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Abstract:

This thesis presents a study of the temperature dependence and changes due to radia-

tion e�ects of the performance of Hamamatsu S12571 Silicon Photomultipliers (SiPMs).

A setup to control the operation temperature of the photon detectors is designed and is

used for the characterization of the detectors mainly by means of dark current and dark

count rate. The results from the temperature dependence are in agreement with the stated

values from the production company. Both dark current and dark count rate decrease by

approximately a factor of 2 for a temperature decrease of 10 ◦C.
The e�ects of non-ionizing radiation damage on the SiPMs are studied with two di�erent

neutron sources, namely an AmBe source and the TRIGA Mark II reactor in Mainz and

a proton beam facility. The neutron sources have been calibrated with reference measure-

ments, exploiting two complimentary techniques. For general comparison, the �ux is nor-

malized to the displacement damage of 1 MeV neutrons, neq. The delivered dose of the two

neutron sources ranges from 9.8× 1010 neq cm−2 in the AmBe source to 1.9× 1012 neq cm−2

in the reactor in Mainz. Therefore, it is exceeding the expected lifetime dose in the LHCb

experiment by 50%. One SiPM has been irradiated using a 100 MeV proton beam, with a

delivered dose of 1.75× 1012 neq cm−2.

The dark current at a given temperature is found to increase linearly with the delivered

dose. After radiation, with a dose of 1.5× 1011 neq cm−2, the dark count rate at −30 ◦C
exceeds 40 MHz. Studies of thermal annealing have shown, that it is an e�ective way to

reduce radiation damages in the SiPMs.

Kurzfassung:

In der vorliegenden Arbeit wird die Temperaturabhängigkeit und die strahlungsverschulde-

ten Veränderungen im Betriebsverhalten von Silizium Photodetektoren untersucht. Zur

Temperatursteuerung und zur charakteristischen Vermessung der Detektoren, an Hand

von hauptsächlich Dunkelstrom und Dunkelzählrate, wurde ein Messaufbau entwickelt.

Die Messungen zur Temperaturabhängigkeit stimmen mit den Werten der Produktions-

�rma überein. Bei einer Temperaturreduzierung um 10 ◦C reduzieren sich der Dunkelstrom

und die Dunkelzählrate jeweils um etwa einen Faktor 2.

Mit dem TRIGA Mark II Reaktor in Mainz, einer AmBe Quelle und einem Protonen-

strahl wurden die E�ekte von Strahlung gemessen. Die Quellen wurden zuvor in Ref-

erenzmessungen mit Hilfe zweier komplimentärer Techniken kalibriert. Zum Vergleich mit

anderen Ergebnissen wird der Fluss auf den verursachten Strahlenschaden von 1 MeV Neu-

tronen, neq, in Silizium normalisiert. Die dabei maximal erreichte Strahlendosis beträgt

9.8× 1010 neq cm−2 für die AmBe Quelle und 1.9× 1012 neq cm−2 im Reaktor in Mainz, und

ist damit um etwa 50% höher als für die erwartete Lebenszeit der Detektoren im LHCb Ex-

periment. Die 100 MeV-Proton-Bestrahlung erreicht eine Dosis von 1.75× 1012 neq cm−2.

Der Dunkelstrom steigt linear mit der erhaltenen Dosis über den gesamten untersuchten

Bereich. Die Dunkelzählrate erhöht sich nur bis zu einer Dosis von 1.5× 1011 neq cm−2

linear und überschreitet bei der maximalen Dosis 40 MHz bei −30 ◦C. Das thermische

Ausbacken der Detektoren hat sich als sinnvolle Methode zur Reduzierung der Strahlen-

schäden erwiesen.
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Chapter 1

Introduction

The world of elementary particles and fundamental interactions is described by an
e�ective quantum �eld theory, the Standard Model of particle physics (SM). This
theory was developed and extended to the current state over the last decades and
has so far withstood all probing by experimental physicists. However, open ques-
tions, mainly due to observations such as dark matter in astronomy or neutrino
oscillation, cannot be explained by the SM and, therefore, are a strong motivation
for the search for new physical phenomena.
The Large Hadron Collider (LHC) at CERN1 provides the environment to test the
SM at the highest energy scales currently available and is devoted to the search
for new physics. The experiments at the multi-purpose detectors ATLAS and CMS
search for the direct observation of yet undetected particles and have succeeded in
2012 in �nding a Higgs-like particle. In a di�erent approach, the LHCb experiment
looks for the indirect observation of new particles in loop induced processes of B
meson decays.
So far, no deviations from the SM are found at the LHC. To improve the tests
of the SM, more precise measurements are required. The precision of most of the
measurements performed at the LHCb experiment are dominated by the statistical
uncertainties. To reduce them, the LHCb experiment is going to be upgraded dur-
ing the second long shutdown to signi�cantly increase the recorded luminosity by
a factor 5 to L = 2× 1033 cm−2 s−1, by decreasing the bunch spacing from 50 ns to
25 ns and further enhancing the beam focus to increase the number of collisions per
event. Under the upgrade conditions, the current Outer Tracker for the tracking of
the particles trajectory will not be able to perform properly due to the large number
of tracks per event and the required increase of the read-out rate. It will be replaced
by the Scintillating Fibre (SciFi) Tracker, which uses 2.5 m long scintillating �bres
to track the traversing particles. These �bres will be read-out by Silicon Photomul-
tipliers (SiPMs), which provide the needed granularity for a high spatial resolution
and a fast response for the required read-out rate.
The focus of this thesis is on the measurement of the performance of these Silicon
Photomultipliers and it is structured as followed. A detailed look onto the LHCb
detector and the investigated �avor physics is given in Chapter 2. The functionality
and working principle of SiPMs are introduced in Chapter 3. Further, the parame-

1CERN is the abbreviation for the French name Conseil Européen pour la Recherche Nucléaire
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1 Introduction

ters which are used for a quantitative characterization of the detectors are described.
On the background of the research and development process for the new detector,
SiPMs are investigated in this thesis concerning their radiation hardness and tem-
perature dependence.
For this purpose, a setup to characterize SiPMs at various temperatures is devel-
oped and assembled. The setup is designed to automatically control the SiPMs'
temperature over the range from 20 ◦C down to −35 ◦C, perform measurements for
the SiPM characterization and it is described in Chapter 4.
Using this setup, the performance of Silicon Photomultipliers (SiPMs) undergoing
neutron and proton irradiation is investigated and quanti�ed. The �ux and spec-
trum of the two neutron sources, which are used for the irradiation of SiPMs, are
calibrated in advance. The used irradiation facilities, the two complimentary cali-
bration methods and the resulting neutron �uxes are presented in Chapter 5.
In Chapter 6 the irradiation of a SiPM at a proton accelerator facility is described.
The results of the performance tests of irradiated SiPM and the drawn conclusions
are presented in Chapter 7.

2



Chapter 2

The LHCb experiment

The Large Hadron Collider (LHC) at CERN, close to Geneva, is a 26.7 km long
circular proton-proton1 collider [28]. Bunches of protons �y with almost the speed
of light in opposite directions through this ring and collide at four positions [28].
With a designed center of mass energy

√
s = 14 TeV at the collision2, physicists at

the four main experiments

• ALICE (A Large Ion Collider Experiment)

• ATLAS (A Toroidal LHC ApparatuS)

• CMS (Compact Muon Solenoid)

• LHCb (Large Hadron Collider beauty)

are extending the frontiers of the experimentally examinable energy regions in par-
ticle physics. The collider ring is positioned in a depth of approximately 100 m
underneath the Swiss-French border.
The proton (and ion) beams inside the accelerator are held in position and steared
by super-conducting magnets. A sketch of the collider including a pre-accelerator
ring (SPS) and the four major experiments is shown in Figure 2.1.
The LHCb detector is the smallest detector in size of the four major detectors.

Also, the layout of the detector di�ers generally from the three others since it does
not cover the total solid angle around the collision point, as shown in Figure 2.5.
LHCb is designed as a single-arm forward spectrometer with an angular coverage
of 10 mrad to 250-300 mrad, with the beam pipe lying exactly along the detector's
central axis. The sub-detectors and their purpose are described below with a focus
on the Tracking stations.

2.1 Physics at the LHCb experiment

The scienti�c agenda of the LHCb experiment is to test the e�ective quantum �eld
theory which describes the interactions of particles, the Standard Model of Particle

1Also operation with heavy ions such as lead (Pb) is performed
2As by the end of Run I in 2012, the maximal reached collision energy is

√
s = 8 TeV
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2 The LHCb experiment

Figure 2.1: Overview of the LHC accelerator ring and the Super Proton Synchrotron
(SPS), which pre-accelerates particles for the LHC. The four main de-
tectors and the CERN site are shown [14].

Physics. This is achieved by searching for physical phenomena which deviate from
the current theory and, therefore, are a hint for new physics beyond this model.
A main pillar in the search for new physics is the observation of CP -symmetry3

violation (CPV ) [58]. The CP violation is a prerequisite for the matter antimatter
asymmetry in the universe. However, the currently observed CPV in the Stan-
dard Model is by far not large enough to explain the observed matter antimatter
asymmetry. This is a strong motivation for the search of further CPV processes.

Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a theory describing fundamental
particles and their interactions. It uni�es three of the four elementary forces for
particle interactions [25, 58].
Namely, the three forces are the electromagnetic force, the weak force and the strong
force. An implementation of the fourth force, gravity, has not yet been accomplished
within the SM. The electromagnetic and weak interactions are mediated by four force
carriers, the spin-1 gauge bosons: photon (γ), two W-bosons (W±) and the Z-boson
(Z0). The carrier of the strong force are gluons (g).
The Standard Model is further comprised of the known twelve spin-1/2 particles,
the fermions. Fermions are divided into three generations. Six of these particles

3The notation CP stands for charge (C ) and parity (P)
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2.1 Physics at the LHCb experiment

carry color charge of the strong interaction and are called quarks. These quarks are
named down (d), up (u), strange (s), charm (c), bottom (b) and top (t)4, respectively.
Each type of quarks has its �avor quantum number, i.e. b-quarks have bottomness
B = −1 or c-quarks have charmness C = +1.
The other six fermions are leptons, namely the electron (e), the muon (µ) and the
tau (τ) with their corresponding neutrinos (νe, νµ, ντ ). Each of the twelve particles
has its own antiparticle with same mass but reversed charge and reversed quantum
numbers.
The SM was developed over most of the second half of the 20th century and has
reached a milestone in 2012 in the discovery of a Higgs-like particle by ATLAS [9]
and CMS [33]. All these elementary particles are summarized with their masses and
spins in Figure 2.2.

Figure 2.2: The particles known to exist in the Standard Model. The twelve fermions
are divided up into the three generations (columns) and into quarks
(purple) and leptons (green). The carriers of the interacting forces are
the gauge bosons (red). The latest discovery in particle physics is the
Higgs boson (yellow) [6]

The quarks introduced in the former paragraph are always found in bound states,
the so called hadrons. Two quarks form a meson, three form a baryon and some
exotic hadrons with more than three quarks are possible, as for example a tetraquark
bound state, which has been observed by LHCb earlier this year [12].

Search for new physics

The search for new physics beyond the Standard Model at the LHCb is performed
using the decay of B- and charm mesons. The meson name indicates its quark

4Alternatively the b- and t-quark are referred to as beauty and truth quark
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2 The LHCb experiment

content, i.e. B mesons contain b-quarks. Due to the quark content, each meson has
certain �avor quantum numbers, as for example the B0

s meson, which contains an
anti-b-quark and an s-quark and, therefore, has strangeness S = −1 and bottomness
B = +1.
The neutral decay of a meson with the change of a �avor quantum number is not
allowed in 1st order in the SM. This is due to the non-existence of Flavor Changing
Neutral Currents (FCNC). The 2nd order decays contain internal loops of virtual
particles. The additional coupling constants of these internal loops strongly suppress
these decays. Therefore, one refers to rare decays, with a branching fraction5 in
the order B = 10−6 − 10−9. The detection requires a well calibrated detector to
reduce the systematical uncertainty and a su�ciently large data sample to reduce
the statistical uncertainties.
The reason to select these loop-decays are virtual particles inside the loops. Due to
the Uncertainty Principle, particles with o�-shell masses are accessible within the
short timescale of these loop processes. Their investigation is therefore suitable for
the indirect search for new heavy particles. Two examples of loop mediated decays
within the SM are shown in Figure 2.4. The rate and the angular distribution of the
�nal state particles of the decay depend on the particles inside the loop process.
In contrary to the approach of this indirect detection, the experiments ATLAS
and CMS search for direct observation of new heavy particles by looking at decay
particles with a high transverse momentum component. New physics particles with
a large mass are less boosted in the lab frame due to the limited total energy at
the collision. Thus their decay products are expected to have a large transverse
momentum.
The bb quark pair needed to form the desired mesons for the LHCb experiment
are mainly produced by the fusion of two gluons6. The proton consists of the three
valence quarks (two u-quarks and one d-quark) and a sea of spontaneously produced
quark pairs and gluons. Gluon fusion can create a joint quark q only together with its
anti-quark q, since �avor quantum numbers are conserved in the strong interaction.
Each gluon carries only a portion xi, with i = 1, 2 of the total proton's energy. This
results in a total available energy E in the collision of

E = x1x2

√
s (2.1)

If x1 and x2 have di�erent values
7, the �nal state of the collision is boosted into the

direction of the gluon with higher energy. This means, the produced quark pair has
a small angle to the beam axis as shown in Figure 2.3. Therefore the detector of the
LHCb experiment is shaped in forward direction as mentioned before. The detector
is described in detail in the following sections. Before, a physical motivation for an
upgrade of the detector is given.

5The branching fraction is the normalized probability of a decay chain to take place
6The cross-section of b-quark pair production at 7 TeV is σbb = 284± 20± 49 µb [10]
7The values are very unlikely to have the exact same value due to the broad parton distribution
function, which describes the momentum distribution of gluons inside a proton
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2.1 Physics at the LHCb experiment
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Figure 2.3: Left: Two Feynman diagrams for gluon fusion production of bb quark
pairs in the LHCb experiment [4]. Right: The simulated angular distri-
bution of the produced quark pairs for a center of mass energy of 8 TeV.
The accumulation of events in the corners is due to the high boost of the
�nal state particles. The angles are given with respect to the beam axis
as indicated in the �gure. The red colored areas in the �gure mark the
regions of acceptance of the LHCb detector, whereas the blue region is
not covered [52].

2.1.1 Physical motivation for the detector upgrade

The primary motivation for an upgrade of the LHCb detector is the increase of
signal statistics. Most of the recent results presented by the LHCb collaboration
on the search for new physics are limited due to their statistical uncertainties. The
search for CP violation in the decay B0

s → φφ and the search for the rare decays
B0
s/d → µ+µ− are two examples.

CP Violation in B0
s → φφ

The decay B0
s → φφ is used to measure the CP violating phase φs. Other than the

phase φs of the 1st order decay of B0
s → JΨφ, the phase in the decay B0

s → φφ is
expected to be almost zero due to inference e�ects. Recent results from LHCb were
published in [13]:

φs = −0.17± 0.15(stat)± 0.03(syst) rad (2.2)

7



2 The LHCb experiment

This value is compatible with the SM prediction, which sets an upper limit of φs =
0.02 rad. To further test this prediction, a more precise measurement is needed,
which clearly requires a smaller statistical uncertainty. To reach the systematic
precision of this measurement, the statistical precision has to increase by a factor
�ve, naively8 requiring a 25 times larger data sample.

�B0
s

φ

φW+

u, c, t

s

b

s

s

s

s

�B
0
s

u, c, t

W

ū, c̄, t̄
γ, Z0

s

b̄

µ+

µ−

Figure 2.4: The Feynman diagrams for the decay of a B0
s → φφ on the left and

for the decay B0
s → µ+µ− on the right. The internal loops, which are

mentioned in the text are shown, including the particles from the SM,
which contribute to the decay [4].

