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1

Zusammenfassung

Diese Arbeit behandelt die Entwicklung und ersten Tests des SAFIR
Prototyp PET-MR-Detektors (PET: Positronen-Emissions-Tomographie,
MR: Magnetresonanztomographie). Der PET-Einsatz wurde für Stu-
dien zur Kinetik schnell ablaufender Stoffwechselprozesse in Mäusen
und Ratten entwickelt, bei denen die PET-Bildgebung gleichzeitig zur
MR-Bildgebung durchgeführt wird. Um dieses Ziel zu erreichen, sind
die einzelnen Komponenten für Messungen mit hohen Raten bei Akti-
vitäten von 500 MBq optimiert. Dies ermöglicht Bildaufnahmedauern
von weniger als 5 s.

Die Anforderungen spiegeln sich in der Auslegung des SAFIR
Prototyp-Einsatzes wider. Es werden schnelle anorganische Scintillator-
kristalle verwendet, welche einzeln auf Silizium-Photonenvervielfachern
aufgeklebt sind. Alle Signale werden im PET-Einsatz digitalisiert und
nur über optische Netzwerkverbindungen zum Datenaufnahme-Com-
puter geleitet. Als weltweit erster PET-MR-Detektor werden für die
Stromwandlung MR-kompatible DC-DC-Konverter im PET-Einsatz
verwendet. Ich habe diese Konverter ausführlich auf ihre MR-Kom-
patibilität und elektrischen Eigenschaften getestet. Es konnte keine
Verschlechterung der Homogenität des B0-Feldes im MR-Detektor
oder der Signal-zu-Rausch-Rate in den MR-Bildern beobachtet wer-
den, während der DC-DC-Konverter im MR-Detektor betrieben wurde.
Die Ergebnisse wurden veröffentlicht und noch einmal unabhängig
durch den erfolgreichen Betrieb des SAFIR Prototyp-Einsatzes bestä-
tigt, welcher 49 dieser Konverter enthält. Des Weiteren habe ich die
Computerprogramme für die Detektorsteuerung, Datenaufnahme und
Datenverarbeitung für den SAFIR Prototyp-Einsatz entwickelt und
programmiert. Zusätzlich habe ich eine verbesserte Implementierung



2 Contents

der iterativen tomographischen Bildrekonstruktion entwickelt, welche
durch das Vorausberechnen der Systemmatrix des Detektorsystems die
Programmlaufzeit um 45 %reduziert, ohne irgendwelchen Einschrän-
kungen der Detektorgeometrie zu unterliegen.

Die Leistungscharakterisierung besteht aus vier verschiedenen Teilen.
Zuerst untersuche ich die anwendungsspezi�sche integrierte Schal-
tung, welche für die Signalverarbeitung im SAFIR Prototyp-Einsatz
verwendet wird. Dabei konzentriere ich mich auf die für unsere An-
wendung wichtigen Parameter, insbesondere die Eigenschaften des
schnellen Vergleichers und des Zeitdigitalisierers, welche für eine ak-
kurate Zeitmessung notwendig sind, sowie des Ladungsdigitalisierers,
der für die Energiemessung benötigt wird. Danach untersuche ich ver-
schiedene Signallaufzeitverzögerungen im Detektorsystem und stelle
Kalibrierungsroutinen für diese vor. Ausserdem entwickle ich eine
automatische Betriebsspannungsnachführung, welche durch eine Echt-
zeitanalyse des gemessenen Energiespektrums die Betriebsspannung
der Photodetektoren anpasst, um Effekte durch Temperaturänderun-
gen und Stromänderungen auszugleichen. Als Drittes vergleiche ich
die Auswirkung verschiedener Datenverarbeitungseinstellungen (z.B.
Energiefenster) auf die Leistung des Detektors. Zusätzlich erstelle ich
ein analytisches Modell zur Rekonstruktion von gestreuten Photonen,
welches die Emp�ndlichkeit des Detektors erhöht. Schliesslich vermes-
se ich die Energie- und Zeitau�ösung des SAFIR Prototyp-Einsatzes
und zeige erste aufgenommene Bilder. Dies schliesst simultane PET-
/MR-Messungen eines Rattengehirns und PET-Aufnahmen des Maus-
herzens bei hohen Aktivitäten von mehr als 100 MBq mit ein. Nach
Anwendung aller entwickelter Kalibrierungsroutinen erzielt der SAFIR
Prototyp PET-MR Einsatz eine Koinzidenz-Zeitau�ösung von weni-
ger als 200 ps (Halbwertsbreite). Kein anderer PET-Einsatz erreicht
gegenwärtig eine so gute Zeitau�ösung.
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Abstract

This thesis covers the development and �rst performance tests of the
SAFIR Prototype PET-MR scanner (PET: positron emission tomography,
MR: magnet resonance). Designed for the study of fast kinetic pro-
cesses in mice and rats, the PET insert allows for simultaneous PET and
MR image acquisitions. To achieve this goal, the hardware is optimised
for high-rate data acquisition with tracer activities of 500 MBq. This
allows image acquisition durations of less than 5 s.

The requirements are re�ected in the design of the SAFIR Prototype
insert. It uses fast inorganic scintillator crystals that are one-to-one
coupled to silicon photomultipliers. All signals are digitised within the
insert and only digital data are transmitted (via optical Ethernet con-
nections) to the data acquisition computer. As the world's �rst PET-MR
scanner, the power conversion is realised with MR compatible DC-DC
converters installed in the insert. I tested these converters extensively
with respect to their MR compatibility and electrical performance. No
degradation of the B0 �eld homogeneity of the MR scanner or signal-
to-noise ratio in the MR images was observed while operating the
DC-DC converter in the MR scanner. The results were published separ-
ately and ultimately veri�ed by the successful operation of the SAFIR
Prototype insert that contains 49 such DC-DC converters. Moreover, I
designed and developed all software required for detector control, data
acquisition and data processing for the SAFIR Prototype insert. In ad-
dition, I present an improved implementation of iterative tomographic
image reconstruction that uses a precomputed system matrix of the
detector system to accelerate image reconstruction by 45 % without
any restrictions because of the detector geometry.



4 Contents

The performance tests comprise four different parts. Firstly, the
application-speci�c integrated circuit that is used for the signal pro-
cessing in the SAFIR Prototype insert is characterised. I focus on
the parameters that are relevant for our application, speci�cally the
properties of the fast discriminator and the time-to-digital converter,
both of which are responsible for an accurate time measurement as
well as the charge-to-digital converter, which is required for the en-
ergy measurement. Secondly, I analyse different signal delays in the
detector system and present calibration routines to compensate for
these delays. Moreover, I present an automatic bias voltage adjustment
routine that performs a real-time analysis of the measured energy
spectrum to adjust the bias voltage, allowing it to compensate temper-
ature variations and bias current variations. Thirdly, I compare the
effects of different data processing settings (e.g. energy windows) on
the performance of the detector. I present an analytic model for the
recovery of inter-crystal scatter events to increase the sensitivity of the
PET insert. Finally, I characterise the energy and timing resolution of
the SAFIR Prototype insert and present the �rst images that have been
acquired. These include a simultaneous PET-MR scan of an ex vivo
rat brain and a high-rate in vivo PET measurement of a mouse heart,
with a tracer activity of more than 100 MBq. Applying all developed
calibration methods, the SAFIR Prototype PET-MR insert achieves a
coincidence resolving time below 200 ps(FWHM). This is - at the time
of writing - better than any other PET insert or PET scanner.
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1 Introduction

Positron Emission Tomography ( PET) scanners have undergone con-
tinuous development since their �rst construction in the 1970s. Due
to its outstanding sensitivity for many biological processes, PET is
commonly used for molecular imaging in pharmacology and oncology.
The lack of anatomical information is usually compensated for by
adding Computer Tomography ( CT) data. Combined PET-CT scan-
ners are used as a standard tool in oncology as well as in various
research applications. The most recent development in PET imaging
is the combination of PET and Magnetic Resonance Imaging (MRI).
While a more challenging technical task, this combination is superior
to PET-CT due to the unique soft tissue contrast of MRI compared to
CT. Furthermore, there is a substantial dose reduction becauseMRI
does not rely on ionising radiation.

The main goal of the Small Animal Fast Insert for MRI ( SAFIR)
collaboration is to develop a PET insert that will signi�cantly improve
upon the image acquisition time of currently available inserts. This
will enable studies of fast kinetic processes in mice and rats. One
example is the quantitative measurement of cerebral blood �ow using
15O-H2O [1]. This has already been investigated with a technique
called beta-probing. This method requires the surgical implanting of
a small (< 1 mm3) scintillator probe into the rat brain. An optical
�bre connects the scintillator with a conventional photomultiplier. The
number of 15O-H2O decays was obtained from the output signal. The
measurement proved the general feasibility of the concept [1]. However,
the obvious downsides are the lack of spatial information (apart from
the probe's position) and the physical distortions caused by the probe
itself.
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Since15O-H2O is a PET tracer, these problems can be overcome with
a suitable PET scanner. Existing devices offer a high resolution but
are limited in the maximum count rate, leading to image acquisition
times between � 30 sand several minutes. This is about one order of
magnitude longer than the typical time span of the involved processes.
The requirements for a suitable PET scanner were speci�ed together
with the group of Prof. Weber and are summarised in table 1. The

Table 1: Requirements for the SAFIR detector

Image acquisition time < 5 s

Spatial resolution < 2 mm

Measurement error per voxel < 10 %

Outer diameter 199 mm
Inner diameter 114 mm

image acquisition time, spatial resolution and accuracy are de�ned
by the special use case, which requires a high temporal resolution.
The mechanical constraints originate mainly from the bore size of
the existing Bruker BioSpin 70/30 MRI scanner and the size of the
corresponding MRI coils.

If all other effects are corrected for, the error of the measured count
rates in quantitative imaging ultimately depends on the number of
detected decays per voxel. Each counting process can be described by
a Poisson distribution. The standard deviation is sp =

p
n, with the

number of detected events n. Therefore one must detect at least 100
decays per voxel every 5 sto meet the speci�cation. With a typical voxel
size of 0.7� 0.7� 0.7 mm3 and an average system sensitivity (= fraction
of the detected decays to the total decays) of 2 %, the target activity
per volume is 2.9 MBq/mL [2]. To reach this activity concentration,
around 450 MBq need to be injected into the animal [1]. This is far
more than any currently available preclinical PET scanner can handle.
Based on these estimates and requirements, the initial concept for the
SAFIR detector was created [3–5].
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As a �rst step towards the full detector, a smaller version with
a reduced axial �eld of view was constructed. It is called SAFIR
Prototype insert and it comprises the same components as the full
system. The development and initial performance tests are described
in this thesis. The underlying physics of PET imaging is described
in chapter 2. Chapter 3 explains the different hardware parts of the
SAFIR Prototype insert. The following three chapters deal with the
required software that was developed in the context of this work.
Speci�cally, this is software for data acquisition ( chapter 4), data pro-
cessing (chapter 5) and image reconstruction (chapter 6). The initial
calibration measurements with the SAFIR Prototype insert as well as
corresponding Monte Carlo simulations are presented in chapter 7.
Finally, the published paper with �rst results is shown in chapter 8.
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2 Theoretical Background

PET is based on positron emission and the subsequent detection of
annihilation radiation. This chapter describes the processes involved,
starting with an overview of the working principle of PET, followed by
detailed descriptions of the underlying physical processes. There are
different ways to detect g-radiation. I focus on scintillation detectors
that are used in the SAFIR Prototype insert. Since the SAFIR Prototype
is an MRI insert, the theory behind MRI is brie�y explained and the
bene�ts of combining PET and MRI are summarised.

2.1 Positron Emission Tomography

PET is a molecular imaging modality �rst introduced in the 1970s [6].
It measures the distribution of a radioactive positron emitter. This is
usually part of a larger molecule that is called tracer molecule. To
obtain a PET image (= 3D image of the tracer distribution), one needs
a PET scanner and a suitable tracer. A PET scanner comprises g-
ray detectors, a matching signal processor, a coincidence sorter and
a tool for image reconstruction. Some of these components can be
implemented through software.

