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Abstract

During the last decade, a number of hybrid PET/MRI (positron emission tomog-
raphy/magnetic resonance imaging) systems has been developed, after in 1997
the feasibility of simultaneous imaging with both systems has been demonstrated
by [SCFT97]. This has triggered extended research especially on the PET side
towards MRI-compatible system designs, detectors and materials. The MRI in-
troduces challenges not only due to the high magnetic field but also due to the
radio frequencies, which can highly affect the PET performance. Vice versa, also
the PET may not destroy the MRI signal.

On the detector side, PMTs (photomultiplier tubes) have been the gold stan-
dard in PET for decades, but they are not able to operate in a magnetic field.
SSPDs (solid state photon detectors) like ADPs (avalanche photodiodes) or their
successors G-APDs (Geiger-mode avalanche photodiode, also called SiPM (silicon
photomultiplier)) overcome this and are currently the state-of-the art choice for
PET/MRI systems.

At the moment, there is no MRI-compatible PET system reported in literature
which uses the SiPM technology with a higher magnetic field than 3 T. In this
work, a PET insert for a commercially available 7 T preclinical small animal MRI
scanner has been developed from the ground up. The development encompassed
the investigation of potential detector technologies and scintillators. This work
resulted in two further PET prototypes based on latest technologies. Simulation
studies were used to identify optimal system configurations and were the basis for
system design.

With the PET insert, simultaneous imaging with both modalities could be suc-
cessfully demonstrated. It is the first insert using the SiPM technology at 7 T
together with a single crystal readout. The new concepts have proven themselves
and it works without any RF (radiofrequency) shielding.
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1. Introduction

In this chapter, the motivation, principles, challenges and unique features of the
research conducted during this thesis are given.

The basic concepts of PET and MRI are widely and excellently covered in existing
literature, e.g. in [CD06, HBTV99, CSP12, BTVMO05].

1.1. Background, Motivation and Goals

PET is the most sensitive metabolic imaging method available (~ 107'% mol/L
[DBK™*14]). Since it does not provide any morphological information, the idea of
hybrid imaging together with either X-ray CT (computed tomography) or MRI
(magnetic resonance imaging) is the logical consequence. It can provide comple-
mentary information about diseases and help with a correct diagnosis.

The combination of PET with CT was first proposed by Townsend, Nutt
and colleagues in the early 1990s. In 2001, the first clinical PET/CT scanner
became commercially available. Its impact on clinical diagnostics was significant,
and in 2006 PET-only scanners were no longer obtainable and PET/CT became
the standard [Tow09).

Combining PET and MRI is technically challenging, since the MRI intro-
duces conditions like the magnetic field (typ. 0.2 — 9.4 T [DBK*14]) and radio
frequencies (42.6 MHz/T) for the H proton [HBTV99]). Nevertheless it promises
to be a further improvement for specific applications, since MRI is superior over
CT in terms of soft tissue contrast, does not deliver additional radiation dose and
also can provide additional functional information, although complementary and
with lower sensitivity (~ 1075 mol/L [DBK'14]) compared to PET. Especially
during the last decades with new SSPDs emerging which are insensitive to mag-
netic fields, intensive research on hybrid PET/MRI has been conducted. Still,
especially compared to the number of PET/CT systems, only a small number of
PET/MRI systems are commercially available and in clinical use. Many different
types of preclinical systems used for research have been developed so far, but only
a few types are in clinical routine. An excellent overview of the currently available
clinical and preclinical PET/MRI systems can be found in [DBK*14].

The first combined PET and MRI images were acquired with separate machines
and merged afterwards [PCS™]. This is also the concept of the first clinically avail-
able PET /MRI scanner installed in 2010 at Geneva University Hospital [ZOM*11],
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for which the patient bed is moved between the two scanners. In the mean-
while also two fully integrated whole body PET/MRI systems entered the market
(Siemens mMR in 2011 [DFJ*11a], GE Signa PET/MR in 2014 [DKH"14]) which
perform a co-registration of both modalities. Another approach is a to design the
PET as an insert into a commercially available MRI system. This was also the
concept for the first simultaneous clinical PET /MRI prototype, designed for brain
studies (Siemens brainPET in 2008 [SPST08, KWH"12]).

The concept of a PET insert for research and preclinical imaging offers on one
hand the flexibility needed to test new technologies and materials, adapt to differ-
ent MRI geometries and RF (radio frequency) coils and on the other hand to be
able to remove or plug the insert upon requirement for the specific imaging task.
The PET insert developed in this work was specifically designed for a preclinical
7 T GE/Agilent Discovery MR9O01.

The applications for the insert developed range from preclinical PET/MRI
studies with ®[F]-FDG (fluordeoxyglucose) for mice, rats and rabbits to high
contrast tumor imaging with radio-labeled antibody fragments. Especially newly
developed tracers labeled with the positron-emitters '?4I and #Zr are of particular
interest in the research group [MFL*15]. Another focus is on metabolic studies
with hyper-polarized 3C [JMW*12, PLZ"10, SgSJ"14] in combination with '8[F]-
FDG.

