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Abstract

The Cosmic Ray Facility (CRF) in Garching detects cosmic muons with a precision of
50 pm. It will be used for commissioning and calibration of micromegas detectors,
which will be part of the ATLAS new small wheel upgrade. The current energy
selector consists of an iron absorber, a trigger hodoskope and streamer tubes. The
streamer tubes will be replaced by a newly developed scintillating detector. The
goal of this work was the optimization of a scintillating detector with wavelength
shifting fiber (WLSF) and Silicon Photomultiplier (5iPM) readout, which will be
used as energy selector in the CRF. The current single detector prototype module
consists of two trapezoidal, optically insulated BC-400 scintillator rods and covers
9cm x 60 cm with a height of 4cm. Each halve has a minimum of two BCF-92
WLSF glued to grooves along the long side of the rod. Position sensitivity along the
long side, the x-axis direction, is obtained via the time of flight information of the
photons generated by the muons. Along the 9 cm side, the y-axis, the difference in
the light output of the two halves is position sensitive due to the trapezoidal shape.
The amount of light produced is proportional to the pathlength of the muon inside
the rods and depends on the y-axis position, where the muon enters and exits the

rods.

In this thesis an automatic SiPM characterization with a temperature controlled
test setup has been developed. The electronic parameters of different SiPM types
were deduced from U-I measurements and from charge spectra of illuminated
SiPMs. The individual breakdown voltages 30 SiPM were deduced and from
temperature studies the temperature coefficient for the bias voltage was determined.
A multichannel gain stabilization system is presented, which reduces the gain
variation of a SiPM due to temperature changes to 0.93 %. The system is based on

a digitally controlled voltage divider and monitors the temperature of each SiPM.



A Monte Carlo model for the SiPM detector response function is presented. The
model shows, that the determination of the mean photon number using the number
of nonsense-photon events is problematic and that the nonlinear response is mainly
dominated by crosstalk effects.

The timing performance of the current readout system and the SiPM was studied
with a detector prototype with a 20MeV proton beam. It turns out, that the
limiting factor for the position sensitivity of the time of flight information is the
light trapping by the WLSF. Light emitted from points near the fiber generates
narrow time spectra and a minimum spatial resolution along the x-axis of 10 cm
is achieved. The spatial resolution degrades rapidly with the distance of the light
source from the fiber. To obtain a better spatial resolution, the time information
may be combined with pulse height information, but other concepts of determining
the position along the x-axis should be considered in order to achieve a better
position sensitivity.



Kurzzusammenfassung

Das Ziel dieser Arbeit war die Optimierung eines szintillierenden Detektors
mit wellenldngenschiebender Faser (WLSF) und SiPM Auslese, der als Energiese-
lektor in der Cosmic Ray Facility (CRF) in Garching eingesetzt werden konnte.
Die Cosmic Ray Facility detektiert Myonen mit einer Genauigkeit von 50 pm und
nach Energieselektion benutzt man geradlinige Spuren fiir die Kalibration von
Micromegas Detektoren, die Teil des ATLAS New Small Wheel Upgrades wer-
den. Der Energieselektor besteht aus einem Eisenabsorber, einem Triggerhodoskop
und Streamer Tubes. Die Streamer Tubes werden moglicherweise durch einen
neu entwickelten szintillierenden Detektor ersetzt. Aktuell besteht ein einzelner
Detektormodulprototyp aus zwei trapezoidalen, optisch isolierten BC-400 Szintil-
latorblocken und deckt eine Flache von 9 cm x 60 cm mit einer Hohe von 4 cm ab.
Jede Hailfte hat mindestens zwei BCF-92 WLSF, die in eine Nut entlang der langen
Seite der Blocke geklebt sind. Positionsauflosung wird entlang der langen Seite
des Szintillators, der x-Achse, durch die Flugzeitinformation der Photonen erreicht,
die durch Myonen im Szintillator generiert werden. Die Sensitivitdt entlang der
y-Achse beruht auf der Differenz der Lichtmenge in den Szintillatorhélften auf
Grund der trapezoidalen Form. Die Lichtmenge ist proportional zur Wegliange
der Myonen in den Blécken und hingt von der y-Position ab, wo das Myon in die
Blocke eintritt und diese verlasst.

In dieser Arbeit wurde ein temperierter Teststand fiir die automatisierte Charak-
terisierung von SiPM entwickelt. Die elektrischen Parameter von verschiede-
nen SiPM Typen wurden aus U-I Messungen und aus Ladungsspektren von
beleuchteten SiPMs hergeleitet. Der optimale Betriebspunkt wurde dadurch
definiert. Aus Temperaturstudien wurde der Temperaturkoeffizient fiir die Be-

triebsspannung bestimmt. Ein Vielkanalsystem zur Stabilisierung der Verstarkung



wurde entwickelt, welches die Variation der Verstarkung durch Temperaturin-
derungen auf 0.93 % reduziert. Das System basiert auf einem programmierbaren
Spannungsteiler und tiberwacht die Temperaturen jedes SiPMs. Ein Monte Carlo
Modell fiir die SiPM Response-Funktion wurde entwickelt. Das Modell zeigt, dass
die Bestimmung der mittleren Photonenzahl iiber die Anzahl an No-Photonen
Ereignissen problematisch ist und dass die Nichtlinearitdt hauptsédchlich durch
Crosstalk Effekte dominiert wird. Die Zeitauflosung des aktuellen Auslesesystems
und des SiPMs wurde mit einem Detektorprototypen mittels eines 5 mm breiten,
20 MeV Protonenstrahls getestet. Es stellt sich heraus, dass der limitierende Fak-
tor fiir die Positionssensitivitit tiber die Flugzeitinformation das Lichtsammeln
durch die WLSF ist. Photonen aus Quellen nahe bei der Faser haben schmale
Zeitspektren und eine minimale Ortsauflosung von 10cm entlang der x-Achse
wird erreicht. Die Ortsauflosung wird mit steigendem Abstand der Lichtquelle zur
Faser schnell kleiner. Um eine bessere Ortsauflosung zu erreichen, konnte man die
Zeitinformation mit Pulshoheninformation kombinieren oder andere Konzepte fiir
die Bestimmung der Position entlang der x-Achse sollten in Erwdgung gezogen

werden.



Preface

Democritus - Fragment 11:

"There are two ways of knowledge, one genuine, one imperfect. To the latter belong all
the following: sight, hearing, smell, taste, touch. The real is separated from this. When
the imperfect can do no more—neither see more minutely, nor hear, nor smell, nor taste,
nor perceive by touch with greater clarity — and a finer investigation is needed, then the
genuine way of knowledge comes in as having a tool for distinguishing more finely.” [Diels

and Kranz, 1922, p.60]






Vorwort

Demokrit Fragment 11:

"Es gibt zwei Formen der Erkenntnis, die echte und die unechte. Zur unechten gehoren
folgende allesamt: Gesicht, Gehor, Geruch, Geschmack, Gefiihl. Die andere Form aber ist
die echte, die von jener jedoch vollig geschieden ist. [...] Wenn die unechte nicht mehr ins
Kleinere sehen oder horen oder riechen kann, sondern die Untersuchung ins Feinere gefiihrt

werden muss, dann tritt an ihre Stelle die echte, die ein feineres Denkorgan besitzt.” [Diels
and Kranz, 1922, p.60]
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CHAPTER 1

Introduction

Large area micromegas detectors for the new small wheel upgrade 2018 of the
ATLAS experiment will be built by the ATLAS collaboration. The LMU Munich
participates in the construction of micromegas detectors, which will be tested and
calibrated in the CRF (see Biebel et al. [2003]), figure 1.1, in Garching. The CRF
tracks high energetic muons with two reference drift chambers with accuracy of
50pum. A veto on the low energetic muons is generated by the streamer tubes,
which are used to measure the multiple scattering angle of the muons after passing
a 34 cm thick iron absorber. In this way a threshold on the minimum energy of the
muons of 600 MeV can be set [Biebel et al., 2003]. The streamer tubes have some
disadvantages and it is planned to replace them by a scintillating detector with
SiPM readout (POSSUMUS project, see [Ruschke, 2014]), which will be position
sensitive in two directions. The goal is to achieve a position resolution of 5mm in
y-direction and of 5 cm in the x-direction. The POSSUMUS detector is a prototype
detector, newly developed at the LMU Munich. The idea of the detector is, to
combine two optically insulated trapezoidal scintillator rods. The light produced by
the incoming particles is collected by scintillating fibers and guided to the double
sided SiPM readout. The position resolution along the y-axis is achieved using
the difference in the light output of the two scintillator rods, which is due to the
trapezoidal shape. The position sensitivity along the x-axis is obtained using the
time of flight information of the signal.

Several prototypes had been built and beamtimes at CERN had shown, that the
resolution along the x-axis is in minimum 15 cm and along the y-axis 5 mm (see
Ruschke [2014]).



1 Introduction

One goal of this thesis, was to improve the SiPM characterization capabilities,
which is important for the adequately biasing the detector at a good operating
point and to understand the detector response. Furthermore the position sensitivity

along the x-axis should be increased and the important effects, which dominate the
position resolution along the x-axis, were studied.

e — S , ’";‘\lev et e

Trigger scintillators

Figure 1.1: The CRF consists of two scintillator trigger hodoskopes, two reference chambers,
the iron absorber and the streamer tubes.




CHAPTER 2

The interaction of charged heavy particles with matter

Heavy charged particles mainly interact with matter in two ways. The may be
deflected by inelastic collisions with atomic electrons of a material or by elastic
scattering from nuclei. Bremsstrahlung, nuclear reactions and the emission of
Cherenkov radiation are less important are rare in comparison to the latter. The
average energy loss per unit path length is called stopping power and is described
by the Bethe-Bloch formula with shell correction S and density correction &

; m(M)_zﬁz_(s_z;

E V4
— tjl_x = ZnNargmecsz

4

E (2.1)

12

where 27t N,r2m,c? = 0.1535MeV cm? g~ ..
The Bethe-Bloch formula has a minimum at By = 4 and those particles are
called minimum ionizing. The range of particles is obtained by integration of the

Bethe-Bloch formula up to a minimum energy.



2 The interaction of charged heavy particles with matter

Symbol

Meaning

S <
x

SO>L ™D >Nz

max

classical electron radius

electron mass

Avogadro number

mean excitation potential

atomic number of absorbing material
atomic weight of absorbing material
density of absorbing material

charge of incident particle in units of e
v/c of the incident particle

1//1— B?

density correction

shell correction

maximum energy transfer in a single collision

Table 2.1: Symbols for the advanced Bethe-Bloch formula (2.1).



CHAPTER 3

Basics on SiPM

3.1 Silicon

The material silicon today is one of the most important materials when building
modern electronics and one can use it to detect ionizing particles at high precision

as well as for photon-counting at single-photon level.

Material Silicon (5i)

Lattice fcc-cubic

Density 2.329gcm 3

Refractive index 3.42

Breakdown field ~3x10°Vem!

Band gap 1.12eV

Intrinsic carrier density 9.65 x 10° cm~3 [Altermatt et al., 2003]
Mean energy for e-h-pair creation 3.63eV

Absorption coefficient & (see fig. 3.2) 1x10°m ! to1x10°m™!