After injecting the radioactive tracer into the animal, human or
phantom, the emitted positrons annihilate with electrons in the sur-
rounding matter. With each annihilation, a g-ray pair is created. These
rays, which have an energy of 511 keV(g-radiation), leave the object on
a straight line in opposite direction of each other and are detected by
the g-ray detectors of the PET scanner. The output signal of the g-ray
detectors is processed by the matching signal shaper and processor.
After having been processed, the signals contain information about
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the arrival time of the g-ray, the measured energy and the measured
position. Such a processed event is called a “single”. The coincidence
sorter takes all singles and searches for pairs that, based on the re-
corded detection time, belong to the same radioactive decay. These
pairs are called coincidences and the line connecting the two singles
forms a Line of Response (LOR). All LORs are used by the image
reconstruction to compute the �nal 3D image of the tracer distribution.
The working principle is summarised in �gure 1 . Since the radiation
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Figure 1: Schematic view of a PET scanner including all key compon-
ents. One example decay in the radioactive tracer distribution
is shown.

is emitted in all directions and a PET scanner has to have detector ele-
ments on both sides of the radioactive source, most PET scanners have
the form of hollow cylinders. If the system is calibrated, quantitative
information (= activity in each voxel) will be available. Furthermore,
one can acquire dynamic PETdata, that show the temporal distribution
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of the tracer in each voxel. The temporal resolution (= frame duration)
is limited by the counting statistics in each voxel, leading to a drop in
the quantitative accuracy for shorter frame durations.

2.1.1 Depth of Interaction g-Ray Detectors

When g-rays pass through matter, there is a certain probability for
them to interact with said matter (see below). This probability depends
on the energy of the g-ray and the matter they are penetrating. In
a g-ray detector, one would like to detect all incoming rays. There-
fore, the sensitive volume should be as large as possible to maximise
the probability of interaction. Conventional g-ray detectors provide
position information with an accuracy of around 1 mm to 4 mm, but
they do so only in two dimensions. In the third dimension, the pos-
ition is constrained by the length of the detector elements (typically
1 cm � 3 cm). For PET applications, true coincidences can only be
found from radiation originating from activity inside the �eld of view.
Thus, this relevant part of the g-rays is coming from the centre of the
scanner and the g-ray detectors usually point into this direction. A
Depth of Interaction ( DOI) g-ray detector also provides information
in the third dimension along the detector element orientation (see
�gure 2 ). The accuracy in this dimension is usually worse than in the
other two dimensions, but it decreases the uncertainty regarding the
interaction position. Consequently, the LORs have a higher precision.
The effect depends on the angle at which the g-rays enter the detector
block. If they enter perpendicularly to the surface, the gain is small.
For larger average incidence angles, on the other hand, the gain is
increased. Overall, image quality is improved near the edge of the
�eld of view [7].

2.1.2 Time of Flight PET

As described above, the coincidence sorter uses temporal information
to �nd pairs of singles. The recorded LOR connects the measured
interaction positions of each single. Without further information, one
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Figure 2: Sketch of a conventional g-ray detector (left), a DOI detector
with low DOI resolution (centre) and one with high DOI
resolution (right). The solid green arrow is the incomming
g-ray and the dashed green arrows indicate other possible
g-rays that cannot be distinguished by the detector.

has to assume that the radioactive decay occurred anywhere along the
LOR with equal probability. However, if the arrival times are known
with high precision, the time difference between the detected singles
constrains the decay position on the LOR. The uncertainty on the
position depends directly on the timing resolution of the PET scanner:

Dx =
c0

2
Dt,

with the speed of light in vacuum c0, the uncertainty in position Dx
and the uncertainty in time difference Dt [8]. Since time differences
are analysed, there is a factor of ½ in the equation. The latter is
usually called Coincidence Timing Resolution ( CTR) or Coincidence
Resolution Time (CRT). The achievable bene�t of Time of Flight ( TOF)-
PET depends on the CRT and the diameter of the PET scanner. The
typical spatial resolution of PET scanners is in the order of a few
millimetres. To constrain the LOR to such a precision, a CRT of about
10 ps would be required. This is one order of magnitude better than
the performance of existing PET scanners. However TOF-PET is still
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bene�cial for existing PET scanners because it improves the Signal-
to-Noise Ratio (SNR) of the image [9]. The improvement of the SNR
with TOF (SNRTOF) compared to the SNR without TOF (SNRnonTOF) is
calculated by:

g :=
SNRTOF

SNRnonTOF

�=
1
a

r
D
Dx

,

with the gain g, the maximum diameter of the object in the �eld of
view D, the uncertainty of the decay position on the LOR Dx and
reduction factor a [10]. a depends on the shape of the TOF kernel that
is used in image reconstruction. For Gaussian kernels, the theoretical

prediction for a is a2 =
p

3p
2 ln(2)

� 1.47, with similar values having been

measured [10]. Typical clinical PET scanners have a timing resolution
of 310 ps� 375 psand object sizes in the order of D = 40 cm [11, 12].
The fastest available system (Siemens Biograph Vision) reaches210 ps
CRT, resulting in a SNR gain of g � 2.9 [13, 14]. For the SAFIR
Prototype with a much smaller �eld of view, the use of TOF-PET is
limited. LORs that are not perpendicular to the symmetry axis of
the scanner, called oblique LORs, will have a length of D � 20 cm in
the �nal system. With the timing resolution of the SAFIR Prototype
detector being around 200 ps, the SNR will improve by about 1.5 if
TOF information is used for image reconstruction.

2.2 Positron Emitters and Beta Decay

PET is based on positron emission, which is the focus of this section.
Atoms consist of protons, neutrons and electrons. The number ( Z) of
protons in an atom de�nes which chemical element it is. The number
of electrons, which determines the chemical properties, is equivalent
to Z in a neutral atom. The total number of protons and neutrons is
called mass number (A). Atoms of the same element with different
mass numbers are called isotopes. Every isotope is described by a
combination of A and Z. Commonly, one writes A

Z X where X denotes
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the chemical element in question. Certain isotopes are unstable and
decay into isotopes of other elements. The b+ decay or positron
emission is one example of such a decay. This process is formally
described by equation 2.1.

A
Z X ! A

Z � 1 Y + e+ + ne (2.1)

The isotope X changes into isotope Y, with one proton less but an
identical mass number. Inside the nucleus, a proton converts into a
neutron. During that process, a positron e+ and an electron neutrino ne

are emitted. The charge and lepton numbers are conserved throughout
the process. The neutrino is only weakly interacting and therefore can
not be detected in PET scanners.

2.2.1 Detailed Decay scheme for 22Na and 18F

In all isotopes undergoing b+ decay, electron capture (EC) is also a
possible decay process. The branching ratio between both decay modes
depends on the isotope. Two samples for 22Na and 18F are shown
in �gure 3 . The decay scheme for22Na is more complicated than the
decay scheme for 18F because it involves an excited 22Ne state. 22Na
has two different decay modes, one into the excited neon isotope and
one directly into the ground state. The decay mode into the excited
neon state heavily dominates. However, only 90.3 %of the decays are
b+ decays. This has to be considered later on when calculating the
sensitivity of our detector system. In all decays involving the excited
neon state, a high energeticg-ray with an energy of 1275 keVis emitted.
The mean life time of the excited neon state is 5.9 ps [17].

2.2.2 Common Isotopes for PET Tracers

Properties of typical isotopes used in PET studies are shown in table 2.
The energy released in the decay is carried away by the positron and
the electron neutrino. For the highest image resolution, the energy
should be as small as possible (see below). In practical applications,
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Figure 3: Decay schemes for22Na (left) and 18F (right), data from [15,
16].

Table 2: Typical light isotopes used in PET, data from [15, 16, 18]

Name Half-life Av. e+ Energy Max. e+ Energy

11C (20.361� 0.023) min (385.7� 0.4) keV (960.5� 0.9) keV
13N (9.9670� 0.0037) min (493.0� 0.2) keV (1198.5� 0.3) keV
15O (2.041� 0.006) min (736.7� 0.6) keV (1735.0� 1.3) keV
18F (109.7340� 0.0138) min (249.5� 0.3) keV (633.9� 0.5) keV

22Na (2.6029� 0.0003) y (215.6� 0.2) keV (546.4� 0.2) keV

the chemical properties of the element also have to be considered.
The isotopes are not injected directly but used as reagents for tracer
production. As chemical reaction properties are important, one cannot
always use 18F or 22Na.
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2.2.3 From Isotopes to Tracers

During a typical PET examination, one would like to gain knowledge
about biological processes, for example the metabolism in a certain
region. Every process involves speci�c molecules. Therefore, one needs
to combine the radioactive isotope with a suitable molecule for the
process under investigation. That modi�ed molecule is called a tracer,
with many different tracers being used for different purposes [19].
Most widely used in clinical applications is Fluorodeoxyglucose ( FDG),
which is based on 18F [20]. Different isotopes that are typically used
for PET tracer development are listed in table 2.

2.3 Interaction Processes for Positrons

The positron emitted during the b+ decay is a charged lepton with an
energy of up to a few MeV. There are two different types of interaction,
the electromagnetic interaction and the weak interaction. Due to the
low energy, the electromagnetic interaction clearly predominates and
there are �ve ways in which this interaction manifests itself:

i) Elastic scattering off nuclei

ii) Elastic scattering off orbital electrons

iii) Inelastic scattering off nuclei (bremsstrahlung)

iv) Inelastic scattering off orbital electrons

v) Annihilation with orbital electrons (usually via an intermediate
positronium state)

The �rst two processes change the direction of the positron but not its
energy. Inelastic scattering reduces the kinetic energy of the positron.
The energy of the positrons (< 5 MeV) is very small compared to the
mass of a nucleus (> 900 MeV). All these processes take place with
the different kinds of scattering driving the positron along a zig-zag
path and reducing its kinetic energy before it is eventually annihilated
upon the interaction with an electron.
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2.3.1 Positron Range

Positron range is the distance between the decay position of the atom
that emits the positron and the annihilation position of the positron
[21]. As seen above, the emitted positrons of different isotopes have
different average and maximum energies. Therefore, the positron range
depends on the isotope and the surrounding material. Furthermore,
the involved scattering is a random process, making the range different
for every decay. Simulations for positron annihilation in water show
that the probability density P with respect to the positron range x can
be described by the sum of two exponential functions [21]:

P(x) =
Ae� bx + ( 1 � A)e� cx

A
b + 1� A

c

. (2.2)

A, b and c are isotope-dependent constants. For18F in water, the repor-
ted parameters are A = 0.516, b = 37.9 mm� 1 and c = 3.1 mm� 1, while
for 15O in water, the reported parameters are A = 0.379, b = 18.1 mm� 1

and c = 0.9 mm� 1 [21]. The corresponding plots are shown in �gure 4 .
Due to the higher positron energy in decays of 15O compared to 18F, the
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Figure 4: Probability density distribution for the approximation of the
positron range for 18F and 15O in water in one dimension,
data from [21].
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positron range is much larger. In addition, this effect is also material-
dependent. While water is a good approximation for most tissue types,
the positron range will be shorter in dense tissue like bones and larger
in light tissue as found in the lungs for example [20]. Furthermore,
positrons are affected by the Lorentz force in magnetic �elds. This
leads to a reduction of the positron range in the direction perpendicu-
lar to the �eld lines [22]. Its effect on image quality depends on the
system resolution and is not always visible [23].

2.3.2 Positron Annihilation

The closer the kinetic energy of an emitted positron gets to zero, the
higher the probability for annihilation to occur. In the rest frame of
the positron-electron system, the two g-rays are emitted back to back.
Switching to the laboratory frame, there is a small deviation called
acollinearity caused by the momentum of the e+ - e� pair [24]. The
effect depends on the surrounding material and temperature, but the
distribution is, to good approximation, Gaussian [25]. As a result,
the angular deviation causes an additional image blurring Dxaccol that
depends on the system diameter D:

Dxaccol = ( 2.43� 0.14) � 10� 3D, (2.3)

with an experimentally determined blurring coef�cient of (2.43�
0.14) � 10� 3 for the Full Width at Half Maximum ( FWHM ) [24]. The
value was determined by precise energy measurements of the 511 keV
g-rays from an FDG application in a human body. The result changes
with temperature and is material-dependent [25].