These applications imply demands which are considered in the design and de-
velopment of the PET insert. Basic points are a spatial resolution of 1 mm for
mice studies, a CTR (coincidence time resolution) of < 1 ns, a usability of the
whole FOV (field of view) up to 80% for rabbit studies with a spatial resolution
< 2.5 mm and a high count rate capability to be able to measure high injected
activities without a saturation of the front end. A PET ring composed of single
scintillator crystals coupled one-to-one and read out individually by photodetec-
tors (also called SCR, single crystal readout) is an approach, which fulfills the re-
quirements. It improves the positioning accuracy of block detectors and the lower
limit of the spatial resolution is defined by the size of the scintillator elements.
Also event pile up is unlikely compared to a block detector due to the smaller
scintillator volume. In addition, it provides a direct interaction localization and
the identification of ICS (inter-crystal scatter) is possible which can increase the
absolute system efficiency significantly by more than 30% [RBP*03, TERS108].
Nevertheless, compared to a block detector the number of detector channels is
significantly higher, which increases the complexity of the electronic signal pro-
cessing and therefore the cost [Zaild]. For this reason, SCR is currently only
feasible for small animal scanners with much less detector channels (~ 1000) and

smaller ring diameters (~ 10 c¢cm) compared to clinical systems (typ. > 15000
scintillator elements [DFJ*11b, CM09], 60 - 85 cm [RSBO7]).
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The medical physics group in the Department of Nuclear Medicine at the Tech-

nische Universitat Miinchen has a long tradition in the development of preclinical
PET systems based on SCR and SSPDs with the MADPET (Munich Avalanche
Photodiode PET) series. In the late 1990s, MADPET-I [PBL*98, SMKD11]
was the first scanner, based on 96 APDs and LSO (LuySiOs5, Lutetium Oxy-
orthosilicate) followed by the development of MADPET-II in the early 2000s with
1152 APDs 4 LSO in a dual layer ring configuration [PBB*01, ZPB*01, Zie05,
SMO™*07].
Within this thesis during the development towards the MRI compatible insert,
MADPETS3 (cf. ch. 2, p. 23) was developed as a sectorized PET prototype
based on SiPMs and LYSO (LuyY2SiO5:Ce, Lutetium Yttrium Orthosilicate), to
evaluate the feasibility of SiPMs for PET with a sub-millimeter spatial resolution
[SMK™*10, Sch1la, Hoh12]. Based on these experiences, the MRI compatible PET
insert MADPET4 has been developed with 2640 SiPMs + LYSO in a dual layer
configuration (cf. ch. 6, p. 77). The choice of the matching SiPM for MADPET4
was crucial, therefore also intensive studies on potential SiPMs have been per-
formed (cf. ch. 4, p. 49). Since in 2009 the digital SiPM as a new light detector
was released, this novel sensor was evaluated as well in a PET prototype setup
with recently developed GAGG (Gd3Al3Gaz0O1s, gadolinium aluminum gallium
garnet) scintillators (cf. ch. 3, p. 35).

The novelties of MADPET4 are its crystal arrangement, the minimal mate-
rial budget without active electronic components at the front end and thus MRI
transparency and its avoidance of any electrical shielding. Also it is the first re-
ported MRI compatible PET insert working at 7 T which is based on SiPMs with
a SCR of LYSO.
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1.2. Combined PET/MRI

1.2.1. General

Combining PET and MRI for simultaneous acquisition of both modalities is chal-
lenging due to the presence of the magnetic field (typ. 0.2 — 9.4 T [DBK*14])
and RF (42.6 MHz/T for the H proton [HBTV99]). The advantages of an insert
such as developed in this thesis are the cost effective access to PET/MRI and
that the developed PET can be customized according to the later applications.
Especially within our existing infrastructure, no modifications have to be made
and the insert is ready for use upon its completion. It can be easily removed
within minutes to perform conventional MRI. On the other hand, technical chal-
lenges and constraints apply to the insert. Most obvious is the constraint in terms
of space, which is a key factor for the design of the insert e.g. for detector and
electronics arrangement. The standard equipment of the MRI like e.g. the animal
bed and surface coils must still be usable and it should be even possible to remove
the insert without changing the bed position. Also the magnetic field may not be
disturbed by materials of high magnetic susceptibility. The MRI RF may not be
shielded by the PET components while at the same time the RF may not interfere
with the PET signal and render it useless. Both modalities must have as little
influence on each other as possible.

An overview of different approaches towards PET/MRI system design can be
found in [DZ09], a review of the challenges in [VM15].