The rare decay B0
s/d → µ+µ−

The rare decay modes of neutral B-mesons to a di-muon �nal state are strongly sup-
pressed within the SM and any deviation of its branching fraction from the Standard
Model prediction would be a clear hint of new physics [48]. The measurement with
current data9 results in the branching fraction of the B0

s decay mode

B(B0
s → µ+µ−) = 2.9+1.1

−1.0(stat)+0.3
−0.1(sys)× 10−9 (2.3)

which is in agreement with the SM predictions of 3.23± 0.27× 10−9 [29] or 3.56±
0.18× 10−9 [30]. Further, the measurement sets an upper limit for

B(B0
d → µ+µ−) < 7.4× 10−10 (2.4)

at 95% con�dence level [11]. The high statistical uncertainty of the �rst decay mode
and the lack of clear evidence of sighting for the latter decay mode require a larger
data sample. This is expected to only be possible with an increased data taking
rate. But with the current state of operating, data taking beyond an integrated
luminosity of 10 fb−1 is not pro�table, as the statistical precision would only increase
very slowly [48].

8The statistical uncertainty is proportional to the square root of the number of events σ =
√
N

9Combined data of Run I with an integrated luminosity of 3 fb−1
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2.2 The LHCb detector

2.2 The LHCb detector

The LHCb detector, as it is shown in Figure 2.5, is a single-arm forward spec-
trometer [16]. It contains di�erent sub-detectors, which measure the energy, the
momentum, the velocity and the trajectory of the produced particles. These values
are needed for a precise association of the B-meson decay products.

Figure 2.5: Side view of the current LHCb detector. The di�erent sub-dectectors
are shown, which are introduced in this section. The collision point is
on the left side inside the Vertex Locator detector [53]

Tracking measurement

To reconstruct the momentum of a charged particle, one must reconstruct its �ight
path through the magnetic �eld. The �rst stage of the trajectory measurements
is the Vertex Locator [22], positioned closely around the collision point. It consist
of silicon strip detectors with a resolution in transverse direction of 10µm and in
z-direction10 of 40µm and is designed to reconstruct the primary vertex and the
decay vertices [22].
The track reconstruction is performed at four tracking stations, which consists of
four detection layers (x, u, v, x) each. The two detection layers u and v of each
station are tilted by ±5◦ with respect to the y-direction. The Trigger Tracker (TT)

10The right-handed coordinate system adopted has the z axis along the beam, and the y axis along
the vertical [16].

9



2 The LHCb experiment

station is positioned upstream11 of the magnet and consists of layers of silicon strip
detectors with a resolution of 200µm [16], while the other stations (T1-T3) are posi-
tioned down-stream of the magnet. Each station, T1-T3, consist of an Inner Tracker
(IT), which is made out of silicon strip detectors, covering the inner region around
the beam pipe and the Outer Tracker (OT), which is a gaseous straw tube detector.
They form a total of 3× 4 planes, each of size 5 m× 6 m, covering the outer regions.
It consists of straw tubes with an inner diameter of 4.9 mm, which are �lled with a
gas mixture. The deposited charge from ionization of passing particles is collected
by an anode wire in the central axis of the straw tubes.
In between the TT and the T stations, a magnet with an integrated magnetic �eld
of
∫
Bdl = 4 T m bends the trajectories of charge particles in the horizontal plane.

The particles momentum is determined from the amount of bending [18].

Particle identi�cation and energy measurements

Particle identi�cation (PID) is performed with the measurements of the two Ring-
Imaging Cherenkov (RICH) detectors. Highly energetic charged particles with a
velocity greater than the speed of light in the ambient material create Cherenkov
light under a characteristic angle [25]

cos(θ) =
1

nβ
(2.5)

with the relativistic velocity β = v
c
and the index of refraction n of the used material.

As seen in Equation 2.5, the measurement of the angle θ of the emitted light can be
used to determine the particles velocity. Together with the momentum information
from the tracking, the mass of the particles is determined, which is used for parti-
cle identi�cation. The two RICH detectors use this feature at di�erent indices of
refraction to be sensitive in di�erent momentum ranges to separate pions, protons
and kaons [19].
For the separation of photons and electrons, the Scintillating Pad Detector (SPD)
in front of the calorimeters uses its insensitivity to photons. The Preshower (PS)
detector is similar to the SPD and is positioned just downstream of it behind a
12 mm thick lead sheet. It seperates electrons and photons from hadrons, using the
fact that hadrons induce only very small showers in the thin lead sheet [42].
The measurement of the particles energy is performed at the downstream part of
the detector, where an electromagnetic calorimeter, a hadronic calorimeter and the
muon stations are placed. Both calorimeters are �shashlik� sampling calorimeters
with absorbing material interleaved with scintillator tiles [17]. In the electromag-
netic calorimeter, the absorber is made out of lead, whereas steel absorber are used

11The de�nition of orientation within the detector is referred to a stream, with the collision point
as its source. Therefore the VeLo is the most upstream detector, while the Muon Stations are
sited most downstream.
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2.2 The LHCb detector

for the hadronic calorimeter. The absorber decelerates the particles by di�erent pro-
cesses such as scattering or photo-electric e�ect, creating particle showers of lighter
particles e.g. electrons, photons or pions. These showers are detected by the scintil-
lating material and wavelength shifting �bres (which penetrate the lead/scintillator
bulk) in combination with photomultipliers.
The last detectors in the chain are the Muon stations (M1-M5) [21]. They consist of
iron absorber material, which, together with the absorber material of the calorime-
ters, has a total thickness of 20 nuclear interaction-lengths. This thickness is only
trespassed by muons due to their minimal ionizing properties. The absorbing mate-
rial is interleaved by multi-wire proportional counter (MWPC) chambers to detect
the muon track.
The �rst Muon Station (M1) is positioned in front of the calorimeters and is exploited
in the �rst level (L0) hardware trigger for the data aquisition of the detector [21].

The planned LHCb upgrade

The signal event yield, S, for a given B decay in the LHCb experiment is given by

S = Lint × σbb × 2× fB × Bvis × εtot (2.6)

with the integrated luminosity Lint, the cross-section for bb-pair production σbb, the
hadronization probability fB of the corresponding mesons, the branching fraction of
decays of interest Bvis and the total detection e�ciency εtot [48].
Only two of these parameters leave room for improvements. First is the integrated
luminosity, Lint and second, the trigger e�ciency, εtrigger, which is a part of the total
e�ciency εtot.
With the upgrade [24], the LHCb detector is planned to operate at a luminosity
of 2× 1033 cm−2 s−1, which is half of the maximal luminosity taken by ATLAS and
CMS, but about 5 times the peak luminosity of LHCb during Run I [41].
This would lead to an integrated luminosity of about 50 fb−1 during the designed
LHC era, which is a increase by a factor 5 compared to the expected recorded
luminosity of 10 fb−1 by the end of Run II.
Currently, the detector operates with a two stage trigger system, named L0 trigger
and High Level Trigger (HLT) [48]. At the stage of the L0 trigger, the read-out
rate is limited to 1.1 MHz by the front-end electronics (FEE). To maximize the
rate at which interesting events can be read out, sharp cuts on transverse energy
of hadrons, electrons and photons are applied to remove uninteresting events and
to reduce the rate to 1 MHz. Unfortunately, at higher luminosity these cuts do
not only cut away unwanted events, but also events of interest. Already with the
luminosity received in 2012, the applied cuts are not su�cient to reduce the event
rate to be recorded completely. This di�erence of delivered luminosity and recorded
luminosity is visible in Figure 2.7. Therefore, the hardware trigger level (L0) will be
removed and replaced with a fully �exible 40 MHz software trigger. The new trigger
con�guration increases the expected event yield by an additional factor of up to two
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2 The LHCb experiment

Figure 2.6: Side view of the upgraded LHCb detector. The SciFi tracking detector
is positioned between the magnet and RICH2. Further visible changes
compared to the current LHCb detector in Figure 2.5 are the Upstream
Tracker (UT) between the magnet and RICH1 and the removal of the
muon station M1 and the SPD/PS detector [50].

for fully hadronic decays. In total, the expected annual increase of the data samples
is a factor 10 and 20 for leptonic and hadronic decays, respectively, compared to the
data sample of 1 fb−1 recorded in 2011. This will result in the same magni�cations
of 10 and 20 for the total recorded data samples compared to the expected data
samples after Run II.

The main requirements to operate at a higher collision rate is new front-end elec-
tronics for all subsystems but the muon stations. Further, the Outer Tracker will
be challenged by the further increase of the luminosity, as the detector already
su�ers from occupancies of about 10% at 50 ns bunch spacing at the current lumi-
nosity. For a bunch spacing of 25 ns the occupancy at the current luminosity would
be O(20%) [20]. So far, this has only little in�uence on the tracking e�ciency.
However, the performance of some modules near the beam pipe would dramatically
decrease in upgrade running conditions [49]. Therefore the Inner- and Outer Tracker
will be replaced by a new detector, the Scintillating Fibre Tracker. As this detector
is the main focus of this thesis it will be described in detail in the following section.
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Figure 2.7: The annual recorded luminosity by the LHCb experiment during Run
I. The di�erence between the recorded data (red) and delivered data
(blue) in 2012 indicates the loss of events due to the limited readout
capacities [51]

2.3 The Scintillating Fibre Tracker

The Scintillating Fibre (SciFi) Tracker will be installed during the next long oper-
ation pause (LS2) and replace the IT and OT at the tracking stations T1-T3. The
technical proposal for the new detector is published in [50], which is summarized
in the following. Like the former tracking stations, the new detector will consist
of three groups of four layers which are positioned in the x-y-plane as seen in Fig-
ure 2.6. The set of four detection planes (x, u, v, x) are orientated at (0◦, 5◦, −5◦, 0◦)
with respect to the vertical axis, to allow for a two dimensional track reconstruction.
One detection layers consist of twelve modules of the approximated size 52 cm× 500 cm.
A schematic cross section of a module is shown in Figure 2.8.

Each module comprises eight �bre mats of size 13 cm× 250 cm. These mats are
made of scintillating �bres of diameter 250µm. The �bres are positioned parallel in
longitudinal direction and with high precision12 inside the mats. Each mat consist
of �ve or six13 layers of these �bres. The mats will be sandwiched in between two
carbon �bre panels to provide stability.
A mirror is placed at the central end (y = 0 cm) of each �bre mat to increase the light
yield of the �bres. At the outer ends (y = ±250 cm) of these modules, SiPM arrays
are mounted to detect the photons created by passing particles in the scintillating

12The average distance between the center of neighboring �bres is 275 µm
13The inner modules around the beam pipe will consist of six layers, whereas the outer modules

only consist of �ve layers.
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Figure 2.8: Side view of a trimmed SciFi module. The active mat of scintillating
�bres is indicated in blue in the center of the module. At both ends the
end caps for the mounting of the SiPMs are shown [50].

�bres. The SiPM arrays are put in a light tight end cap as such that they are
facing the end face of the �bres. The overlay of the �bre structure and the pixels
of the SiPM are shown in Figure 2.9. Four SiPM arrays with 128 channels each are
installed over 130 mm of �bre endface. In total, a length of about 150 m is covered
with SiPM arrays, resulting in a total number of 590000 channels for the entire �bre
tracker. The read-out and digitization of the signals is performed by new FEE in
the read-out box (ROB). A cluster algorithm determines the tracked position from
the SiPM signals as shown in Figure 2.9.
The SiPMs will be cooled to -40 ◦C to reduce thermally excited noise signals (see
Section 3.3 for more details).

Radiation environment

The collision of hadrons inside the LHCb detector creates a great �ux of particles.
These particles ionize the detector material. On one hand, this is intended, as the
ionization of detector material is used for the detection of the particles, but on the
other hand it degrades the functionality of parts of the detector over time. The
scintillating �bres will become less transparent over time due to ionizing radiation,
decreasing the light yield at the photo-detectors, but are expected to survive over the
life of the experiment. The SiPMs are not expected to be damaged by the relatively
low ionizing radiation dose of about 60 Gy, but the non-ionizing damage to the
silicon by neutrons and other hadrons is quite signi�cant. The major source of high
energetic hadrons is backscattering from primary interactions with the calorimeter
stations [34]. In the calorimeters, particle showers are created, from which some
particles may emerge into the upstream direction towards the tracking stations.
The accumulated radiation dose and normalized neutron �uence is simulated using
a FLUKA simulation of the LHCb detector [23, 40]. Figure 2.10 shows the x-y-
dependence of the �uence distribution. In Figure 2.11, the expected energy spectrum
of neutrons for the SiPMs in the SciFi tracker at di�erent positions in y-direction
are shown. The SiPMs are positioned outside the inner dense �uence region at
y = ±250 cm.
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Figure 2.9: View from above onto the end faces of the �bres (larger circles). The
scintillation photons are produced inside the �bres at the trajectory of
the trespassing particle (green dots) and some photons reach the �bres
end faces (black dots), where they trigger pixels of the SiPM array (yel-
low squares). The amount of �red pixels per channel results in a pro-
portional signal amplitude, indicated by the bar chart at the top. From
the mean of this amplitude distribution the position of the trespassing
particle is reconstructed [50].

At the designed position of the SiPMs at y = ±250 cm the resulting �uence after
collecting an integrated luminosity of 50 fb−1 for the tracking stations T1 and T3 is
9.5× 1011 neq cm−2 and 13× 1011 neq cm−2, respectively. This radiation dose might
be reduced by at least a factor 2 by implementing shielding of borated polyethylene
near the SiPMs, as it was shown by the simulations [50].

SiPM requirements

The SiPMs have to ful�ll the following criteria to be operated at upgrade conditions

• High detection e�ciency: The scintillation photons created in the �bres have
to be detected with an e�ciency as high as possible, to ensure a high track
reconstruction e�ciency.

• Short dead times: The desired collision rate of 40 MHz requires a short dead
time of the detector of O(25 ns).

• High granularity: The high granularity provides a high tracking resolution,
prevents an overlap of close by clusters and reduces the relative occupancy of
the event.
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Figure 2.10: Two dimensional plot of the expected accumulated neutron �uence at
the tracking station T1 after an integrated luminosity of 50 fb−1. The
SiPM arrays are positions at y = ±250 cm [50].

• Radiation hardness: The degradation by radiation damage has to be kept
under control. This means, that the rate of signals causes by other reasons
than the light of a trespassing particle must stay signi�cantly below the rate
of real signals. Also the shape of the signals must not change signi�cantly to
provide stable conditions for the clustering algorithm. Further, the changes in
required operation voltage should vary as little as possible.

• Temperature dependency: The temperature stability in the experiment can
only be guaranteed up to ±1 ◦C and therefore the operational parameters
should depend only mildly on the temperature.

Two companies are developing potentially suitable SiPMs for the LHCb SciFi track-
ing upgrade: the German company KETEK14 and the Japanese company Hama-
matsu15. In this thesis, the latest type of Hamamatsu detectors, MPPC S12571-
050C16 is investigated and its compatibility with the SciFi conditions is tested.

14KETEK GmbH, Hofer Str. 3, 81737 München, Germany
15Hamamatsu Photonics K.K., 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka Pref.,

430-8587, Japan.
16See Subsection 3.3.1 for detailed information about the SiPMs.
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Figure 2.11: The energy spectrum of neutrons from FLUKA simulations at the track-
ing station T1 for the SciFi modules. The spectral distribution of neu-
trons is summarized over the energy range from meV up to GeV. The
spectrum at the approximated position of the SiPM arrays are indi-
cated in black (y = +260 cm) and purple (y = −260 cm). The cyan
colored spectrum is taken near the beam pipe (y = +40 cm) and the
red spectrum underneath the detector at y = −340 cm [55].
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Chapter 3

Silicon Photomultipliers

Particle detectors must translate the signature of an incoming particle into an elec-
tronic signal, which is then passed into a software based analysis system. Such a
signal can consist of photons emitted in a scintillator or of the creation of charge
carriers via ionization. In the case of scintillation, a photo-detector is used for the
conversion of light to an electronic signal. Traditional and well established photo-
detectors are, for example, photomultiplier tubes (PMTs). As shown in Figure 3.1,
an incoming photon creates a photoelectron at the cathode (on the left side of the
�gure) through the photoelectric e�ect. This electron is accelerated by an applied
electric �eld towards a chain of dynodes. The dynodes have an increasing potential
from left to right and the primary electron liberates further electrons from the �rst
dynode material. At every successive dynode, the electron avalanche grows by kick-
ing out more electrons. By reaching the anode at the end of the cascade, the total
amount of electrons in the avalanche lies in the order of 105 − 107, which creates a
measurable electric charge. This is then typically measured as a voltage pulse over
a resistor. A very strong electric �eld, and therefore a high applied voltage, between
anode and cathode is needed for this high multiplication. The cascade inside the
PMTs requires a geometry of at least a few centimeters in length.