2.4 Limits on the Spatial Resolution

The spatial resolution of a PET system is limited by the convolution of
the positron range, the acollinearity of the photons and the detector
resolution. The FWHM values add up quadratically and cannot be
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better than:

Dxtotal =

s

a2 + p2 +
�

d
2

� 2

, (2.4)

with the spatial resolution xtotal , the deviation caused by the accolin-
earity a, the positron range p and the scintillator crystal width d [26].
Since the positron range does not follow a Gaussian distribution, the

Table 3: Theoretical limit of the spatial resolution ( FWHM ) for the
SAFIR Prototype insert.

Isotope
Positron

range
Acollinearity Crystal size/2 Resolution

18F 0.1 mm 0.3 mm 1.05 mm 1.1 mm
15O 0.5 mm 0.3 mm 1.05 mm 1.2 mm

simple quadratic summation of FWHM values as proposed by Moses
et. al ([26]) is only a very rough approximation for the spatial resolu-
tion of a system. Nevertheless, one can see from the listed values that
for the SAFIR Prototype insert the crystal size clearly sets the limit for
measurements with 18F.

2.5 Relevant Interaction Processes for Photons

The emitted g-rays have an energy of 511 keV. With this energy, the
photons can either undergo inelastic (Compton) scattering, elastic
(Rayleigh) scattering or photo absorption. The cross section for the
different interaction types varies depending on the energy of the g-
ray. Two examples are shown in �gure 5 . The interactions in water
correspond to object scattering or attenuation. In both cases, Compton
scattering is predominant at an energy of 511 keV.
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Figure 5: Absorption of g-rays for different energies, in water (left) and
LYSO (right). Data from [27]

2.5.1 Compton Scattering

Compton scattering was �rst described by Arthur Compton in 1923
[28]. An incoming photon is scattered on electrons of the surrounding
material. It changes direction and loses some of its energy, which will
be detected if the scattering happens inside a detector element. If a
photon with energy Eg is scattered on a stationary electron, the energy
of the scattered photon E0

g (q) depends on the scattering angle q with:

E0
g (q) =

Eg

1 + Eg

mec2 (1 � cos(q))
, (2.5)

E0
g (180°) =

Eg

1 + 2 Eg

mec2

(2.6)

with the electron mass me and the speed of light c. There is a steep edge
in the measured energy spectrum, caused by back scattered photons
(see �gure 68). For 511 keV g-rays, the scattered photon retains an en-
ergy ranging from 170.3 keVto 511 keV. The probability (= differential
interaction cross section) for a certain scattering angle is described by
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the Klein-Nishina equation:

ds
dW

=
1
2

�
a}
mec

� 2
 

E0
g

Eg

! 2  
E0

g

Eg
+

Eg

E0
g

� sin2(q)

!

, (2.7)

with the �ne-structure constant a and the reduced Planck constant }
[29]. Figure 6 shows the normalised probability for different scattering
angles for 511 keV photons. One can see that small scattering angles
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Figure 6: Normalised probability for the Compton scattering of 511 keV
photons on a stationary electron [29].

(< 90°) are dominant.

2.5.2 Photo Absorption

Photo absorption is due to the photoelectric effect [30]. If the energy of
a photon is larger than the binding energy of an electron in an atom,
the energy of the photon can be transferred onto the electron. The
effect is visible in the LYSO absorption spectra as an abrupt change
in the cross section, for example at 10 keV (see�gure 5 ). Since H2O
comprises very light atoms, the effect is not visible in the plot.
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2.5.3 Implications for PET

Compton scattering can either occur in the object (object scatter) or
in the detector (detector scattering or inter-crystal scattering). Photo
absorption in the object is called attenuation, while events caused
by photo absorption in the detector are called photo-peak events.
Attenuation depends on the object in the PET scanner. If anatomical
information is available (eg. from an additional CT scan), one can
correct for the attenuation. If two photons are detected, different
combinations of interactions are possible:

1. True coincidences, with a single decay being correctly detected
by two interactions in the PET scanner.

2. Scattered coincidences, in which one photon is scattered in the
object before detection.

3. Random coincidences, with photons of different decays being
falsely combined to a coincidence.

4. Detector scatter, with multiple interactions of one photon in the
PET scanner.

The four cases are all sketched in�gure 7 . These effects have a negative
impact on image quality. Detector scattering can be controlled well if
full information of the different interactions is available (this is the case
in the SAFIR Prototype). If the detector does not offer the required
information, for example in common light-sharing designs, detector
scattering can only be removed but not corrected for [31]. The effect of
detector scattering is independent of the object and the tracer activity.

The rate of scattered coincidences depends on the size of the object
and the material. For preclinical applications, the scattering fraction
is between � 5 % (mouse) and � 20 %(rat) for energy windows from
350 keV to 650 keV [32]. As shown above, the predominant process
for scattering is Compton scattering, which goes hand in hand with
an energy loss of the photon. Therefore, one can remove scattered
events in the measured data by applying a narrow energy window.
This improves the image quality but reduces system sensitivity [33].
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(b) “Scattered” Coincidence
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(c) “Random” Coincidence
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(d) Detector Scatter

Figure 7: Schematic illustration of different events introducing false
LORs and one event with a true LOR.

Random coincidences are caused byg-rays that belong to different
radioactive decays. In the simplest case with two decays, four 511 keV
photons are created. If one g-ray of each decay is absorbed in the
object or it escapes the detector undetected, the remainingg-rays form
a coincidence, i.e. theLOR is not related to the tracer distribution. The
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rate of random coincidences Ri j for a pair of detector elements i, j is
given by:

Ri j = 2t sisj , (2.8)

with the coincidence time window t and the singles rates si and sj for
detector element i and j respectively [34]. Since the signal signature
does not differ from true coincidences and the singles rates are determ-
ined by the tracer activity, one can only reduce the coincidence time
window as much as possible. Small coincidence time windows require
a very good coincidence resolving time of the detector system. Since
the spatial distribution of the tracer in the object broadens the timing
distribution, there is a lower limit for the coincidence time window.
In general, it is limited by either the timing resolution of the detector
(for slow systems) or by the size of the object (e.g. for the SAFIR
Prototype).

2.6 Inorganic Scintillators

In typical PET scanners,g-rays are detected with scintillation detectors
[35]. Scintillators emit visible light if energy is deposited. The SAFIR
Prototype detector uses LYSO as its scintillation material. The proper-
ties of different scintillators are summarised in table 4. A high density
and effective atomic number is bene�cial because it increases the stop-
ping power of the scintillator. High light yields and short decay times
reduce the uncertainty in the recorded times. Finally, the emission
wavelength has to match the properties of the used photodetectors.
Most scintillators require a small amount of a so-called doping material
(here cerium). Adding more than one material (called co-doping) can
improve the performance [39].

2.6.1 Pile-up

A 511 keV g-ray interaction in LYSO creates approximately 13000
photons in total. These photons follow an exponential distribution
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Table 4: Properties of different scintillators suitable for 511 keVphotons
[36–38]

Scintillator
Density
(gcm� 3)

Effective
atomic
number

Light
yield

(ph./MeV)

Emission
wavelength
(peak, nm)

Decay
time
(ns)

BGO 7.13 75 8200 480 300
LSO(Ce) 7.40 66 25000 420 40

LYSO(Ce) 7.10 64 25000 420 41

LuAP(Ce) 8.34 65 11300 365 18

with a decay time of 41 ns. Since the trigger threshold of the SAFIR
Prototype detector is roughly two photons, the light emission has to
fade below this level before a new event can be registered. This takes
around 410 ns(10 decay times). If a crystal is hit a second time within
this period, the signals overlap. In particular, the detector will not
trigger again, but instead generate one event with the combined energy.
This effect is called pile-up.

2.7 Silicon Photomultipliers

Silicon Photomultipliers ( SiPMs) are the state-of-the-art solution for
detecting single photons [35]. Every SiPM is made of an array of
Avalanche Photo Diodes (APDs), which are optically isolated from
each other [40]. Each APD is connected to a so-called quenching
resistor and all resistor-APD pairs are connected in parallel. The whole
array is supplied with a reverse-bias voltage ( � 20 V � 70 V depending
on the model) during operation.

This voltage, which is larger than the break-down voltage, creates
a depletion region in the semiconductor material. If an electron-hole
pair is created by a photon (photo effect), the electric �eld separates
the electron and the hole. The �eld is strong enough to accelerate
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the electrons as well as the holes to energies at which they can create
more electron-hole pairs. This is called Geiger mode operation because
both, electrons and holes, contribute to the charge avalanche. The
result is a high gain (number of electrons created per photon) of more
than one million, which allows the detection of single photons [41].
The gain depends linearly on the voltage difference between the bias
voltage and the break-down voltage. This voltage difference is called
overvoltage. For PET applications, between ten and one hundred
SiPMs are typically combined to SiPM arrays. The schematic of such
an array is shown in �gure 8 . The APDs need time to recover after they
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Figure 8: Schematic of a SiPM array with common anode wiring, as
used in SAFIR. “A” marks the shared anode of the array and
“K n” the cathodes of the individual pixels.

are hit by a photon. The dynamic range of the SiPM is therefore limited
by the number of APDs (also called “microcells”) and their recovery
time. The recovery time is in the order of a few tens of nanoseconds
[42], which coincidentally is similar to the decay time in LYSO. For
the SAFIR Prototype insert, one can expect that the microcells trigger
more than once during one light pulse from a g-ray interaction. All
in all, SiPM are sensitive to single photons, offer a high gain and are
insensitive to magnetic �elds [43].

2.8 Magnetic Resonance Imaging

The SAFIR Prototype insert is a PET insert for an MRI scanner. In
this section, the working principle of MRI is described very brie�y.
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A basic MRI scan delivers anatomical information with a high soft-
tissue contrast [44]. During typical operation it measures and displays
properties of the nuclear spins of protons. An MRI scanner comprises
three main components: a magnet for the B0-�eld, a gradient sys-
tem for the B1-�elds and a High Frequency ( HF) system (also called
Radio Frequency (RF) system). These are described in the following
subsections.

2.8.1 B0-Field

The B0-�eld is a homogeneous magnetic �eld with a strength of several
tesla. This �eld causes a separation of energy levels in the nuclei
if they have a non-zero nuclear spin (Zeeman effect). Some of the
spins will align with the external �eld resulting in a (net) macroscopic
magnetisation [44]. A side effect of this �eld in PET applications is a
change in the positron range mentioned above.

2.8.2 HF System

The HF system is used to change and probe the orientation of the
nuclear spins. The necessary hardware comprises a transmit coil, a
receive coil, ampli�ers and digitisation electronics. Both coils can
be combined into a single transmit-and-receive coil. The HF system
operates at the Larmor frequency fLarmor of the probed nuclei in the
static �eld. This frequency is calculated as:

fLarmor =
1

4p
g

q
m

B0, (2.9)

with the Landé factor g, the charge q and mass m of the nuclei and
the strength B0 of the magnetic �eld. If a 7 T MRI-system is used to
image protons, the Larmor frequency is fLarmor = 298 MHz. The pulses
emitted by the HF system induce a change in orientation of the nuclear
spins. The receiving component of the HF system detects the weak
signals emitted by the nuclei when their spins �ip in the magnetic
�eld.
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2.8.3 Gradient System

The HF system always receives a combined signal from the entire
sensitive volume of the receive coil [44]. Similarly, transmitted pulses
also in�uence all nuclei within the sensitive volume of the transmit coil.
The gradient system provides spatial encoding for the MRI system.
This is done with switchable linear magnetic �eld gradients. The �elds
are generated by different coil arrays in the gradient system and have
a maximum strength of a few hundred millitesla per meter.

The gradient system creates these �elds in all three dimensions and
thereby alters the static B0 �eld with a spatial dependency. As a con-
sequence the Larmor frequency also has a (known) spatial dependency
(seeequation 2.9). During image acquisition, the operating frequency
of the HF system is tuned very precisely to the Lamor frequency corres-
ponding to a speci�c volume within the �eld of view. These areas form
slices with the same magnetic �eld strength throughout the sensitive
volume. To acquire an image, a so-called MRI sequence is used. This
is a combination of gradient changes and HF pulses.