1.2.2. Technical Challenges

PET Detector Technology The PET detector technologywas the main problem
in the development of combined PET/MRI. For decades, photomultiplier tubes
(PMT) combined with an inorganic scintillator crystal have been the standard.
Unfortunately PMTSs are not even able to operate in weak magnetic fields of several
mT [Fla08] and in addition are quite bulky with typical diameters of ~ cm and
typical lengths of > 10 cm. Only with the development of SSPDs there was a
possibility to think further of combined PET/MRI, since SSPDs are not sensitive
to magnetic fields. The first SSPD with internal gain and promising for the use
in PET was the APD, which became commercially available in the early 1990s.
SiPMs as their successors are the latest generation of SSPDs and overcome many
of the disadvantages of PMTs and APDs. They have a typical active area and
thickness of ~ mm which allows a compact design to have still an acceptable FOV
size. More flexibility in crystal arrangement, system design and robustness are
also important factors.

Effects of MRI to PET The MRI gradient fields, which are rapidly switching,
can induce eddy currents in conductive components of the PET. They can affect
the PET signal quality, lead to vibrations and heating up of the components.
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Detectors with a high temperature dependency should be regulated or cooled.
The RF of the MRI may interfere with the PET electronics and render the signal
useless. RF shielding can be introduced, but at the cost of more material inside
the bore with potential higher disturbance of the magnetic field, increased eddy
currents and heating.

Effects of PET to MRI Inhomogeneities of the magnetic field caused by the
PET components inside the bore may result in artifacts in the MR image. In
addition, the gradient fields may be affected as well. Therefore if possible only
non-magnetic materials should be used. Also the PET components can have RF
interference with the MRI signal, especially in case the electronics emits in the
range of the MRI frequency. Unshielded cables or the clock frequency of the data
acquisition may be possible sources. RF shielding which was already mentioned
can help for both modalities.

PET/MRI System Design in this Thesis MADPET4 is a completely new de-
velopment taking these requirements and limitations into account from the very
beginning. It is specifically designed as an insert into the bore of a commercially
available 7 T GE/Agilent MR901 for preclinical small animal imaging. Minimal
amount of material and no active electronic components inside the MRI bore were
one of the main design goals. Together with a digitization of the PET signals out-
side the MRI bore, the effects on the MRI should be kept as minimal as possible.
The PET components were chosen for high performance, compactness, robustness
and with the idea, to operate the insert without any additional RF shielding. The
system is described in detail starting from sec. 6.5, p. 93.

1.3. Detectors

1.3.1. Requirements

The combination of a photodetector and scintillator (in the following called detec-
tor) is used in almost all small animal PET systems. The first step is to convert
the energy of the gamma-rays () to light in the visible spectrum by the scin-
tillator. Those are preferably materials with high Z (atomic number) and thus
a high stopping power. Not all energy which has been deposited in the scintil-
lator is converted into visible light (~eV range). Typically the energy deposit
for generating a single photon in the scintillator is from 20 to 100 eV, resulting
in a typical conversion fraction between 0.1 and 0.02 [Zail4]. The ~ interaction
processes relevant for PET are the photoelectric effect and Compton scattering.
Ideally a scintillator should have these properties [Knol0]:

e The scintillation efficiency to convert the deposited energy into visible light
should be high.
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The light yield should be proportional to the deposited energy over as wide
range as possible.

Transparency to the wavelength of its own emission with as little as possible
self-absorption.

The rise and decay time of the light output should be short.

Good optical quality, producibility in the desired size and ease of handling
(ideally non-hygroscopic).

The index of refraction should be matching to the coupled photodetector to
ensure good optical transfer from scintillator to detector.

Those secondary photons from the scintillator then have to be converted by the
photodetector into an electrical signal. Usually only a fraction of the generated
light can be extracted due to geometrical limitations. For PET it is typically in
the range of 10 to 30% [Zail4, Vell0] with a photodetector coupled to the end
face of the crystal.

The requirements for the photodetector are [Zail4]:

The QF (quantum efficiency), which is the efficiency of converting a photon
into a photoelectron, should be high.

The PDE (photo detection efficiency), which is the efficiency to detect a
photon with the photodetector, should be as high as possible.

Impinging photons with an energy of ~eV result upon detection in at most
one photoelectron. This means that the number of primarily generated
photoelectrons is too small for direct processing. Therefore either internal or
external signal amplification without degrading the signal quality is needed.

A time resolution of ~100 to ~1000 ps is needed for PET. Since the first
single photons emitted from the scintillator define the timestamp, photode-
tectors must have a good SPTR (single photon time resolution).

The spectral sensitivity of the photodetector should match the emission spec-
trum of the used scintillator.

An optical coupling material is usually a must, since the index of refraction of
most scintillators (n & 1.7-2.2) is higher than for the photodetector (n ~ 1.4-
1.5) [MS05, RL09].