Table 3.1: Properties of silicon at 300 K

Silicon is an indirect semiconductor and the electrical properties are related to its
energy band structure. There are three different principal energy band structures
for metals, insulators and semiconductors as one can see in figure 3.1. At absolute
zero temperature the valence band is completely occupied and the maximum
energy of the highest occupied state is called E,. Electrons in the valence band are
bound and cannot move through the crystal. In analogy there is the conduction
band, which is completely empty at zero temperature. The energy of the lowest



3 Basics on SiPM

unoccupied state is called E.. Electrons can move inside the conduction band and
build up an electrical current. The bandgap is the forbidden area in between. There
are no allowed energy states available and the with of the bandgap is E¢ = E. — E,.
The difference in electronic behaviour of a material is mainly given by the bandgap
energy E,. For metals it is E; < 0, for semiconductors E¢ > 0 and for insulators
E¢ > 0. For silicon, a semiconductor, the valence band is filled and the conduction

band is only partly filled, depending on the ambient temperature.
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Isolator Semiconductor Metal

Figure 3.1: Three principal types of band structures - metal, semiconductor and insulator. One
finds the Fermi energy Ef.,;, Bandgap energy Eq = E. — Ey, where E. is the conduction band
edge energy and E; is the valence band edge energy

The probability that an orbital at energy E will be occupied in thermal equilibrium
is given by the Fermi-Dirac Probability Density Function (PDF) [Kittel and McEuen,

1976, p. 136] ,

fE) = =) /ksT] 7 1

(3-1)

with the chemical potential 1, which equals Er (see 3.1) for small temperatures, and
the Boltzmann constant kg = 8.617 x 10~°eV K~!. The equation (3.1) for electron
energies far greater than the Fermi energy reduces to the Maxwell Boltzmann
distribution:

E— .
fe(E)%exp(— kBTy)' if E—pu>kgT (3-2)




3.1 Silicon
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Figure 3.2: Absorption coefficient of silicon at 300K taken from Green [2008]. The range of
visible light in silicon is in the order of a few 0.1 pum for blue light and 10 pum for red light.

For non occupied states in the valence band (holes) the density of states one

obtains in a similar approximation with f, + f; = 1:

ot pmen(-12E) 5

The use of Er similar to the chemical potential y is convention in semiconductor

physics. In the conduction band [Kittel and McEuen, 1976, see p. 205]
Ex = E. + K2k /2m, (3-4)

holds for the electron energy, with E. the lowest energy inside the conduction band.
The density of states in the conduction band for electrons is the number of orbitals
per unit energy range and is given by [Kittel and McEuen, 1976, see p. 205]

dN 1 /2m,\%?
De(E) = dE - 272 ' < h2€> ) (E - EC)1/2 (3-5)
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where m, is the effective electron mass. By convolution of D.(E) and f.(E) from
(3.2) we obtain the concentration of electrons in the conduction band:

o0

"= /DE(E)fe(E)dE (3.6)

E.

This integral yields [Kittel and McEuen, 1976, see p. 206]:

mekBT 3/2
n=2(2n_hz) expl(4 — E) /ksT) = neexpl( — E)/ksT] (37)

In a similar manner one obtains a formula for the concentration of holes in the
valence band [Kittel and McEuen, 1976, see p. 206]:

mksT\ %2
p=2("EE) " expl(E, ) kaT] = moexpl(Eo — )/ aT) )

Multiplication of (3.7) and (3.8) yields

ksT \°
np:4( Bh2> (memy)*?exp(—Eg/kpT) , (3.9)

where y gets eliminated and the difference E. — E, = E; is equal to the bandgap.
The number of electrons equals the number of holes for an intrinsic semiconductor
so that one obtains from equation (3.9) [Kittel and McEuen, 1976, see p. 207]

ni:pi:2<2nh2> (memy,)3’ exp(—Eg/2kpT) (3.10)

as intrinsic density of charge carriers in thermal equilibrium, where the electron-
hole pair creation rate equals the recombination rate. For equal effective masses of
electrons and holes m;, = m, in the intrinsic case the Fermi level is in the middle of
the bandgap [Kittel and McEuen, 1976, see p. 207].

1 3
U= EEg + L—LkBTln(mh/me) (3.11)
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3.2 Doped silicon

If one deliberately adds impurities to a semiconductor (doping) the material charac-
teristics change and the semiconductor shows extrinsic behaviour. In the following
we consider the case for silicon, which forms four covalent bonds.There are two

ways of doping. One adds

e donors, atoms of valence five like P or As, which leave free excess electrons in
the conduction band.

* acceptors, of valence three, like B or Al, which leave positive holes in the

valence band.

Donors (n-type silicon) and acceptors (p-type silicon) introduce states in the forbid-
den region (bandgap) and an increase in doping concentration affords an increase
in conductivity (see figure 3.3). The Fermi level shifts towards the conduction
band for n-type silicon and towards the valence band for p-type silicon. The extra
electrons for n-type material reside in a discrete energy level inside the gap and can
be excited into the conduction band. For p-type material the extra states are created
in the forbidden region near the valence band, which means, that electrons from
the valence band are excited to this extra level. In this case an electron-hole pair
is created and the holes become majority charge carriers for this kind of material.
In order to calculate the fermi level, assume that in n-type silicon the electron
density is given mainly by the donor density N;,,,, and, that for p-type material
p = Nacceptor- Using equation (3.7) and (3.8) the shifted Fermi level (Erei = 1)
reads:

EPermi,n - Ec - kBTln(NC/Ndonor) (3-12)
EFermi,p =E, + kBTln(NC/Nacceptor) (3.13)

In the same manner for the charge carrier concentration one obtains:

- EFermi,n - EFermi,i

1y, = n;exp KT (3.14)
Ecoooio — Epo -

np =n; eXP ( Fe?TVZl,?;{BT FET’MI,Z) (315)
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Figure 3.3: The band structure of p and n-type silicon. In n-type silicon electrons form the
majority charge carrier while holes are minority charge carriers, whilst in p-type material this is
vice versa.

3.3 The p-n junction

If one joins p-type material and n-type material, the Fermi levels equalize and the
energy bands bend. The boundary of the two regions is called p-n junction (see
fig.3.4). The extra electrons from the n-type region drift towards the p-region and
fill the holes, while the diffusion is vise-versa for the p-region holes. A net charge
builds up on either side of the junction and an electric field gradient is created.
The net charge is positive for the n-region, negative for the p-region. The field
gradient leads to a contact potential Vj [Leo, 1994, see pp. 223]. The region near
the boundary is called depletion zone, which is free of mobile charge carriers.

One can calculate the width of such a depletion zone using the Poisson equation
in one dimension,

2V _ p(x)

dX2 - e 7 (316)

10
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Figure 3.4: The p-n junction in a doped semiconductor
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where € = €y X &sj1icon-

In the following the author sticks to the derivation of the formulae in Leo [1994,
see pp. 224-225]. For simplicity assume a uniform charge distribution along the
x-axis for each side,

eNp 0<x<uxy
plx) = (3.17)
—eNy —x, <x<0,
where e is the elementary charge and Np and N4 are the donor and acceptor

concentrations. For reasons of charge conservation it holds
NAxp = NDxn . (3.18)
By integration of (3.16) and using dV/dx = 0 at x = x, x = x}, one finds

=~ El) = (3.19)
X eNax +C, —xp <x<0.

Solving Poisson’s equation piecewise with the correct boundary conditions one
obtains
€ 2 2
Vo= Z_S(NDx” + Naxy,) (3.20)

for the contact potential and for the width of the depletion zone [Leo, 1994, see pp.
225]

2eVp (Na + Np) ) 2 (3.21)

d:xn+xP:< B NiNp

where N;,Nj is the acceptor and donor concentration, ¢ is the vacuum permittivity

and V| the contact potential. For the case that N4y /Np > 1 one can further simplify

1/2
d= (_2€V0) . (3.22)

equation (3.21) to

eND

This holds also, if an external (reverse) voltage is applied, which enlarges the

depletion zone, by replacing Vy with V =V 4 V,y;. From (3.22) one obtains
E(r=0)=1/ T2V = 2T (3:23)

12
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3.4 The Silicon Photomultiplier

The first developments for light detection at low intensities with semiconductors
were done by McIntyre [1961] and Haitz [1964], who were studying the effects
of avalanche breakdown and microplasma effects in reverse biased silicon diodes.
This research lead to the development of the Avalanche Photo Diode (APD), which
consists of a reverse biased p-n junction. Incoming particles or photons create
electron-hole pairs, which create further electron-hole pairs and this leads to
avalanche generation. The APD has an internal gain in the order of 50 to 500. For
these devices cooling is mandatory in order to get acceptable signal-to-noise-ratio
(SNR) and single photon counting is not possible. The next step was the SiPM (see
tigure 3.5,3.6), which is a matrix of APDs biased slightly above V4, the breakdown
voltage, in so called Geiger mode and connected in parallel realized first by Golovin
and Saveliev [2004] and Buzhan et al. [2003]. A sketch for the charge concentration

of a single microcell can be found in figure 3.7.

3.4.1 Working principle

The initial process for the detection of a photon is the creation of an e-h-pair in the
avalanche or drift region of the Geiger mode APD (GM-APD), due to absorption of
a photon. The absorption coefficient of silicon determines the depth of interaction
(see figure 3.2). When a single GM-APD is biased slightly above V;; then the
energy, that the charge carrier gains through the high electric field between two
subsequent collisions, is high enough to generate further electron hole pairs via
impact ionization (see figure 3.10). Note that the electron component dominates
and ionization by holes is negligible. The microcell APD breaks down discharging
the accumulated charge completely (see figures 3.8,3.9). The discharge is quenched
by a voltage drop across a quenching resistor Ry, in series with the GM-APD.
The equivalent circuit of a cell is given by a capacitance C.j and a switch in
parallel and a quenching resistance R, in series. The recharge time constant is
T= unench X Ceell-

The gain ranges from 1 x 10° to 1 x 10° and depends on the charge stored on
Ccen- An estimation for the field strength in the avalanche region can be obtained

13
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using equation (3.23), which yields 10° Vem ™! for typical width of the depletion
zone of 1 pm and bias voltage in the order of 10? V.

[ ]
out
=Q +Q +
i Q,=Q,+Q,*...
|
quench
NN N
GM-APD %& _________________
substrate
- bias
Figure 3.5: A Hamamatsu Figure 3.6: The equivalent circuit
S10362-33-100C SiPM of size diagram of a SiPM. A microcell is
3mm x 3mm with 100 um pixel represented by GM-APD with a
pitch capacitance C,.; and a resistance
lzquench

The advantages of silicon photomultipliers are the high internal gain, small
volume, the use of standard silicon technology for production, the insensitivity
to magnetic fields, good timing properties down to 123 ps [Buzhan et al., 2003,
p- 51], photon detection efficiency of about 30 % and SiPM tolerate accidental
illumination. The major drawbacks today are the high dark count rate at single
photon level, temperature dependence of signal form and gain, complex noise
phenomena like optical crosstalk and afterpulses. One chooses the peak sensitivity
wavelength of a SiPM by charge concentration profile. For high sensitivity for blue
light, one p-silicon on n-substrate is necessary, for high sensitivity for green light
the n-silicon on p-substrate configuration is preferred. Doping adjusts the position
of the avalanche region and the position of the drift region of lower electric field,
according to the absorption length of the material (see figure 3.2).

14
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Figure 3.7: SiPM charge concentrations and field configuration of a single microcell (GM-APD)
for a Hamamatsu SiPM. p+ and p++ refer to heavy and extreme heavy doping with more than 1
foreign atom per 1000 silicon atoms. [Renker and Lorenz, 2009, see p. 29]

Avalanche Breakdown

p-contact in Goiger mode
space | T T
O\ \\\\
> >
time time

Figure 3.8: When biased above V},; electron-hole pairs will trigger an avalanche due to impact
ionization in the high field region of the GM-APD.

3.4.2 SiPM properties

The SiPM is biased above breakdown voltage. The difference Vs — Vg = Vooer is
called overvoltage (V,ver). A single microcell represents a capacitor (see figure 3.11)

and the stored charge divided by e is the single pixel gain

Viias — Via) Ceell
e

G=Q/e= ( (3-24)
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to avalanche discharge, which is quenched from Musienko et al. [2000]. Avalanche
by the voltage drop across unmh. Then breakdown is dominated by the electron
the cell is recharged and can be triggered component.

again. The read line represents the linear
dependence of the signal height on the
overvoltage.

G is a function of Ve, and the temperature. For the differential it holds

oG oG
dG = a_TdT + mdvmjer (325)

and for dG = 0 one obtains

dVover 8G< G >—1 , (3.26)

dT ~ 9T \Vyyer

which means, that by correct adjustment of V};;; one can compensate temperature
effects on G.