Figure 3.1: Schematic of the working principle of a photomultiplier tube [70]
(modi�ed)

A new type of photon detectors are Silicon Photomultipliers (SiPM), based on semi-
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3.1 Introduction into semiconductivity

conductor technology. SiPMs were �rst mentioned in 1989 by V. Golovin, et al.
(Russian patent #1702881). Ever since, the development has brought up a large
variety of di�erent detectors for individual purposes such as high energy physics or
medical physics.
Silicon Photomultipliers are pixelated photo-sensitive solid-state detectors with a
high granularity. Incoming photons create electron-hole-pairs in the bulk of a pixel,
which are accelerated towards the anode and cathode by an electric �eld. Each pixel
consists of a diode, onto which an outer voltage in opposite direction of its internal
electric potential is applied. These photo-diodes are assembled in arrays forming
multi-pixel photon counters (MPPC). The size of an individual pixel can vary from
10-100µm. The photo-detector is sensitive to very weak light at the photon-counting
level. In Section 3.1, the working principle of the SiPMs is described and the speci�c
parameters to characterize SiPMs are introduced in Section 3.3.
One main advantage of SiPMs over the longer established detectors such as photo-
multiplier tubes (PMT) is its low operation voltage. Due to the small geometry, the
operation voltage can be rather small to create the needed electric �eld strength.
Whereas classic PMTs need an operation voltage of few 1000 V to reach a detectable
charge multiplication of the primary electron. Furthermore, the extremely compact
geometry leads to a very small distance between anode and cathode, which reduces
the drift time of the ionized particles dramatically and makes the SiPM insensitive
to magnetic �elds. The small pixels allow the usage of SiPMs for a high channel
granularity, which with classical PMT is only possible up to a limited granularity
in the order of cm2. Each SiPM channel is a group of same number of pixels that
allows for a dynamic range of incoming light. All this is reached at comparable
internal charge multiplication (O(106)) and time resolution (O(100 ps)).
These properties make SiPMs suitable for the read-out of scintillation �bres in the
LHCb SciFi Tracker upgrade. Disadvantages are in general the limited range for the
detectable photon wavelength1 and, compared to PMT, the high rate of fake signals
induced by thermal excitation inside the silicon at room temperature.
The production companies use di�erent names for SiPMs. Therefore, a Silicon Pho-
tomultipliers can also be referred to as SSPM2, MPPC or MAPD3.

3.1 Introduction into semiconductivity

Solid metallic materials are found in a crystal-like structure which can be described
by solid state physics as a three dimensional lattice. For an electron in this periodic
potential of atomic nuclei one gets a so called dispersion relation, which is the relation
between the wave number of the electron's wave function in the crystal and the
energy of the electron. The dispersion relation for electrons in pure silicon is shown
in Figure 3.2. Projecting the dispersion relations onto the ordinate, one receives

1PMT also have a limited wavelength acceptance due to the photoelectric e�ect.
2Solid-State Photomultiplier
3Multi-Avalanche Photon Detector
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allowed energy regions, the so called energy bands. Since the atomic potential is
di�erent for every nuclide the energy bands di�er from one material to another.

Figure 3.2: Dispersion relation for a pure silicon crystal. The abscissa marks all
possible spatial orientation of the propagation directions of an electron's
wave function inside the crystal's primitive cell. The di�erent orienta-
tions are of no further interest, since the allowed energy bands are created
by the projection of the covered energy regions onto the ordinate. The
slope of the dispersion curves accounts for the di�erent density of states
(Equation 3.2 and 3.3) as well as the e�ective mass [8].

• Valence band: Electrons at this energy level are strongly bound to the atomic
nuclei

• Conduction band: The binding is weak and electrons are moving almost
freely inside the crystal

The di�erence of three electrically conducting properties arises from the energy gap
between the valence band and the conduction band as well as the position of the
Fermi energy level, EF . The Fermi energy is de�ned as the energy level up to
which all energy states are �lled at absolute zero temperature. The energy gap,
Eg = EC−EV , is the di�erence between the upper energy level of the valence band,
EV , and the lower energy boundary of the conduction band, EC . The three di�erent
types of electric conductivity are depicted in Figure 3.3 and described below

• An electric insulator has an energy gap of at least a few eV and therefore
strongly suppresses the probability of an valence electron to move into the
conduction band. This prevents any electrical conduction. The Fermi energy
lies in between the valence and the conduction band.

• The other extreme case is the electrical conductor, which has no energy gap.
Valence band and conduction band overlap and therefore allow electrons to
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move into the higher energy bands. Since the bands overlap, the Fermi energy
lies inside a band.

• Semiconductors are somewhere in the middle of these two cases. There is
a non-zero energy gap, usually in the order of 1 eV. The Fermi energy lies
between valence and conduction band. The gap is small enough for electrons
to tunnel into the conduction band by thermal or optical excitation.

Figure 3.3: Energy bands of metals, semiconductor and insulator [35] (modi�ed).

The bands are �lled with charge carriers accordingly to the Fermi-Dirac-distribution

f(E) =
1

exp
(
E−EF
kBT

)
+ 1
≈ exp

(−(E − EF )

kBT

)
(3.1)

with the Boltzmann constant, kB. The density of states de�nes the amount of
allowed states per energy interval. The more shallow the slope of the dispersion
curve, the higher is the density of states DC and DV for the conduction and valence
bands, respectively. For the two bands one gets

DC(E) = (2m?n)
3/2

2π2h̄3

√
E − EC E > EC (3.2)

DV (E) =
(2m?p)

3/2

2π2h̄3

√
EV − E E < EV (3.3)

The e�ective masses of electrons, m?
n and holes, m?

p inside the bands is derived from
the slope of the dispersion curves

m? = h̄2 ·
[d2E

dk2

]−1

(3.4)
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with the direction of propagation, k. The integration over the product of the Fermi-
Dirac-distribution and density of states yields the charge carrier density of electrons,
n and holes, p, in the two bands, where

n = 2
(
m?nkBT

2πh̄2

)3/2

exp
(
−(EC−EF )

kBT

)
= NC · exp

(
−(EC−EF )

kBT

)
(3.5)

p = 2
(
m?pkBT

2πh̄2

)3/2

exp
(

(EV −EF )
kBT

)
= NV · exp

(
(EV −EF )
kBT

)
(3.6)

with Planck's constant h̄4 and the e�ective charge carrier densities NC and NV .

3.1.1 Intrinsic semiconductors (type I)

In extremely pure materials, usually isotopes of group IV elements such as carbon
(C), silicon (Si) or germanium (Ge), one speaks of intrinsic semiconductors.
For an intrinsic semiconductor, the charge carrier density in the two bands equal

ni = pi =
√
NC ·NV exp

( Eg
kBT

)
(3.7)

with index i indicating intrinsic. The Fermi energy level lies in the middle between
these two bands.

3.1.2 Doped semiconductors (type II)

The other type of semiconductors are doped semiconductors. Here the number of
positive and negative charge carriers di�ers, since impurities are added (doped) into
the pure crystal. The majority of charge carriers comes from the doping material,
the so called dopant.

• n-type semiconductor: dopant has more electrons in the outer shell than
the intrinsic material itself, usually isotopes of group V like phosphor (P),
arsenic (As) or antimony (Sb). These dopants are also called electron donors.

• p-type semiconductor: isotopes mainly of group III with an insu�cient
amount of electrons like aluminum (Al), indium (In) or gallium (Ga). One
also speaks of electron acceptors.

The energy boundaries EV and EC of the semiconductor do not change due to
the doping, since the doping concentration typically lies in the order of ppm5 or
ppb6. Very high doped materials can reach concentrations up to %�-levels. But

4Planck's constant h = h̄ · 2π
5ppm = parts per million
6ppb = parts per billion
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Figure 3.4: Density of states, energy bands and occupation for an intrinsic semicon-
ductor [35] (modi�ed).

Figure 3.5: Energy levels of p- and n-doped semiconductors on the left and right
side, respectively. The added energy levels from the dopant, EA and
ED, are shown. The boundaries of the conduction band and the valence
band do not change due to the doping [35] (modi�ed).

dopants are chosen such that the energy level of the dopant's charge carriers are near
the corresponding energy band of the intrinsic semiconductor. In other words, the
donor's electron energy level is close to the conduction band, whereas the acceptor's
energy level for holes is close to the valence band. Boron inside an intrinsic silicon
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semiconductor has an energy level of EC − 0.045 eV below the conduction band,
decreasing the energy gap drastically in comparison to the one of pure silicon Eg =
1.12 eV. But since the numbers of the two types of charge carriers now di�ers due to
the doping, the Fermi energy level changes as well. This can be seen in Equation 3.5
and Equation 3.6 and is illustrated in Figure 3.5.

3.1.3 p-n-junction

Bringing a p-doped area in contact with an n-doped area creates a so called p-n-
junction. In thermal equilibrium, the Fermi energy level equalizes in the two regions,
which lowers EV and EC in the n-part with respect to the p-part of the junction.
This is also referred to as band-bending. As a result, free electrons move from the
n- to the p-part and holes the opposite direction. Figure 3.6 shows the behavior of
the energy levels as well as electrons and holes in a p-n-junction. This creates an
electric potential or electric �eld in the counter direction. The electric �eld stops
the di�usion and an equilibrium state is generated with

eUD = ∆Epot = Ep
C − E

n
C = Ep

V − E
n
V (3.8)

with UD the potential di�erence between n- and p-doped side.

Figure 3.6: Energy levels and charge carrier occupation within a p-n-junction [35]
(modi�ed).

At this equilibrium the p-type and n-type side are occupied with a negative and
positive charge density, respectively.
This is the simplest form of a diode. Into one direction (forward bias operation) the
resistance of the p-n-junction is almost negligible whereas in the opposite direction
the external �eld �rst has to overcome the internal �eld (reversed bias operation).
During this voltage region, the diode behaves like a capacitor, being charged by the
outer electric �eld. The small observed current in the reversed region below break-
down voltage is leakage current due to quantum tunneling electrons from valence to
conduction band. This is shown in Figure 3.7.
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Figure 3.7: A standard curve of the drawn current of a diode. The plot covers both
forward and reversed bias operation [3] (modi�ed).

3.2 The working principle of SiPMs

Combinations of intrinsic and doped semiconductors are used inside each pixel of a
SiPM. SiPMs consist of an intrinsic semi-conductor where incoming photons create
electron-hole-pairs by depositing energy. This so called depletion region or drift
region is sandwiched by doped areas. The geometry of this region is responsible for
the time response of the detector, as larger drift regions require longer drift times.
A schematic sketch is shown in Figure 3.9.
For this con�guration of intrinsic and doped semiconductors to work as a photon
detector, the reverse bias voltage VBIAS must exceed the internal potential of the
p-n-junction, UD. The potential wall of the p-n-junction prevents a current �ow into
the reversed direction and, therefore, the diode is charged comparable to a capacitor.
The charge stored in this capacitor is equal to the product of one pixel's capacity and
the applied over-voltage. Given these mechanical and electric conditions, an incom-
ing photon may create an electron-hole-pair inside the SiPM by lifting an electron
from the valence band to the conduction band. The probability for this is called
the quantum e�ciency (QE). After creation, the electron-hole-pair is separated by
the applied outer electric potential. Electrons are accelerated towards the anode
and holes to the cathode of the diode. The strong electric �eld in a p-n-junction
accelerates electrons such that they create an avalanche of electron-hole-pairs in the
silicon. The movement of electrons and holes in an avalanche is illustrated in Fig-
ure 3.10. The probability for an initial electron-hole-pair to trigger an avalanche
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Figure 3.8: The electric �eld inside a SiPM pixel. The high pedestal is the Geiger
region, where the charge multiplication occurs. This high electric �eld
is produced by a p-n-junction. The lower pedestal is the drift region
marks the drift region, which consist of an instrinsic semiconductor [31]
(modi�ed).

is called Geiger e�ciency (εG) and, if the reversed over-voltage is strong enough to
create avalanches, the operation mode is referred to as Geiger mode. Therefore,
each pixel is an avalanche photo-diode (APD) operated in Geiger mode (G-APD).

An avalanche is stopped by a resistor in series, which is etched into the silicon as
indicated in red in Figure 3.9. As an avalanche is triggered, a current is �owing
through the diode and this so called quenching resistor. The voltage drop over
the resistor increases due to the increasing current, which is reducing the voltage
drop over the diode consequently and thus stopping the avalanche. Due to the
quenching, the disposed charge of one avalanche equals the charge stored in one
pixel and, therefore, every avalanche discards a discrete amount of charge at same
over-voltage. The total charge of such an avalanche is read out as increase of voltage
over a resistor, which gives the resulting electric signal of the detector.
A SiPM is assembled by many of these pixels, which are operated in parallel as

indicated in the schematic electric circuit in Figure 3.11. The signal amplitude is
proportional to the number of �red pixels and the disposed charge consists of integer
multiples of the charge of one avalanche. The resulting discrete charge values of
di�erent signals are referred to as photoelectron peaks and are used for di�erent
measurements, as described in the next section [31, 35, 39, 65, 69].
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Figure 3.9: Schematic of an assembled SiPM pixel using a NPIP doping-structure
and with trenches between the pixels [31] (modi�ed).

Figure 3.10: Movement of electrons and holes in the avalanche region over time.
New electron-hole-pairs are created constantly by both types of charge
carriers [65].

3.3 Parameters of SiPM characterization

A SiPM is characterized by di�erent parameters, which are used to compare di�erent
types of SiPMs with each other. These parameters are introduced and described in
the following. Thereby, the focus will be on parameters like dark count rate and
dark current, which are determined by using thermally induced signal in the absence
of light.

Breakdown Voltage

Operating the diode against the orientation of its internal electric �eld creates a very
characteristic current over voltage curve (IV curve). The breakdown voltage (VBD)
is de�ned as the bias voltage large enough to create an external electric potential to
overcome the internal electric potential of the diode. This is a requirement for the
creation of avalanches in the APD. Bias voltages (VBIAS) above breakdown voltage
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Figure 3.11: A schematic of the electric assembly of a SiPM, including a diode and
a quenching resistor for each pixel of the detector [65]

are referred to as over-voltages VOV :

VOV = VBIAS − VBD (3.9)

The resulting electric �eld in the SiPM is proportional to the applied over-voltage.

Voltage (V)
58 59 60 61 62 63 64 65 66 67 68

D
C

 (
A

)

-910

-810

-710

Figure 3.12: Current over voltage curve of an unirradiated SiPM at temperature
T = 20 ◦C. The dotted line indicates the approximate position of the
breakdown voltage

The breakdown voltage dependence on the temperature can be simpli�ed by a linear
correlation for the temperature range between 200-300 K for Hamamatsu MPPC [66]
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VBD(T ) ∝ κ · T (3.10)

For the investigated SiPMs, the temperature coe�cient is stated by the production
company as approximately

κ = 60 mV K−1 (3.11)

Gain

The multiplication factor of an elementary charge e in the avalanche is called the
gain of the detector.

G =
Qavalanche

e
=
VOV · C

e
(3.12)

where Qavalanche is the charge of one avalanche. This charge depends linearly on
the over-voltage and on the capacity C of each individual pixel, as explained in
Section 3.2. A high gain is desirable to separate signals from electrical noise in the
circuit. The temperature dependence is already taken into account in the determina-
tion of the breakdown voltage as shown in [60]. Technically, the gain is determined
by collecting signals. Since every avalanche creates a discrete signal, gain is deter-
mined from the charge di�erence between a signal with n pixels �ring and a signal
with n + 1 pixels �ring. With n, a small integer. The resulting spectrum is shown
in Figure 3.13. The di�erence is equivalent to one avalanche charge Qavalanche. A
signal with multiple avalanches either comes from crosstalk between the pixels (see
below) or from an external light source. Here, the light source provides multiple
photons, which �re multiple pixels.