The properties of both photodetector and scintillator strongly define the per-
formance of the PET system and thus they have to be carefully chosen depending
on the application criteria. Regarding the research topics of this thesis, further
key demands apply to the detector:
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e Energy and coincidence time resolution (CTR) should be as good as possible.
Minimum requirements are AE/E < 20% (FWHM) and CTR < 1 ns.

e [nsensitivity to magnetic fields is an essential requirement.

e The detector must be stable in operation. A low temperature dependency,
operation of many detectors with the same voltage and stability over time
are required.

e A high granularity with a size of the detector elements in the range of
(sub)millimeter corresponding to the spatial resolution has to be achieved.

e Since in this work no light sharing between photodetectors is employed but
instead every scintillator is individually coupled to a photodetector, the ac-
tive area and package size of the photodetector has to match the scintillator
geometry.

e Detectors should deliver a strong signal which can be digitized without fur-
ther amplification.

This narrows the choices to solid state photodetectors with internal amplifica-
tion. These are avalanche photodiodes (APD), which established the basis for
Geiger-mode avalanche photodiodes (G-APD) used in this thesis. Especially in
the PET community, G-APDs are usually called silicon photomultipliers (SiPM).
As stated by the Particle Data Group in 2008, the term SiPM should be replaced
by PPD (pixelated photon detector) [ADA108], but it could not establish itself
up to now. In addition, other marketing names have been introduced by different
manufacturers, e.g. multi pixel photon counter (MPPC, Hamamatsu Photonics
K.K. (HPK)) or micro-pixel avalanche photo diodes (MAPD, Zecotek Photonics
Inc.). To adapt to the common use in the community, in this work the term SiPM
is used.

With the recent approaches to integrate electronics already on the SiPM itself,
they are divided into two classes. Either the classical analog SiPMs, where the
analog detector signal has to be digitized by dedicated readout electronics or the
recently developed digital SiPMs, where the detector already provides a digital
output.

The following concentrates on the scintillators and photodetectors used in this
thesis. Excellent overviews about PET instrumentation can be found e.g. in
[CD06, BTVMO05, Zail4].

1.3.2. Inorganic Scintillators

For PET with the demand of high sensitivity, suitable materials are inorganic
scintillator crystals. They have higher effective atomic numbers Z.s and thus
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higher stopping power compared to the group of organic scintillators. Detec-
tors for PET have to be optimized for the detection of 511 keV ~v-rays. The
two scintillator materials used in this work are LYSO (Lutetium Yttrium Oxy-
orthosilicate, Lu; Y 2S105:Ce) and GAGG (Gadolinium Aluminum Gallium Gar-
net, Gdsz(Ga,Al);015:Ce). LYSO is a well-established and widely used scintillator
for PET. GAGG is a recently developed scintillator [KPN*12] and of interest due
to a higher light yield and better intrinsic energy resolution compared to LYSO.
In this work, LYSO is used for MADPET4 because it is MRI compatible and
non-magnetic (cf. ch. 6, p. 77). GAGG is magnetic due to its Gd component
and therefore is not used for the insert, but it was successfully used for a PET
prototype based on digital SiPMs with promising results (cf. sec. 3.2, p. 36).
The performance of detectors with LYSO and GAGG of the same dimensions was
directly compared using analog and digital SiPMs (cf. ch. 3 and 4, p. 35 and 49).
Both crystals are co-doped with Ce3* as an activator for the main luminescence.
This ion is an efficient luminescence centre with a fast response and an atomic
number of Z = 58. It has one electron in the 4f state that is excited to the
empty 5d shell through interaction with radiation. The subsequent de-excitation
by emitting a scintillation photon will occur by an allowed 5d to 4f electric dipole
transition with a decay time in the range of 20 to 80 ns. [TGGMO06, Knol0]
Excellent work about scintillation mechanisms and further PET scintillators can

be found e.g. in [Knol0, TGGMO06, LAG™06, CDOG]

1.3.3. Characteristics of LYSO and GAGG

Interaction of v-Rays For PET with 511 keV the interaction is either by pho-
toelectric effect or Compton scattering. The probability for either photoelectric
effect or Compton scattering depends on the effective atomic number Z.g (cf.
fig. 1.1). LYSO has a higher probability for photoelectric effect than GAGG at
511 keV. Photoelectric effect in the scintillator is the desired interaction for PET
since all energy is deposited at once and the incoming v is absorbed, assuring the
correct localization of the interaction to the scintillator element. Its probability
is roughly proportional to ZZ with m = 3 to 4 at 511 keV [CD06]. Compton
interaction is an undesirable interaction, since the initial photon only deposits
part of its energy and changes its initial direction. This may lead to a wrong
localization of the detected + in the PET image, since it is not distinguishable if
the Compton scattering happened already before the detection or in the detector.
The exponential relationship /(x) = I(0)-exp (—ftatt - ) describes the photon flux
I(z) at a specific thickness x of the medium with 7(0) as the incoming photon flux.
The linear attenuation coefficient p,; describes the probability per unit distance,

that an interaction will occur [CD06]. As an example, the absorption efficiency
(1(0) — I(x))/I(0) for LYSO with varying crystal thickness is shown in fig. 1.2.