One refers to a 1 photo electron (PE) signal for a single cell, which is ideally
uniform. All cells are connected in parallel (see figure 3.6) and in this way the
readout signal is the sum signal

S = Zs,- , (3-27)

where 1. is the number of microcells on the SiPM.
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3.4 The Silicon Photomultiplier

The Photon Detection Efficiency (PDE) is the probability than an incoming photon
with certain wavelength is detected. This number was measured to be about 35 %
in maximum [Dinu et al., 2009, see p. 424] for the SiPM types used. PDE is the
product of the ratio of active surface to total detector area, which is the geometrical
efficiency €geom, the trigger efficiency to trigger a microcell €4¢4.r, when an electron
hole pair has been created, and the quantum efficiency QE to create a primary

electron hole pair.
PDE = QE(A) x Egeom X 5trigger(A/VbiasrT) (3-28)

Gain and PDE are related because ¢44¢r is voltage dependent, which puts a lower
limit on the feasible Vjy,r. Furthermore the probability for optical crosstalk between
microcells rises for higher Vj.r. This fakes larger signals and puts an upper limit
to Vover- €trigger 18 @ function of the impact ionization constants for electrons and
holes (see figure 3.10). Note that the electron component is dominant, because of
the lower effective electron mass, which results in greater electron mobility and
therefore electrons gain more energy between subsequent collisions, so that it is
more likely for them to have the required energy for creation of further electron-hole

pairs and not to loose energy in other collision processes.

The time dependent electric signal of a SiPM consists of a fast and a slow
component. The fast component is dominated by the avalanche discharge, while
cell recovery is responsible for the slow one. The cell recovery time 7, is determined
by the quenching resistance Rgencn and the cell capacitance Ce,y:

T~ unenchccell (3-29)

The sum signal (3.27) has to be corrected for saturation effects. A common
correction for the number of triggers 7144, ignoring the finite recovery time of a
microcell [Pulko, 2012, see p. 12] , as well as crosstalk and afterpulsing, is given by

PDE x nph”

o (3-30)

Ntrigger = Me [1 —exp (

where 7, is the number of incident photons.
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Figure 3.11: The equivalent circuit for a SiPM at low photon flux taken from Corsi et al. [2006,
pg. 1277]. Cg4 refers to Cceyp and Ry 10 Ryyench-

Assuming a Gaussian distribution of the microcell capacities one obtains a general
expression of the charge distribution of short light pulses [Finocchiaro et al., 2009,

see p. 5]

(x— C(i))z]
—A I Al P2 .
x 28 \/—%( P { 202 (1) (3.31)
where
Uiot = 07 +i07 (3.32)
c(i) =co+icy, (3:33)

A is an amplitude, g(i) is the distribution of the number of firing microcells, which
is multiplied by a Gaussian distribution for i-firing cells. oy,(i) accounts for the
broadening of the peaks and c(7) includes the uniform distance of the Gaussian
peaks, which is due to equal charge released by the microcell (see (3.27)). o. is
the electronic noise and o is given by the Excess Noise Factor for a microcell
breakdown, which is a quantity for pixel-to-pixel gain variation. Finocchiaro et al.

[2009] propose a Poisson distribution for g(i), in case the SiPM is triggered by
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3.4 The Silicon Photomultiplier

short light pulses. An elaborate model for g(x) has been developed by Ramilli et al.
[2010].

3.4.3 SiPM noise characteristics

The principal issue of understanding the SiPM is to interpret correctly the complex

noise phenomena.

3.4.3.1 Dark counts

A microcell breakdown can be triggered by any process that generates an e-h pair
in the sensitive region of a SiPM. Either it is an incoming photon, thermally or
field-assisted generated e-h pairs [Renker and Lorenz, 2009, see p. 31]. The rate
of thermally generated charge carriers is temperature dependent and is in the
order of 0.1 MHzmm 2 to 1MHzmm 2. The dark count rate falls by order of
magnitude, when increasing the threshold of the readout electronics. The so called
staircase function (see figure 3.12) shows the Dark Count Rate (DCR) versus the
discriminator threshold. Each step in the staircase corresponds to a certain number
of simultaneously firing pixels. The amplitude of a single pixel signal is called 1
PE level. Recent investigations by Zappa et al. [see 2007, pg. 106] show, that the
field assisted generation of dark counts via the Poole-Frenkel effect or trap-assisted
tunneling are negligible, because the electric field stays below the critical limit.

In general the temperature dependence of DCR is given by the net charge carrier
generation rate U = —n;/T,, where T, is the lifetime of an e-h-pair. One finds that
1/7. is temperature independent near its maximum value, while for n; equation
(3.10) holds and one obtains

UxFxd

—E
_uxXFEXxd -3/ g
DCR = = x T°/< x exp <2kBT> , (3.34)

where F is the area of the p-n junction and d the width of the depletion zone.

3.4.3.2 Optical crosstalk

When a avalanche is triggered, on average 3 photons per 1 x 10° carriers are

generated [Lacaita et al., 1993]. The emitted photons have energies greater than
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Figure 3.12: The dark count rate as a function of the discriminator threshold for a Hamamatsu
S10362-11-050C (Ham. 1x1 050C) at different bias voltages from Grossmann [2012]. Each
step represents a number of simultaneous firing pixels.

the bandgap of silicon and can therefore trigger other cells, which is called Optical
Crosstalk (OC). This process corresponds to the shower fluctuation of an APD
[Renker and Lorenz, 2009, see p. 32] and gives a corresponding Excess Noise Factor
(ENF) for SiPM. The crosstalk probability is defined as

DCRl.Spe

Pcross = DCRO.Spe ’ (3‘35)

where DCRy 5y, is the DCR at 0.5 PE level and DCR; ), at 1.5 PE level. Modern
devices use optical trenching to suppress OC. A compromise between acceptable
level of OC and gain defines the feasible bias voltage.

3.4.3.3 Afterpulsing

When charge carriers are trapped in crystal impurities during an avalanche, once
released they can trigger a subsequent avalanche in the microcell up to 100 ns later.
In this case an afterpulse (AP) is generated. The lifetime of charge carriers in
deep-lying traps is parameterized by two time constants, a short one in the order

of 50ns and a long one in the order of 150 ns.
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CHAPTER 4

Scintillation process and plastic scintillators

The plastic scintillator BC-400 used for POSSUMUS prototypes is a transparent
material. The working principle for the scintillation process is as follows. Incoming
particles produce a certain amount of photons, which is a function of the energy
deposited in the scintillator. For this modern scintillator a nearly linear dependence
of the light output on the energy deposited is found, if quenching effects for
heavy particles do not play a role. The amount of light is detected typically by a
conventional Photomultiplier or a SiPM, which produces in first order an electrical
signal proportional to the number of impinging photons. The advantages of plastic
scintillators are the possibility to obtain almost any desired form, the fast time
response and low dead times in the order of a few ns, due to fast recovery times.
This is why they are especially suited for triggering purposes.

In general the phenomenon for a material to produce light is called luminescence,
which means, that the material absorbs and reemits energy in form of visible light.
If the time scale of the reemission is less that 1 x 1078 s, this is called fluorescence,
which is exploited for scintillators [Leo, 1994, p. 158].

Luminescence for organic scintillators is usually based on 77-molecular orbitals in
benzene ring structures. The process may start with the absorption of a photon and
subsequent excitation of an electron in the S3 singlet state. Non-radiative internal
degradation leaves the electron in the S; state, from where the electron has a high
probability of radiative decay to excited vibrational states of Sy, which is called
fluorescence (see figure 4.1). These emitted photons cannot be reabsorbed and
this is why the scintillator is transparent to its own radiation (see [Leo, 1994, pp.

159-162]). For the triplet states T multipole selection rules forbid the transition to
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Figure 4.1: The scintillation principle with singlet and triplet states taken from White [1988].
the Sy state and the decay is realized by interaction with another excited molecule
(see White [1988],Leo [1994, pg. 162]).
Th + Ty — S1 + So + phonons

In this process one of the molecule ends in the Sy state and the decay is as mentioned

before, which results in the delayed component of scintillation light.
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CHAPTER 5

Wave length shifter and light collection

The produced light in the scintillator may be collected by a wave length shifting
fiber. The WLSF consists of scintillator material, which is enriched with wavelength
shifting components with the principal purpose of trapping the light inside the thin
fiber, which is then guided by total reflection along the fiber. The second purpose
is to match the wavelength of the emitted light to the wavelength of maximum

sensitivity of the photon counter.

The underlying principle of wave length shifting is the Franck-Condon effect,
which means, that the atoms in excited state are spatially shifted, such, that the
de-excitation with the same energy is forbidden, because there is no wave-function
overlap between excited state and ground state. Typically a fluor atom is excited
to a vibrational mode of a higher electron level. Via internal degradation the
vibrational mode decays to its ground state of the excited electron level. Due to
the spatial displacement of the excited atom the probability for the transition to a
vibrational mode of the electronic ground state is highest. This transition results in
a photon with reduced energy.

Often two or more wave length shifting components are added to a scintillator.

A sketch for such a de-excitation process one finds in figure 5.1.

The fiber typically consists of a core material and a cladding material. The
refractive index of the cladding is lower than that of the core. The wave length
shifted photons are emitted isotropic in all directions. Those emitted with angles
lower than the angle for total reflection will exit the fiber at the ends, while the
others are lost. The used WLSF (BCF-92) have a refractive index of n¢j544ing = 1.49

23



5 Wave length shifter and light collection

X
3x
primary excitation
SZx
Y z
Syy
S1X prem— S
T 2z
Yx S1y W
E1X E1y S1Z
s Yz
Oy
S . A Soz
0x

Figure 5.1: The de-excitation based on the Franck-Condon principle with two wavelength
shifters involved from White [1988, pg. 821].

and 1o, = 1.60, from which one calculates the angle of total reflection 6, via Snell’s
law:

Neladding

6. = arcsin ( ) = 68.63° (5.1)

Neore

The trapping efficiency one calculates from the probability of a photon to be emitted

in the solid angle, where total reflection occurs.

1 2 %*Oc
Puap = £ (2 / do / desin9> — 0.068 (5.2)
0 0

The factor 2 accounts for the two possible directions, where the photon is emitted.
Note that the absorption and subsequent emission process is essential for trapping
photons in the fiber. Incoming photons leave the fiber, if no absorption takes place,

because they never fulfill the conditions for total reflection.
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CHAPTER 6

The idea of the POSSUMUS-detector

POSSUMUS means POsition Sensitive Scintillating MUon SiPM detector. The basic
principle of one detector module is to combine two trapezoidal, long scintillators
(see 6.1, thesis Ruschke [2014]). Consider a muon hits the detector from above
and the amount of light produced is nearly proportional to the path length in the
scintillator. Then the photon flux through the end of the fibers is proportional to
the path length.

WLS-Fiber

Figure 6.1: A sketch of a POSSUMUS detector module with four WLSF. The x-direction is
defined along the long side of the scintillators.
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6 The idea of the POSSUMUS-detector

Figure 6.2: The basic principle to obtain a position sensitivity along the y-axis. The amount of
light g1 in the upper trapezoid is greater than g2 in the lower trapezoid.

The position y can be expressed as a function of the amount of light produced in
scintillator 1 and 2, g1 and 42. Consider Z;,,; the total amount of light produced in
both halves, then it holds Z;;,; = g1 4+ g2 and

q1 q1
R C,
yocf(quZ) q1+q2+

where C is an arbitrary constant. Note, that this formula is a rough approximation
only, which ignores the Landau like energy loss of the muons. A more detailed
calculation which includes the complete detector geometry one finds in Miiller
[2013] and Ruschke [2014].