2.8.4 Shimming

Shimming is used to compensate for inhomogeneities in the static B0

�eld. These can, for instance, be caused by iron in blood of an animal
or by other ferromagnetic particles. An adjustable magnetic �eld is
applied either with the gradient system or with additional special coils.
The �eld is static and compensates inhomogeneities up to a certain
order of spherical harmonics [45].

2.9 PET-MRI

PET-MRI is the combination of PET and MRI images. Since PET is
a tracer-based imaging modality, it provides only limited anatomical
information. This is why it is bene�cial to combine it with other
imaging modalities (e.g. for attenuation correction). Historically, this
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was done manually by performing X-ray or CT scans on separate
machines. The next step was the construction of combined PET-CT
devices because integrating PET into MRI scanners is much more
challenging [46, 47]. However, CT scans account for60 %and 85 %of
the radiation dose in a typical clinical PET-CT scan [48]. MRI does not
rely on ionising radiation, leading to a lower dose for a combination
of PET and MRI compared to the combination of PET and CT. Finally,
the patient or animal does not need to be moved within the machine or
between different machines if the PET and MRI share the same �eld of
view. As a result, images can be registered simultaneously with higher
quality [49]. The main problem of combining PET with MRI instead
of CT is the lack of attenuation data. A CT image is an attenuation
map for energies around 100 keV and it can easily be upscaled to give
precise attenuation values for energies around 511 keV. For clinical
whole body imaging, this is an important issue, however, for preclinical
imaging, this is much less of a problem [50] [51].

2.10 Theory of Air-Cooling

In this section, the theory of air cooling systems is described brie�y. In
the SAFIR Prototype insert, about 300 W of heat is dissipated. We use
an electrically powered fan (side-channel-blower) to suck ambient air
through the insert. Therefore, the ingoing air temperature is 20 °C �
22 °C. Table 5 lists the speci�c heat capacity [ cp] for air at different
temperatures. The air throughput depends on the pressure drop in
the tubing. To calculate this pressure drop I assume that all tubes are
straight pipes. In general, the pressure drop Dp in a straight pipe is
described by:

Dp = z
l
d

r v2

2
, (2.10)

with the drag coef�cient z, the length of the pipe l , the inner pipe
diameter d, the density of the medium (air) r and the average velocity
v of the gas [53]. The drag coef�cient depends on the smoothness of
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Table 5: Density ( r ), viscosity (h) and speci�c heat capacity at constant
pressure (cp) of dry air (data from [52])

Temperature r h cp

10 °C 1.231 kg m� 3 17.72� 10� 6 Pa s 1.006 kJ/(kg K )

20 °C 1.189 kg m� 3 18.21� 10� 6 Pa s 1.006 kJ/(kg K )

30 °C 1.149 kg m� 3 18.69� 10� 6 Pa s 1.007 kJ/(kg K )

40 °C 1.112 kg m� 3 19.17� 10� 6 Pa s 1.007 kJ/(kg K )

the inner surface of the pipe as well as on the average velocity of the air
inside the pipe. In the SAFIR Prototype detector, all �ows are turbulent
with Reynolds numbers Re much larger than 2000 (seetable 6). The
Reynolds number depends on the velocity of the air v and is calculated
by:

Re =
vr d
h

, (2.11)

with the viscosity h [53]. The drag coef�cient can be calculated iterat-
ively using:

1
p

z
= � 2 log10

�
2.51

Re
p

z
+

K
3.71d

�
, (2.12)

where K is the absolute roughness of the inner surface of the tube and
d the tube's diameter. Although the roughness is not speci�ed for the
installed tubes, the values are K � 0.04 mm for new steel pipes and
K � 0.0015 mmfor plastic pipes [53]. The total pressure drop is about
100 mBarwith a total air �ow of 165 m3/h . The pressure drop in the
tubing is detailed in table 6. Combining the total air �ow with the
heat capacity of air results in an expected thermal conductivity of the
cooling system of 55 WK� 1. This is equivalent to a 5.5 K temperature
increase across the insert.
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Table 6: Pressure drop (Dp) in different parts of the SAFIR Prototype
air cooling system.

Part Length Diameter Flow Re z Dp

Tubing 8 m 45 mm 165 m3/h 79700 0.0208 18 mBar

Hose 1 m 14 mm 41 m3/h 64100 0.0245 58 mBar

Casket 0.4 m 40� 5 mm2 13.8 m3/h 11700 0.0327 3 mBar

Inlet 0.15 m 6 mm 6.9 m3/h 24900 0.0312 20 mBar
Total 99 mBar
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3 The SAFIR Prototype Insert

In this chapter, I describe the different electrical and mechanical com-
ponents of the SAFIR Prototype insert. After �rst illustrating the
overall detector concept, I describe the detector head, which consists of
LYSO crystals and SiPMs. I then explain the functionality of the front-
end Application-Speci�c Integrated Circuits ( ASICs) on the SAFIR
PETA6SE (SP6) board. This board connects the photosensors with the
SAFIR Digital Interface PETA ( SDIP) board. The SDIP2 and SP6board
are the key components of the detector. Subsequently, I describe the
auxiliary boards for the power distribution and fast signal generation.
They supply and synchronise all readout boards. Finally, I cover the
mechanical components, including the HF shielding and the cooling
system of the detector.

3.1 SAFIR System Overview

The requirements for the system are given in chapter 1. These were
used to develop the basic detector concept. Due to the desired high
source activity, we expect a singles rate of about 60 kHz per channel.
To minimise pile-up, we chose a one-to-one coupling of the crystals
to the SiPMs. TheSAFIR Prototype insert has 2880 crystals and 3072
SiPM pixels. Instead of transmitting 2880 individual signals from the
detector to external readout electronics, we decided to integrate all
readout electronics into the insert. This promises to provide the best
performance because the analogue pulses from theSiPMs are digitised
directly without potential signal degradation due to long cables. The
downside of this approach is its complex detector design. The SAFIR
Prototype insert incorporates eight different types of boards. They
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are described in detail in the following sections. The state-of-the-art
solution for the digitisation of SiPM signals are ASICs specially de-
signed for this purpose. We decided to use the Position Energy Timing
ASIC, Version 6, Single Ended (PETA6SE) ASIC, which was designed
by Prof. Fischer and his team from the University of Heidelberg. A
Field-Programmable Gate Array ( FPGA) is required to con�gure the
ASIC and to retrieve the measured data from the ASIC. The FPGA is
mounted on the SDIP2 board together with all required voltage regu-
lators and clock buffers. Optical Ethernet links connect the FPGA with
the Data Acquisition ( DAQ ) system (see next chapter). The SAFIR Bias
Temperature (SBT) boards generate an individual bias voltage for each
detector module. On a system level, additional boards are required
for power distribution (SAFIR Primary Power Distribution ( SPPD) &
SAFIR Secondary Power Distribution ( SSPD)), bias distribution (SAFIR
Bias Distribution ( SBD)) as well as fast signal generation (SAFIR Fast
Control Master ( SFCM)) and distribution (SAFIR Fast Control Distri-
bution ( SFCD)). An overview of the different electronics boards and
their interplay is shown in �gure 9 . Figure 10 shows a rendering of
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Figure 9: Schematic overview of the boards inside the SAFIR Prototype
insert. The path of the measured data is marked in green.

the insert.
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Figure 10: Rendering of the SAFIR Prototype insert, including all LYSO
crystals and SiPM arrays as well as seven SDIP2 boards
with SSPDand SBTboards. Created by Robert Becker and
printed with his permission.

3.2 Detector Head

The detector head of the SAFIR Prototype insert detects the incoming g-
rays. Scintillator crystals made of LYSO with a size of 2.12� 2.12� 13 mm3

are used for this purpose. The crystals are wrapped in Enhanced Spec-
ular Re�ector ( ESR) foil and grouped into arrays of 7 � 8 and 8 � 8
crystals, with a pitch of 2.2 mm between neighbouring crystals. The
re�ectivity of the ESRfoil depends on the surrounding material. It is
� 98 % for air, but only about 70 % if the foil is surrounded by glue
with a high refractive index [54] [55]. Similar light leakages have been
measured by members of the SAFIR collaboration [56]. The crystal ar-
rays are glued to matching SiPM arrays with 64 pixels, with each pixel
measuring 2 � 2 mm2 in size and with a 2.2 mm pitch (Hamamatsu
S13661-2050 [57]).Figure 11 shows a picture of the detector head to-
gether with the SP6and the SDIP2. The properties of these SiPMs
are summarised in table 7. Some of these properties (Photon Detec-
tion Ef�ciency ( PDE), gain, crosstalk) depend on the Overvoltage (OV).
During normal operation of the SAFIR Prototype insert, an overvoltage
of 6 V is applied to the SiPMs.
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Figure 11: Picture of the detector module (middle) mounted on the
SDIP2 board (bottom). One can see the asymmetric crystal
array structure with 7 � 8 (left) and 8 � 8 (right) crystal
arrays (top).

3.3 The SP6-Detector Module

The SP6board houses four PETA6SE ASICs. It has four connectors
to the SiPMs and three to the SDIP2 (see�gure 12 ). 16 out of the 18

Figure 12: Pictures of the top (left) and bottom (right) side of the SP6
board. The PETA6SE ASICs are covered by two heat sinks.

analogue inputs of the ASIC are routed to the connectors for the SiPM
arrays on the top side. On the bottom side, there are three connectors
for digital data signals, analogue temperature sensors signals and
power supply lines. The differential signals for the clock of the Phase-
Locked Loop (PLL), for the synchronisation signal and for the data
readout are shared between all four ASICs. In addition, there are
single-ended connections for the test trigger signal and for the power-
enable signal as well as for the ASIC con�guration. These signals are
also shared. There is an analogue temperature sensor (TC1047) on the



Chapter 3. The SAFIR Prototype Insert 37

Table 7: Speci�cations of the S13661-2050SiPM arrays that are used in
the SAFIR Prototype insert [57], for an operation temperature
of 25 °C

Number of pixels 8 � 8

Pixel size 2.0� 2.0 mm2

Pixel pitch 2.2 mm

Number of microcells 1584
Microcell pitch 50 µm

Geometric �ll factor 74 %
Peak sensitivity wavelength 450 nm

Dark count rate 300 kHz per channel (3 V OV, 25 °C)

Crosstalk 3 % (3 V OV), 8 % (6 V OV)

Maximum PDE 40 % (3 V OV), 54 % (6 V OV)

Gain 1.7 � 106 (3 V OV), 3.4 � 106 (6 V OV)

SP6module that is used in an overtemperature protection circuit on
the SDIP2 board [58]. The power to the analogue part of the ASICs is
cut if the temperature sensor registers a temperature higher than 55 °C.
The circuit prevents a restart until the temperature sensor measures
less than 33 °C. The few remaining components are passive capacitors
and resistors.

3.4 The PETA6SE ASIC

The PETA6SE ASICwas designed by Prof. Fischer together with his
team at the University of Heidelberg. It is based on the PETA5 ASIC
and was developed to digitise signals from analogue SiPMs [59] [60].
The incoming analogue pulse shapes are reduced to two features:
their arrival time and their charge. The ASIC is composed of two
identical halves which share some common control circuits but oth-
erwise operate independently. Each chip half has 18 analogue input
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channels, one differential digital data output and one Time-to-Digital-
Converter (TDC). All channels consist of a front-end ampli�er, a fast
discriminator, a Charge-to-Digital-Converter ( QDC) and a state ma-
chine. The state machine controls the data acquisition process and
data transfer within the ASIC. Once a channel has triggered, it cannot
trigger again until the data is copied to the output register (“readout-
load” signal) and until the channel is cleared (“clear-hit” signal). The
ASIC, which operates at 1.8 V, is produced in a 180 nm Complementary
Metal-Oxide-Semiconductor ( CMOS) process. While the current con-
sumption depends on the speci�c con�guration, it is typically around
680 mA for the ASICs in the SAFIR Prototype insert. As the silicon
die of the PETA6SE ASIChas solder contacts on one side, it can be
soldered directly onto a Printed Circuit Board ( PCB). This process is
called �ip chip bonding. Flip chip bonding is very bene�cial in a space
constrained environment because the ASIC only occupies the space on
the PCB that is directly covered by the silicon die ( 5 � 6 mm2 for the
PETA6SE). Traditional wire bonding would require additional space
around the chip for bond wires and cover material. Furthermore, �ip
chip bonding reduces the inductance of the connections [61]. Inde-
pendent of all active components, there is a diode in the silicon die that
can be used for a direct temperature measurement. The details of the
different parts of the ASIC are described in the following subsections
and the basic properties of the ASIC are summarised in table 8 and
�gure 13 [62].