Dark count rate

Dark count rate (DCR) describes the rate at which the assembly of pixels �res with
no incident light on the SiPM. The probability for such an event is a function of
temperature [60]:

p(T ) = CT
2
3 · exp

(
− Eg

2kBT

)
(3.13)

with C a proportionality constant. The dark count rate is determined as the fre-
quency of signals whose voltage amplitude is above half the amplitude of a signal
coming from one single pixel. It is therefore referred to as DCR0.5 PE, to separate
from dark count rates of signals with larger amplitudes.
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3 Silicon Photomultipliers

Figure 3.13: Spectrum of the integrated signal amplitude of 5000 signals. The data
was taken by a SiPM with no radiation dose at temperature T = −35 ◦C
and operation voltage of V = 63.4 V. The performed simultaneous �t
of four Gaussian distributions is shown in red. The distance between
all peaks is �xed while the width of the peaks is propagated from the
�rst peak σn = n · σ1. The contour of the amplitudes is an exponential
curve.

Dark current

Dark current is the observed current drawn by a SiPM when it sees no light. The
current arises from thermally excited electrons and it is the product of the dark
count rate, charge per avalanche and average number of avalanches per signal n̄.

DC = DCR×Qavalanche × n̄ (3.14)

where n̄ lies between 1-2 and is the result of crosstalk between the pixels (see next
paragraph). The exact average number of avalanches per signal can be determined
from the Geometric series

n̄ =
1

1− q
, (3.15)

with q the crosstalk probability. Plots as shown in Figure 3.12 are often referred to
as IV curves.

Crosstalk

As a result of a high electron multiplication inside an avalanche, a huge amount of
accelerated charge carriers is moving through the drift regions of the SiPM. Every
electron in this avalanche is undergoing acceleration and therefore has a probability
to emit synchrotron photons. These photons can emerge from the pixel and trigger
a neighboring pixel as it is illustrated in Figure 3.14. The crosstalk probability
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lies usually in the order of 20% and may be reduced by physical trenches between
the diodes which prevent photons transmission. The geometry and functionality of
the implemented trenches is shown on the right side of Figure 3.14.The crosstalk is
de�ned as

Xtalk =
DCR1.5 PE

DCR0.5 PE

(3.16)

where DCR1.5 PE is the count rate of all signal above background and DCR1.5 PE the
count rate of signals �ring more than one pixel. Therefore, the DCR at di�erent am-
plitude thresholds for the trigger is measured. This result is shown in Figure 3.15.
The scan through the threshold amplitude creates a characteristic step-like spec-
trum. The plateau of each step corresponds to the region between two photo peaks,
where the DCR rate does not decrease with rising trigger threshold. Since the
plateau corresponds to a trigger level in between two neighboring signal amplitudes,
it is referred to as x.5 PE, with integer x = 0, 1, 2, ... and the .5 indicating the center
between to peaks.

Figure 3.14: Schematic of crosstalk in the SiPM bulk on the left side. The imple-
mented trench to prevent crosstalk is illustrated on the right side [64]
(modi�ed).

Figure 3.15: Dark count rate spectrum over trigger threshold. The data was taken by
a SiPM with no radiation dose at temperature T = 20 ◦C and operation
voltage of V = 67.2 V
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Photon detection e�ciency

The photon detection e�ciency (PDE) is the ratio of the detected photons, Ndetected

to the total number of incoming photons, Ntotal.

PDE =
Ndetected

Ntotal

= QE(λ)× εGeiger(V, T )× εG (3.17)

The PDE is the product of the quantum e�ciency (QE), the Geiger e�ciency
(εGeiger) and the geometry �ll factor (εG). Quantum e�ciency is the probability
of a photon creating an electron hole pair in the semiconductor. This factor is
strongly dependent on the wavelength of the incoming photon. The Geiger e�-
ciency indicates the probability of such an electron hole pair to create a detectable
avalanche. It is dependent on the over-voltage and the ambient temperature. Both
QE and εGeiger can be designed to be close to unity [66]. The geometry �ll factor
takes into account that only a part of the surface is sensitive to photons due to
trenches, connectors and resistors in the packaging.
The photon detection e�ciency for SiPMs lies in the order of 20-50%7. The mea-
surement of an absolute PDE value is a complex measurement and is not included
in this thesis. A complete measurement of a comparable SiPM was perform by [39].

Afterpulsing

Impurities in the silicon crystal create energy levels in the forbidden band gap. An
impurity could be a damage to the lattice structure or simply an unwanted atomic
nuclei. Electrons and holes can be trapped in these impurity centers and once a
trapped electron or hole is released after the pixel recovers its charge, it may create
a new avalanche identical to the primary avalanche. These fake signals are not
distinguishable from the real signals. A study of the time constants of afterpulsing,
which are typically in the order of 10-100 ns, is performed in [37].
At the LHCb SciFi upgrade with a read-out every 25 ns, these afterpulses therefore
endanger the tracking algorithms. Shorter delays may occur in clusters in the next
or second next bunch crossing time window and therefore create correlated fake hits
in the tracker.

3.3.1 Hamamatsu S12571-050C

The SiPMs studied in this thesis are produced by Hamamatsu8. At Hamamatsu
one refers to MPPC instead of SiPM. A di�erent nomenclature is common by the
di�erent manufactures for SiPMs. The o�cal naming of the type of MPPC in this
thesis is Hamamatsu S12571-050C, with the production series S12571. 050 indicates
the pixel size of 50µm× 50µm and C stands for the ceramic package of the SiPMs.
The detectors consist of 400 pixels forming a detector of the size of 1 mm2. All

7SiPMs with high PDE are for example the KETEK PM3350 series
8http://www.hamamatsu.com
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400 pixels are operated and read out by one channel. A picture of one of the
used SiPMs is shown in Figure 3.16. The recommended operation voltage is 2.6 V
above breakdown voltage. Compared to previous Hamamatsu products, the major
improvement of this version is the reduction of afterpulsing.
The total amount of eight SiPMs, which are used within the course of this thesis,
are listed in Table A.1.

Figure 3.16: Picture of a used SiPM from Hamamatsu

3.4 Radiation damages

During the irradiation of Silicon Photomultipliers in a complex radiation environ-
ment such as the LHC (Section 2.3), two di�erent processes occur. The �rst e�ect
is caused by ionization of atoms in the detector material by high energetic particles
like electrons or positrons. An electron is released from its bound state inside an
atom, leaving a positively charged ion behind. This radiation e�ect is referred to
as surface damage and the damage is proportional to the total ionizing dose (TID).
The dose is a measure for the deposited energy per mass of the target material and
given in units of Gray (Gy).
Studies in [59] with a high activity Cs-137 sources indicate that the small TID has
no observable e�ect on the performance of SiPM.
The second e�ect for causing radiation damage is the displacement of a Primary
Knock on Atom (PKA) in the crystal's lattice [54]. The e�ect is caused by Non
Ionizing Energy Loss (NIEL) of hadrons such as neutrons or higher energetic lep-
tons with a high scattering cross section in the material. The atoms in the lattice
are displaced by the recoil energy of the inelastic scattering, which results in the
name displacement damage e�ect for this e�ect. In addition, one often refers to it
as bulk damage. The displacement generates a so called Frenkel pair [59]. For low
PKA energies in the O(25 eV) only a point defect in the silicon is created. At recoil
energies of above 5 keV, which corresponds to neutron and electron energies of above
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35 keV and 8 MeV, respectively, dense clusters of defects are created at the end of a
PKA track [59]. The performance of the SiPM is reduced by a growing number of
point defects and cluster defects. These defects may work as a trapping center for
generated photo electrons, reducing the photon detection e�ciency and increasing
the afterpulsing probability. If the neutron scatters on a dopant atom, the doping
concentration changes which results in a change of breakdown voltage.
The main e�ect which is investigated in this thesis is the increase of dark count rate
and dark current under irradiation. This happens, because the created pair provides
energy levels for charge carrier between the valence and conduction band. These
further allowed energy levels increase the change for an electron to tunnel from the
valence band into the conducting band.
To compare di�erent sources of radiation damage, the radiation damage is normal-
ized to a 1 MeV neutron equivalence. For the radiation tests in this thesis, the 1 MeV
equivalence of the di�erent sources in discussed in detail in Subsection 5.1.6.
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Chapter 4

SiPM characterization setup

During the course of this thesis a setup to characterize SiPMs is designed and assem-
bled. The studied parameters are breakdown voltage, gain, dark current and dark
count rate. The setup is designed to provide automatic temperature regulation of
the SiPM during the performed measurements over a range from room temperature
(≈25 ◦C) down to about −37 ◦C.
A LabView program is created to control the temperature, power supplies and read-
out devices.

4.1 Structures of the setup

The SiPM is placed inside an aluminum case of the size 127 mm× 127 mm× 76 mm
to protect the electric circuits from interference from external electromagnetic radi-
ation.

CPU Cooler
Peltier

copper

Figure 4.1: A schematic view of the sandwich structure inside the aluminum box.
The Peltier element is stacked between the copper plate and the CPU
cooler. The thermal simulation was performed using Autodesk Simula-
tion CFD1. The simulated temperatures are in good agreement with the
experimentally measured values.
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A simple CPU water cooler is used as a heat sink for the generated heat output.
The water inside the CPU water cooler circuit is cooled by a radiator and fans using
air at room temperature. This prevents water condensation on the water hoses and
reduces the risk of water spilling onto the electrical equipment. On the inside of the
lid sits a three-stage Peltier element, the heart of the cooling process. The Peltier
element is introduced below. A 70 mm× 70 mm× 5 mm copper plate is mounted

Figure 4.2: Photos of the inside (top) and outside (bottom) of the aluminum box.
The Peltier element is not visible. It is positioned underneath the copper
plate in the upper picture. The SiPM is mounted by the small aluminum
brick, facing down onto the copper plate.

onto the cool side of the Peltier element. It functions as a temperature stabilizer
and heat spreader as well as a mechanical base plate for the SiPM mounting. On
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this copper plate the SiPM and a Pt2000 temperature sensor2 are mounted as seen
in the upper picture of Figure 4.2. A schematic view of this assembly, including a
temperature simulation of the entire box, is shown in Figure 4.1. The resistance to
temperature relation of this temperature sensor is

R(T ) = R0 · (1 + αT − βT 2) (4.1)

with R0 = 2000 Ω, α = 3.9083× 10−3 K−1 and β = 5.775× 10−7 K−2 [45]. The
SiPM faces the copper block. A slit for light injection is implemented in the setup,
but has not been used throughout the measurements. The residual interior is �ll
with insulating polystyrene to prevent thermal convection and water condensation
on any cooled parts inside the box.

Figure 4.3: Left: The stability of the temperature inside the setup is displayed over
a period of many hours. The maximal deviation of the measured tem-
perature (black) from the set temperature (red) hardly exceeds 0.1 ◦C.
Right: The automatic change of set temperature (red) is shown. The ac-
tual temperature (black) readjust after the change. A small undershoot
is not preventable.

Peltier element

The Peltier element is a further application of semiconductor technology. The
method of thermoelectric cooling makes use of the higher energy level of charge
carriers in doped semiconductors compared to the usual electric conductors. An
array of small p- and n-doped connections is aligned between two plates such that
the current runs in a zig-zag between the hot and the cold side. A few pairs of two
doped connectors with the major charge carriers are shown in Figure 4.4.
From the hot to the cold side, the current runs through an n-doped area in which
electrons are the major charge carriers going in opposite direction of the current. In
the p-doped area, holes are the main charge carrier.
This creates a heat transport from cool to hot side by an electric current, because
both types of charge carriers draw energy from the surroundings at the transition

2The temperature sensor is produced by heraeus. More information are found on the webpage [45].
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4 SiPM characterization setup

Figure 4.4: Schematic view of an array of pairs of n-doped and p-doped connectors
between the hot and cold surface of a Peltier element. The direction of
the current is given by the polarity of the power source [68] (modi�ed).

between the doped and the conductive region. This e�ect is due to the changing
energy levels of the charge carriers in the material, as described in Section 3.1. This
e�ect is reversed at the hot side of the Peltier element.
Temperature di�erences are in the order of 60 ◦C for single stage and above 100 ◦C
for three-stage peltier elements for perfectly insulated elements and no applied heat
load.
Under working conditions in the studied setup, a temperature di�erence ∆T of about
60-65 ◦C is reached with a three-stage Peltier element.

4.2 Electric circuit and devices

The electric circuit schematic is shown in Figure 4.6. The Pt2000 temperature
sensor's resistance is measured by an amperemeter3 using a 2-wire circuit. The
power for the Peltier element comes from a separate power supply unit4. A further
power supply5 provides the SiPM power and measures the drawn current. The
connections of the electric devices are illustrated in Figure 4.5.

A small PCB board is used to regulate the power supply of the SiPM and its signal
read-out. It includes an Low Noise Ampli�er6 with a frequency range of 0.5 to
500 MHz. In order to suppress electric noise in the ampli�er circuit, a �lter7 is
implemented to prevent noise coupling. To reduce noise on the SiPM bias voltage,

3Keithley 6487 Piccoammeter/Voltage Source
4HMP4040 by HAMEG Industries, a Rohde & Schwarz company
5Keithley 2611B SourceMeter SMU
6Plug-In Low Noise Ampli�er MAN-1LN by Mini-Circuits
7The used noise �lter is a Implemented On-Board Type (DC) EMI Suppression Filter BNX002-01
by Murata
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Keithleyu6211B
+   -

Keithleyu6487
+   -

HameguHMP4040
+   - +   -

Tektronixu
DPOu4104B

Peltieruelement

Aluminumubox

Pt2000

PCBuBoard

SiPM

AMP

Signal

Figure 4.5: The schematic view of the electric circuits of the setup. The SiPM and
the ampli�er are mounted on the PCB board. See Figure 4.6 for details
and connections of the board.

an AC �lter (R1 and C1 in Figure 4.6) is coupled in front of the SiPM. At currents
in the order of 1µA and above, a signi�cant voltage drops over the resistor R1,
which reduces the operation voltage of the SiPM and has to be taken into account
for the calculation of the over-voltage. The charge of an avalanche is measured
as the voltage drop over a 50 Ω resistor (R2). A capacitor (C2) in front of the
ampli�er removes any DC o�set in the signal. The recording of signal waveforms
and the measurement of dark count rates is performed by an oscilloscope8 with 1GHz
bandwidth.

R1=10kΩ

R2=50Ω

SiPM

C1=100nF C2=100nF

C3=100nF

AMP Power

SiPM Power

AMP (x39.8)

Output

EMI Filter

Figure 4.6: The electric circuit layout of the read-out PCB board. See text for details

The resistor R1 in Figure 4.6 is switched in series with the SiPM and, therefore, at
high currents of O(µA) it requires a correction of the operation voltage, which is
set by the power supply, due to the voltage drop over this resistor. The resulting

8Tektronix DPO 4104B
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4 SiPM characterization setup

corrected operation voltage reduce by the current, I running through the resistor,
R1

V corr

OV = V meas

OV −R1 · I (4.2)

4.2.1 LabView program

The LabView program's temperature control consists of the read-out of the Pt2000
temperature sensor's resistance and a regulation of the power output for the Peltier
element. The required output is derived from a LabView PID tool kit. PID is the
abbreviation for proportional-integral-derivative9. This PID controller is given a
desired setpoint for the temperature of the system. At the same time, the current
temperature is measured and fed into the PID controller. The frequency of measur-
ing the temperature and changing the Peltier output is 0.5 Hz. The stability of the
temperature control and automatism of change of the desired temperature is shown
in Figure 4.3. Once the set temperature is reached with su�cient accuracy10, the
SiPM measurements are started and run in parallel to the temperature control. The
setup is able to perform three types of measurements:

• IV curves for the determination of dark current

• Dark count rate trigger scans to determine dark count rate and crosstalk

• Collecting signal waveforms for gain measurements

After the measurement is �nished, the program sets a new temperature and starts
o� again.

9In this setup the PID coe�cients to weight the corresponding contributions to the PID control
are chosen as such: P = 0.2, I=2.0 and D = 2.0

10For the required accuracy, the mean and standard deviation of the last 100 values of the di�erence
between set and measured temperature both have to be below 0.05 ◦C
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Chapter 5

Neutron Irradiation

In the course of this thesis, SiPMs are irradiated with two di�erent neutron sources
to test the behavior of di�erent performance parameters.

• A 241Am9Be-source at the Physikalisches Institut (PI) (see Subsection 5.3.1)

• The TRIGA Mark II neutron �ssion reactor in Mainz (see Subsection 5.3.2)

For all these sources the neutron �ux, Φ, was measured and the neutron energy
spectrum, φ, was investigated. This was done in detail to understand the radiation
damage in Silicon Photomultipliers. The method and the results of this investigation
are presented in this chapter. The sources used for the irradiation of SiPMs are de-
scribed in detail in Section 5.3, including the detailed explanation of the irradiation
process for the SiPMs at each source. The results of all irradiation measurements
with all sources are discussed in Chapter 7.