The time of flight photons need until they exit the WLSF can be used to obtain
the x-position of the incoming particle. Consider ¢; and ¢, the arrival time of the
photons at the end of the fiber. The time difference is position sensitive and it holds,

x‘xceff(tl —t),

where ¢, 7 is an effective velocity of light yet including reflections by the scintillator
walls and by the fiber cladding. The upper limit for c.¢f is co/ Nscintitiator-
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CHAPTER 7

SiPM characterization

In the first part of this work, methods for the characterization of SiPMs will be
presented. For this purpose a temperature controlled electrically and optically
insulated test setup was developed. Temperature controlling is needed, because
the SiPM quantities like Gain G, quenching resistance Rg,nc;, and dark count rate
DCR are temperature dependent. Furthermore the vendor of the devices gives
recommendation on Vj;,s, but there is no information on the breakdownvoltage V;4,
which is essential in order to bias the SiPM at constant moderate V,,.; to reach a
constant G. The device types in tables 7.1 and 7.2 have been tested.

Type (Parameters at 25 °C) S10362-11- Unit
Subtype 025C 050C 100C

Area 1 1 1 mm?
ne 1600 400 100

Pixel size 25X25 50X50 100X100 pm?
Peak-PDE wavelength 440 440 440 nm

€ geom 30.8 61.5 78.5 Y%
Typical DCR 100 150 200 kHz
dVy,/dT 56 56 56 mV°C~!
G 2.75 x 10° 7.50 x 10° 2.40 x 10°

Table 7.1: Properties of different tested 1 mm x 1 mm SiPM types from Hamamatsu
datasheet. In the following the author refers to Hamamatsu S10362-11-025C (Ham. 1x1 025C),
Ham. 1x1 050C and Hamamatsu S10362-11-100C (Ham. 1x1 100C)
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7 SiPM characterization

Type (Parameters at 25 °C) S10362-33- Unit
Subtype 050C 100C

Area 9 9 mm?
i 3600 900

Pixel size 50X50 100X100 pm?
Peak-PDE wavelength 440 440 nm

€ geomn 61.5 78.5 Yo
Typical DCR 6 8 MHz
dVy,/dT 56 56 mV°C~!
G 7.50 x 10°  2.40 x 10°

Table 7.2: Properties of different tested 3 mm x 3 mm SiPM types from Hamamatsu
datasheet. In the following the author refers to Hamamatsu S10362-3x3-025C (Ham. 3x3
025C), Hamamatsu S10362-3x3-050C (Ham. 3x3 050C) and Hamamatsu S10362-3x3-100C
(Ham. 3x3 100C)

7.1 Temperature control

7.1.1 Prototype A

A first prototype of the temperature control system used a commercially available
Peltier controller (Quick Ohm QC-PC-Co01C). The set temperature was adjusted
using a digitally controlled 10k() 8bit potentiometer. The system uses Pulse-
width modulation (PWM) to control the power of a Peltier element. The input
sensor of the system is a thermistor. For monitoring purpose the temperature
values are recorded by two DS18B20 temperature sensor (DS18B20) every 30s. The
monitor system assures, that a set temperature was reached at the beginning of a
measurement and that the temperature was kept constant within 0.1 K inside the
box. A PSP1210 Voltcraft programable power supply (psp1210) [Voltcraft, 2008]
was used as voltage source for the Peltier element. Via the I*C Bus and an Arduino
UNO microcontroller one could set the digital potentiometer. One problem of this
setup was, that PWM is a source of noise for the measurement. This was the reason
to build a second prototype B, using a software PID controller (see glossary PID
controller).
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7.1 Temperature control

7.1.2 Prototype B

The second prototype of the test setup was constructed by carefully insulating
the Peltier element against the housing. The programmable PSP12010 was used
as current source and the controlling parameters for the software PID controller
could be adjusted manually. The temperature was constant within 0.1K. A open
source PID controller code was adapted. The achieved temperature range is from
5°C to 60°C. For reasons of stability and simplicity the controller was realized
as PI-controller. The controller output was the set current for the Peltier element.
The controller gain was set to Kp =6A K~! and with T; = 62.8s. The direction of
the current through the Peltier element is controlled via H Bridge (see figure A.8
for the wiring diagram) directly in software, so that the system can be used for
cooling and heating. A characterization measurement (see figure 7.1) was done and
a temperature difference of 26 K with respect to the room temperature of 28 °C was
achieved at a current of 10 A. Figure 7.2 shows the temperature curves for different

controller setpoints. It takes about 200 s until the temperature has settled.
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Figure 7.1: Current voltage characteristic Figure 7.2: T [°C] vs time [s] for different
for the 50 mm x 50 mm Peltier element H controller setpoints. The temperature is
bridge combination. The recorded temper- kept constant with 0.1 °C accuracy. The
atures are measured inside the box in ther- curves refer to the setpoints 6, 10, 14, 16,
mal equilibrium. As long as the nonlineari- 20, 24, 28, 32, 36 and 40 °C. Controlling
ties of the U-I line are small Pl-controlling is starts at 75s

possible.
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7 SiPM characterization

7.2 Static characteristic

Via static behaviour of a SiPM one can access Ryyencn and Vpg. For obtaining Ry encn
one does a forward U-I scan of the device, for V},; a backward scan is done.

7.2.1 Forward scan

The forward scan has been done using a Keithley 2400 (see datasheet Keithley
[2002]) with a SiPM in series. The forward characteristic is governed by the typical
diode equivalent resistance for voltages below ca. 0.7V, the built in potential of a
silicon diode. At higher voltages Rgyench is the dominant resistance and the current
behaves linear. The measurements were done at stable temperature of 20 °C under
dark conditions and a current limit was set. Rgyenen can be obtained by fitting a
straight line to the measured points in an adequate range and multiplying the SiPM
resistance with 7., the number of cells. In general the focus for the measurements
was on Ham. 1x1 100C and on Ham. 3x3 100C type, due to its greater sensitive
surface and higher fill factor e¢eom, because the limiting factor for position resolution
of the POSSUMUS detector prototypes was the low light yield and therefore the
most sensitive SiPM types were chosen. In this way the dynamic range of the
devices used is smaller than for the other tested SiPMs, but this compromise is
acceptable, because the mean number of photons was well below a level, where
saturation effects occur. The results for the quenching resistance of the microcell

from figure 7.4 can be found in table 7.3.

Type Rsipm [Q] unench [kQ]
Ham. 1x1 025C 168 +1 270 £2
Ham. 1x1 050C 303 +2 121 +1
Ham. 1x1 100C 122048 122 +1
Ham. 3x3 050C 349 +04 126 £1
Ham. 3x3 100C 153 +1 138 +1

Table 7.3: Quenching resistance and sum resistance of different SiPM types obtained by a
linear fit to the forward voltage characteristic.
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Figure 7.3: The setup for the measure- Figure 7.4: Current voltage forward char-
ment of the reverse U-| characteristic of a acteristic measured for a bare SiPM with a
not illuminated SiPM. The voltage source Keithley 2400 voltage source at 20 °C

is a Keithley 2400 and the current is mea-
sured by a Keithley 6515 Piccoammeter.

7.2.2 Reverse scan

V4 is accesible via the reverse current characteristic. For this the SiPM was con-
nected to a test board with two 5 k() resistors in series (see figure 7.3). The voltage
source was a Keithley 2400 and the current was measured using a Keithley 6514
electrometer (see datasheet Keithley [2003]). An automatic measurement system

was developed increasing the sourced voltage until a current of 2 pA was reached.

The current is given by the sum of the single APD signal, which can be described
in a first approximation by the Shockley equation [see Dinu, 2013, pg. 12, 20, 172],

| = IS (eVbiase/(nkBT) _ 1) (71)

where Ig is the reverse bias saturation current,  is the ideality factor between 1 to
2. This equation ignores surface effects, carrier generation by thermal excitation
inside the depletion zone and for high electric fields the tunneling of charges, as

well as avalanche multiplication process above breakdown [see Dinu, 2013].
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The current near the breakdown region has two components (see eq. (7.2)) -
surface current and bulk current. For surface effects one has to consider, that
the maximum electric field region is near the surface of the junction, which is
contaminated with ion impurities during the fabrication process. These impurities
may establish a conduction channel over the surface, when ions move in the
latter due to high electric field effects. The bulk current is given by the thermally
generated e-h pairs. Thermal generation takes place, when crystal impurities act
as generation/recombination centers for e-h pairs via indirect transitions in the
forbidden bandgap region. For a reverse biased depletion region it holds that the
net charge generation rate U is given by U = %, where 7, is the effective lifetime of
e-h pairs in the depletion region. Both variables depend on temperature and so U
is a function of T. The approximately linear growth of pre-breakdown current is
due to the growth of the depletion width, which results in greater volume where
charge carriers are generated in the bulk and contributes linear to I, .

For APD one has to consider a multiplication factor for the amount of charge,
that flows through the avalanche region,

Ipn = Lsurface + Tpuik ¥ M (Viias) (7.2)

where M is the multiplication factor, which is related to G for a GM-APD. So for
voltages below Vj; the current is dominated by the surface leakage component,
whereas above breakdown the current is dominated by the bulk component. An
approximation for the current above V;; is

Iy~y,, e x G X DCR e X Voper X Vover , (7.3)

because the DCR rises approximately linearly with V.. To extract a value for V,
from the U-I characteristic the following fit function was used:

1(Vyias) = p[1] + P[2] X Vibigs + P[3] X 0(Viias — Via) X (Viias — Voa)* (7.4)

This holds for Vs as long as the avalanche quenching time is much smaller than
the recharging time constant Ryencn X Ceepr- For higher negative bias voltages the
current through the junction approaches the asymptotic value I = Voyer (Rgyencr +

Rp) =~ Vover Rguenchs where Rp is the variable diode cell resistance, and the amount
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7.2 Static characteristic

of charge contained in a single pulse increases more than linearly, because the
avalanche quenching time increases with Ve, [Dinu, 2013, p. 31]. This nonlinear
behaviour is also amplified by the increase of afterpulsing processes with higher
Vover-
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Figure 7.5: Current voltage reverse charac- Figure 7.6: The U-I reverse charac-
teristic for a Ham. 3x3 050C in series with teristic for the tested SiPM types. The
two 5 k() resistors at 20 °C. The measure- 3mm X 3mm models have greater leak-
ment was repeated 5 times for reasons of age currents, because of the difference in
reproducibility and combined. From the fit area. The Ham. 3x3 100C type shows the
one obtains Vj; = (71.0 £0.2) V. steepest increase of current above V.

Each U-I measurement is the combination of 5 repetitions (see figure 7.5). Figure
7.6 shows U-I characteristics for different SiPM types - green for Ham. 1x1 025C,
red for Ham. 1x1 100C, blue for Ham. 3x3 050C, orange for Ham. 3x3 100C. Greater
pixel size lead to steeper increase in current, because the single cell avalanche
contains more charge and the DCR per area is greater for greater pixel sizes. If one
assumes that U and the doping profile is similar for the different types, then the
rate of charge carriers produced per area is the same and this leads to a greater
current for higher pixel sizes. From the fitted function (7.4) one obtains V;;. The
problem of this fit, is, that the parameters must be preset carefully to obtain good
tit results and that the range of the fit region is not clearly defined. In this case a

range of up to 1V above a estimated breakdown point and 2V below this point
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7 SiPM characterization

was used.
found in t

the measu

for V},; underestimates the error. The accuracy for V,; is about 0.2V and far greater

than the errors from the fit, because the fit is sensitive to changes in the preset V};

values.

A general expression for the nonlinear behaviour above V;; was not
he literature, . The two resistors in series have only small influence on

red values, but they prevent accidental overbias. The fit parameter error
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Figure 7.7: Current voltage reverse characteristic for a Ham. 3x3 100C SiPM in series with two
5 k() resistors at different temperatures. The temperature dependence of the leakage current
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and of V}; is clearly visible.
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7.3 Dynamic characteristics

Temperature studies for the Ham. 3x3 100C type have been done in order to
investigate V;,;(T) and one can recognize the influence of temperature changes in
the U-I characteristic (see fig. 7.7). From this measurement a temperature coefficient
dVy/dT of (66 +1) mV K~! was obtained (see figure 7.8). An alternative way of

measuring dV};/dT and the interpretation of the results is presented in chapter 7.3.
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Figure 7.8: The temperature coefficient of a Ham. 3x3 100C via U-I characteristic, assuming a
linear behaviour.