3.4.1 Front-End

The front-end is designed to amplify the analogue signals coming
from the SiPMs and to remove the charge generated in the photo-
sensor. There are different versions of the ASIC. The one we use has a
single-ended front-end with negative polarity and a solder pad pitch of
500 µm (PETA6SE). We use Direct Current (DC) coupling for the pho-
tosensors. As a consequence, the cathodes of theSiPMs are connected
directly to the inputs of the ASIC, while all anodes are connected to
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Table 8: Properties of the PETA6SE ASIC with single-ended front-end
[62].

Number of channels 36

Chip size 5 � 6 mm2

Operation voltage 1.8 V

Operation current
� 590 mA (analogue part)

� 90 mA (digital part)

Main PLL-frequency 625 MHz

Charge measurement method Linear QDC

Timing measurement method Leading edge discriminator + TDC

Nominal TDC bin width 50 ps

the common (negative) bias voltage. Therefore, the entire bias current
�ows through the ASICs to the SiPMs. The input stage is implemented
as a modi�ed cascode ampli�er [62]. Its design makes it possible to
change the voltage at the ampli�er's input, allowing the bias voltage of
eachSiPM channel to be �ne-tuned individually. The ampli�ed pulse
is split into two independent signals, one used to measure the arrival
time, the other one to measure the charge.

3.4.2 Timing Branch

The timing branch is designed to measure the arrival time of the
pulse from the SiPM. In a �rst step, the analogue signal is coupled
to a differential ampli�er (design gain four) via a capacitor [62]. The
ampli�ed signal is then fed into a differential discriminator with a
programmable threshold (11-bit Digital to Analogue Converter ( DAC )).
However, the behaviour of the discriminator con�guration is inverted
due to the internal differential logic of the ASIC. If the difference
between the DAC value and the noise value is large (due to small
DAC values), the relative threshold will be big and vice versa. To
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Figure 13: Simpli�ed schematic of a PETA6SE ASIC input channel.

maximise the performance of the ASIC, one needs to determine the
noise level and programme the DAC accordingly. As the levels vary
between channels, one has to determine the individual noise level of
each channel to reach similar thresholds for all channels across the
detector. For details, see section 4.6.1 and section 7.1.

The TDC records the moment at which the discriminator triggers.
Furthermore, a CMOS pulse that activates the internal state machine
of the channel is generated. The TDC consists of a fast �ne counter
and two slower coarse counters. The �ne counter is implemented as a
ring oscillator consisting of a loop of differential inverters. The delay
of all inverters depends on their bias current, which is controlled by a
PLL [62]. One of the binary inverters is always in a high state and the
pulse circles around the inverter loop. When a hit signal is received,
this one-hot-encoded value is converted into a �ve-bit number. In case
there is more than one element active (possible only in the transition
phase), the bit “TDC-valid” is set to zero in the output data stream.
The PLL frequency is fed externally into the ASIC (625 MHz in the
SAFIR Prototype insert) and used to control the ring oscillator. This
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results in a nominal bin width of 50 ps. However, due to component
tolerances, the bin width varies between bins and needs be calibrated
to achieve the best possible performance (see section 5.4).

The two coarse counters are designed as feedback shift registers that
operate at the PLL frequency of 625 MHz. With each rising edge of the
clock, the bits in the 15-bit register are shifted to the left by one bit.
The two highest bits are connected to an XNOR gate. The output of
the gate sets the lowest bit in the next shift cycle. If the two highest
bits have the same value, the lowest bit in the next cycle will be set to
one, otherwise it will be zero. The working principle is illustrated in
�gure 14 . This results in a “bit counter” with 215 � 1 different states

Figure 14: Working principle of the coarse counter in the PETA6SE
ASIC.

(0x7FF can never be reached). There are two such counters in theTDC.
As they run with a phase shift of half a clock cycle, one counter is
always in a stable state. The PETA6SE ASICdecides - based on the
�ne counter - which of the two coarse counter values is copied to the
output data.

3.4.3 Energy Branch

The task of the energy branch is to measure the charge of theSiPM
pulse. For that purpose, a QDC is integrated into each channel. At
�rst, the input current from the front-end is mirrored and ampli�ed.
32 different gain values can be con�gured per channel. The choice of
a reasonable value is important to avoid a saturation of the QDC (see
subsection 4.6.2). If the channel is triggered (discriminator pulse), the
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state machine connects the ampli�ed signal to a capacitor that starts
charging. The user has to specify a waiting time ( 32 ns in the SAFIR
Prototype insert). When that time has elapsed, the state machine
activates another switch that starts to discharge the capacitor with
a de�ned current (also con�gurable). This runs in parallel with the
charging so that no charge is lost despite the waiting time being
signi�cantly shorter than the duration of the input signal. The time
until the capacitor is discharged completely is measured (bin width
3.2 ns) and recorded as the QDC value in the output data. The user can
also specify a minimum QDC value (“ADC_minimum”) that has to be
reached in order to validate the trigger. If that threshold is not reached,
the channel is automatically cleared. In case of a successful validation,
the data are ready for readout and the channel cannot trigger again
until the “clear-hit” signal is received.

3.4.4 Data Readout

The transfer of the data is controlled by the FPGA on the SDIP2 through
a dedicated �rmware module. First, the data from all triggered chan-
nels are loaded into the output register with the “readout-load” signal.
Afterwards, the “clear-hit” signal is used to reset the state machine in
all channels. While the FPGA uses the “readout-clock” signal to obtain
the data from the output shift register, the channels are ready to take
data again. In normal operation, the data of each channel have 34 bits,
which are clocked out, resulting in 612 bits in the output buffer of each
chip half. As they contain only zeros, the data from channels without
a hit are removed in the FPGA to save bandwidth on the Ethernet
connections. In theory, the PETA6SE ASICsupports a readout mode
called “zero-skipping-mode” that performs the same step within the
ASIC itself, which decreases the time required to transfer the data
from the ASIC to the FPGA (readout time). As this feature has a bug,
however, it cannot be used as intended with the PETA6SE. A feature
called “double-buffer”, which allows a channel to process a second
hit without any readout in between the hits, also does not work in the
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PETA6SE.

3.4.5 ASIC Con�guration

The PETA6SE ASIChas many parameters that have to be con�gured
before operation. There are three different registers, all of which are
used for con�guration purposes. The �rst register is called “central
register” or “global register” because it contains 43 con�guration
parameters that affect both chip halves. Furthermore, there is one
register for each chip half, both with 25 parameters for all channels in
that half and an additional 15 parameters for each channel. In total,
there are 633 parameters for eachPETA6SE(for details, see section 4.6).

3.5 The Digital Interface Board

The SDIP2 board is the main board of the SAFIR Prototype insert. It
supplies the SP6modules with the required PLL clock, fast control
signals and power. Furthermore, there is an FPGA on the SDIP2 board
to retrieve the measured data from the ASICs and forward it to the
DAQ computer. In addition, this FPGA handles the slow control data.
A picture of the SDIP2 board together with two detector modules, an
SBT board and an SSPD board, is shown in �gure 15.

Figure 15: Picture of a fully assembled readout module, with an SSPD
board, an SBT board, an SDIP2 board and two detector
modules (from left to right).

3.5.1 Fast Signal Distribution on the SDIP2 Board

The fast input signals are transmitted from the SFCD board to the
SDIP2 board via the RJ45 connector and standard Ethernet cables.
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There are �ve slots for detector modules on one end of the SDIP2
board, the �rst three of which are routed. The synchronisation signal
is distributed via a six-channel buffer (ADCLK846) with 100 fs jitter
and 2 ns propagation delay [63]. One of the outputs is connected to the
FPGA while the other �ve are used for the �ve possible connections to
the SP6boards. The test trigger signal is distributed via a ten-channel
buffer (ADCLK854BCPZ), with 135 fsjitter and 2 ns propagation delay
[64]. The system clock (25 MHz) is used to create thePLL frequency
(625 MHz) for the PETA6SE ASICs. For this task, a programmable
jitter attenuator (Si5345) with less than 100 fsoutput jitter [65] and ten
output channels is used. The jitter attenuator generates 625 MHz for
the ASICs and an additional 156.25 MHz for the FPGA. All output
clocks are in phase with the system clock.

3.5.2 FPGA Functionality

For data readout and communication with the DAQ system, a “Kintex
7” FPGA (Xilinx Kintex 7 “XC7K70T-2FBG484I”) is used. The readout
frequency, which ranges between 200 MHz and 350 MHz can be con-
�gured during runtime. This is equivalent to data readout durations of
3.1 µsto 1.8 µs. During normal operation, the �rst two detector module
positions are read out continuously. The readout of unused positions
can (and needs to be) disabled in the software to avoid a saturation of
the Ethernet interface caused by unconnected data lines (no pull-down
resistors). The data stream from the ASICs is analysed and all hits
are copied into Ethernet frames together with the channel number
and ASIC-ID. Data of channels without a hit or data from channels
which are not connected on the SP6board are rejected. In addition,
there is a so-called “epoch” counter running in the FPGA. This counter
is fed by 1/256th of the 156.25 MHz clock which is generated by the
Si5345 jitter attenuator. The “epoch” counter runs in phase with the
coarse counter in the ASICs and is used to account for the wraparound
of the coarse counter (for details, seesection 5.4). Finally, there is a
softcore microcontroller called MicroBlaze running inside the FPGA.
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The MicroBlaze handles all slow control tasks:

- communication with SBT

- readout of onboard temperature sensors

- recon�guration of the Si5345 jitter attenuator

- con�guration of the readout frequency

To communicate with the DAQ system, the MicroBlaze sends and
receives Ethernet frames independently of the readout. A part of my
work was the development of �rmware for the MicroBlaze.

3.6 Power Conversion and Distribution

The SAFIR Prototype insert is supplied by a standard digital power
supply that is placed outside the Faraday cage of the MRI room.
Within the insert, the main voltage is distributed to the SSPDboards
and the SFCM board via the SPPDboards. The SSPDboards supply
all SDIP2 boards with power. There are Magnetic Resonance (MR)-
compatible Direct Current to Direct Current ( DC-DC) converters on the
SSPD, SFCM and SDIP2 boards to power the intermediate rails. These
rails feed power into (linear) Low Dropout Regulators ( LDOs) which
generate the different voltages required by the individual components.
A schematic overview of the powering scheme is shown in �gure 16 .

3.6.1 Main Power Supply

The main supply voltage is generated by a switching-mode power
supply (TDK Lambda, Z+, max. 20 V / 40 A) [66]. During normal
operation, the output is set to 16 V with a current limit of 25 A. A
10 m long cable with a cross section of 6 mm2 and a 1.5 m long cable
with a cross section of 2.5 mm2 connect the main power supply to the
PET insert. Since the SAFIR Prototype insert uses DC-DC converter
modules (SAFIR Power Converter (SPOW)), the input voltage can vary
between 10 V and 20 V. For this reason sense wires are not used.
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Figure 16: Schematic overview of the powering concept of all electronic
components in the SAFIR Prototype insert.