Introduction

Neutrons are neutrally charged hadrons, consisting of two d-quarks and one u-quark.
They make up the visible matter by forming atomic nuclei together with protons.
The free neutron lifetime is [26]

T1/2 = (880.0± 0.9) s (5.1)

The direct detection of a neutron is not possible due to the lack of an electric charge.

This makes a standard particle detection measurement based on the ionization of
the detector material impossible. An indirect measurement is required to determine
the neutron �ux. The shape of the energy spectrum is more di�cult to determine
because in indirect measurements information about the neutron's energy are lost.
The method used for the measurements of the neutron �uxes for the SiPM irradi-
ation is the so called Neutron Activation Analysis, which is explained in details in
Section 5.1. In the following paragraphs, the production of neutrons is described.
Neutrons with larger energies, which are able to create NIEL radiation damage are
described in Section 3.4.
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Production

Free neutrons usually are obtained from �ssion reactions. In �ssion of unstable
elements like 235U or 252Cf, neutrons are emitted directly. Whereas in other cases
such as the combination of 241Am and 9Be, the primary emission of the 241Am-decay
is an alpha particle, which then creates a neutron by fusion with 9Be. The neutron
emission spectrum covers the range of some MeV. The very long lifetime of the
neutron allows to moderate these high energy neutrons down to the meV range and
use them for experiments, e.g. activation analysis in nuclear chemistry to determine
substance concentrations.
Neutrons are formally separated into three groups depending on their energy:

• Fast neutrons: Fission neutrons with energies above Efast > 100 keV.

• Thermal neutrons: Moderated neutrons with energy equal to room tem-
perature Ethermal = kB · T ≈ 25 meV. A upper boarder is often de�ned at
40 meV.

• Epithermal neutrons: Neutrons in between the two energy regions: 40 meV <
Eepi < 100 keV.

Fast neutrons are the main source for radiation damage in silicon detectors as de-
scribed in Section 3.4 and thus the focus is on these high energy neutrons in the
following.

5.1 Neutron Activation Analysis

For the Neutron Activation Analysis (NAA), small material samples are irradiated
by the neutron source. The neutrons create isotopes inside the samples through
interactions with nuclei. The concentration of the activated isotopes is measured
by collecting the emitted photons from the decaying isotopes. This concentration
is proportional to the production rate of the isotopes which is directly correlated to
the neutron �ux.
Di�erent activation reactions are possible. They di�er in their cross-section as well
as in the resulting isotopes and side products. The reactions are usually referred to
in the following notation

27Al (n, γ) 28Al (5.2)
27Al (n, p) 27Mg (5.3)
27Al (n, α) 24Na (5.4)

where the isotope on the left side and the right side stand for the sample material
and the produced isotope, respectively. Inside the brackets one �nds an incoming
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neutron (n) and side products of the reaction such as gamma (γ) or proton (p).

The sample materials are chosen by a couple of criteria

• The cross-section of neutron reactions has to be large enough to be sensitive
to the expected neutron spectrum

• The produced isotopes have to be unstable and need a lifetime in the order of
minutes or hours

• The decay of the produced isotopes has to have gamma emission

• The number of gamma lines in the decay spectrum should be as small as
possible to allow a clear separation and assignment

The di�erent cross-sections further allow to separate fast neutrons from (epi-)thermal
neutrons by simply requiring a high neutron energy for the reaction to occur. The
threshold energy for (n, p)- and (n, α)-reactions often is in the order of MeV. The
most used material in this thesis is aluminum, with the reactions shown in Equations
5.2 - 5.4. The geometry and material of each sample is listed in Table A.3.
The cross-sections of theses reactions is plotted in Figure 5.1 as a function of energy.

Figure 5.1: The cross-sections for the most common reactions of neutrons in an
aluminum bulk. The purple and olive colored lines clearly indicate the
existence of a threshold energy for the corresponding reactions.

5.1.1 Production rate

The broad energy spectrum requires an integration of the energy dependent cross-
section, σ(E), and the neutron energy distribution, φ(E), over the relevant energy
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range. The result is the e�ective cross-section, σ1.

σ1 =

∫
E

φ(E)σ(E)dE (5.5)

The data of all used cross-section is taken from the neutron database Jendl4.0 [67].
The production rate, P , of isotopes inside the target is

P = NtargetΦneutron ·
∫
E

φ(E)σ(E)dE = NtargetΦneutronσ1 (5.6)

with the number of atoms in the target sample, Ntarget, and the neutron �ux,
Φneutron.

5.1.2 Activation and decay

A material sample exposed to a neutron �ux becomes activated with a certain pro-
duction rate (see section 5.1.1). Therefore, the time dependent change of isotope
nuclei numbers in the target is

dN(t)

dt
= P (5.7)

If the produced isotope is unstable, it decays with its characteristic halftime T1/2.
The decay rate is proportional to the number of isotopes

dN(t)

dt
= −λN(t) (5.8)

with the decay constant, λ = ln(2)
T1/2

. In total the change in the number of isotopes is

dN(t)

dt
= P − λN(t) (5.9)

The solution of this di�erential equation is the number of activated isotopes at time
t. The activation process does not saturate for an activation time, tA < 5 ·T1/2, such
that in this case the number of activated isotopes is

N0(tA) =
P

λ
(1− exp(−λtA)) (5.10)

with the index 0 indicating the �nal number of isotopes after the irradiation process
and therefore the start value for the pure decay process. The trend of N0(tA) during
the activation is shown in Figure 5.2 (left). For a long activation time t > 5 ·T1/2, the
number of isotope nuclei reaches saturation and the exponential term is negligible

N0(tA →∞) =
P

λ
(5.11)

44



5.1 Neutron Activation Analysis

Inserting the production rate, P , from Equation 5.6 into Equation 5.10 and solving
this equation for the desired neutron �ux, Φneutron, results in the following

Φneutron =
N0(tA)λ

Ntarget ·
∫
E
φ1(E)σ(E)dE

(5.12)
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Figure 5.2: Trend of the activation process (left) and illustration of the integration
measurement of the exponential decay (right). The time scale in both
plots is in units of the T1/2 with the production rate P = 200 per time
unit.

5.1.3 Measurement of the activity

For the measurement of the neutron �ux, Φ, the number of activated isotopes after
the irradiation, N0, is determined by counting the gammas emitted from the iso-
tope decay. The time period between withdrawing the sample from the source and
beginning of the measurement is needed to obtain the absolute number of isotope
atoms at the end of the activation process. The atoms decay accordingly to the
exponential decay law

dN(t)

dt
= N0 exp(−λt) (5.13)

and the number of decayed atoms is detected as an time integrated count rate

N =

∫ te

ts

λN0 exp(−λt)dt (5.14)

with ts and te the start time and end time of the count rate measurement with
respect to the end of the activation process. Solving Equation 5.14 for N0 gives

N0 =
N

exp(−λts)− exp(−λte)
(5.15)
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Figure 5.3: The measured decay spectrum of an activated aluminum plate (Lateral
1, see Section A.2). The plate was activated at the surface of the cylinder
of source 4117. The two left peaks at 843.8 keV and 1014.4 keV belong
to photons emitted by 27Mg, whereas the other two at 1368.6 keV and
2754.0 keV are from 24Na. The measurement time is equal to �ve half-
times of 27Mg T = 49.3 min. The occurrence of negative bin contents is
due to subtraction of a background spectrum.

A resulting spectrum of a decay measurement is shown in Figure 5.3. From a
Gaussian �t and including a linear background substraction to the photon peaks in
the spectrum, the counted number of decaying isotopes N of the di�erent isotopes
is determined.

5.1.4 Photopeak e�ciency

An absolute measurement requires an ideal detector with an e�ciency to detect a
decaying photon, ε = 1. Since every detectors has a certain e�ciency smaller than
one, one has to correct for missed counts in the measurement. The integrated count
rate has to be corrected for the so called photopeak e�ciency.
It is de�ned as the probability of a photon with energy E being successfully de-
tected with the exact energy E. The term exact is limited by the detector's �nite
energy resolution, which results in a Gaussian shaped photopeak in the measured
energy spectrum. The width of the Gaussian distribution is the energy resolution of
the detector. This resolution σ(E) is energy dependent. The photopeak e�ciency
therefore is the probability to detect a photon of energy E within a Gaussian distri-
bution with mean E and σ(E). It is the result of di�erent factors, which are further
introduced in detail below.

The detector does not cover the total sphere of 4π around the source, but only
a certain solid angle ΩD. Therefore, a geometrical e�ciency factor is applied. At
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close distance from the detector, the e�ciency depends on the photon's angle with
respect to the detector orientation. A greater angle results in a shorter pathway
through the detector's bulk material. This results in a lower e�ciency.
In any case, the incoming photon may only partially deposit its energy. For a photon
with energy below 1 MeV Compton scattering is the largest contribution to partial
energy deposition. As a result, the photon appears as a photon of lower energy. The
detected electron has an energy equivalent to the deposited energy of the scattered
photon, which can be derived from the Klein-Nishina-cross section [36]

Eelectron = Eν

(
1− 1

1 + Eν
me

(1− cos(φ))

)
(5.16)

Including the photopeak e�ciency ε, the total neutron �ux is

Φneutron =
N0(tA)λ

Ntarget ·
∫
E
φ1(E)σ(E)dE

· 1

ε
. (5.17)

Sodium-Iodide detector

For the measurements performed at the Physikalisches Institut, a sodium iodide
(NaI) scintillator in combination with a PMT is used. At this detector an addi-
tional reduction of e�ciency is caused by photo-electrons which scatter on material
atoms and are de�ected before reaching the PMT. A further reduction is caused by
the quantum e�ciency of the PMT's cathode. If created and accelerated towards
the ampli�cation region, almost all photo electrons entering the cascade of the PMT
are detected as a signal. The small fraction of electron avalanche extinction within
the photomultiplier tube is negligible.
At energies above twice the electron mass (1.022 MeV) electron positron pair pro-
duction has an additional e�ect on the photopeak e�ciency. The produced positron
annihilates with an electron from ambient material and one or both photons may
escape the detector. This results in two additional peaks in the spectrum at energies
E1 = E − 511 keV and E2 = E − 2 · 511 keV respectively. E denotes the energy of
the photopeak.
The values of the photopeak e�ciency have been simulated with the Geant4 [15]
Monte Carlo. The correct performance of the Monte Carlo simulation was veri�ed
by a measurement with two identical NaI crystals. The coincidence setup is sketched
in Figure 5.4 (left).
The isotopes used for the coincidence measurement are 22Na and 60Co. 22Na is a β+
emitter which results in a 511 keV annihilation line. The advantage is the back-to-
back orientation of the two annihilation gammas, which is used for the coincidence.
The two pulse signals are both cut in energy by a Timing Single Channel Analyser
(TSCA) such that only photons with energy in the photopeak range are considered.
The background in this region is subtracted o�ine from sideband interpolation. The
isotope has an additional photon line at 1274 keV. The relative fraction between
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Figure 5.4: Left: The setup to measure photopeak e�ciency for a source at distance
d = 4.5 cm from the detector. Right: The photopeak e�ciency curve
including both measured values from the setup on the left in red and the
simulated values in black using a pointlike source distance d = 4.5 cm
from the detector. The measured and simulated values agree, which
veri�es the correct simulations with Geant4.

the two decays is N511

N1274
= 1.799 and the angular distribution is isotropic.

60Co emits two photons at 1173 keV and 1332 keV with relative fraction of 1. The
angular distribution of the second photon with respect to the primary photon is
described in [56] by the formular

W (θ) = 1 +
1

8
cos2(θ) +

1

24
cos4(θ) (5.18)

The photopeak e�ciency then equals the ratio of measured coincidences and single
counts on one of the detector, taking geometry, relative fraction, angular distribution
and background into account.

ε =
Ncoinc

Nsingle

, (5.19)

with the count rate of counter 1 in Figure 5.4 (left), Nsingle and the coincidence
count rate of counter 2, Ncoinc. The uncertainty of the e�ciency, ε propagates from
the uncertainty of the coincidence rate Ncoinc. Since the number of triggered counts
is known, the error for the coincidence rate is given by the binomial distribution

σcoinc =
√
Nsingle · ε(1− ε) (5.20)

Germanium-Lithium detector

The NAA measurements at the neutron reactor in Mainz are performed by a Germa-
nium Lithium (GeLi) semiconductor detector. The cylindrical Germanium crystal
is doped with Lithium to create a photon detector. The working principle is similar

48



5.1 Neutron Activation Analysis

to the principle of SiPMs described in Section 3.2 as the doping of the Germanium
creates an electric �eld which separates electrons and holes. One electrode lies in the
central axis of the cylinder while the lateral surface is the other electrode. Therefore
the electric �eld has a radial orientation inside the Germanium detector. The main
di�erence is that the GeLi detector does not work in Geiger mode in which the
incoming photons create avalanches, but is operated in Linear mode. In this mode
the collected charge is proportional to the energy of the incoming photon which
allows a spectroscopy with a very high resolution (compared the NaI scintillator).
More about the exact working principle can be found in common detector physics
literature.
The e�ciency for this setup is determined using a calibration sample1 with a volume
of 0.5 mL. This sample contains di�erent isotopes. The decay photon lines of their
decays cover the energy range of interest. The complete list of included isotopes is
found in Section A.2. The concentration and therefore the gamma emission per unit
time of the di�erent included isotopes is known with a high precision. From this
the e�ciency is determined as the ratio of the number of measured photons to the
number of expected photons. The resulting e�ciency is shown in Figure 5.5.

Figure 5.5: The photopeak e�ciency curve for the detector 49 at the Mainz TRIGA
reactor. The calibration sample is positioned in slot No.4, which is a
calibrated position in front of the GeLi detector where most of the NAA
samples are positioned during the measurement. For measurements at
di�erent slots, the e�ciency is determined accordingly.

1The used sample is catalog number QCY48 from Eckert & Ziegler Isotope Products
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5 Neutron Irradiation

5.1.5 Uncertainty evaluation

The uncertainty of the measured neutron �uxes is investigated by taking the sta-
tistical and systematical uncertainty from all parameters. The systematic error of
the neutron �ux in Equation 5.12 is dominated by the product of the cross-section
σ(E) with the energy distribution φ(E) and the photopeak e�ciency ε of the NaI
detector.
The systematic uncertainties of the cross-section are approximated by varying the
slope of the initial neutron spectrum (e.g. compare a Maxwellian distribution to a
mono energetic spectrum) and by moving the spectrum with respect to the energy.
The highest deviation in the resulting e�ective cross-sections is used for assigning
systematic uncertainties. They are listed in Table 5.1.
For the photopeak e�ciency the systematic error is dominated by the uncertainty on
the geometry of the setup. Slight movements of the source or the activated sample
with respect to the detector lead to a signi�cant deviation in the count rate. This is
a result of the acceptance of the detector, which varies largely with changes in the
solid angle. In addition, the required extrapolation of energy range and geometrical
accuracy within the Geant4 simulation requires the application of an uncertainty on
the determined e�ciency.
If the irradiation is not performed for at least �ve halftimes, the error on the exact
irradiation duration becomes signi�cant. This is the case for the irradiation at the
reactor in Mainz (Subsection 5.3.2). The uncertainty of the absolute irradiation
duration is estimated to be 10%. The statistical uncertainty of the measurement is
derived from the count rate of the decaying isotopes.

σstat =
√
N (5.21)

The corresponding values for the systematical uncertainties are listed in Table 5.1.
The statistical uncertainties are stated together with the resulting �uxes at the ac-
cording Subsections in Section 5.3.