7.3 Dynamic characteristics

For the dynamic characteristics various SiPM were illuminated with short 8ns
LED light pulses [Caen, 2011a], such that the amount of triggered microcells was
small (1 to 10 PE). The SiPM was mounted to a preamplifier board designed by
Prothmann [2008, see pg. 22]. The amount of charge generated by a light pulse
was recorded via a CAEN V792 12bit QDC [Caen, 2010] within a 45ns integration
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7 SiPM characterization

gate. Considering the preamplifier Gain of 19.0dB (amplitude ratio 8.91), the QDC
conversion factor for the SiPM charge is:

a0 1 1pC
QICI(QDC —chan) = 1556 % 257 * ODC — chan (7:5)
_ 3 pC
=11.0x 10 QDC — chan (7.6)

The LED-driver triggers the QDC-readout (see fig. 7.10). Using this method, charge
spectra have been recorded at different V,,.r and temperatures for different SiPM
types. A picture of the setup in figure 7.9.

The obtained charge spectrum (see 7.11) is described by equation (3.31). In the so
called finger spectrum one can clearly differentiate the number of microcells firing
during a light pulse. Each peak represents a certain number of simultaneously
triggered microcells. The left peak is called pedestal, when no cells have been
triggered. For this analysis 11 peaks are fitted with a multigaussian fitfunction
plus a gaussian background (7.7) and from the fit a probability distribution for the
number of firing microcells was obtained, which is used in chapter 9. The gaussian
background accounts for surface currents and dark counts, which smear out the

gaussian peaks.

Mpeaks found
f(x) = Apg X N(png, o) + Y, Ai X N (i 07) (7.7)
i=1
N is a standard normal distribution. The spectra series contain information on
G,dG/dV, dG/dT, the crosstalk probability p.sss, and via the distribution of the
number of firing microcells one obtains the distribution for the mean number of

impinging photons (see pg. 15).

Figure 7.12 shows the peak positions at different V., relative to the pedestal
peak. The fitted linear functions intersect at the breakdown point. The slope of
the linear function of peak number 1 is proportional to dG/dV. In this work the
breakdown voltage is calculated as the mean of the intersections of the lines from 1
to 3 PE. The reason why not more lines were used, is the fact, that the peak positions
for higher order peaks do not depend linear on Vj,.r, because the integration time

is too short. But significantly longer integration times are not feasible, because dark
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7.3 Dynamic characteristics
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Figure 7.9: The setup for the SiPM charac- Figure 7.10: The readout scheme for the
terization at low photon flux. The Clear QDC-spectra.

Wave Guide (CWG) guides the light
pulses with peak intensity at 400 nm. Two
DS18B20 sensors were used to monitor
the temperature inside the box.

counts prevent resolving the peaks and a spurious background builds up in the
charge spectrum (see 7.11). The values for the tested SiPMs can be found in table
A.1. The statistical error for the determined breakdown voltage is as follows,

(AVpa)? = %i [(A_bz>2 N (biAai>2] 8)

. 2
i=1 | a;

where g; and b; correspond to slope and intercept of the ith line. Combining this
with the systematic error of the voltage source (see Keithley [2002]) one obtains:

Via = (69.439 = 0.025(stat) + 0.039(sys)) V (7.9)

For the Ham. 3x3 100C dG/dV(T = 20K) ~ 8 x 10°V~!. Consider a typical
Vover = 1.5V, a compromise between PDE and crosstalk then it holds in the linear

approximation:

dG/dV

5= 1/ Vyper = 0.067 % mV !
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Figure 7.11: QDC spectrum (black) of a Ham. 1x1 100C at V., = 0.6 V with the multigaus-
sian fitfunction (red) with gaussian background (green). The conversion factor for charge is
400/4096 pC per bin with preamplifier gain of 8.91.

This implies that the voltage source should be stable at the level off ca. 10mV, that
effects due to gain variations stay low. Higher V., lead to significant increase in

crosstalk and DCR and a compromise must be made.

Temperature studies show a temperature coefficient for the Ham. 1x1 100C of
(60.8 4 0.6) mVK~! (see figure 7.13), which is in good accordance to the value
measured with via the U-I method (see section 7.2.2). Deviations are probably
due to the problematic fit procedure used for the U-I-characteristic. The signal
height variation due to the temperature dependence of the BGA614 Darlington
preamplifier gain is negligible. The bias resistance used for the amplifier was
68 () at Vc =5V [see Prothmann, 2008]. The temperature testing range was from

approximately 0°C to 30 °C, which implies a variation in device current of about
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7.3 Dynamic characteristics
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Figure 7.12: The peaks positions for various charge spectra of a Ham. 1x1 100C vs V};,s. The
position of a peak depends linear on V. For higher order peaks this is not true, because the
45 ns signal integration time is to short for the signal. For this reason only the first 3 peaks were
used for calculation of Vj,
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7 SiPM characterization

1mA. The resulting variation in power gain is less than 0.1dB at 19dB [see
Prothmann, 2008, pg. 35], which results in a temperature coefficient for the power
gain variation in the order of 0.1 % K~!. One concludes that the dominant factor
for variations in the SiPM signal is the SiPM temperature coefficient.
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Figure 7.13: The temperature coefficient dV},;/dT determined via charge spectra series at 5
different temperatures.

The reason why this temperature coefficient is positive, is the temperature de-
pendence of ionization probability per unit distance travelled a (impact ionization
coefficient), which is a function of ¢,, the optical phonon energy, ¢;, the ionization
energy, and A the mean free path for generation of optical phonons. Using Barraffs
theory Crowell [1966] showed, that in the high field region the temperature depen-
dence of the ionization rate is dominated by a variation in A, while the energy lost
per unit path is nearly independent of the temperature. For higher temperatures
the mean free path is smaller, which means, that a smaller fraction of the carriers
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7.3 Dynamic characteristics

reach the energy necessary to generate further ionization, which results in a positive

temperature coefficient for ;.
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CHAPTER 8

SiPM gain stabilization

For SiPM it is essential to monitor and control Vyy,.r, because G and PDE depend
on this parameter unlike for photomultipliers, where gain and quantum efficiency
can be adjusted separately. The temperature dependence of G was investigated in
chapter 7. The results show the greatest values for dG/dV for the 100 pm Pixel
size type. For the POSSUMUS detector, no active temperature control of the setup
was applied and in this way a controlling mechanism for V,;,; was required. Test
measurements with the setup and readout from figures 7.9,7.10 were done, in
order to check the performance of linear gain stabilization (see figures 8.2,8.2) and
showed that the temperature dependence was reduced. Then a multichannel gain
stabilization system was built, using 8 bit 20k() RDAC as voltage divider for 5V.
The input of the temperature sensor, which is mounted on the metal beam next to
the SiPM, is used with the temperature coefficient dVj;/dT = 60mV K1 to adjust
Vpias- A sketch of the multichannel gain stabilization system can be found in figure
8.1. The system measures and records the temperature for each SiPM and the
controlling threshold is a minimum temperature change of 0.3K, limited by the
resolution of the RDAC. Calibration measurements have been performed with the
programmable voltage divider to check the uniformity of channels (see A.3). A long
term measurement of 7 days was done to test the performance of the multichannel
gain stabilization system. G is stabilized at best within ¢ at 0.92% of the set G
value (see table 8.1).

The design value of 20k() for the maximum was chosen such, that under a
load similar to a Ham. 3x3 100C the output voltage shows linear behaviour. The
minimum load resistance is in the order of R;,,; =~ 70V /100pA = 700k(), when the
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8 SiPM gain stabilization
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Figure 8.1: The multichannel gain stabilization system uses the I1°C Bus to steer the voltage
divider. The voltage divider uses a 5V floating voltage source.
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SiPM is saturated. The output voltage of the voltage divider with resistance Ry, R;

without load is given by V; = ﬁv. If one includes the load resistance it reads

Rp

Vi=———+—
g Ri+ Rp

Vv s (81)

where Rp = (Rjpz4R2)/ (Rjoaq + R2). The deviation of set voltage value from the
real voltage is 25 mV at maximum (see figure A.4) and negligible, for SiPM at low

photon flux.
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Figure 8.2: The peaks of the charge dis-
tribution spectra at different temperatures
and constant Vs

Figure 8.3: The peaks of the charge dis-
tribution spectra with temperature com-
pensation via adjustment of V},;,s using

60mV K. For this measurement the
setup from chapter 7.3 was used.

Channel no. RMS / Mean Unit
Uncompensated Compensated
0 4.5 0.92 %
1 4.7 1.3 %
2 5.7 0.97 %
3 6.3 1.3 %

Table 8.1: The goodness of G controlling algorithm. The values calculated with the measure-
ment from figures A.6, A.7
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8 SiPM gain stabilization
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Figure 8.4: Gain monitoring without Vs
correction. The measurements were per-
formed using a programmable LTD, switch-
ing between low threshold for Gain de-
termination and the threshold for cosmic
rays. For details see thesis Ruschke [2014].
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the measurement.
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Figure 8.5: The peaks of the charge distri-
bution spectra, when compensating tem-
perature changes via adjustment of V;,
using 60mV K~1. The multichannel gain
stabilization system uses the I°C Bus steer
the 5V floating voltage divider.

In figure 8.4 one can clearly recognize the day-night temperature variations in

the lab. When the temperatures drop, G increases, whereas in figure 8.5 there is no

long term trend visible and G fluctuates around a constant value.
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CHAPTER 9

Model for the SiPM response

For the SiPM detector response function one has to consider, the distribution of
the number of incoming photons, dark count rate (DCR), optical crosstalk (OC),
photon detection efficiency (PDE). According to Ramilli et al. [2010] a simple
model assumes a Bernoullian detection process, with the parameter PDE for a
single photon to trigger an avalanche during the integration time. In this case
the probability distribution of triggered microcells is given by a sum over the
product of the distribution of impinging photons with a Binomial distribution. OC
can be described as cascade phenomenon by a constant probability at a certain
Vover for one cell to trigger another one, independent of the number of previously
triggered cells and geometry effects. The time dependence of this process is also
completely omitted, which is a good assumption, as long as the signal integration
time is long in comparison to the time scale of OC. Several authors [Eckert et al.,
2010, Finocchiaro et al., 2009, Ramilli, 2008] propose Poissonian statistics for the
photon number distribution of a pulsed LED at low light intensities, which is
directly connected to the initial distribution for the number of firing cells via PDE.
This hypothesis is based on the assumption that the registration of photons is
statistically independent during the counting interval [see Teich and Saleh, 1991, pg.
403,404]. Deviations from this behaviour originate in correlated events. These three
parameters - Apyisson, PDE, peross - were used to generate a Monte-Carlo sample
according to figure 9.1 in order to test the Poissonian hypothesis. Minimizing
chisquare (see chapter A.1) the best fit-distribution was found, extracting the
normalized probability distribution of equation (7.7) for the number of firing

microcells from the finger spectrum in figure 7.11. Dark counts during the counting
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9 Model for the SiPM response

interval of 45 ns are unlikely to happen at DCR in the order of 1 MHz and contribute
about a few % to the mean value of the distribution of firing cells. For the spectrum
of this SiPM data were available also on the value for peross(Vover = 1.1V) = 0.3,
taken from Bollu [2014, see pg. 29,30], which was used to fix pcrss, for the
minimization procedure. This was necessary, because a the global minimum

for chisquare does not show sensible results for the model parameters.
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Figure 9.1: A simple model for the detector response using the Poisson hypothesis for low light
intensities from pulsed LEDs.
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The comparison of data and Monte-Carlo sample (see figure 9.2,9.3) reveals, that
there is a good agreement for a higher number of firing cells, while especially at
0 to 3 firing cells, the agreement is not perfect. This may be an effect of omitting
the spurious dark counts, which are indistinguishable from real hits. Dark counts
result in a smaller probability for 0 firing cells and in greater probabilities for 1 and
more firing cells. The fundamental difference to OC is, that for OC the 0 bin is not
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affected, but true photon hits and OC events are shifted to higher bin numbers.
For OC no upper limit of the maximum triggered cells was used, because the
number of triggered cells is small compared to the total number of cells and even
for higher order OC the density of triggered cells around the initially triggered cell
stays small [see Otte, 2007, pg. 158]. More elaborated models for OC have been
developed by Otte [2007], but these require a detailed knowledge about the doping
concentrations in the cell structure, which is not provided by the vendor, as well as
knowledge on the emission process of photons produced in the avalanche discharge.
The latter includes the energy spectrum and the intensity of the emitted photons
during the avalanche, which are object of actual research. The parameters obtained
by the minimization procedure are PDE = 0.37 at Vyper = 0.6V and Apyjsson = 4.2.
Comparing with the value of PDE = 0.42 measured at V,,; = 1.4V by Dinu [see
2013, pg. 65], the minimization leads to sensible values. In this way an alternative
method was found to obtain Apy;sso,, Which is quite commonly determined using
the information in the 0 bin with the total number of entries only and determining

. . Nod
the number of incoming photons as Apyjsson = —In N;:Zt , where N, corresponds to

the number of entries in bin 0 and Nj.; represents the total number of entries in the
histogram [Enzweiler, 2013, Glauf3, 2012].