Chapter 3. The SAFIR Prototype Insert 47

3.6.2 Power Distribution Boards

Inside the SAFIR Prototype insert, the main line is split into four
identical lines, which feed two SPPDboards. These are passive boards
with two inputs, up to nine output connections and optional capacitors
for voltage stabilisation. In addition protection diodes prevent voltage
reversal, while Transient-voltage-suppression ( TVS) diodes prevent
voltage spikes (20 V breakdown voltage). During full operation, the in-
put voltage ( 16 V at the power supply) drops to about 14 V at the SPPD
boards with a total input current of about 21 A � 23 A (depending on
the �rmware version and readout frequency). A picture of the SPPD
board is shown in �gure 17 . The SSPDboards are installed in the

Figure 17: Picture of the SPPDboard, with two inputs (central connec-
tions) and six outputs.

caskets and supplied by the SPPDboards. The SSPDboard has space
for up to �ve MR-compatible DC-DC converters (see next subsection)
with an output voltage of 2.4 V. TheseDC-DC converters are connec-
ted directly to LDOs close to theSP6modules. As one converter can
power one SP6module, there are currently two converters mounted
on every SSPDboard inside the SAFIR Prototype insert. Furthermore,
there is a diode to prevent voltage reversal and a 16 V output to supply
the SDIP2 board. A picture can be seen in �gure 18.

3.6.3 MR-compatible DC-DC Converters

The electronics on all boards require voltages between 1 V and 3.3 V.
LDOs generate these voltages from two intermediate rails with 2.4 V
and 4.1 V. However, the total current on these lines is in the order of
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Figure 18: Picture of the SSPDboard, equipped with two SPOW mod-
ules.

100 A. Such high currents are impractical because they require bulky
connectors, thick cables and sense wires to compensate for inevitable
voltage drops. To overcome these issues, we developedMR-compatible
DC-DC converters. These transform the non-stabilised input voltage
(14 V to 16 V during normal operation) into the required voltages of
the intermediate rails with an ef�ciency of about 85 %. In total, there
are 49 such converters in theSAFIR Prototype insert all powered by
the same supply. An image of a single SPOW module is shown in
�gure 19 . The device is based on the LT8640S chip, which is designed

Figure 19: MR-compatible DC-DC converter (SPOW).

for low-emission devices [67]. The power converters are fully MR-
compatible. They are neither affected by the operation of the MRI
system nor distort the imaging process. Detailed measurements of
these converters were part of my work. The results are published in C.
Ritzer et.al. “Compact MR-compatible DC-DC converter module” (see
appendix A ) [68]. The properties of the power converter modules are
summarised in table 9.
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Table 9: Properties of the SPOWpower converter modules, version 9A.

Input voltage Vin 3.4 V - 24 V

Output voltage Vout
1 V - Vin

2.4 V, 3.3 V, 4.1 V in SAFIR

Maximum output
current Iout

4 A (still air)
6 A (with air cooling)

7 A (peak)

Ef�ciency
70 % - 87 %

85 % (14 V! 2.4 V @ 3 A)

Size 17� 33 � 15 mm3

3.7 The Bias System

The bias system of theSAFIR Prototype insert is almost independent of
the main power distribution. It is fed by three �oating voltages, which
are generated by linear power supplies placed in the technical room
outside of the MRI 's Faraday cage. The voltages are brought to the
insert with a 10 m long cable (8 � 0.5 mm2) and distributed to the SBT
boards via two SBD boards. A � 50 V voltage, called shift voltage, is
provided by a Keysight E3645A (max. 60 V / 1.3 A) power supply. This
voltage also de�nes roughly the bias voltage of all SiPMs. In addition
there are two �oating voltages ( � 12 V) that supply the �oating part
of the SBT boards. These are powered by a Keysight E3646A dual
output power supply (max. 20 V / 1.5 A). A schematic overview is
shown in �gure 20 . The power supplies for the bias voltage have a very
low output ripple ( < 8 mVpp and < 1 mVrms [69]). This is important
because theSBTboards amplify the ripple by a factor of two. Three
different voltage sources are linked together to create the bias voltage
of an individual SiPM VSiPM. These sources are the global shift voltage
Vshift , the output of the SBT VSBT (see below) and a small correction
from the ASIC VASIC (see�gure 20 ). In the current implementation of
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Figure 20: Schematic overview of the bias supply for a single SiPM
diode.

the DAQ software, Vshift is �xed to � 50 V and VASIC is set to around
0.3 V for all channels. The SBToutputs, which vary between � 7 V and
� 8.2 V depending on the average breakdown voltage of the connected
SiPM arrays are used to adjust the bias voltage for each SP6module.
This results in an overvoltage of 6 V.

3.7.1 Bias Distribution Board

The SBD board is similar to the SPPD board. It has one input con-
nection for four incoming lines: � 50 V / GND, sense wires, 12 V /
GND and � 12 V / GND. The sense wires are used for the shift voltage
(� 50 V). As voltage drops on the supply cables affect the bias voltage
directly, the shift voltage needs to be very stable. The power supplies
are not grounded and have �oating outputs but in the SAFIR Prototype
insert, the ground connections are combined. Therefore, the SBTs only
need to be connected with four wires. For that purpose, there are
six output connections on the SBD board for up to six SBTboards. A
picture of the SBD board is shown in �gure 21.
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Figure 21: Picture of the SBDboard with its four input connections (the
twisted wires directed towards the centre) and six output
connections.

3.7.2 Bias and Temperature Board

The SBT board is used to generate the bias voltage for the different
detector modules. It has six output channels with a resolution of about
1.2 mV, limited by the DAC (AD5648BRUZ [70]). The SBTboard can
measure the bias current in each channel with a resolution of 5 µA
[71]. The overall accuracy of the current measurement is reduced
by the resistors on the board (4.7 � 0.1 %) and the precision of the
reference voltage source (0.2 %). Both effects could be eliminated by
calibration. Finally, the SBT board can read out up to eight LMT01
temperature sensors with an accuracy of 0.5 °C [72]. Two such sensors
are mounted on the board itself, while the other six can be used in the
system. Currently, these external sensors are not installed in the SAFIR
Prototype insert. The board is controlled with an 8-bit ATmega328P
microcontroller [73]. I developed its �rmware as part of my work. A
picture of the SBT board can be seen in �gure 22.

Figure 22: Picture of the SBT board.



52 Chapter 3. The SAFIR Prototype Insert

3.7.3 Accuracy of the Bias System

Since the bias voltage is created by three sources, the overall accuracy
depends on the accuracy of each individual voltage (see �gure 20 ).
The different factors contributing to inaccuracies, which are listed in
table 10, add up to an overall accuracy limit of 85 mV. While some

Table 10: Different sources of inaccuracies of the bias system

Source Maximum uncertainty

Accuracy of the shift voltage supply 0.05 % � 50 V + 10 mV

Voltage drops SBD , SBT < 6 mV

Accuracy of reference voltage on SBT 4� 5 mV

Resistors on SBT 2� 0.1 %� 10 V
Voltage drops SBT , SiPMs < 4 mV

Total � 85 mV

effects could be eliminated by the careful calibration of each SBT, the
effects caused by the shift voltage distribution cannot be avoided on
a system level. Furthermore, the output voltage also depends on the
temperature of the different components and, due to ohmic effects, on
the bias current. Especially the output of the PETA6SE ASICs has a
temperature-dependent voltage shift. The overall accuracy is similar
to the typical spread of breakdown voltages within one SiPM array
(typical 50 mV, max. 150 mV [57]). To account for the ohmic losses
and temperature dependencies, I developed an automatic monitoring
system, which adjusts the bias voltage based on the measured energy
spectra (seesection 4.5). During high rate measurements the typical
adjustment is approximately 500 mV.
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3.8 Fast Signal Generation and Distribution

The SAFIR system has three “fast” signals: a 25 MHz system clock, a
synchronisation signal and a test trigger signal. These are required for
the synchronised operation of all PETA6SEfront-end ASICs. In order
to reduce their jitter, the signals are transmitted via Low Voltage Differ-
ential Signaling ( LVDS) connections within the detector. A schematic
overview of this is given in �gure 23 . The source of the three signals is

Figure 23: Schematic overview of the fast signal generation and distri-
bution in the SAFIR Prototype insert. The LVDS signals are
marked green. The SDIP2 board that activates the synchron-
isation and test trigger signals is marked red.

the SFCM board, which generates them and feeds them into two SFCD
boards. These have six outputs each, in order to distribute the signals
to the SDIP2 boards. One SDIP2 board triggers the SFCM board via
single-ended Transistor-Transistor-Logic ( TTL) pulses to generate the
synchronisation and test trigger signals. The pulses themselves are
triggered by Ethernet frames that are sent by the DAQ system. All
fast signals are transmitted via standard Ethernet cables between the
boards. Such cables have four wire pairs, three of which are used to
transmit the fast signals. The fourth wire pair is used for a “power-
enable” signal. It controls the start-up and power-down of all SDIP2
boards.
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3.8.1 Fast Control Master

The SFCM board generates all fast signals. A 25 MHz crystal oscillator
feeds a “LMK00301” chip to provide the system clock. The produced
jitter is below 100 fs, the propagation delay about 1.5 ns[74]. As this is
the �rst chip, the propagation delay does not in�uence the behaviour
of the system. The other two signals (syncronisation and test trigger)
are generated by TTL pulses from one SDIP2 board on a single-ended
line. This SDIP2 board is called “master board” but it differs neither
in hardware nor �rmware. Two “IDT8P34S1208I” chips distribute the
corresponding fast LVDS signals. These chips have less than100 fs
jitter and a propagation delay of 315 ps [75]. A picture of the SFCM
board is shown in �gure 24 . It is installed in the end �ange of the
detector. The “power-enable” signal is generated automatically after
the board is supplied with power. The signal is delayed by 0.85 sand
an additional 0.1 sbetween each output. This sequencing reduces the
load gradient on the supply line. A third single-ended TTL line is
connected to the master SDIP2 board. This is used to reverse this
power sequence for a controlled shut-down of the detector system.

Figure 24: Image of the SFCM board, with four outputs for the fast
control signals (RJ-45 connectors).

3.8.2 Fast Control Distribution

The SFCDboard is a one-to-six fanout board for the fast signals and
the power-enable signal. The fast differential signals are distributed
by “ADCLK846” Integrated Circuits ( ICs). These have a jitter of100 fs
and 2 ns propagation delay [63]. There are two SFCDboards with six
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outputs each in the end-�ange of the SAFIR Prototype insert. These
boards distribute the signal to the SDIP2 boards. The SFCD board
also delays the propagation of the “power-enable” signal. Similar to
the SFCM, a sequence with a delay of 0.85 sfor each step is used to
enable all connected boards one by one. Therefore, the lastSDIP board
is enabled approximately 5 s after the initial power-up. The process
is reversed during the shut-down procedure. A picture of the SFCD
board can be seen in �gure 25.

Figure 25: Image of the SFCDboard, with six output connectors and
one input connector (centre).

3.9 Mechanical Structure and Cooling

The overall dimensions of the SAFIR Prototype insert are limited by
the MRI system. The outer diameter is �xed to 199 mm, the inner
diameter to 114 mm. This allows the usage of standard rat body MRI
coils together with the insert. The main mechanical support structure
is the inner cylinder, which consists of a monobloc carbon �bre tube
with a wall thickness of 2 mm. At both ends, attached �anges hold the
insert in the MRI . Two alignment pins ensure the correct positioning
of the insert. In the central part of the insert, a 3 mm thick thermal
insulation is installed around the inner cylinder. The readout boards
are placed in individual caskets, 5 mm above the inner cylinder. An
image of the empty structure is shown in �gure 26 . Furthermore, outer
covers are attached to the end �anges, protecting the insert against
mechanical damage.
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Figure 26: Image of the mechanical structure, with thermal insulation,
air pipes and caskets for the electronics boards. The thin
tube connects in�atable seals on either side of the insert.