Basic Properties Table 1.1 lists the properties of GAGG and LYSO. In com-
parison, also BGO (Bismuth Germanate, BiyGe3O12) and LaBrs (Lanthanum(I1I)
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Figure 1.1.: Absorption processes of «-rays depending on Z.g and their energy. Reproduced
and modified from [Evab5].

Figure 1.2.: Absorption efficiency (I(0) — I(x))/I(0) of LYSO for different material thick-
ness. Reproduced and modified from [Sail4].
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Bromide) are shown. BGO represents the PET scintillator with the highest stop-
ping power which was the material of choice before the emergence of LYSO. LaBr;
on the other hand is the PET scintillator with the best intrinsic energy resolution
and the fastest decay time respectively best time resolution. Its disadvantages are
its lower Zqg and hygroscopy. GAGG is a material which is still in the development
phase, which means that for particular samples the characteristics may slightly
vary. The values stated here were provided by the manufacturer [KPNT12]. Tts
tatt at 511 keV has not been published yet.

Table 1.1.: Properties of the used scintillator crystals GAGG and LYSO, compared to BGO

and LaBrs.
GAGG:Ce LYSO:Ce BGO LaBr3:Ce
[KPN+12] [SGO4] [Zaild] [Sai0g)]
Zofr 54 65 74 47
Density [g/cm?] 6.63 7.1 7.13 5.08
Peak emission [nm)] 520 420 480 380
Light yield [ph/MeV] 46000 32000 7000 63000
AE/E at 662 keV [%)] 4.7 7.1 9.0 [YCN13] 2.9
Decay time [ns] 88 (92%), 230 (8%) 41 300 16
Best reported CTR [ps] 310 [SSSSZ15] 138 [SvDVT12] || 950 [SKM*13] | 95 [SvDVT12]
Index of refraction 1.87 [Kam15] 1.81 2.15 1.9
Band gap [eV] [YCN13] 6-6.2 6.3 -6.5 4.96 5.6
fate at 511 keV [cm—1] 0.86 [KZ11] 0.96 [KZ11] 0.47 [KZ11]
Hygroscopy no no no yes [ZSWt13]

Light Emission A key feature of a scintillator is its emission wavelength for
which the matching photodetector has to be chosen. Figure 1.3 shows emission
spectra for GAGG and LYSO upon y-ray excitation. GAGG shows a more narrow
region of emission from about 480 to 620 nm with the peak at about 520 nm. Both
crystals show a non-linear light output depending on the incident energy (cf. fig.
1.4). Above 200 keV both show a quite proportional behaviour and usually the
non-linearity of the light yield is not taken into account for the calculation of
the energy resolution. Usually more severe is the possible non-linearity of the
photodetector response, which has to be taken into account to set an accurate low
energy threshold in PET.

Intrinsic Self-Radiation LYSO has a significant intrinsic self-radiation which
leads to light emission without irradiating it by an external source. This can
be easily seen when coupling to a photodetector. In comparison, the intrinsic
radiation due to *2Gd (a) in GAGG is negligible and a coupled photodetector
only very rarely detects a signal without external irradiation. In LYSO, the 1"Lu
radioactive isotope is a naturally occuring / emitter (2.599% abundance) which
decays with a branching ratio of 99.66% to "®Hf to a 597 keV excited state.
This state decays with a three y-ray cascade of 307 keV, 202 keV and 88 keV. A
spectrum measured with a 1 inch diameter by 1 inch long crystal is shown in fig.
1.5. Tt is possible that a v can escape the crystal which leads to the four regions
in the spectrum. The total rate for the activity is 39 Bq/g. [SG04]
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1.3. Detectors

Figure 1.3.: Left: GAGG emission spectrum. Reproduced from [ISS113].
Right: LYSO (St. Gobain) emission upon ~y-ray excitation. Reproduced and

modified from [ZMZ07].

Figure 1.4.: Left: Non-linearity of the light yield for GAGG. Reproduced from [ISST13],

with a comparison to LSO.
Right: Non-linearity of the LYSO light yield normalized to 662 keV. Reproduced

from [CSMT09], with a comparison to LuAg and YAG scintillators.

Figure 1.5.: Intrinsic self-radiation of LYSO. Reproduced from [SGO04].
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1. Introduction

1.3.4. Analog Silicon Photomultipliers

SiPMs are actively developed since more than one decade, after the first device
was developed by Golovin [Gol99] and Sadygov [Sad98| at the end of the last
century.