The chisquare plots (figure 9.4,9.5,9.6, note the logarithmic color axis.) with
one parameter fixed show, that Apy;sso, and peross are anti-correlated, which is the
expected behaviour, because crosstalk fakes photon signals and this leads to an
overestimation of Ap,jsson (see figure 9.4). From figure 9.5 one concludes, the higher
the mean of the incoming photons is reconstructed the less PDE is assumed. This
result is at first sight astonishing, but may be connected to the Poisson hypothesis
and the shape of the initial photon number distribution. It is probable that dark
counts may cause this kind of behaviour, because of effects on the shape of the
photon distribution, especially in the first bins. Figure 9.6 indicates that higher
Pcross is connected to lower PDE, because given a higher crosstalk, which triggers
additional cells, one may estimate lower values for PDE.

The Monte Carlo model showed, that it is problematic to determine the mean
number of impinging photons with the number of entries in the 0 bin. A possible
extension of the model is to use also the data on dark count rate, which may have
effects on the discrepancies in the first bins.
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9 Model for the SiPM response
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CHAPTER 10

Tests on the time resolution and readout system

One goal for the POSSUMUS detector is a position sensitivity along the long side
of the scintillator rods of 5cm. In order to check the performance of the readout
system, the scintillator rods and the SiPM timing, two scintillating fiber prototypes
were constructed. For the latter BCF-12 scintillating fiber with 3.2ns decay time,
435nm peak emission and absorption length of 2.7m with 5mm diameter (see
Saint-Gobain_Crystals [2014a]) was used. The core refractive index is 1.6, while
the cladding refractive index is 1.49. This prototypes were tested with a 20 MeV
proton beam of 5 mm diameter at MLL-Garching tandem accelerator (see figure
10.1) in March 2014 and August 2014. The projected range of the protons along the
beam axis inside a 1.05 g cm ™3 polystyrene target (see BCF-12) as given in the NIST
PSTAR ([NIST, 2014]) database is 0.41 cm, which means the protons stop inside the
prototype.
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10 Tests on the time resolution and readout system

£
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Figure 10.1: The 20 MeV proton beam hitting a scintillator tile. The 5 mm beamspot is clearly
visible.

10.1 Photomultiplier-Fiber prototype

For this prototype a 1 m fiber was used and two Hamamatsu R1665 Photomultipliers
were glued to the ends of the optically insulated fiber. The prototype was mounted
to a step motor with 5 um minimum step size. In the experiment 35 cm horizontal
movement was covered in 5 cm steps. The height of the prototype was adjusted to
the position of maximum trigger rate of 170 Hz. The photomulitplier voltages were
set to 800V and 752V, such that the pulse heights were equal at the center of the
fiber. As voltage source a ISEG SHQ 224M was used (see datasheet ISEG [2014]).

PMT 1 rgggggglmggggggﬂPMTz
)

. cmtlllatlng Fiber -_

5mm Proton Beam

B T

—p TDC-Readout &

Figure 10.2: A sketch of the setup for test- Figure 10.3: The scintillating fiber mounted
ing the time-to-digital converter (TDC) to the stepper motor at the tandem acceler-
readout. ator facility.
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10.1 Photomultiplier-Fiber prototype

A Caen N845 low threshold discriminator in combination with a Caen N455
coincidence logic unit with coincidence time of 40ns was used to trigger a Caen
V775N 12 bit TDC (see datasheets [Caen, 2004, 2011b, 2012]). One finds a sketch of
the readout scheme in figure 10.4. The TDC was operated in common stop mode
and the full range was set to 143ns, so that the conversion factor is 34.9 ps per
bin. The discriminator threshold was set to 30 mV, well above dark current of the
photomultipliers. One finds the obtained TDC spectra for the different positions in
figure 10.5. The right peak is the peak of the 32 ns delayed channel with a width of
1 bin standard deviation, which means, that the delay is sufficient and no triggers
are generated by the second channel.

J

Discriminator S Delay | Coincidence
J—He &
Z Z
= =
> W
TDC |< Common Stop
l VME I
PCl to VME Computer

Figure 10.4: The TDC readout scheme. For the SiPM experiment a constant fraction discrim-
inator with amplitude and risetime compensation triggering and for classical photomultiplier a
low threshold discriminator were used.

The arrival time difference of the signals is given by

Af — Neore
C

Axefs (10.1)

where 1. is the refractive index of the core material, c the velocity of light, x, ff
the effective way of light in the fiber accounting for reflections. A Gaussian function
was fit to each of the spectra from fig. 10.5. The skewness of the distributions at
the edges of the covered range may be an effect of light attenuation in the fiber
and the constant threshold trigger technique. Considering the absorption length
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Figure 10.5: The time distribution of the photomultiplier signals at different detector positions.
The right peak corresponds to the delayed channel. The step size is 5cm. One position is
missing. 10000 events were recorded at each position.

of 2.7m one finds a difference of 12 % in intensity from edge to edge. From figure
10.6 one obtains (7.1 4+ 0.4) cmns~! for the effective velocity of light. For this value
8.5cmns~! has been reported by Chichester et al. [2012] for this material. The
difference may be a calibration effect of the TDC or, becauseChichester et al. [2012]
used a longer piece of fiber. The used TDC was calibrated with a signal and delayed

signal from 2ns to 40ns.
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10.2 SiPM-Fiber prototype
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Figure 10.6: The time difference of the arrival times obtained by the Gaussian fit versus
the detector position for the photomultiplier prototype. The effective velocity of light was
(714+0.4)cmns™ 1.

10.2 SiPM-Fiber prototype

The SiPM-Fiber prototype was built (see figure 10.7) in order to check the SiPM
timing performance in comparison to classical photomultipliers. Two Ham. 3x3
100C SiPM were glued with instant adhesive to a centering plastic structure at the
polished ends of a 35 cm long scintillating fiber. The optically active surface of the
SiPM was covered with Roth M5o00000 silicone fluid (now Wacker, see [Wacker,
2013]) with refractive index of 1.40 in order to improve the coupling to the fiber. As
SiPM voltage source two EA PSI 8160-04T (see [Automatik, 2014]) were used. The
readout electronics was as in figure 10.4, except that in place of the low threshold
discriminator a programmable Caen V812 constant fraction discriminator (CFD)
was used. The CFD uses amplitude and risetime compensating triggering technique
(see glossary amplitude and risetime compensation triggering) with 4 ns delay time,
accounting for the SiPM signal rise time and 150 ns dead time, which suppresses
further triggers due to afterpulsing or time walk due to the temperature coefficient
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10 Tests on the time resolution and readout system

of Ryyench, which has effects on the shape of the signal during cell recovery. Apart
from that, Constant Fraction Triggering has the advantage that the trigger signal
is in theory independent from the signal height and time walk is minimized. A
coincidence time of 40 ns was set. Gain compensation with 60 mV °C~! temperature
coefficient was implemented in a program, which takes the input of the DS18B20
temperature sensors and carries out the communication with the voltage source.
The reference temperature for the set bias voltage is 25 °C.
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Figure 10.7: The SiPM-Fiber prototype with 35 cm long fiber and optical shielding. The SiPM
was centered and glued to a plastic structure. A silicone fluid connects the active surface of the
SiPM and the fiber.

For this prototype in a similar manner TDC spectra were recorded at the MLL
tandem accelerator with 20 MeV proton beam as before. The step size was chosen
to be 1cm and the sample contains 50000 events. One finds the time spectra for
7 different detector positions with 5cm steps in figure 10.8. The skewness of the
spectra is reduced compared to figure 10.5, which may be an effect of amplitude
and risetime compensation triggering. V,,. was equal for each of the SiPMs,
nevertheless the height of the peaks decreases from left to right, which is an effect
of the SiPM-fiber coupling. One channel may count fewer photons than the other
and for this reason the time distribution broadens. For analysis a double Gaussian
fit function for every peak was used, where the ratio of the amplitudes is about 4 : 1
(see figure 10.9). The mean values of the two Gaussians coincide within 1 bin and
the ratio of the two sigma values is about 4/10.
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10.2 SiPM-Fiber prototype
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Figure 10.8: The time distribution of the SiPM signals at different detector positions. The scan
step size was 1 cm, but for reasons of readability the position difference for the spectra is 5 cm.
For each position 50000 events were recorded.

The analysis (see figure 10.10) shows, that the position of the mean values is
linearly dependent on the detector position. A slight peak broadening is visible,
if the proton beam hits the detector at higher distances to on of the SiPMs. The
overvoltage were set to be equal, so this may only be an effect of different SiPM-fiber

coupling.

Table 10.2 shows the mean standard deviation of the Gaussian peaks converted
to a distance with the conversion factor obtained as a combination of the two
fiber measurements of 7.15cmns ™! (see figure 10.10, 10.6). The obtained position
resolution as well as the measured effective velocity of light of the fiber detector

prototypes are comparable. The effective velocity of light is governed by reflections
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10 Tests on the time resolution and readout system
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Figure 10.9: The time distribution at position 20.4 cm from the left SiPM, which corresponds
to the blue peak in figure 10.8. A double Gaussian fitfunction was used. The green spectrum
represents pedestal peak.
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Figure 10.10: The position of the mean values of the dominant Gaussians, with sigma errors.

The obtained effective velocity of light is (7.3 4-0.2) cmns~!.
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10.3 SiPM scintillator block prototype

at the cladding material, and the broadening of the peaks is dominated by the
scattering and reflection processes inside the fiber and the time pick-off method of

the amplitude and risetime compensation triggering.

Prototype o [cm]

Photomultiplier prototype 1.8
SiPM prototype Gaussiant 1.2
SiPM prototype Gaussianz2  2.86

Table 10.1: Mean position resolution at 1 of the Gaussian fit to the time distribution. Gaus-
sian1 and Gaussian2 refer to the double Gaussian used to fit the SiPM fiber prototype data.
The values were calculated using the effective velocity of light obtained from the linear fit.