3.9.1 Shielding

The 7 T MRI is very sensitive to electromagnetic radiation with a
frequency of approximately 300 MHz. Shielding is required to avoid
electromagnetic interference between the electronics in the detector
and the MRI system because theSDIP2 boards emit HF noise during
data acquisition. As the sources are readout data and clock lines on the
PCB, the noise can only be removed by a redesign of the board. There
are four different shields in total. The �rst layer is the main carbon
�bre cylinder with a thickness of 2 mm. The second layer consists of
a copper Kapton multilayer shield shown in �gure 27 . In this shield,
35 µm thick copper stripes (width 25 mm) are insulated by similar-
sized Kapton stripes. The stripes overlap by 12.5 mm. Therefore, the
copper stripes are coupled capacitively so that the entire shield blocks
HF emission but is transparent for low frequency �elds. This design
avoids distortions of the gradient system of the MRI caused by eddy
currents. The shield covers the central area of the detector around the
MR coil. The shielding was necessary due to visible MR distortions
caused by HF noise from the data lines on the SDIP. The third layer
are the carbon �bre caskets housing the electronics. These have a
thickness of 0.5 mm. Due to production tolerances of the caskets and
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Figure 27: Picture of the multi-layer shield, mounted between the
thermal insulation and the caskets.

their covers, small additional shields were added around the sensor
part of the board. These are single-layer copper shields, 5 � 8 cm2 in
size and 70 µm thick, that close the small gaps between the caskets and
the covers.

3.9.2 Cooling

The SAFIR Prototype insert is cooled with air. The electronics compon-
ents in each casket generate about25 W of heat, with the main heat
sources being the ASICs (8 � 1.22 W) on the SP6boards. Small heat
sinks (10 � 16 mm2, see�gure 12 ) glued onto pairs of ASICs increase
the heat transfer. Ambient air is sucked through the insert by a side
channel compressor (SCL K05-MS-2.2kW [76]) which is placed in the
technical room outside the Faraday cage. The volumetric �ow depends
on the pressure drop in the tubing and in the insert. The overall pres-
sure drop in the pipes is about 100 mBar(seesection 2.10). This results
in an air�ow of 165 m3/h (45 L/s ) [76]. The measured temperature of
the SDIP2 board below the SP6modules is approximately 27 °C for
an ambient temperature of 19 °C. The variations measured between
different SDIP2 boards are in the order of � 1.5 °C . At the end of
the caskets, theSBTboards are nearly 30 °C warm. The measured air
temperature at the outlet of the SAFIR Prototype insert is 5 °C above
ambient temperature. This matches well with the expected 5.5 °C(see
section 2.10).
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4 Data Acquisition and Control
System

In this chapter, I describe the DAQ and control system of the SAFIR
Prototype insert. The DAQ system mainly serves the purpose of data
storage and control of the SAFIR hardware. First, I brie�y introduce
the hardware of the DAQ system. Then, the DAQ software, which
consists of different software modules is described. Finally, I give a
description of the two required calibration routines that are part of
the DAQ software. One is used to determine the correct discriminator
threshold of the PETA6SE ASIC, the other to calibrate the gain of the
ASIC's front-end. The development of these software packages was a
major part of my work.

4.1 DAQ Hardware

The DAQ hardware comprises the DAQ computer and optionally one
or more computers for remote control. The DAQ computer is placed
in the basement (technical room). Two 10 m optical �bre bundles, each
with 12 �bres, connect the SAFIR Prototype insert to this computer.
The three power supplies (16 V main supply, � 12 V SBTsupply and
� 50 V shift voltage supply, see section 3.1), which are installed in the
basement, are connected to theDAQ computer via Universal Serial
Bus (USB) connections.

The DAQ computer is a workstation comprising a 16-core Central
Processing Unit (CPU) (AMD Threadripper 2950x) and 64 Gbyte of
Random-Access Memory (RAM ). There are three fast Solid-State
Drives (SSDs) (Samsung EVO 970) with a continuous write speed of
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more than 1500 MByte/s and a capacity of 2 TByte each. TheseSSDs
are cooled with additional fans to avoid performance drops due to
overtemperature. One SSDis suf�cient to store around 3 � 1011 hits.
For a measurement of a 500 MBq source in the SAFIR Prototype insert,
this is equivalent to measuring for a period of half an hour.. Three
Intel “X710DA4” network cards with four optical connections each
are installed for the Ethernet connections. These are connected to the
SAFIR hardware (SDIP2).

The SAFIR software on the DAQ computer is remotely operated
from a notebook in the MRI control room. This notebook runs the
Graphical User Interfaces (GUIs), but does not connect to the SAFIR
hardware directly. The operation system on all computers is Ubuntu
Linux. Network devices from outside of the ETH Zurich network
are prevented from connecting to the main DAQ by a �rewall (“ufw”
package). A schematic drawing of the system is shown in �gure 28.

Figure 28: Schematic overview of the DAQ hardware. All data are
transmitted through the twelve optical Ethernet connections
(green).
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4.2 Software Overview

The DAQ software consists of four different programmes that run
independently of each other:

i) “ecServer”: handling of the Ethernet interfaces, communication
with the SDIP boards, data storage and online data analysis

ii) “pscServer”: control of the power supplies

iii) “acServer”: con�guration and control of the PETA6SE ASICs
inside the scanner

iv) “bcServer”: communication with the SBTboards, adjustment of
the bias voltage

These four programmes interact with each other via the open source
communication protocol “Apache Thrift TM ”. The software modules
can be accessed via Application Programming Interfaces (APIs) to
control the SAFIR hardware. The hardware con�guration (e.g. number
of Ethernet connections, serial numbers of power supplies, voltage
limits and more) is stored in a global con�guration �le “daq_con�g.ini”
on the main DAQ computer. Therefore, one can use theDAQ software
with different setups (e.g. a test setup with two boards) without
modifying and recompiling the source code.

To communicate with the servers, at least one interface programme
has to be running. All interface programmes and multiple instances
of each programme can be operated from different computers and
connected to the main DAQ computer. The interplay of the main
software modules is shown in �gure 29.

4.3 Ethernet Control

The SAFIR Prototype insert has twelve Ethernet connections (1 Gbit/s )
to the DAQ computer. These are handled by a software module called
“ecServer” (for Ethernet control server). There are two different types
of Ethernet frames generated by the FPGAs on the SDIP2 boards. The
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Figure 29: The interplay of the main software modules of the DAQ
software for the SAFIR Prototype insert.

majority of the frames is �lled with hit data. These are measured data
of g-ray interactions in the detector. In addition, there are frames with
slow control data (e.g. measured temperatures). The slow control data
are �rst separated, saved to a �le and then copied into a separate buffer
for each connected client (eg. GUIs). The clients can access the data
independently without interfering with each other.

The raw data make up the majority of the incoming Ethernet frames.
First, they are checked for consistency (Media Access Control (MAC )
address & frame counter). The data are then saved directly on the hard
discs for of�ine analysis. In addition, either some data or all data are
analysed in real-time. The option to analyse all data is only used for
the gain calibration and the threshold calibration of the ASICs (see
below). Due to the high CPU load, this full online analysis should
not be activated during high-rate data acquisition. During normal
operation, only the data of one channel of each ASIC half are analysed.
The QDC values are used to �ll histograms, which are required for the
automatic bias adjustment feature of the “bcServer” (see below).
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4.4 Power Supply Control

The power supply control software module is used to interface the three
power supplies (main supply, SBTsupply, bias supply) of the SAFIR
Prototype insert. They are connected to the DAQ computer via USB
connections and controlled by a software module called “pscServer”
(for power supply control server). This automatic control avoids user
errors (e.g. wrong voltages) and allows the power supplies to be
operated remotely. The output voltages as well as the maximum
currents are de�ned in the global con�guration �le.

At startup, the software checks the serial number of all connected
power supplies as de�ned in the con�guration �le. Before the user is
allowed to activate the power supplies, a polarity check is performed
by the software. During this procedure, the output of each power
supply is set to 1 V with a current limit of 70 mA. After a waiting time
of 5 s(to allow the capacitors in the insert to charge), the output voltage
is measured. If the output voltage is smaller than 0.1 V, there will be a
short circuit and the software will prevent the user from turning on
the power supply. If the output voltage approaches 0.4 V, the reverse
voltage protection diodes (Schottky diodes) in the hardware become
conductive, preventing the output voltage from increasing further.
As long as the output voltage remains between 0.1 V and 0.9 V, the
software does not allow the user to activate the power supply. In case
the voltage measured lies above 0.9 V, the test is passed successfully
and normal operation is allowed. The user can enable the output
voltages separately for the three main supplies. The shift voltage of
the bias system (seesection 3.7) is increased slowly ( dV

dt = 50 V/s ,
Imax = 10 mA, step size = 5 V) to avoid high inrush currents.

4.5 Bias Control

The bias control software module is used to set and adjust the bias
voltage for the SiPMs in the SAFIR Prototype insert. The gain of the
SiPMs depends strongly on the applied overvoltage. If the overvoltage
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increases, so does the gain. The energy spectrum is shifted towards
higher QDC values. There are three different effects that in�uence the
overvoltage:

i) The breakdown voltage of the SiPM rises linearly with temperature
(51 mV/K for the “Hamamatsu 13661” SiPMs [57]).

ii) The bias voltage changes with the temperature of the ASICs.

iii) Due to ohmic losses in the wiring, there is a voltage drop depend-
ing on the bias current.

For low activity measurements, these effects are negligible once the de-
tector is in thermal equilibrium. For high-rate measurements ( 500 MBq
activity), all 2880 SiPM channels together require about 25 W of bias
power, producing a signi�cant amount of heat and raising the total
bias current to approximately 0.45 A. This results in a signi�cant drop
(� 500 mV) of the overvoltage. To stabilise the SiPM gains, the bias
voltage is adjusted automatically. This avoids an activity-dependent
data calibration. Each bias channel of the SBT supplies two SiPM
matrices (64 channels each) that are connected to fourASICs (thus
eight chip halves). In order to adjust the bias voltage, the position
of the photopeak in the QDC spectrum is monitored online in eight
channels, one per chip half. The average of these values is calculated
and compared with the old average obtained during the calibration
measurement. The bias voltage adjustment is done iteratively and
individually for each bias channel, up to a maximum correction value
of � 1500 mV. To avoid statistical �uctuations, a minimum number of
4000 hits in at least85 %of all monitored channels is required. There
is a �xed minimum waiting time of 3 s to account for the delayed
communication with the SBTboards and to avoid oscillations in this
feedback loop. An example with two arti�cial distortions ( � 0.5 V) is
shown in �gure 30 . During this point source measurement with low
activity ( 580 kBq), the bias voltage was manually changed two times
by half a volt. Afterwards, the bias control system compensates for
the change automatically. The recovery time ( � 3 min) was limited
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by the hit rate of the low activity source. This time will decrease for
measurements with higher activity.

Figure 30: Low activity ( 580 kBq) measurement with arti�cial distor-
tions of the bias voltage and subsequent readjustment by
the software. The data for one board are highlighted in red
for better visibility.

4.6 ASIC Con�guration

The SAFIR Prototype insert comprises 96 ASICs and eachPETA6SE
ASIC has 633 con�guration parameters. In order for the ASICs to
work, all con�guration parameters have to be set. For some of these
parameters (e.g. termination resistors on input lines), the values are
de�ned by the design of the SP6. For other parameters, there are
empirical values that can be used. Then there are parameters, that
in�uence the data (for example the discharge current in the QDC). For
our use case with high-rate data acquisition and one-to-one coupling,
these parameters are adjusted once. They are the same for allASICs.
Finally, there are two parameters that have to be adjusted for every
channel individually. These are the threshold of the fast discriminator
in the timing branch and the gain of the analogue ampli�er in the
energy branch (for details on the hardware, see sections 3.4.2and
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3.4.3). Both parameters need to be optimised to compensate for the
parameter spread of the ASICs and to achieve the best possible timing
performance.