The basic idea is to operate many small APDs, referred to as cells or SPAD
(single photon avalanche diode), in Geiger-mode with a parallel connection of
all cells. Typical cell pitches range from 10 to 100 pm resulting in about 100
to several 1000 of cells/mm?.  The operation voltage Uy is up to several V
higher than the breakdown voltage U,q. The principle of the cell layout and the
response to light are shown in fig. 1.6 with a histogram of the number of measured
photoelectrons (pe). SiPMs can detect single photons with a very good resolution
and have a high intrinsic gain. The reason is the Geiger-mode operation, where a
photo-generated primary carrier in the depletion region can trigger an avalanche
of carriers by impact ionization. This multiplication is self-sustaining, because
of the high field strength secondary avalanches triggered by holes and generated
photons are occuring and the cell does not stop the process itself. Therefore, the
avalanche has to be quenched either passively by adding a series resistor to each
cell or with an active quenching circuit.

Quenching Resistor Antireflective layer Bias

Ape.

<3pe £
T pe 3‘\
pedestal

200 mV/div

P-doped
Trench body entrance window

10 ns/div

Figure 1.6.: Left: Cross section through the microcells of a SiPM. Trenches between cells
to reduce optical crosstalk (cf. par. 1.3.4, p. 16) are an optional feature.
Reproduced from [KETb].
Right: Oscilloscope screenshot of a SiPM response (purple) to single photons.
Histogram (orange) shows the integrated pulse area, each peak corresponding
to the number of fired cells (photoelectrons pe). Used SiPM was a KETEK
PM3350. Own measurement.

Properties

Gain Since all cells have the same intrinsic structure, in principle each break-
down of a cell results in a signal with defined shape and amplitude, which is not
distinguishable from a signal by any other cell in the SIPM. The amplitude Ay is
proportional to the cell capacitance Ceq times the overvoltage Uyye, and divided
by the elementary charge ¢.:

Acell ~ C’cell : Uover / Qe
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1.3. Detectors

and the total amplitude for cells which fire at the same time is then just the sum
of all fired cells Agipy = - Acerr. The gain is typically in the range of 10° to 107,
resulting in a single cell amplitude of several mV at 50 €2 load. With many photons
impinging to the SiPM e.g. from a bright scintillator usually used in PET, the
amplitude can be easily ~ 100 mV.

Photo Detection Efficiency The PDE is the product of QE, the probability
€Geiger Of incoming photons to trigger an avalanche and the geometrical efficiency
(fill factor) €geometry, Which is the ratio of sensitive to total area of the SiPM
[Ren09]. It depends on the wavelength A, Uy;as and T

PDE<)‘7 UbiaS; T) = QE()‘) : 6Greiger(>\> Ubias; T) * €geometry

For applications demanding for high dynamic range, the number of cells has to

be large enough. This has a direct impact on €geometry, since every cell needs a
bias connection and a resistor which decreases the active area. The best €geometry
can therefore be achieved with large cells at the cost of limited dynamic range
(cf. fig. 1.7). For PET with bright scintillators like LYSO or GAGG resulting
in ~ 1000 of photons impinging on the SiPM, a larger number of cells and thus
smaller cell size is needed. A good compromise between €zeometry, dynamic range
and overall performance is a cell pitch of 50 pm [Pull2], which is offered by all
manufacturers on the market. Currently, fill factors range from about 40 to 60%
for 50 pm SiPMs [FGS*14a, SGST14].
The trigger probability €geiger depends on the location in the cell where the primary
electron-hole pair is created. Electrons have a higher probability to trigger an
avalanche in silicon. According to [OSAT2|, the probability is highest for the
conversion of a photon in the p-layer. Therefore for shorter A, e.g. for LYSO with
its peak emission at 420 nm, a p-on-n type SiPM should be used to reach a higher
PDE. Depending on the wavelength, QE can reach about 80 to 90% |[Zail4] (cf.
fig. 1.8).

Figure 1.7.: Photomicrograph of different cell sizes of HPK MPPCs. The decrease in
€geometry for smaller cells is visible. Images from [Mus11].

Dynamic Range and Saturation As shown in figure 1.9, the output of a SiPM
is only linear as long as the number of impinging photons Ny times the PDE
is significantly smaller than the number of available cells N.ps. The following
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Figure 1.8.: Left: Example of QE for a HPK MPPC. Taken from [Ren06].
Right: PDE of a KETEK PM3350 at the peak emission of LYSO (A = 420 nm).
Own measurement.

equation [VVST11] describes the number fired cells Ngeq very well and includes
an estimation for the scintillator decay time t;. and the cell recharge time ¢,
[SKM*13]
sc N, - PDE
Nﬁred = ttr : Ncells : (1 — €Xp (_NCI;};S ] tsc/tr
For bright scintillators like LYSO and GAGG, this results in a compression of
the energy spectrum resulting in an artificial energy resolution better than the
reality. A correction based on the described formula is needed for energy resolution
comparability between different SiPM and crystal combinations. Also multiple
photons hitting a cell at the same time produce only the signal of 1 pe. Figure
1.10 shows a comparison of two energy spectra using a SiPM with 400 cells/mm?
and one with 15000 cells/mm?.

