fig.C.1 to be 0.675.
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Figure C.1:  Relative intensity as a function to the emitted wave length

(http://html.alldatasheet.com/html-pdf/157144/HP/HLMP-DB45-N0OODD/108/
3/HLMP-DB45-NOODD. html).

This intensity was used as the primary incident value on the SiPM array ignoring all
kind of possible losses in the fiber optic that leads light from the LED to the dark box
of the detector. This value was then used in order to calculate the transmitted relative
intensity through optical filters.


http://html.alldatasheet.com/html-pdf/157144/HP/HLMP-DB45-N00DD/108/3/HLMP-DB45-N00DD.html
http://html.alldatasheet.com/html-pdf/157144/HP/HLMP-DB45-N00DD/108/3/HLMP-DB45-N00DD.html
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C.2 Optical filters

For varying light intensity, optical filter of the type metalic neutral density were used.
These filters show invariant characteristics for various wavelengths. The opacity of these
filters is defined as:
ity = L = 1 (C.1)
opacity I-T .
In these terms, the opacity is exactly the reciprocal of the transmittance Eq.C.1. We
can conclude the transmission as given in Eq.C.2. knowing that commercially a filter is

defined by its optical density as ND-D%.

= T=10" (C.2)

opacity’
That is 0 < T < 1. In terms of absorbing medium in the optical filter, the intensity of
an incident light decreases exponentially as it passes through an absorber as reveals the
transmittance formula depicted in Eq. C.3 called Beer’s law.

T = 1070 (C.3)

Where « is the absorption coefficient, ¢ is the concentration of the absorber and z is the
overall thickness of the absorber or the filter thickness in our case.

C.3 Preamplifier test

In order to change light intensity, several optical filters were used. light intensity varies
from relative value of 0.68 without any filter used down to 0.0675 when using the most
opaque filter. Each time the filter will be simply put on the SiPM holder (plastic cage).
Output signals were measured after isolation buffers that were welded on the test board
after each preamplifier in order to protect signals from noise. These outputs are called
OUT _PROBE LG and OUT _PROBE__HG respectivly for the low and high gain pream-
plifier outputs.
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Figure C.2: Preamplifier output signals for three light intensities. Each point is the mean
of the sixteen preamplifiers outputs for the considered intensity. Left, measurements on
the low gain. Right, measurements on the high gain.
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Fig.C.2 shows preamplifier responses to three light intensities produced using three
different filters. These plots can not judge the linearity since there are no precise values
for light intensity on the X-axis (Filters are labeled in letters but the output light is not
known). However, these are results from the only three complete tests that could be done
on the whole sixteen channels.

As a mentioned before in section.4.8, these measurements at the preamplifier outputs
require probe activation by slow control intervention. Instability and several anomalies
were observed in this function like for example the activation of both low and high gain
outputs with sometimes one bit and other times two different bits in the probe part of
the Labview program. The dysfunction of probe bits for some channels were also noticed.
A review of the slow control program is an essential task for future tests.

C.4 Sum Function

Single ended sum outputs are the sum of the sixteen signals produced by the macro
pixels (SiPMs of the array) being read each by the corresponding preamplifier and then
being derived directly to the sum function by activating the gain_ fix bit. Fig.C.3 shows
measurements on both sum high gain and sum low gain outputs.
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Figure C.3: Single ended sum output signals for a range of relative light intensities starting
with 0.675 without an optical filter down to 0.0675 with the most opaque filter. Left,
measurements on the low gain output. Right, measurements on the high gain output.

Here also the linearity can not be commented because of the unknown light intensity
on the X-axis. A low high gain to low gain ratio is found. The new ratio is less than what
was found during electrical tests (involving no additional boards). Moreover, this ratio is
not stable at all as shown in fig.C.4. These observations could also be explained by the
fact that no pedestal subtraction was done.
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Figure C.4: Single ended sum output signals ratio over a range of light intensities from
0.675 down to 0.068.