10.3 SiPM scintillator block prototype

Experiments at CERN (see [Ruschke, 2014]) revealed, that the position resolution
for POSSUMUS via time difference of the signals was about 15 cm. The goal of this
experiment was to decide, whether direct coupling of the SiPMs to a scintillator is
better for the position resolution along the x-axis, than the readout via the WLSF.
The advantage of direct coupling, is that more direct light hits the SiPM, while for
indirect readout, the position, where the photons hit the fiber is uncertain and the
absorption and reemission process broadens the time spectrum. In order to test
this, a POSSUMUS prototype was built. The prototype is based on a 0.6 m long
40 mm x 90 mm rectangular BC-400 scintillator rod with a 1 mm diameter BCF-92
WLSF (see datasheet [Saint-Gobain_Crystals, 2014b]) centered at 4.5cm. The WLSF
was placed in a 1 mm groove and glued to the scintillator rod with optical cement
of the same refraction index. As wrapping material aluminum foil was used. At
each end of the fiber a Ham. 3x3 100C SiPM (SiPM o, SiPM1 see figure 10.11)
was attached. In addition two Ham. 3x3 050C were glued with instant adhesive
centered to both ends of the scintillator rods, which will be called SiPM2 and SiPMy
in the following. A printed plastic support structure fixes the prototype inside a
light tight metal case. The readout used is the same as in section 10.2. The CFD
threshold was set well above the dark rate of coincident signals. The proton beam
hit the rod orthogonal to the surface with the WLSF. The detector was mounted

to the stepper motor and moved in 10 cm steps orthogonal to the beam axis for a
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10 Tests on the time resolution and readout system

length scan. The height was adjusted manually. The x-axis is defined along the
long side of the scintillator, with O-position at SiPMO0 and the y-axis is defined along

the 9 cm side, with 0-position at the upper end (see figure 10.11)

» 4cm _
B n Yy
BC 400 y 5mm
Proton Beam
e——
SiPM2 SiPMO
.
e——
WLSF
BCF-92

Figure 10.11: A POSSUMUS prototype with one centered scintillating fiber readout by SiPM
0 and SiPM1 at both ends. Additionally the scintillator is readout at both ends with a centered,
direct coupled SiPM (SiPM2/4). The colors of the arrows represent the beam positions of the
height scan.

Three scans have been performed with SiPM0/1:

* Height scan along the y-axis.
* Length scan along the x-axis in 10 cm steps at height 3.5cm

* Length scan along the x-axis in 10 cm steps at height 2.5cm

With SiPM2/4 a length scan at height 2.5 cm was performed in 5 cm steps.

10.3.1 Readout of WLSF with SiPMO0/1

In this section the obtained spectra for the SiPM-fiber couplings shall be discussed.
The height scan in figure 10.12 shows the y-position dependence of the signal
timing. Beam positions far from the fiber have a broad time spectrum, which is the
expected behaviour.
Light is emitted isotropically mainly from positions near the Bragg peak of the

proton beam, which is about 0.5 cm below the surface of the scintillator. Consider
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10.3 SiPM scintillator block prototype
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Figure 10.12: The height scan reveals a dependence of the time resolution on the distance
of the proton beam to the WLSF. Positions far from the fiber at 4.5 cm have broad time spec-
tra, while light generated close to the fiber shows narrow spectra. A Gaussian fit around the
maximum of the spectrum was done. The fit parameters can be found in table

Height [cm] o [ns]

2.5 217
3.5 1.52
4.5 1.00
6.0 1.34

Table 10.2: Mean standard deviation of the Gaussian fit to the time distribution from figure
10.12.

this a isotropic point light source. Then the photon flux without reflections at a
point Ax (see figure 10.13) in the fiber is proportional to the intensity of a isotropic
light source in distance r times the transmittance T, described by the Beer-Lambert

vV AX2 + dz)

1
IPOinfsource(l/”z) x T(r) = Ax2 +d? &P < - A

law,
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10 Tests on the time resolution and readout system

where lambda is the absorption length of the material, d the distance of the point
source from the fiber, Ax the parallel component of the distance of the light source
to a point on the fiber in figure 10.13. For reflected light the source appears to
have a greater distance from the fiber and the shape of the distribution does not
change. This contribution to the spectrum decreases rapidly with the number of
reflections. Also the time for photons to reach the fiber increases with the number
of reflections. A trigger is produced if the number of photons hitting both SiPM
within the coincidence time is greater than a certain threshold. This indicates
that the measured spectrum is a combination of the initial light and the photon
absorption and reemission in the fiber and a smaller contribution from reflected
light. This may be the reason why broadening occurs rapidly, when d increases.
A slight asymmetry in the spectrum may be caused due to the low light output,
which means that for one side less triggers are generated, in case the SiPM-fiber

coupling is different.

WLSF Ay
<
o Q«\Q
Isotropic light |
source

(Bragg peak)

Figure 10.13: A sketch for emission of a point source and the photon absorption by a thin fiber.

Figure 10.14 shows the time spectra at different x positions along the scintillator
at height 4.5 cm, figure 10.15 at height 2.5 cm. For analysis a Gaussian fit was done
around a region of interest symmetric to the maximum. One finds a plot for At,
as time difference of the converted Gaussian mean values, versus the positions in
figure 10.17. From figure 10.17 via fit of a linear function one obtains an effective
velocity of light (see table 10.3), which is comparable to the velocity of light in the
BCF-12 fiber, but consists of two components. One is originated in the way of light
in the scintillator, while the other component is due to the geometry of the WLSEF.
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Figure 10.14: The time spectra for different x-positions at a height of 4.5 cm near the WLSF.
For analysis a Gaussian was fit in a range symmetric to the maximum.

10.3.2 Direct readout of scintillator SiPM2/4

One idea to improve the position resolution obtained via the time distribution of
the signals is to use two SiPMs coupled directly to the scintillator. The obtained
time spectra one finds in figure 10.16. Characteristic for these spectra is that they
have a broad background and a small peak, which results from the reflected direct
light component. The effective velocity of light (see figure 10.17) is smaller than
with the SiPM fiber coupling configuration, which is probably an effect of the high
probability that multiply reflected light triggers the SiPM. In figure 10.18 a typical
spectrum for the direct coupling can be seen. The problem of this method is, that
the peak consists of very few events, which is due to a bad detector efficiency. This

rules out the direct coupling option as detector concept.
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Figure 10.15: The time spectra for different x-positions at a height of 2.5 cm, far from the
WLSF. The distributions are broader because of geometrical effects.

Sample Ceff [cmns™!] Spat. res (0) [cm]
Fiber readout h =4.5¢cm 8.01 £0.01 10
Fiber readout h = 2.5¢cm 8.98 +£0.03 16
Direct readout h =2.5cm  5.38 +0.02 10

Table 10.3: The obtained effective velocities of light and the mean width of the Gaussian fit
function in units of cm. Note that the real error on the Ceff is underestimated.
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Figure 10.16: The time distribution spectra for direct coupling of two Ham. 3x3 050C to the
scintillator. A broad background due to the low light output is visible.
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Figure 10.17: The position of the mean values obtained by the Gaussian fit to the region of
interest symmetric to the maximum value of the time spectrum. The error bars are the fit errors
on the mean of the Gaussian, which probably underestimate the true error.
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Figure 10.18: The time spectrum for direct readout at 40 cm. The number of events inside the

fit range is about 40 % of the total events. This means, that the detection efficiency is too low for
a good separation of background events from protons.
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CHAPTER 11

Conclusion and outlook

The goal of this work was the optimization of a fast scintillation detector for a large
areas with SiPM readout and trigger capability. The detector consists ofBC-400
scintillator rods, BCF-92 fibers glued to the scintillator. The light emitted at the end
of the fiber is collected with SiPMs.

This work consists of two parts. In the first part different SiPM types were char-
acterized. For the latter a temperature controlled (0.1 K) test setup was developed,
which was used for automatically determining V4, dG/dV, dVj,;/dT and Ryyench-
Via a the forward U-I scan the microcell resistance Rgyeqcn has been measured for 5
different SiPM types. For the reverse U-I scan the breakdown voltage of different
SiPM types was reconstructed using a linear-quadratic function. Temperature
studies were performed to determine the temperature coefficient via this method.
The parameters dG/dV, dV;;/dT and Vj; have been measured automatically, illu-
minating the SiPM with a pulsed LED. The charge contained in the signal pulse was
recorded at different voltages and charge spectra were generated. A multigaussian
tit function was used to describe the spectrum and in this way V},; was measured
at high precision with an error of 64 mV. From the position of single pixel peaks at
different bias voltages dG/dV is obtained. These parameters have been determined
for about 30 SiPMs of different form factors and microcell sizes. dG/dV is largest
for the SiPMs with 100 um cell size and smallest for 25um cells, which puts an
upper limit for the accuracy of the voltage source. The determination of V;; was
necessary, because the vendor only gives a recommended bias voltage, which is
greater than V};. Measurements with the POSSUMUS prototypes had shown, that

the low light output was the main issue in order to improve the position resolution.
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11 Conclusion and outlook

The decision was made to use SiPMs with microcell size of 100 pm x 100 pm, be-
cause of their greater photon detection efficiency. For this SiPM type a temperature
coefficient dV,;/dT of 60 mV K~ was measured, which is in good accordance to
the obtained value via the U-I method.

Due to temperature fluctuations in the laboratory it was important to build a
system, that reduces the effects of gain variation. For this purpose the automatic
multichannel SiPM gain stabilization system has been developed, which minimizes
the gain variation due to temperature dependence of V,;. This system relies on the
input of the temperature sensor mounted to the SiPM board and corrects the bias
voltage according to the measured temperature coefficient. The circuit is based on
a digital controlled voltage divider. The gain could be stabilized within 0.92 % and
no long term drifts were visible.

In order to understand the effect of crosstalk on the distribution of the number of
firing microcells a simple Monte Carlo detector response model has been developed.
The model contains no information on the microcell structure and is therefore
applicable to a wide range of SiPM types. Comparison with data shows sensible
results, indicating, that the Poisson assumption for the number of incoming photons
is good. The model includes crosstalk and afterpulsing effects and the photon
detection efficiency. In the range from 0 to 3 firing microcells one finds the largest
deviations of the simulated data from the measured spectrum, which may be an
effect of dark counts, which have not been included in the model.

In the second part of this work studies on the position sensitivity along the
long side of a POSSUMUS prototype were done. For this purpose three detector
prototypes were built, which were tested with a 5mm, 20 MeV proton beam at the
MLL-Garching. Two prototypes are based on a 5mm diameter BCF-12 scintillating
tiber and were used to test the timing capabilities of the readout system and the
used SiPMs. One of those prototypes was coupled to conventional photomultipliers,
the other one to Ham. 3x3 100C SiPMs. Time spectra were recorded and from these
one obtains a position resolution of 1.8 cm for photomultipliers, 2.86 cm for SiPM
readout.

The POSSUMUS prototype consists of a 60cm long, 4cm X 9cm rectangular
scintillator with a 1 mm BCF-92 fiber glued centered, parallel to the x-axis, which
corresponds to the long side of the scintillator. The POSSUMUS prototype was
scanned with the proton beam along the y-axis and the time spectra show, that
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the position resolution via the time information depends on the distance from the
proton beam to the fiber. The Gaussian width of the time distribution near the fiber

was measured to be 1ns and decreases rapidly with the distance to the fiber.

From a scan along the 0.6 m long side of the scintillator rod one obtains a mean
position resolution of 10 cm near the fiber and 16 cm at a distance of 2 cm parallel
to the fiber. For direct readout with two SiPMs centered to the 9 cm x 4 cm surface
of the scintillator, the position resolution is 10 cm but the detection efficiency is
too bad to consider this an improvement of the detector. The limiting factor in the
time measurement is the transit time jitter of the photons in the scintillator, while
electronic effects, scintillation process and electronic noise play a minor role. This
indicates, that for obtaining a position resolution of 10 cm along the x-Axis, other
methods of analysis e.g. combining pulse height and timing information, must be
considered or other scintillator geometries should be tested.

Further improvements of the position sensitivity along the long side of the
detector may be achieved by adding more fibers to the detector such, that the
spacing between the fibers is about 1cm or less. Furthermore for better light
collection a Winston cone like scintillator may be glued to the ends of the long side
or fiber couplers, which join several fibers together, could be used. SiPM readout of
each cone will improves the SNR in contrast to direct readout of the flat scintillator

surface and may have small effects on time information.