Systematic uncertainties
Cross-section 8.0% (AmBe)

9.4% (Mainz)
Photopeak e�ciency 20.0% (AmBe)

5.0% (Mainz)
Irradiation duration 10.0% (Mainz)
total (sys) 21.5% (AmBe)

14.6% (Mainz)

Table 5.1: Sources of systematic uncertainties for the neutron �ux determination.
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5.2 Dose measurements with PIN-diodes

5.1.6 Normalization of the neutron spectrum

A determined neutron spectrum is normalized to 1 MeV neutron equivalence. This
is done by introducing a hardness factor κ for a neutron spectrum φ(E). This
hardness factor converts the potential radiation damage of a neutron with the energy
spectrum φ(E) such, that it corresponds to the damage of a mono energetic 1 MeV
neutron [63]. In this way, irradiation at di�erent neutron sources is comparable. If
further referring to the 1 MeV neutron equivalence, the index eq is used. As well
the conversion of the displacement damage due to proton irradiation is convertible
as shown in Chapter 6. For the determination of the hardness factor, the neutron's
displacement function, D(E) is folded with the spectrum and afterwords normalized.

κ =

∫
D(E) · φ(E)dE

D(1 MeV) ·
∫
φ(E)dE

(5.22)

with the normalization of the 1 MeV displacement damageD(1 MeV) = 95 MeV mb [63].
The equivalent neutron �ux is then calculated by

Φeq = κ

∫
Φ(E)dE (5.23)

with the neutron �ux Φ(E). The normalized displacement function for silicon is
shown in Figure 5.6.

Source Hardness factor κ
AmBe-source 1.443
TRIGA Mark II in Mainz 1.048

100.46 MeV protons2 1.285

Table 5.2: Determined hardness factors for the two investigated neutron sources and
in addition the hardness factor for 100.46 MeV protons as they are used
for irradiation (see Section 6.1). Due to the general uncertainty of neutron
spectroscopy, an error in the order 10-20% has to be applied to all values.

5.2 Dose measurements with PIN-diodes

A cross-check of the Neutron Activation Analysis is the direct dose measurements of
1 MeV equivalent neutrons in silicon by irradiating PIN-diodes3. This technique is
described and calibrated in [63]. For the calibration, the PIN-diodes are irradiated
with diverse proton beams, like 24 GeV protons from IRRAD1 facility at CERN or
with neutron sources, like the Jozef Stefan Institut TRIGA reactor in Ljubljana,

3See Subsection 3.1.3 for an explanation of the semiconductor properties
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5 Neutron Irradiation

Figure 5.6: The silicon displacement function for the energy range from
1× 10−10 MeV up to 20 MeV is plotted. The general 1 MeV normal-
ization to 95 MeV mb, as for example in [63], [46], is applied. The data
is taken from [27] and converted from ENDF �le format by [32].

Slovenia.
The diodes are operated in forward bias and the voltage drop over this diode at a
de�ned operation current is measured before and after irradiation. The di�erence of
the these voltage drops, ∆V = Vafter − Vbefore is in a certain range (see Table 5.3)
linearly proportional to the radiation dose of 1 MeV neutrons.

∆V = c ·
∫

Φeqdt⇔
∫

Φeqdt =
1

c
·∆V (5.24)

For the LBSD Si-2 diode at integrated �uences above 1× 1011 neq cm−2, a logarithmic
model is used to describe the increasing forward biased voltage drop.

∆V = A · ln(Φeq) +B (5.25)

The calibration parameters, A and B, are soon going to be published in a new version
of [62] and the �uences in this thesis are determined by private communication with
the author4.

Di�erent diodes are available and characterized by [63], i.e. the constant c for each
type of diode is measured. The calibration is performed by irradiating the diodes
with well known radiation sources and measuring the voltage drop over the diode.
Two types of these diodes are used in this thesis for the determination of the neutron
dose in the reactor in Mainz (Subsection 5.3.2) and for the AmBe source in house
(Subsection 5.3.1). The constant c and the sensitive �uence range for the used types
of diodes is given in Table 5.3.

4Federico Ravotti: Federico.Ravotti@cern.ch
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5.3 Irradiation facilities

PIN diodes Sensitive range [neq cm−2] calibration 1
c
[ cm

−2

∆V
]

LBSD Si-2 1010 − ·1011 2.7 · 1010

> 1011 logarithmic relation [61]
BPW34F 1012 − 1014 9.1 · 1012

Table 5.3: The parameters of two di�erent PIN-diodes used for the measurement
of the normalized neutron �uence. The calibration constant 1

c
of both

diodes has a uncertainty of 15% [63].

5.3 Irradiation facilities

The �rst neutron source is an AmBe source located in the Physikalisches Institut.
With this source, an accumulated dose of about 9.8× 1010 neq cm−2 is reached after
32 days of radiation at a �ux of 3.5× 104 neq cm−2 s−1, which corresponds to the
expected neutron dose after collecting 4-5 fb−1 with the LHCb experiment. The
other irradiation facility is the TRIGA Mark II neutron �ssion reactor in Mainz. At
the reactor, the maximal dose given to a SiPM of about 1.9× 1012 neq cm−2 is ex-
ceeding the SiPM's expected lifetime dose of 1.3× 1012 neq cm−2 at the SciFi tracker.

5.3.1 AmBe source

The Americium Beryllium source is comprised of 241Am, an α-emitter and 9Be,
which has a high (α,n)-cross-section:

9Be+ α→ 12C + n (5.26)

This combination of materials has a high yield of fast neutrons. From an activity
of 3.7 GBq per source, one receives a neutron emission rate of 2.2× 105 s−1 [7]. In
the Physikalisches Institut there are three almost identical neutron sources, labeled
434, 4116 and 4117. The active material is placed inside a cylindrical stainless steel
container, which are positioned in a triangular shape around a central holder for
SiPMs. The distance from the central axis of each source to position of the SiPMs
is 13.0 mm. The cylinder's outer dimensions are h = 19.2 mm with a diameter of
d = 17.4 mm.
For the Neutron Activation Analysis, only one source is positioned on the bottom
of a box, whereas the other two sources are removed from the setup. This box is
sketched in Figure 5.7 and has outer dimensions of 74.0 cm× 97.5 cm× 63.0 cm and
is made out of a 15 cm thick wall of borated Polyethylene (PE)5, which is covered
with a 2.5 cm thick lead shielding. The PE is used as a moderator and the additional
boron inside the PE has a large neutron capture cross-section at thermal energies
and therefore absorbs the moderated neutrons. This seems to create an environment
free of thermal neutrons inside the inner air volume of the box. The additional lead

5Polyethylene consists of (H2C)nH2-chains and therefore has a high hydrogen concentration
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5 Neutron Irradiation

coating prevents thermal neutrons or produced gammas from emerging the setup.
During the activation process, the samples for the Neutron Activation Analysis are
placed directly on the lateral surface of the source. The determined neutron �ux
corresponds to the ratio of the source's neutron yield and the cylinder surface.

0.98m

AmBe source

air

lead shielding

0.74m

borated polyethylene

sample position

Figure 5.7: Left: The neutron energy spectrum of the 241Am9Be source, as it is
provided by the producer. The normalization of this distribution for
one neutron is 0.77, since 23% of the neutrons are located in the low
energy tail not included in the spectrum [7]. Right: The schematic
sketch shows a cross-section through the setup. The small red boxes
indicate the neutron sources on the bottom of a box, which is made out
of borated polyethylene with an outer lead shielding. The SiPMs are
positioned in between the sources. The sketch is not to scale.

Results

The measurement results are displayed in Table 5.4.

Neutron source Flux [cm−2 s−1]
AmBe-source 434 10697± 425(stat)± 2300(sys)
AmBe-source 4116 10977± 431(stat)± 2360(sys)
AmBe-source 4117 12908± 467(stat)± 2776(sys)

Total 34582± 761(stat)± 7435(sys)

Table 5.4: Measured neutron �uxes for the three AmBe-sources at the cylinder sur-
face at a distance of half the diameter d

2
= 8.7 mm from the source. The

�ux at the cylinder surface is assumed to be homogeneously distributed.
The statistical and systematic errors are given for each source. The spec-
trum of these resulting �uxes is the emission spectrum shown in Figure 5.7
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5.3 Irradiation facilities

The neutron �ux close to the sources is expected to reduce linearly with the distance,
which is a plausible assumption due to the cylindrical geometry. Therefore the
neutron �ux at the position where the SiPMs are irradiated requires a geometrical
correction with respect to the measured �ux on the surface

KGEO =
Rcyl + 0.5 mm

RSiPM

=
9.2 mm

13.0 mm
= 0.67 (5.27)

The additional 0.5 mm corresponds to half the thickness of the sample materials. The
resulting �ux of 1 MeV equivalent neutrons for the SiPM irradiation is determined
with the hardness factor from Table 5.2 and the geometrical correction KGEO

ΦAmBe
eq = 35315± 777(stat)± 10383(sys) neq cm−2 s−1 (5.28)

with the systematic uncertainty of the neutron �ux measurement combined with the
uncertainty of the hardness factor.

This result is cross-checked by an irradiation of a LBSD Si-2 diode as described
in Section 5.2. Due to the relatively low �ux, the irradiation is performed over a
time of almost 13 days. The annealing e�ects during this time are taken into account
by assuming an additional systematic error of 10%, resulting in an total systematic
uncertainty of 18.0%.

Φeq(LBSD Si-2) = 35406± 6373(sys) neq cm−2 s−1 (5.29)

This value is in very good agreement with the determined �ux from the NAA mea-
surements.

SiPM irradiation settings

Two SiPMs6 are irradiated in this source. The irradiation is interrupted at reg-
ular intervals by measurements of the SiPM's DC, DCR and recording of signal
waveforms. With a neutron dose of about

ΦAmBe
eq = 3.05± 0.07(stat)± 0.90(sys)× 109 neq cm−2day−1 (5.30)

the SiPMs are given exponentially increasing doses between each measurement.
Starting with one day the accumulated dose is always double by the next irradi-
ation up to a total irradiation duration of 32 days equal to a total dose about
9.8× 1010 neq cm−2. The complete irradiation is executed at room temperature and
with no bias voltage or connections attached. A further SiPM7 is not irradiated
and measured as a reference to assure the stability of the measurement setup and
exclude any aging e�ects.
The results of the irradiation are discussed in Chapter 7.

6Serial No. 160 and 161
7Serial No. 159
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5 Neutron Irradiation

5.3.2 Mainz TRIGA reactor

The Mainz Training, Research, Isotopes, General Atomic (TRIGA) Mark II reactor
is sited on the campus of the Johannes Gutenberg University Mainz. The facility
was o�cially opened in 1967 by Otto Hahn after the �rst critical, self-sustaining
operation was performed in 1965. Today, 75 fuel rods with 20% concentrated 235U
are placed inside the reactor. With an amount of 36 g per rod, the total amount of
Uranium in the reactors core is about 3.2 kg [1]. The reactor has a normal operation
power of 100 kW in terms of thermal heating. It is used for research and training
purposes only. These and further information about the reactor are outlined in [38]
and [44].
For the investigation of irradiation damage, the neutron research reactor in Mainz
is used to irradiate SiPMs with a high neutron dose in the order of 1× 1012 neq cm−2.

Figure 5.8: Left: A photo of the reactor inside the reactor hall. The control room is
in the top corner. Right: A look into the swimming pool from the top
of the reactor is shown. Blue Cherenkov light is visible [5].

The �ux of thermal and fast neutrons in the reactor at a thermal power of 100 kW
is measured by Neutron Activation Analysis. Every sample is positioned in a cap-
sule and shot into the reactor with an air pressure system8. A resulting spectrum

8The system is referred to as Rohrpost 2, German for pneumatic post 2
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5.3 Irradiation facilities

of an activated sample containing aluminum and gold is shown in Figure 5.9. To

8192

2048

512

128

32

8

2

400 800 1200 1600 20000
Energy (keV)

co
un

ts

28Al

24Na

27Mg
27Mg

198Au

Figure 5.9: A measured spectrum of sample, which was irradiated in the neutron
reactor in Mainz. The gamma lines of all three activation products of
aluminum, which are shown in Equation 5.2 to 5.4, are visible. Fur-
ther, the thermally activated product of gold is visible. The number of
gammas is used to determine the neutron �ux of the reactor.

determine the activation performed by the thermal neutron �ux, the same activa-
tion was performed with and without Cadmium (Cd) shielding. Cadmium has a
very high cross section for thermal neutrons and prevents their transmission by ab-
sorption. The thermal neutron �ux is used to compare the measurement technique
with known values of the neutron reactor. For the fast neutron �ux only assump-
tions are available, since the value has not been measured precisely to this point.
Therefore the measurement of this �ux is performed in the course of this thesis. For
the energy distribution of the fast neutrons, the Watts �ssion spectrum equation is
assumed [46, 67]

W (E) =

√
4

πa3b
· exp

(
− ab

4
− E

a

)
· sinh

√
bE (5.31)

with the parameters a = 0.988 MeV and b = 2.249 MeV−1.
The activation of aluminum and gold by thermal neutrons at a reactor power of
100 kW results in a �ux of

Φthermal = 1.57± 0.04(stat)± 0.23(sys)× 1012 cm−2 s−1 (5.32)

This value is in very good agreement of former measurements of the thermal neutron
�ux.
The analysis of the �ux of fast neutrons results in

Φfast = 4.91± 0.14(stat)± 0.72(sys)× 1011 cm−2 s−1 (5.33)
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5 Neutron Irradiation

And with the hardness factor given in Table 5.2 the equivalent 1 MeV neutron �ux
at a reactor power of 100 kW is

ΦMainz
eq = 5.15± 0.15(stat)± 0.75(sys)× 1011 cm−2 s−1 (5.34)

In addition both types of PIN-diodes are used at di�erent doses to verify the NAA
measurement and to compare the neutron �ux of the reactor with the neutron �ux
of the AmBe source in Heidelberg. The measurement of the neutron �ux at a power
of 100 kW using a total of six diodes of type BPW34F (see Table 5.3) at di�erent
doses results in

Φeq(BPW34F) = 8.35± 0.20(stat)± 1.25(sys)× 1011 cm−2 s−1 (5.35)

where the statistical error is the standard deviation of the di�erent measurements
and the systematic uncertainty comes purely from the uncertainty of the calibration
factor 1

c
from Subsection 5.1.6. The uncertainty of the long irradiation duration is

negligible.
One diode of type LBSD Si-2 at a reactor power of 1 kW (see next paragraph) gives
the result

Φeq(LBSD Si-2) = 6.12± 1.37(sys)× 109 cm−2 s−1 (5.36)

with the systematic uncertainty on the logarithmic calibration and the uncertainty
of the irradiation duration of 10% due to the short irradiation of 25 s.

Reactor operation at 1kW

Due to the high neutron �ux at a power of 100 kW the reactor is operated a power
of 1 kW for the SiPM irradiation. The �ux is expected to scale linearly with the
operation power.
The two PIN diode measurements result in a reduction factor R100 between the
reactor operation at 100 kW and 1 kW of

R100 = 136± 37(sys) (5.37)

where the systematic uncertainty is treated as uncorrelated and the statistical un-
certainty of the former measurement is neglected. The value therefore is compatible
with the expected reduction of the neutron �ux by a factor 100. A cross-check of this
reduction is performed by NAA with short wires made out of an Al-Au alloy. The
results of the measured activities at di�erent operation power and same irradiation
duration are shown in Table 5.5. The NAA as well con�rms the reduction of the
neutron �ux by about a factor 100.
Since the measurements using the PIN diodes and the scaling factor from the NAA
agree, the accepted neutron �ux for the SiPM irradiation is taken from the LBSD
Si-2 measurement

Φeq(LBSD Si-2) = 6.12± 1.37(sys)× 109 cm−2 s−1 (5.38)
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Isotope Activity(100 kW)Bq mg−1 Activity(1 kW)Bq mg−1 Ratio R100
198Au 437± 1.3% 4.2± 2.3% 104± 4.4%
24Na 44.5± 2.0% 0.4± 18.0% 111± 18.1%
27Mg 1.94× 104 ± 2.0% 174± 4.0% 110± 4.5%
averaged 108± 6.4%

Table 5.5: The activity of di�erent isotopes at a reactor power of 100 kW and 1 kW.
The ratio is used to investigate the expected reduction of a factor 100 for
the reduced reactor operation power.

SiPM irradiation settings

Four SiPMs9 are irradiated individually in the reactor at a power of 1kW . They are
positioned in a Cd-shielded capsule and shot into the reactor using the same pneu-
matic post system as described in the previous paragraph. The irradiation duration
of each SiPM di�ers to expose the SiPMs to di�erent neutron doses. Contrary to
the irradiation with the AmBe source, every SiPM is irradiated only once. The
temperature during the irradiation is the ambient temperature of the reactor and
the swimming pool water, which is in the order of 30−60 ◦C [2].