)  with t > ¢,

Figure 1.9.: Left: Nonlinear response to a 40 ps laser light signal for SiPMs with different
number of cells. Reproduced and adapted from [ABB*05].
Right: Nonlinear response when irradiating with different radioactive sources
for a SiPM + scintillator (HPK MPPC S10362-11-050C, 1 x 1 x2 mm? LYSO).
Gray lines represent an exponential fit to the data points, solid colored lines
the theoretical linear response. Reproduced and adapted from [PSV*12a].
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1.3. Detectors

Figure 1.10.: Energy spectrum of 22Na measured with 2 x 2 x 12 mm? LYSO coupled to
3 x 3 mm SiPMs.
Left: Using a SiPM with 400 cells/mm? (Photonique/CPTA).
Right: Using a SiPM with 15000 cells/mm? (Zecotek MW-3).
Measurements and plots by D. Renker.

Temperature Dependency With changing temperature 7', the breakdown volt-
age Upq of a SiPM will change resulting in a different overvoltage Uyye,. Most
parameters of a SiPM depend on U, and therefore it is favorable to use a SiPM
with as little change of Upq per K as possible. Depending on the SiPM and the
expected temperature variations, an electronic circuit which compensates Uyq for
temperature changes can be used. The temperature dependency of U,q can be
extracted from the relative change in gain, which can be extracted from a single
photon spectrum, where it corresponds to the distance between the peaks. Since
the gain is proportional to Uy;,s, the interception with the bias voltage axis (cf. fig.
1.11) is Upq. With a measurement at two different temperatures, the temperature
coefficient of the breakdown voltage is linearly extracted. Typical values for cur-
rent SiPMs range from 15 to 60 mV /K [SGST14]. The temperature dependency
of the gain M can be described by the voltage dependent coefficient

k’T(Ubias) = Cg\; ) ]\1/[ -100%
This value should be as low as possible, since otherwise for PET measurements
the photopeak position in the energy spectrum can change already significantly
for small temperature changes, with potentially negative effects on the energy res-
olution due to a broadening of the photopeak. Sensitivity may also be decreased,
since usually a fixed lower energy threshold is applied which is no longer correctly
set temperature changes. An example is shown in fig. 1.11 with kr(Upias) < 1%

for typical Usyer > 10%

Dark Count Rate Dark counts are cell breakdowns without photons impinging
to the SiPM, instead intrinsically a free charge carrier was generated and triggered
the avalanche. This is either caused by thermal generation of electron hole pairs
or the field-assisted generation of electrons. The first can be effectively reduced
by cooling with a reduction of a factor two in the dark count rate (DCR) by every
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Figure 1.11.: Left: Linear behavior of the relative gain vs. Uy, at two different tempera-
tures. The intersection with the x-axis correponds to Upyq. Measured with a
KETEK PM1150 SiPM.
Right: Relative change of the gain with temperature for two different KETEK
SiPMs.
Both plots based on own measurements.

8°C drop [Ren06]. The latter can be reduced by a smaller electric field, which is
not feasible for every application. Manufacturers can consider this already in the
design of the cell, the user can influence it by reducing Uy;,s. Impurities and crystal
defects in the silicon have to be avoided, since they are generation-recombination
centers. This strongly depends on the production process and its cleanliness.
Typical DCR of the latest SiPM generations are about 100 to 400 kHz/mm?
[Ham14, SGST14].

Optical Crosstalk During an avalanche, an average of three photons per 10°
generated charge carries are emitted with a photon energy > 1.14 eV (band gap
of silicon) [aLZBM93]. Each of these photons is able to trigger another breakdown
in a surrounding cell with a certain cross talk probability (CTP, p.). This is a
stochastic process which results in a misinformation of the number of detected
incoming photons. Crosstalk fired cells are indistinguishable from cells fired by
impinging photons, since it occurs at the same time (in terms of the possible mea-
surement precision). It introduces an excess noise factor F'. Neglecting saturation
effects, dark counts and afterpulses, it can be approximated by F =~ 1 + p.;. The
probility pe is extracted from measuring a single photon spectrum only with dark
counts. It is defined as the ratio of dark count events with crosstalk (> 1.5 pe)
divided by the total number of dark counts (> 0.5 pe). Operating with less gain
lowers p.; but also decreases significantly the PDE and signal quality. A better
solution to suppress direct optical crosstalk is to implement trenches working as
optical barriers in between the cells (cf. fig. 1.6). Disadvantage is the reduc-
tion in fill factor €geometry and therefore directly PDE typically by several percent.
Altough trenches can significantly reduce direct optical crosstalk, there is still
the probability for a crosstalk generated photon to be reflected at the package
boundary to trigger another cell.
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Afterpulsing and Recovery Time After an initial breakdown of a cell, a certain
time later again a breakdown can happen in the same cell. The reason is considered
to be a trapping of charge carries of the initial avalanche at lattice defects of
the semiconductor [GGCZ03]. This phenomena is called afterpulsing and can
be measured as following pulses after the initially triggered pulse. Since with
the breakdown also the voltage across the cell drops, each cell needs a certain
recharge time ¢, to fully reestablish the electric field. In case an afterpulse (or
another incoming photon) induces again a breakdown during this recharge time,
the amplitude is less than 1 pe. Afterpulsing can be a severe problem in single
photon measurements e.g. with a longer measurement gate of ~100 ns to ~ us
since it falsifies the number of detected photons. For PET with bright scintillators,
usually afterpulsing is not the most critical parameter. More important is a short
recovery time, which is the time needed to reestablish the electric field of a fired
cell. It is governed by the RC constant of a cell and typically measured from the
single cell pulse as the decay time from the pulse maximum to 1/e. A long ¢,
enhances the saturation causing a less linear response with negative effects on the