Considering the used SiPM the difficulty was to stabilize gain at high precision,
because optical crosstalk puts an upper limit for the feasible V.. Recent develop-
ments of SiPM with reduced optical crosstalk can be biased at higher V,.;, which
may increase the photon detection efficiency, reduce the requirements for gain sta-
bilization and extend the linearity of the detector response. The gain stabilization
system may be improved using a feedback signal, which is computed from the
SiPM single pixel signal. A drawback of the current system is, that for gain moni-
toring purpose the readout of high energetic events must be stopped. The detector
is operated by switching the discriminator thresholds between gain monitoring
level using the dark rate and the level for signals from incoming particles. For
constant gain monitoring a second high gain readout channel for each SiPM is
recommended, which uses the full dynamic range of the charge-to-digital converter

(QDQ).
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11 Conclusion and outlook

This work has shown, that SiPMs are suited as a readout for the POSSUMUS
detector and that the detector principle has been proven. An automatic test setup
was used to characterize the SiPMs used for the detector. The goal of a position
resolution of 10 cm could not be achieved with the current detector prototypes,
but the limiting effects are well-known and ways to improve the resolution were

mentioned.
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APPENDIX A

Appendix

A.1 The Chi-Square Test for comparison of experimental and

simulated data

Wheighted histograms can be obtained from a Monte Carlo Simulation and experi-
ment. Comparing data and the Monte-Carlo data one possibility to get an estimate
of the goodness of the model is the Chi-Square Test, which shall be derived in the
next section. The following is a sketch of the Chi-Square method as presented in
Gagunashvili [2010]:

The probability for a random event to belong to bin i of a histogram with m bins

is given by the integral over a region S; of the underlying PDF:
pi= /p(x)dx, i=1,.,m (A1)
Si

A histogram with m bins states the result of a random experiment with the PDF
p(x). The homogeneity hypothesis assumes that two histograms have identical
underlying probability distributions, which is equivalent to:

L Ypi=1

2. p; =probability for a measured value to belong to the ith bin
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A.1.1 Unweighted histograms

Now define the total number of events in histogram j belonging to the ith-bin as

nj; and

- (i = i) i=12 (A.2)
i-1  MPi

a random variable, which has a x2, ; distribution (see glossary Chisquare Distri-
bution), where the histogram number j is represented by j, because the Chisquare
Distribution is the distribution of the sum of the squares of a number of inde-
pendent standard normal random variables. Now for statistically independent

histograms:
m (ny; —npi)?
ZX Zz—n. . (A3)
j=1li=1 jPi

is approximately distributed as x3, , and the probabilities py,...,p,; are obtained
by minimization of equation A.3.

One estimates p; by the following expression:

A Nty

- 2 A.
Pi ny + 1, (A.4)
Substitute A.4 in A.3 one obtains:
Z Z (nij — njpi)? i nany; — ning)* (A5)
s n;ipi nl” = nyj + ny;

Where the expression in A.5 is x2, ; distributed with estimation of m — 1 param-

eters.

A.1.2 Weighted histograms

In analogy for weighted histograms we define

— /p(x)dx = /w(x)p(x)dx (A.6)
S; S;
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A.1 The Chi-Square Test for comparison of experimental and simulated data

as the integral in a given region of the product of a weight function

w(x) = p(x)/8(x) (A7)
and p(x), where g(x) is an abritrary PDF. Further it holds:

gx) >0 VxeX={x:p(x)#0}

(A.8)
w(x)=0 VxeY={x:p(x)=0}
Define normalized weights as w(x) and in analogy unnormalized weights:
@(x) = const - w(x) (A.9)
The sum of weights is given by:
i
Wi = Z wl(k) (A.IO)
k=1

n; number of events in bin i and w; weight of kth event in the ith bin. So that the
total number of events in the histogram is given by n =Y_/" | n;

To do the test of homogeneity we define the statistics:
2y~ (Wi — Wai)?
Xj = Z — (A.11)

With W;; as the sum of weights of the ith bin of jth histogram and s?(W;;) as total
sum of squares of the weights in the ith bin of the jth histogram.

g Wai[s® (W) / W + 82 (Wa;) / Wai] - 1 < o (A12)
| WalsR(Wa) /Wy S (W) /W]y <y

According to [Gagunashvili, 2010, p.5] X? has a chi-square distribution.

75



A Appendix

A.1.3 Histograms with normalized weights

For two histograms with normalized weights the total sum of weights of events W;;
in the ith bin of the jth histogram is given by

7’!1']'

Wij =) w;ij(k) (A.13)
k=1
and n;;, w;; are independent random variables. We introduce a variable
ri = Ewij/Ew?j (A.14)

as the ratio of first to second moment of the distribution of weights in bin i. The

calculation of the test statistic yields [see p. 7 Gagunashvili, 2010]:

2 7 W2 2 N PN 2 2
N 1 FjiVVii 1 (7’1] Yitk r]lvv]l)
=YY —L+} — =) n (A.15)
Stz Pioooan - Yiadipi j=1
where
I/li]' ni]‘
k=1 k=1
and with

A

i

P A+ i W
P1inqFoiny

(A.17)

as initial approximation for p;. Numerically one minimizes (A.15) and in this way

we obtain the estimators for the probabilities p;.

A.2 The constant fraction triggering technique

Time measurements of electrical signals at high precision are challenging and it is
important to find trigger criteria independent of the pulseheight. For this reason
the Constant Fraction Triggering was introduced and up to now this method of
triggering is one of the most important and versatile method to measure time.
This method avoids timewalk due to a variance in signalheight, but requires
constant rise time for the signal [Leo, 1994, see pp. 327]. A signal is split into two.

One part is delayed, whereas the other part is attenuated by a factor k and inverted.
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A.3 Uniformity of channels for the voltage divider

Now the sum of this signals has a zero-crossing point at a constant fraction k of the
original signal, which can be used for a trigger logic signal.

If the delay time is so short and the undelayed signal does not reach its peak, then
only the first component of the signal is taken into account for the calculation of the
zero crossing point, the technique is called amplitude and risetime compensation
triggering, which is suited for SiPM signal and cancels the effects of afterpulses.
Additionally a deadtime in the order of the signal length inhibits further triggers.
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Figure A.1: When the signals of different Figure A.2: The Constant Fraction Triggering
amplitudes exceed a constant threshold a eliminates walk, when the original Signal is
trigger signal is generated. Signal 1 triggers delayed and a split is inverted and
before . This time difference is called attenuated by a factor k. The sum
walk defines the trigger at the zero crossing point.

A.3 Uniformity of channels for the voltage divider

The calibration measurements for the voltage divider without electrical load as in
tigure 8.1 were done using a Keithley 6514 Electrometer, to check the uniformity of
channels and to get the parameters for a more accurate adjustment of the output
voltage. The obtained general values for all channels are 0.01857 V per RDAC value
and 0.281V offset. These are results of fitting a constant (see figure A.5).
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Figure A.3: The output voltage vs the set Figure A.4: The simulated deviation from
8 bit RDAC-Value for 24 channels. Via the set voltage for the 20 k() digital voltage
straight line fit one obtains the parameters divider for 5V for different load resistances.
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Figure A.5: The fit parameters from figure A.3.
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Channel 0 Channel 1

t [dd/hh] t [dd/hh]

Channel 2 Channel 3
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Figure A.6: The uncompensated gain values for 4 channels over time. A day night variation is
clearly visible.
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Figure A.7: The compensated gain values for 4 channels.
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Acronyms

VOU@V

AP
APD

CFD
CRF
CWG

DCR

DS18B20o

ENF

GM-APD

Ham.
Ham.
Ham.
Ham.
Ham.

Ham.

ocC

1x1 025C
1x1 050C
1x1 100C
3x3 025C
3x3 050C
3x3 100C

overvoltage

afterpulse
Avalanche Photo Diode

constant fraction discriminator

Cosmic Ray Facility
Clear Wave Guide

Dark Count Rate
DS18B20 temperature sensor

Excess Noise Factor
Geiger mode APD

Hamamatsu S10362-11-025C
Hamamatsu S10362-11-050C
Hamamatsu S10362-11-100C
Hamamatsu 510362-3x3-025C
Hamamatsu S10362-3x3-050C
Hamamatsu S10362-3x3-100C

Optical Crosstalk
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Acronyms

PDE
PDF

PE
psp1210
PWM

QDC

SiPM
SNR

TDC

WLSF

Photon Detection Efficiency

Probability Density Function

photo electron

PSP1210 Voltcraft programable power supply
Pulse-width modulation

charge-to-digital converter

Silicon Photomultiplier

signal-to-noise-ratio
time-to-digital converter

wavelength shifting fiber
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Symbols

Ccelr
Er

Tpuik

QE

dG/dV
dVp/dT

The capacitance of the a SiPM microcell

The Fermi energy.

The amount of charge contained in an avalanche
discharge of a single microcell divided by e

The current, that flows through the bulk of a p-
n junction and eventually is subject to avalanche
multiplication

The quantum efficiency to create an electron-hole
pair.

The diode equivalent resistance of a SiPM micro-
cell

The quenching resistance of a SiPM microcell
The net number of charge carriers generated per
volume as difference between e-h pair generation
and recombination rates. U = Ry, — Gy,

the breakdown voltage of a SiPM

the bias voltage of a SiPM

Vover = Viias — Vpa

The terminal voltage of a voltage divider

Charge carrier ionization probability per unit dis-
tance travelled

The temperature coefficient of the SiPM gain

The temperature coefficient of the breakdown volt-
age.
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Symbols

Egeom

€
Er

Etrigger

)\Poisson
A

e

Ntrigger

n;

Pcross

PDE

The fill factor of a SiPM as ratio of optical active
surface to total detector area.

Ionization energy

Raman optical phonon energy

The avalanche trigger probability for a single e-h
pair.

The mean value of a Poisson distribution.

Carrier mean free path for optical phonon genera-
tion

the number of microcell APDs on the SiPM

the number of triggered microcells during a short
light pulse SiPM

The intrinsic density of charge carriers in thermal
equilibrium.

The crosstalk probability for one microcell to trig-
ger another microcell

The photon detection efficiency.

The lifetime of an e-h-pair.
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Glossary

amplitude and risetime compensation triggering

The difference to Constant Fraction Triggering triggering is the delay between
the inverted and attenuated signal. This technique has delays so short, that
it does not allow the undelayed signal to reach its peak and so only the
early portion of signal is taken into account for a trigger decision, which is
especially suited for a SiPM with afterpulses during microcell recovery.

BC-400
A fast plastic scintillator by St. Gobain.
BCF-12
A scintillating fibre with 3.2 ns decay time.
BCF-92
A 1.0 mm wave length shifting fiber with 2.7 ns decay time and peak emission

at 492 pm.

Chisquare Distribution

A special case of a PDF:

£(k/2-1) p=x/2 Vx>0

flk) =4 27TG) 7 (A.18)
0, otherwise

Constant Fraction Triggering

A modern high precision method for triggering minimizing time walk effects.
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contact potential

In thermodynamic equilibrium the contact potential is the electrostatic poten-
tial difference between two metals or semiconductors in contact close to the

surface of the boundary region.

depletion zone

The depletion zone is the boundary region between the n-type and p-type
semiconductor and is essentially free of mobile charge carriers.

Excess Noise Factor

The variation in charge given a constant signal for an APD in proportional
modem arises due to randomness in photon arrivals and randomness in
carrier multiplication process. For a SiPM the ENF is given by the 1-photon

signal
ENF=1+0%/53, (A.19)

where 07 is the variance of the peak and S; is the mean value of the peak.

This indicates the pixel-to-pixel gain variation.

IC Bus

A digital 2-wire Bus system for setting the RDAC values.

Monte Carlo Simulation

The Monte Carlo method is a way of obtaining the distribution of an unknown
PDF relying on repeated random sampling.

p-n junction
The boundary region between p- and n-type semiconductors.

PID controller

The PID controller is a simple controlling algorithm, which uses a feedback
signal. The PID controller is considered to be the best controller, if no
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Glossary

information about the underlying process is given. The error e between the

process variable and the set point e = SP — PV defines the controller output.
t

u(t) = / T)dT + Td ( ) (A.20)
0

Poisson distribution

The Poisson distribution defined as:

k,A
FlkA) =2 (A1)

POSSUMUS

A Position Sensitive Scintillating Muon Detector with SiPM readout.

RDAC
A digitally controlled potentiometer.

walk

When coincident signals of different amplitudes cross a discriminator thresh-

old at different times, the time difference is called time walk.
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