9Serial No. 163,164,166 and 168
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Chapter 6

Proton Irradiation

The advantage of proton irradiation is the high precision of the proton beam �ux
compared to neutrons, due to electric charge of protons. The proton beam inside
an accelerator consists of mono energetic protons with a well known beam pro�le.
This allows an irradiation at a proton facility while performing in-situ measurement.
The accelerator beam pipe usually directs into a laboratory where the experiment is
positioned directly behind the exit window of the beam pipe. The irradiated SiPM
can be operated on the spot and it can be biased during the irradiation itself without
irradiating the surrounding experimental setup.
The silicon hardness factor of protons in the energy range of a few 100 MeV is in
the same order as 1 MeV neutrons.

κ = 1.285± 0.050 (6.1)

The value is taken from Figure 6.1.

Figure 6.1: The normalized irradiation damage function for di�erent particles, nor-
malized to the damage of 1 MeV neutrons. The red lines indicate the
100.46 MeV proton hardness factor of κ = 1.284 [46]. (modi�ed)
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6.1 Heidelberger Ionenstrahl-Therapiezentrum

6.1 Heidelberger Ionenstrahl-Therapiezentrum

The Heidelberger Ionenstrahl-Therapiezentrum1 (HIT) is a medical radiation insti-
tute in Heidelberg [57, 47]. It is on the campus Im Neuenheimer Feld and belongs to
the UniversitätsKlinikum Heidelberg. This facility uses protons and isotopes such
as carbon (C) to irradiate tumors in cancer patients. The proton or isotope irra-
diation deposits an certain energy dose in the tumor tissue to break cell structures
and DNA. This irradiation is a possible treatment of inoperable tumors. The main
advantage of hadron irradiation is the non homogeneous energy deposition in the
tissue compared to other irradiation with for example X-rays or electrons. Hadrons
deposit most of their energy close to the end of their penetration into the tissue.
This e�ect results in the so called Bragg peak and is caused by the high cross section
of low energetic hadrons. Nevertheless the proton beam for the irradiation has to
be known to a very high precision to prevent damages to healthy tissue surrounding
the tumor. This high precision is made use of for the irradiation of a SiPM.

SiPM irradiation settings

A 100 36MeV proton beam with a two dimensional Gaussian pro�le is used to deposit
at total dose of about 1.76× 1012 neq cm−2 onto one SiPM2. The proton �ux of the
proton accelerator is not continuous, but the dose is deposited in small packages,
the so called spills. The proton current is well known during a spill and the spill's
duration de�nes the total disposed �uence per spill. The duration of a spill is
determined by observing the beam activity throughout the measurement with a
time resolution of approximately 250 ms. The average spill duration is 2.34 s, which
is determined by a single-Gaussian �t, which is shown in Figure 6.2.
The resulting systematic uncertainty is taken from the distribution width σ = 0.15 s,
which corresponds to a relative uncertainty of 6.4%. All systematic uncertainties
are summarized in Table 6.1. The resulting average proton �uence per spill is
Φp
spill = 4.68 × 109spill−1. The beam pro�le with a FWHM3 of 15.7 mm for the

100.46 MeV proton beam results in a �uence per spill in the central square millimeter
of

Φp
mm2 = 1.66× 109 cm−2 spill−1 (6.2)

which is determined using the fraction factor F from the 2D Gaussian as

F =

∫ 0.5 mm

−0.5 mm

∫ 0.5 mm

−0.5 mm

Gaus(x, y)dxdy × 100
mm2

cm2 = 0.355 cm2 (6.3)

with the factor 100 to normalize to squarecm. The setup is aligned with a precision
of 2 mm which results in an asymmetric systematic uncertainty of the proton �ux

1German for Heidelberg Ion-Beam Therapy Center
2Serial No. 162
3FWHM = full width at half maximum of a normal distribution. For a Gaussian distribution the
FWHM can be determined from the width FWHM = 2

√
2ln(2)σ
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Figure 6.2: The distribution of the spill duration of the proton beam. The mean
duration with the corresponding uncertainty from the Gaussian �t are
listed in the text.

of +0%
−9% with respect to the ideal position in the center of the Gaussian beam pro�le.

Via the multiplication with the hardness factor of protons in silicon, the resulting
1 MeV neutron �uence per spill in the central 1 mm2 is

Φeq = 2.13+0.25
−0.32(sys)× 109 cm−2 spill−1 (6.4)

Systematic errors:
spill duration 6.4%
beam pro�le -9% (asymmetric)
hardness factor 10%
total (sys) +11.9%

-14.9%

Table 6.1: Summary of the distributions to the systematic uncertainty of the neutron
equivalent �uence by proton irradiation

The dose deposition onto the SiPM is interrupted by measurements of the DC at
T = −30 ◦C. Throughout the entire irradiation process, the SiPM was continuously
cooled down to T = −30 ◦C and biased during the irradiation VBIAS = VBD + 1.2 V.
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Chapter 7

Results

A total of eight SiPMs are used for the studies of temperature dependence and irra-
diation induced performance changes. The list of these SiPMs is found in Table A.1.
Seven of these SiPMs undergo irradiation in the di�erent irradiation sources men-
tioned in Chapter 5 and 6. Whereas the eighth detector is used as a reference. In the
following section the temperature dependence of the SiPMs is investigated before
moving to the results of the di�erent irradiation studies. If not mentioned otherwise,
the temperature dependence is determined from the non-irradiated reference SiPM1

as a representative of all eight SiPMs2.

time (ns)
10 20 30 40 50 60 70 80 90 100

am
pl

itu
de

 (
V

)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

1

10

210

310

Figure 7.1: The accumulation of 5000 dark signal waveforms of SiPM No. 159 at
temperature T = 15 ◦C and operation voltage V = 66.6 V, which cor-
responds to an over-voltage VOV = 3.0 V. The signal amplitudes of
multiple photoelectron peaks due to crosstalk are clearly visible.

1Serial No. 159
2See Figure 7.4 for a validation of this assumption
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7 Results

7.1 Temperature dependence

Gain & breakdown voltage

The temperature dependence of the breakdown voltage shows a linear behavior over
the temperature range from −35 ◦C to 20 ◦C as shown in Figure 7.2. The determi-
nation of this correlation is the most essential measurement, since it is required for
the correct conversion of operation voltage to over-voltage at each temperature, as
it is shown in Equation 3.9. Further temperature dependencies are always compared
at the same over-voltage to correct for the e�ect of a changing breakdown voltage.
The breakdown voltage at a temperature T is determined from the extrapolation of
a linear �t of gain measurements at di�erent voltages for this temperature T , as it
is shown for multiple temperatures in Figure 7.3 (top). As de�ned in Section 3.3,
the gain is linearly dependent on the over voltage without any o�set. This allows to
measure the breakdown voltage as the voltage where the extrapolation of the linear
�t reaches gain G = 0.
The slope of the breakdown voltage curve in Figure 7.2 of 62.66 mV K−1 is in very
good agreement with the stated value from Hamamatsu of ≈ 60 mV K−1.
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Figure 7.2: The breakdown voltage as a function of the temperature. The expected
linear relation is con�rmed.

By comparing both plots in Figure 7.3, it is clear that although the breakdown
voltage varies with temperature, the gain stays the same at the same over-voltage.
This is seen for one single SiPM and, further, below in Figure 7.4 for many SiPMs,
where the gain values at same over-voltage for di�erent temperatures are not dis-
tinguishable.
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Figure 7.3: Top: The gain as a function of operation voltage at temperatures ranging
from −35 ◦C up to 20 ◦C. The lines are linear �ts to the data points.
Bottom: The same gain curves as a function of the over-voltage to remove
the temperature dependence of the breakdown voltage. The resulting
gain curves lie on top of each other and thus show no signs of temperature
dependence.

As a veri�cation of the constant properties of all SiPMs throughout the same pro-
duction series, the gain as a function of the corrected over-voltage is plotted. In
Figure 7.4, the gain measurements of all eight used SiPMs are plotted before any
irradiation. The plot summarizes measurements at twelve di�erent temperatures for
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Figure 7.4: Measurements of the gain of all eight used SiPMs over the shown over-
voltage range. The datasample for each SiPM consist of measurements
at temperatures between −35 ◦C and 20 ◦C. The gain to over-voltage
relation is constant for all SiPMs and for all temperatures. The linear
�t is a �t of all data points.

each SiPM. The measurements are performed before any irradiation of the SiPMs.
The slope of the global �t describes the correlation between gain and the applied
over-voltage.

G(VOV )

VOV
= 4.498± 0.003× 105V−1 (7.1)

The absolute gain is gauged by injecting a well de�ned charge into the setup. This
is described in Section A.1. For the recommended operation voltage of VOV = 2.6 V,
the gain is

G(2.6 V) = 1.17± 0.01× 106 (7.2)

This value is in good agreement with the value from Hamamatsu of G(2.6 V) ≈
1.25× 106.

Crosstalk

A further temperature independent parameter is the crosstalk. At same over-voltage,
the di�erent crosstalk measurements are not distinguishable, as clearly visible in
Figure 7.5. The crosstalk depends on the over-voltage, as expected due to a higher
gain and therefore more electrons per avalanche, but there are no signs of signi�cant
deviations over the complete temperature range are observed.
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Figure 7.5: The crosstalk probability for a SiPM at temperatures from −35 ◦C up to
20 ◦C. The used SiPMs do not contain physical trenches between the pix-
els to prevent crosstalk. The crosstalk probability at the recommended
operation voltage lies in the O(20− 30%) and it increases with increas-
ing over-voltage. The measurement is in very good agreement with the
measurements of Hamamatsu, which are provided in [43].

The probability to trigger a (neighboring) pixel corresponds by de�nition to the
PDE of the SiPM. Therefore, the stability of crosstalk at varying temperature leads
to the conclusion that the PDE at same over-voltage must be stable as well.

Dark count rate & dark current

The former parameters did not show any temperature dependence if the breakdown
voltage correction is applied. This is, however, not the case for the dark count rate
and the dark current, which is drawn by the SiPM.
The dark count rate is shown on a logarithmic scale for temperatures from −35 ◦C to
20 ◦C in steps of 5 ◦C and at di�erent operation voltages in Figure 7.6. The projection
of the dark count rate at the recommended operation voltage of VBD + 2.6 V over
the temperature is further shown on the bottom of this �gure. The exponential �t
to the data points results in a reduction factor R10 of the dark count rate per 10 ◦C

R10 = exp(αDCR × 10 ◦C) = 2.375± 0.007 (7.3)

with the exponential �t parameter αDCR = 0.086 50 ◦C−1.
The dark current is expected to show the same behavior as the dark count rate,
since the drawn current of the SiPM is directly correlated to the sum of �red pixels.
The measured current is shown in the top plot of Figure 7.7 as a function of the
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Figure 7.6: Top: The DCR measurements at temperatures from −35 ◦C (lowest line)
up to 20 ◦C (topmost line). The dark count rate increases steadily with
rising temperature. Bottom: The projection of the DCR at the rec-
ommended operation voltage (indicated as the doted line in the upper
�gure) is projected onto the temperature. Note the logarithmic scale of
the y-axis. The exponential �t allows the determination of the correla-
tion between DCR and temperature (see text for details). Dark count
rates below 1 kHz are discarded.

over-voltage. The large error bars on measurements of low currents below 1 nA is
probably caused by �uctuations due to the instrument's limitations in the order of
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Figure 7.7: The recording of IV curves as shown on the top is performed at the same
temperature range and step size as the measurements of DCR and gain.
Again the projection at the recommended voltage is projected into the
lower �gure. Dark currents below 0.5 nA are not considered.

100 pA, which is acceptable.
The projection of the dark current at VOV = 2.6 V is displayed on the bottom
including an exponential �t. As before for the DCR, the reduction factor R10 for a
10 ◦C temperature decrease is determined from the plot

R10 = exp(αDC × 10 ◦C) = 2.285± 0.031 (7.4)

with the exponential �t parameter αDC = 0.082 62 ◦C−1.
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The result of the two reduction factors of dark current and dark count rate are
in good agreement, with an relative uncertainty of 3.8%. This shows the direct
correlation of dark current and dark count rate over the investigated temperature
range.

Summary

The temperature dependence of the SiPMs shows no deviations from the stated
values by the production company. The breakdown voltage changes linearly with
the temperature, resulting in unchanged gain and crosstalk properties at constant
over-voltage.
The thermally induced dark count rate of the SiPM and the resulting dark current
are depending exponentially on the temperature with a reduction factor per 10 ◦C
temperature change of 2.375± 0.007 and 2.285± 0.031, respectively.

7.2 Radiation e�ects

The SiPMs irradiation is performed at three di�erent irradiation facilities, which use
neutrons and protons for irradiation studies. The facilities, which are introduced in
Chapter 5 and 6, are used to deposit di�erent doses on the detectors to obtain a
broad range of investigatable irradiation damages. After irradiation the SiPMs are
characterized by measuring the parameters dark current and dark count rate. Before
presenting the results, a short statement on the measurements of gain and breakdown
voltage is given. The results of the DCR and DC measurements are introduced in
the following. Afterwards the annealing of irradiation damage is investigated.

7.2.1 Gain & Breakdown Voltage

The measurement of the gain of the irradiated SiPM is hardly possible due to the
high frequency of the DCR. Signals overlap frequently and, therefore, create in-
tegrated charges in between the nicely distinguishable photoelectron peaks, which
have been observed before. Further, the high current at high frequencies seems to
introduce some oscillations in the pedestal. As a result, the photoelectron peak
spectrum as in Figure 3.13 smears out and the required photoelectron peaks are not
resolvable. Further, the breakdown voltage cannot be extrapolated from the gain
�t.
However, from gain measurements at the lowest temperatures and at low doses of
about 1× 1010 neq cm−2 the breakdown voltage does not show any e�ects on the
irradiation dose. Also from IV curves, at which the breakdown voltage can be ap-
proximated by the rising edge of the spectrum, the breakdown voltage shows no
changes. Therefore, the assumption of an irradiation independent breakdown volt-
age is considered justi�ed.
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7.2 Radiation e�ects

7.2.2 Dark count rate

The successful particle track reconstruction by the tracking algorithm of the new
SciFi Tracker is dependent on the DCR of the SiPM. The SciFi clustering algorithm
uses the signal amplitude of a channel, which corresponds to the triggered pixels,
to suppress fake noise signals of smaller amplitude. Therefore, the amplitude of the
dark count signals is of great interest for the hit detection algorithm. In this thesis,
the DCR as a function of triggered pixels is measured at the di�erent irradiation
doses. For the di�erent signal amplitudes3 the following relation between the am-
plitude threshold at which the DCR is measured and the amount of �red pixels,
PE + 0.5, is obtained empirically from measurements using non-irradiated SiPMs.
They are analyzed by setting the position of the trigger threshold level for each
photoelectron peak by hand. From the 0.5 PE, 1.5 PE and 2.5 PE trigger threshold,
further values are extrapolated linearly.