The reason behind the difficulty of these tests may probably be the bad connection
between the detector and the test board besides the bad position of the detector inside its
dark box which affects the way its different macro pixels interact with the incident light.
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Abstract This thesis is the R&D on front-end electronics for a second generation camera
based on the SiPM detectors for the Large Size Telescope (LST) of the CTA project. It
is a part of the SiPM collaboration involving the LAPP, the University of Padua, the
INFN and the MPI in Munich. The first part of the thesis is the characterization of an
array of 16 SiPMs from Hamamatsu. The study proves the advantages of using such
detectors in the LST. It defines the specifications of the readout electronics that are the
aim of this work. Especially that it should ameliorate the gain dispersion of the 16 pixels
that was found of about 10%. The second part is the design of the readout ASIC. The
scheme tends to measure the SiPMs’ signals with minimum disturbance of the detector.
It integrates slow control facilities that adjust the detector’s gain, minimize the dispersion
in gain and provide the possibility of deleting noisy channels or even completely jumping
over the control process. These facilities could perfectly get rid of the gain dispersion.
Outputs of the 16 pixels will be summed on both high gain and low gain so that only two
signals are delivered to the acquisition system that follows. A trigger function will also
generate a trigger signal to the acquisition system. The choice was made to realize this
ASIC according to the rules of the AMS 0.35 um BiCMOS technology. Simulation shows
a linearly-covered dynamic range up to 2000 photoelectrons with good signal to noise
ratio that allows the measurement of the single photoelectron. Laboratory tests confirm
a great part of these results.

Key words LST, SiPM, characterization, preamplifier, dynamic range, linearity, re-
sponse speed, gain control, ASIC design and test.

Résumé Cette these est la R&D de I’électronique de front-end destinée a la camera de
deuxieme génération du télescope de grande taille LST de projet CTA, étant basée sur les
détecteurs de type SiPM. Cette étude rassemble des équipes du LAPP, de I'université de
Padoue, de 'INFN et du MPI de Munich. La premiere partie de cette these porte sur les
tests de caractérisations d’une matrice de 16 SiPMs fabriquée par Hamamatsu. Les résul-
tats de ces tests ont souligné les avantages qui pourraient étre apportés par I'utilisation de
tels détecteurs. Un cahier des charges pour 1’électronique a été défini a ’issue de ces tests.
Notamment, une nécessité de corriger la dispersion en gain entre les 16 pixels qui a été
trouvée d’environ 10%. La seconde partie est la conception d'un circuit intégré (ASIC)
qui pourrait lire les signaux des pixels -SiPM avec la moindre perturbation possible de
fonctionnement du détecteur. Cet ASIC inclut des fonctions de controle (slow control)
qui permettent I'ajustement de gain des pixels, 'amélioration de I'uniformité de gain et
la possibilité de supprimer les canaux bruyants ou encore méme le contournement du
processus de controle de gain. Ces fonctionnalités peuvent unifier le gain de 16 canaux.
Les sorties des 16 canaux seront sommées pour en faire deux signaux seulement a la sortie
de ’ASIC. Ces deux signaux, un sur le haut gain et I'autre sur le bas gain seront fournis
au systeme d’acquisition qui suivra I’ASIC. Une fonction de déclenchement génerera un
signal de trigger qui sera ainsi transmis au systeme d’acquisition. Cet ASIC a été réal-
isée avec la technologie AMS 0.35 um BiCMOS. Les simulations ont montré une gamme
dynamique linéairement couverte jusqu’a 2000 photoélectrons et la possibilité de mesurer
le photoélectron unique grace au bon rapport signal sur bruit électronique. Les tests au
laboratoire confirment une grande partie de ces résultats.

Mots clés LST, SiPM, caractérisation, préamplificateur, gamme dynamique, linéarité,
temps de montée, control de gain, conception et test d’'un ASIC.
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