energy resolution. Typical values range from 10 to 150 ns for currently available
SiPMs [OOY 07, SGST14].

Single Photon Time Resolution SiPMs are expected to have a good time resolu-
tion of ~100 ps even for single photons due to their fast avalanche creation (several
pm active layer) and a robust signal. For a comparison of different SiPMs; the
single photon time resolution (SPTR) is measured. It is the timing when exactly
one cell has fired after illuminating with a fast enough light source (typically a
laser with several 10 ps FWHM). The main contributions to the time jitter are
the lateral spread of the avalanche and fluctuations in the avalanche development
itself. The vertical avalanche buildup contributes only very little [Ren06]. Results
for the SPTR of several SiPMs is shown in fig. 1.12. It can be seen that for devices
with the same cell properties but larger active area the SPTR gets worse. The
reason is the larger capacitance caused by the longer connection lines to the cells.

Analog SiPMs in this Thesis Analog SiPMs with an active area of 3x3 mm?
(PM33 series, manufactured by KETEK, Munich) have been characterized and
their performance was evaluated with LYSO and GAGG regarding the use in
PET (cf. sec. 4, p. 49). There also the methods to measure the SiPM properties
introduced in this chapter are described. The results were compared with other
publications of SiPMs manufactured by HPK, SensL. and AdvanSiD. Based on
these results, SiPMs with an active area of 1.2x1.2 mm? (PM11 series, KETEK)
have been evaluated specifically for the demands of MADPET4.

The choice of the matching SiPM is a crucial decision to realize the design
of MADPET4. The KETEK SiPMs were of specific interest, since they fulfill
the demands of the insert in terms of high gain, low temperature dependency,
matching package size and finally price per unit. At the time of their purchase,

17



1. Introduction

Figure 1.12.: SPTR of SiPMs with different sizes of active area and cells. Devices from
KETEK (PM), HPK (MPPC) and Excelitas have been measured. All data
from own measurements.

these were unique features that no other manufacturer could provide.

1.3.5. Digital Silicon Photomultipliers

In general, each cell in an analog SiPM shows an intrinsic binary characteris-
tic, namely that either a cell does not break down or it breaks down with a
certain charge released. During the last years there have been efforts to imple-
ment electronics directly on cell level to sense the breakdown. These so called
digital SiPMs were first published by Philips Digital Photon Counting in 2009
[FPD*09, FPDZ10]. During the last years, other groups also started develop-
ing digital SiPMs with different approaches of electronics implementation [MC13,
MJC14, TLB*15], but these are still in the characterization phase of the first
chips. A general drawback of electronics implementation on cell level is the di-
minishing of €gcometry and therefore PDE.

Philips markets their sensors as digital photon counters (DPC) and in 2012 they
had a commercially available technical evaluation kit (TEK) with up to 4 DPCs.
Up to now Philips is the only manufacturer on the market with a digital SiPM
which has been tested successfully to work for PET [DRT*12, METV12, WWD*14,
SSSSZ15] and has been fully characterized [SSSZ15]. The DPC technology is used
for the clinical Philips Vereos Digital PET/CT with a system CTR of 345 ps
employing time of flight (TOF) information. It was introduced to the market in
2014.

Digital SiPMs in this Thesis A PET prototype based on DPCs has been set
up. A detailed introduction to the sensor and the DPC working principle is given
within that context (cf. sec. 3.2, p. 36). A characterization study of the DPCs
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has been published together with my colleague I. Somlai-Schweiger (first author)
[SSSZ15] and is therefore not included in this thesis.

1.4. Readout Electronics

The overall performance of a PET system is not only defined by the choice of
scintillator and photodetector, but also the readout electronics attached. Most
important is that it may first not limit the intrinsic detector performance and sec-
ond not the performance of the whole PET system e.g. in count rate capability.
The required output for every event is the time stamp, the energy and the channel
number for the localization of the interaction. The electronics should be scalable
to read out a large number of channels and work without dead time. Ideally, the
amount of data is already minimized e.g. by setting a lower energy threshold to
dismiss unwanted events. While in the prototyping stage, som