Vthreshold(VOV , PE) = −3.1417× 10−3 V+(4.6474×10−3 +6.2520×10−3 ·PE) ·VOV

This equation provides the trigger threshold level for a certain photoelectron peak
PE at a certain over-voltage VOV . The step-like DCR spectrum as shown in Fig-
ure 3.15 is smeared out after irradiation. Therefore, the trigger level position for
each PE at certain over-voltage is applied identically for irradiated SiPMs to obtain
the signal amplitude of a certain amount of �red pixels.
In Figure 7.8 the increasing DCR as a function of the delivered dose is shown. The
color notation indicates the number of triggered avalanches in a signal. The resulting
DCR of signals with at least one triggered avalanche for such a 400 pixel detector
with an active silicon surface area of 1 mm2 at temperature T = −30 ◦C exceeds
10 MHz after a dose of about 1.3× 1011 neq cm−2, which is expected during one year
of operation in the irradiation environment of the LHCb. However, the DCR of
signals with �ve or more triggered avalanches only reaches a rate of O(100 kHz).
The SciFi tracker accepts signal clusters with a total amplitude exceeding 4.5 PE
with typically the additional condition that a single channel exceeds 2.5 PE or 3.5
PE. The rate of 2.5 PE signals reaches approximately 1 MHz after the irradiation
dose of one year of LHCb operation.
After the total expected lifetime dose of about 1.3× 1012 neq cm−2, the DCR for the
0.5 PE and 2.5 PE threshold are in the order of 10 MHz, while the 5.5 PE threshold
almost reaches a rate of 1 MHz.
Figure 7.9 shows the same data as the former �gure, with the DCR at di�erent deliv-
ered doses plotted as a function of the threshold in units of PE. The DCR increases
linearly with the delivered dose at low doses and continues steadily over the total
range of signal amplitudes, but slower than an extrapolation from low doses would
expect. Some saturation e�ects are visible. The overlay at high signal amplitudes
and high irradiation doses is probably the result of the o�-line corrections of the

3The amplitudes are given in units of PE, with x.5 PE being the equivalent voltage amplitude
threshold of a signal containing x+ 1 avalanches
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Figure 7.8: The DCR trend of SiPMs at a temperature −30 ◦C and VOV = 2.6 V
as a function of the delivered NIEL dose. The color notation indicates
di�erent signal thresholds, which indicates to the number of �red pixels.
The highest threshold at 5.5 PE takes signals with 6 �red pixels and
more into account. The lines are linear �ts to the data. The �ts' slopes
are listed in Table 7.1.

operation voltage due to a high drawn current as mentioned in Section 4.2.
The measurement results from the irradiation at the HIT proton beam with a ac-
cumulated dose of 1.75× 1012 neq cm−2 shows a systematically lower DCR than ex-
pected from the neutron source irradiation. The DCR curve is shown in light grey
in Figure 7.9. This feature is further discussed by means of the dark current in the
next section.

Summary

The DCR shows a linear increase with rising irradiation dose throughout all orders
of signal amplitude for irradiation doses below 1.6× 1011 neq cm−2. The resulting
proportional constants are summarized in Table 7.1.
At higher doses, the DCR increases slower than expected from linearity and seems
to reach saturation at large doses towards 2× 1012 neq cm−2.
To correctly relate these results to a channel in the SiPM arrays of the SciFi Tracker,
the dark count rate is expected to drop by a factor of about 2 due to the reduced
operation temperature T = −40 ◦C and a further factor 4 due to the amount of
pixels per channel4 or equally the reduced surface area of silicon of one channel.
Therefore the former stated DCRs would reduce by almost one order of magnitude.

4The latest Hamamatsu array has 96 pixels per channel of similar pixel size [50]
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Figure 7.9: The data for this diagram is identical to the information in Figure 7.8,
but with reversed projection. The color notation describes the delivered
dose in neq cm−2. The DCR trend at di�erent doses can be seen to
decrease with a rising threshold for the self-triggered signals. The lines
are added to guide the eye.

The rate signal with at least one avalanche per one channel in the SiPM array of
the SciFi detector increases to about 1 MHz within the �rst year of LHCb operation
and increases further, if no further prevention or annealing (see below) is perform.
Signals of higher amplitude increase similar, but with a systematically lower mag-
nitude. The irradiation with protons showed a systematically lower DCR compared
to neutron irradiation.

7.2.3 Dark current

The dark current is found to match a linear increase as a function of the deposited
irradiation dose over the complete investigated range up to a �uence of almost
2× 1012 neq cm−2. This counts for all three irradiation studies using neutron and
proton irradiation.
The interleaved measurements of the dark current during the HIT irradiation are
shown in Figure 7.10. The steady increase of dark current with increasing dose is
clearly visible.
The same behavior was observed throughout the measurements at the irradiation
with the AmBe neutron source and with the irradiation with the neutron reactor in
Mainz. The IV curves of the performed measurements at diverse doses do not di�er
in shape, but the dark current changes quantitatively in correlation with the deliv-
ered dose. For each measurement, the resulting dark current at the recommended
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Trigger treshold DCR increase (Hz neq
−1 cm−2) at T = −30 ◦C

0.5 1.086± 0.120 · 10−4

1.5 3.724± 0.426 · 10−5

2.5 1.307± 0.161 · 10−5

3.5 4.454± 0.616 · 10−6

4.5 1.448± 0.253 · 10−6

5.5 7.034± 1.074 · 10−7

Table 7.1: The linear increase of dark count rate up to a dose of 1.6× 1011 neq cm−2

at temperature T = −30 ◦C for signal thresholds up to 5.5 PE.

Over-Voltage (V)
-3 -2 -1 0 1 2 3 4 5

D
C

 (
A

)

-1010

-910

-810

-710

-610

-510

-410 Dose [cm^-2]

0.00e+00

5.68e+10

1.59e+11

2.62e+11

4.72e+11

6.86e+11

8.98e+11

1.32e+12

1.76e+12

2.6V OV

Figure 7.10: The measured IV curves are taken in between the irradiation process
at the proton accelerator (HIT). For the measurement, the irradiation
process was interrupted. The data is taken at the constant temperature
of T = −30 ◦C.

operation voltage is determined for a comparison of the three irradiation series.

In Figure 7.11 the �nal results of the dark current behavior are summarized for all
three irradiation series and with the SiPMs operated at the recommended operation
voltage and at temperature T = −30 ◦C.
The measurements show some signi�cant deviation between the irradiation using
protons and the irradiation at the neutron reactor in Mainz. On the background of
the double cross-checked neutron �uence of the reactor and the well known prop-
erties of the proton beam, this deviation is surprisingly high. Due to the purely
systematical deviation, the source is thought to be in the conversion of the irradia-
tion doses to 1 MeV equivalence. This, however, is in contradiction with the former
statement of a well calibrated irradiation �ux. The exact cause for the deviation
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Figure 7.11: The measured DC at a temperature T = −30 ◦C and the recommended
over-voltage of VOV = 2.6 V. The measurements with two SiPMs which
are irradiated by the AmBe-source are averaged. The data points of
the irradiation at the TRIGA reactor in Mainz correspond to four indi-
vidual SiPM which obtained di�erent irradiation dose. The HIT mea-
surement was performed with a single SiPM while the data was taken
in between the irradiation process. A linear �t of each data sample is
performed and extrapolated to the to full range of the diagram. The
lower �gure is a zoom to the low dose measurements performed with
the AmBe source and it is containing the same data.
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is not yet understood. One likely cause is the overestimation of the exact proton
�uence, which might be reduced due to multiple scattering in the air between the
beam pipe exit window and the SiPM, or in a thin ice layer, which covers the SiPM
during the alignment procedure.
For the area of low doses from the irradiation using the AmBe source for an in-
tegrated �ux of below 1× 1011 neq cm−2 no signi�cant deviation between all three
measurements is observerd.
At the irradiation at the proton facility (HIT) and the irradiation with the AmBe-
source a small systematic deviation towards lower dark current at high doses is
visible. The cause of this feature is not understood, but causes due to annealing can
be excluded. The irradiation at the reactor in Mainz does not show this behavior
at high doses. The deviation is not signi�cant and no further investigation has been
performed.

Summary

As a result of the irradiation with neutrons and protons the dark current increases
mostly linearly with the delivered dose. For the three irradiation series, some devia-
tions in the increase are found. The resulting slopes are summarized in the following
table

Irradiation facility DC increase (A neq
−1cm−2) at T = −30 ◦C

HIT proton beam 3.184± 0.167× 10−17

AmBe 5.314± 0.611× 10−17

Mainz reactor 5.594± 0.858× 10−17

Global 3.591± 0.620× 10−17

Table 7.2: The resulting increase of dark current at a temperature of −30 ◦C for the
three irradiation series.

7.2.4 Annealing

To extend the operation time of the SiPMs for the SciFi detector upgrade, it is
planned to heat the SiPMs to reduce the damage due to irradiation. The annealing
of the irradiation damage is investigated for two annealing temperatures T1 ≈ 24 ◦C
and T2 = 40 ◦C. The annealing is quanti�ed by means of the dark current. For the
annealing at room temperature, the two SiPMs irradiated in the AmBe source are
used and compared. The result of the annealing process is shown in Figure 7.12 for
both detectors. The four SiPMs from the irradiation studies with the Mainz reactor
are baked out at T2 = 40 ◦C. In Figure 7.13, the resulting annealing curves of the
dark current are shown. The annealing process is described with an exponential
decay curve plus a constant o�set.

DC(t) = DC0 · exp(λt) +DC∞ (7.5)
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The exponential part comes from the solution of the di�erential equation, since the
neutron induced damage centers are expected to decay with a certain probability,
which depends on the annealing temperature. The o�set takes into account that
only a certain amount of damages can be revokes due to annealing.
The resulting halftimes determined from the exponential �t5 are summarized in Ta-
ble 7.3. The obtained values from the annealing at room temperature are compatible
with each other. The annealing process at T2 = 40 ◦C shows some deviation in the
halftimes, which are not in agreement within the uncertainty from the �t. However,
no systematic dependency on the irradiation dose is visible. The reduction factor
of the dark current due to the annealing is as well given in Table 7.3. By com-
paring the data set of annealing at room temperature and at T2 = 40 ◦C, one can
clearly see that annealing of the radiation damage is temperature dependent. At
T2 = 40 ◦C, the required annealing time is much shorter compared to room temper-
ature annealing. Further, the annealing at T2 = 40 ◦C is more e�ective, since the
dark current reduces by about a factor 2.5, in relation to a factor of about 1.4 for
room temperature annealing.

SiPM No. Radiation dose Annealing T Halftime T1/2 Reduction
(neq cm−2) (◦C) (days)

160 1011 ≈24 ◦C 6.281± 0.435 1.368± 0.019
161 1011 ≈24 ◦C 6.858± 0.508 1.426± 0.020
163 2× 1011 40 ◦C 1.032± 0.005 2.612± 0.037
164 7× 1011 40 ◦C 0.824± 0.002 2.463± 0.035
166 1012 40 ◦C 0.917± 0.003 2.434± 0.034
168 2× 1012 40 ◦C 0.916± 0.007 2.343± 0.033

Table 7.3: The resulting time constant of the annealing e�ect by means of dark cur-
rent at a temperature of T = −30 ◦C for di�erent annealing temperatures
and irradiation doses. The values are determined from �ts to Figure 7.12
and 7.13 with the function in Equation 7.5. The reduction of dark current
due to the annealing is determined from the ratio of a DC measurement
shortly after the irradiation and one measurement after the annealing
process.

5From the exponential time constant of the decay, λ, the halftime T1/2 is determined as T1/2 =
−ln(2)
λ
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7 Results
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Figure 7.12: The annealing e�ects in the dark current at three temperatures for
the SiPM No. 160 (top) and No.161 (bottom) after receiving a total
irradiation dose of nearly 1× 1011 neq cm−2. The annealing temperature
is room temperature of T1 ≈ 24 ◦C. The dark current measurements
are repeated on a daily to bi-daily manner over at total time of about
one month. Towards the end of the measurements, the dark current
reaches a plateau. The data is �tted by the exponential decay function
in Equation 7.5 and the results are listed in Table 7.3

.
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7.2 Radiation e�ects
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Figure 7.13: Study of the annealing e�ects using an annealing temperature T2 =
40◦C. The dark current at the recommended over-voltage was recorded
at T = −5◦C (top) and at T = −30◦C (bottom). The four investigated
SiPMs have been irradiated with di�erent doses in the reactor in Mainz
before the annealing studies. Small deviations between the di�erent
doses are found, but no systematic correlation to the delivered dose in
the time constants of the annealing process was observed. The resulting
halftimes from an exponential �t (Equation 7.5) are shown in Table 7.3
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Chapter 8

Conclusion

In the course of this thesis, a setup for the characterization of SiPM by means of
thermally induced signals has been constructed. The setup performs as expected
and has shown the required stability over the measurement period of several month.
This stability counts for the temperature of the SiPM during the measurements, as
well as for the results from the characterization of the reference SiPM over time.
The results from the temperature dependence of the SiPM performance show no
deviation from the values, which are given by Hamamatsu, nor show any deviations
between SiPMs from the same series. A reduction of a factor 2.375 ± 0.007 and
2.285± 0.031 for DCR and DC, respectively, for a temperature reduction of 10 ◦C is
observed with all SiPMs - before and after irradiation.
The irradiation of SiPMs at neutron and proton sources over a large range of de-
livered dose is a good way to understand the performance behavior of SiPMs at
the radiation environment at the LHCb experiment. All SiPMs have withstood the
radiation process and no physical damage, such as clouding of the entrance window,
is visible by eye.
The increase of dark current is found to be linearly proportional to the increasing
radiation dose. The irradiation at the proton beam at HIT shows a systematic lower
increase in DC compared to the resulting increases at the neutron radiation facilities,
which are compatible to each other. Further, no change of the breakdown voltage
of any diode is observed at IV curve measurements.
The DCR of the 400-pixel SiPMs increases linearly from a few 10 kHz before irradi-
ation up to about 10 MHz at a temperature of −30 ◦C after receiving a non-ionizing
dose equivalent to an operation of one year at the LHCb. This trend continues up
to the desired lifetime dose of 1.3× 1012 neq cm−2 and beyond, but with signi�cant
observable saturation e�ects. These saturation e�ects are caused by overlapping
signals, which do not cross the trigger threshold. The rate for the 0.5 PE threshold
at −30 ◦C reaches about 45 MHz after the expected dose equivalent to 50 fb−1 in the
LHCb experiment.
Being compatible with the results from the DC measurement, the DCR of the SiPM
undergoing proton irradiation is systematically lower than of the SiPMs, which have
been irradiated at the neutron sources. However, e�orts should be made to shield
the SiPM arrays at the SciFi Tracker from non-ionizing radiation as much as possi-
ble, to enlarge the overall operation time and to reduce the dark count rate for the
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particle tracking.
The annealing studies at room temperature and at 40 ◦C show the dependence on the
annealing temperature and provide a way to undo radiation damages. At T = 40 ◦C
annealing temperature, the dark current is reduced by about a factor 2.5. The mea-
surements throughout this thesis provided an estimation of DC and DCR behavior
of Hamamatsu single channel MPPC. To extend the studies on these SiPM, the
irradiated exemplars will be used in combination with injected light1 to test the
photon detection e�ciency. Further experiments will investigate the behavior after
irradiation of SiPM arrays from Hamamatsu and KETEK, which are foreseen for
the SciFi tracker. Therefore, an improved setup for the temperature controlled and
automated characterization of SiPM arrays is currently under construction.

1On short term, this light will come from pulse LED, whereas on long term an experimental setup
with cooling equipment and scintillating �bres is planned.
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Appendix A

Appendix

A.1 SiPM irradiation

List of used SiPM

Serial No. Irradiated at Total dose [neq cm−2]
159 Reference 0
160 AmBe 9.8× 1010

161 AmBe 9.8× 1010

162 HIT 1.76× 1012

163 Mainz 1.53× 1011

164 Mainz 7.27× 1011

166 Mainz 1.21× 1012

168 Mainz 1.96× 1012

Table A.1: The used SiPMs including their Serial No., the name of the irradiation
facility used for irradiation and the total delivered dose at the irradiation.

Ampli�er calibration

The ampli�cation of the SiPM signals is necessary, since the primary signals coming
from the SiPM are too small to detect with an oscilloscope or an equivalent data
acquisition device. This ampli�cation has to be taken into account for the mea-
surement of the absolute SiPM gain. This gauge factor was obtained by inserting
a precisely known charge into the ampli�er circuit. The charge was generated by
charging a 33 pF capacitor with a voltage pulse of O(10−100 mV) resulting in charge
of O(10−13 − 10−12C).
The resulting curve in Figure A.1 shows the relation between the integrated signal
in Vs and the disposed charge in C.
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A.2 Neutron Measurements
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Figure A.1: The relation between the integration of the recorded signal waveforms
in Vs and the charge in C. See text for details about the measurement.

A.2 Neutron Measurements

Calibration Sample QCY48

energy[keV] Nuclide gammas[g−1 s−1] total uncertainty[%]

60 Am-241 633.6 3.1
88 Cd-109 903.9 2.4
122 Co-57 481.1 2.3
166 Ce-139 647.2 2.3
279 Hg-203 1483 2.3
392 Sn-113 915.1 2.3
514 Sr-85 1712 2.3
662 Cs-137 563.4 2.3
898 Y-88 2228 2.3
1173 Co-60 1098 2.3
1333 Co-60 1100 2.3
1836 Y-88 2356 2.3

Table A.2: List of the nuclides included in the calibration sample QCY48. The
sample is used to determine the photopeak e�ciency of the detectors at
the Mainz TRIGA reactor
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