4.6.1 Threshold Adjustment

The goal of the threshold adjustment is to �nd the reference threshold
for all channels. In the ASIC, an 11-bit DAC de�nes the individual
threshold for each channel. This DAC has a differential output sup-
plying the discriminator, but it can generate voltages with the wrong
polarity. The simulated zero-crossing point is around 1190 LSB[62].
Above this value, the discriminator does not work (dead zone). A
sketch illustrating this is shown in �gure 31 . The zero point (T0 =
centre of noise region) of the fast discriminators varies from channel
to channel. For threshold adjustment, the bias system is switched off

Figure 31: Sketch of the two SiPM signals in the discriminator of the
PETA6SE ASIC. The blue signal does not trigger the chan-
nel, while the green signal is the smallest signal that gener-
ates a trigger.

to avoid any in�uence by dark count events and the full online data
analysis is enabled in the DAQ system. Furthermore, the minimum
QDC value is set to zero for all channels so that the ASIC does not
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reject hits. Before the threshold scan, the threshold value is set to
900 LSB. The following steps are then repeated until the threshold
reaches a value of 1300 LSB:

i) reset the ASIC
ii) wait 125 ms to accumulate noise hits

iii) read out the ASIC once
iv) increase the threshold by 2 LSB

If the discriminator threshold is within the noise region, a hit will be
detected during step ii and subsequently read out. Since all discrimin-
ator values are swept systematically, the whole noise region is covered.
At the end of the threshold scan, the midpoint of the noise range is
determined. It is called the noise threshold T i

0 of channel i. The whole
calibration routine is performed in parallel for all channels and takes
about 1 min independently of the number of boards or ASICs.

During real measurements, the threshold is set with respect to
the noise threshold. The difference between the threshold and noise
threshold is the same for all channels in order to have a constant trigger
threshold across the detector. A distribution of all noise threshold val-
ues of the SAFIR Prototype insert is shown in �gure 32 . The number
of entries (3072) corresponds to the number of read out ASIC channels.
The mean value is 1165 LSB, the standard deviation 27.6 LSB. A typical
relative threshold is 75 LSB, which is comparable to the width of the
zero-point distribution. Changes of around 20 LSB are already visible
in the timing resolution of the insert (see section 7.2), making this cal-
ibration step important to achieve best timing performance. The whole
process is controlled by the DAQ software, with no user interaction
required. The thresholds vary from channel to channel, but they do
not vary over time. This calibration is therefore only required after
hardware changes, for instance after the replacement of SP6 boards.

4.6.2 Gain Adjustment

The energy branch of the PETA6SE ASIC has an ampli�er with 32
selectable gain values. The ampli�ed signal is used to charge a capa-
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Figure 32: The zero point of the discriminator in the ASIC for all chan-
nels of the SAFIR Prototype insert.

citor that is simultaneously discharged with a constant current. The
QDC is controlling this process and measuring the discharge time (for
details on the hardware see section 3.4.3). Thus, the measured QDC
value correlates with the processing time of the input signal in the
ASIC. In order to have a homogeneous processing time (= dead time)
across the detector, these gain values have to be adjusted. Furthermore,
this adjustment simpli�es the energy calibration during data analysis
because the energy spectra are more similar. The gain is adjusted based
on the measured energy spectrum. A target value for the peak with
the highest energy in units of LSBs is de�ned. During the automatic
adjustment, the measured peak position is compared to this target
value. Before the gain adjustment, the detector is started normally
with the bias system enabled and a 22Na source is placed in the �eld
of view. Since only singles spectra are analysed, the exact location
of the source does not in�uence the outcome of the automatic gain
adjustment. The gain values are changed iteratively by the following
procedure:

i) reset the ASIC
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ii) take data for 20 s
iii) �nd the peak with the highest QDC value in the spectrum (this

corresponds to the 1275 keV line of 22Na)
iv) if this value is above the target value, the gain is reduced (=

con�guration parameter “SE_ADCGain” is increased, due to the
ASIC design), otherwise the gain is increased. If the value is close
to the target value, nothing is changed.

v) stop after 6 iterations

This gain adjustment directly depends on the overvoltage of the SiPMs
and the detector temperature. Therefore, a recalibration is required if
one of these operating conditions changes or if parts of the detector
hardware are exchanged. While temperature changes only have a
minor impact on the gain, a separate calibration for every overvoltage
is required. The gain values do not vary over time but are hardware-
dependent, so hardware changes also required a recalibration. Similar
to the threshold adjustment described before, all channels are calib-
rated in parallel and the whole process takes 2 min. To convert the
con�guration parameter (“SE_ADCGain”) to the gain values ( G) the
following formula is used [62]:

G =
32 � SE_ADCGain

640
. (4.1)

The gain is always smaller than one. All measured values are shown
in �gure 33 . The number of entries (2880) is equal to the number
of crystals in the system. The mean value is 26.5 LSB, the standard
deviation 0.9 LSB.

4.7 User Interfaces

To access the provided services, user interface programmes are used.
Due to the complexity of the system, there are interfaces with different
functionality. Every interface connects to one or more of the servers.
The presented interfaces areGUIs so that no command-line interaction
is required.
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Figure 33: The gain values of the ampli�er in the energy branch of the
ASIC for the SAFIR Prototype insert.

4.7.1 Main GUI

The main GUI is designed to allow non-expert users an easy operation
of the SAFIR Prototype insert. It does not allow many changes to the
ASIC parameters and it does not offer extensive debug options. Never-
theless, theGUI gives an overview of all relevant detector systems. It
displays:

i) current status of the detector hardware and the DAQ software

ii) measured temperatures of the different boards

iii) measured voltages and currents of the power supplies

4.7.2 PETA6 Test GUI

The PETA6GUI (“peta6Gui”) shows all options of the system. Through
it, the ASIC con�guration can be changed and new con�gurations can
be saved to �le. This allows to systematically test different ASIC con�g-
urations. The con�guration �les are compatible with the “acServer” so
that the con�gurations can also be [re]used with the main GUI during
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normal operation of the SAFIR Prototype scanner. Furthermore, all de-
bug features, for example control of the digital monitor, can be enabled
and disabled. The programme interacts only with the “ecServer”.

4.7.3 Power Supply Control

The power supply control GUI (“powerSupplyGui”) gives the user
control over the power supplies. During normal operation, it displays
the currents and voltages of the different supplies in real time. The
programme interacts only with the “pscServer”.

4.7.4 Bias Control GUI

The GUI (“biasControlGui”) for the bias control allows the user to set
the bias voltage. The different breakdown voltages of the SiPMs are
taken into account to have a homogeneous overvoltage across allSiPMs.
Furthermore, one can enable the automatic bias adjustment, described
in section 4.5. The programme interacts only with the “bcServer”.
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5 Detector Calibration and Data
Processing

The SAFIR detector hardware measures uncalibrated raw data, that are
transmitted to the DAQ computer without any processing. In this part
of the thesis, I describe all necessary calibration and data processing
methods for the SAFIR detector. The goal of these methods is to obtain
coincidences from the raw data, which are needed for the image recon-
struction. The measured raw data include slow control information,
values from different counters encoding the timing information and
results from the QDCs measuring the charge of the analogue SiPM
pulses. Calibration data are used to convert these values into precision
timestamps in picoseconds and into deposited energies in electron
volts. These processed hit data (called singles) are combined into
coincidences. All functions and methods described in this chapter
are implemented in the software tool called “petaAnalysis”, which I
developed as part of my work. This tool is designed for the analysis
of measured as well as simulated data. Furthermore, it can generate
all required calibration data. The tool was used to process all data
presented in this thesis.

5.1 Example Dataset and Automatic Data Fitting

5.1.1 Example Dataset

In order to illustrate the effect of the different processing steps, I use
one example dataset. Similarly to the measurements in chapter 7, a
low activity point source measurement ( 22Na) was used. The settings
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are summarised in table 11.

Table 11:Measurement settings of the example dataset used in this
chapter

Source 22Na, 603 kBq

Phantom “NEMA-cube” (1 � 1 � 1 cm3 acrylic cube)

Source Position Isocentre of the scanner
Measurement time 300 s
SiPM overvoltage 6 V

Energy window 391 keV � 601 keV (if not stated differently)

Coincidence window 500 ps (if not stated differently)

5.1.2 Automatic Data Fitting

The calibration routines described below usually involve �tting a Gaus-
sian function to the measured data within a certain range, for example
around the photo peak. Since the data vary between channels, the
exact peak position is not known beforehand and one cannot use �xed
�tting ranges. To overcome this issue, I always perform two �ts. First,
a so-called “pre�t” is done to get the rough peak position. The peak
position of the pre�t is then used to de�ne the range of the �nal �t. To
verify the quality of the �nal �t, the c2 value per degree of freedom is
controlled. If this ratio is above �ve, a warning is printed.

5.2 Data Processing Chain

The main goal of data processing is to �nd all coincidences in the
saved raw data and thereby determining the LORs necessary for the
reconstruction of the image. The recorded data are passed along the
different steps of the data processing chain, with each step apply-
ing different calibration data or �ltering unwanted events. The �lter
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thresholds are de�ned in a con�guration �le (“analysis.ini”) that can
be changed by the user without the need of any changes in the source
code of the software. The user can choose to generate calibration data,
that will be stored in a calibration �le (“calibration.ini”). If such data is
available, it will be used automatically. The different processing steps
are described in the following subsections and illustrated in �gure 34 .

Figure 34: Sketch of the data �ow in the data processing software. The
green boxes are different kind of data, while the blue boxes
describe processing steps. The grey boxes mark inputs and
outputs.

5.2.1 Raw Data Domain

The raw data are �rst checked for consistency and data integrity.
The software veri�es that no frames are missing (based on the frame
counter) and that the Epoch Counter ( EC) values are in increasing
order, without any unexpected jumps. These values are generated by
the FPGA and a mismatch indicates serious hardware problems (or
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�rmware bugs). The data is then split into separate data streams, one
for each SP6module. The incoming raw data are plotted in debugging
plots and �ltered for invalid data. There are three different indications
for invalid data.

The PETA6SE ASIC adds a bit called “TDC-valid” to the output
data. This bit indicates that the �ne counter value is valid (for details,
see section 3.4.2). If it is missing, the event is rejected. The coarse
counter has one invalid state (0x7FF) that can never be reached (see
section 3.4.2). Events with this value are therefore removed from
the data as well. In addition, one can specify so-called “blacklisted”
channels that will be left out in the data analysis. While each SP6-
module has four ASICs with a total number of 144 channels, there are
only 120 crystals per module in SAFIR Prototype detector. Channels
without crystal cannot generate proper data, so that they are blacklisted
in the SAFIR Prototype insert. Data from these channels are rejected.
Finally, plots for manual data quality control are generated before and
after cutting. For some plots automatic quality checks are performed
individually for each channel. The test fails, if any of the following
criteria are met by any channel:

i) One bin of the �ne counter has more than 3.5 times the expected
number of entries. The expected number of entries is the total
number of hits (in the channel) divided by the number of bins in
the �ne counter (32).

ii) One bin of the coarse counter contains more than 0.5 % of the
entries. The coarse counter has 32767 bins, thus the expectation
value for the number of hits in each bin is 3 � 10� 3 % of the total
number of entries.

iii) More than 1 % of the detected hits have a QDC value above
255 LSB.

In such a case, an error message is printed to warn the user.
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5.2.2 Corrected Hit Domain

To convert raw data into corrected hits, calibration data is applied
to the �ltered raw hits. The corrected hits have timestamps in pico
seconds and energy values in electron volts. Corrected hits are also
called “singles” and data at this point are equivalent to output data
from GATE simulations. The software allows to feed in GATE data
and process them without any difference to normal data. At this
stage, the user can specify two different energy windows for the data
processing. One window affects only the generated plots, which are
used for debug purpose, while the other window �lters the “corrected
hits” before they are fed into the coincidence sorter. In order to make
future developments of self-normalisation in the image reconstruction
possible, one can also export the number of single interactions per
crystal before coincidence search but with the �nal energy window
applied [77]. Since there are about one order of magnitude more
singles, than coincidences, this helps improve the statistics used for
self-normalisation [78].

5.2.3 Coincidence Domain

For the coincidence search, the data streams of all modules are recom-
bined and sorted in time. The coincidence sorter allows single-window
and multi-window coincidence sorting (see below). The �rst set of
plots is generated directly after coincidence sorting. If enabled, the
data is fed into the Compton recovery module (see below). At the
end, the �nal energy window is applied to the coincidences and a
cut on the minimum angular difference in j -direction is performed.
This limits the �eld of view to the actual clearance of the detector
hardware and reduces the negative effect of scattered coincidences. In
addition, all coincidences with more than two hits are removed from
the data stream. Two different listmode �les can be generated, each
containing all coincidences. One �le is compatible with the “ SAFIR”
format, the other includes TOF information and is compatible with the
reconstruction software described in chapter 6.
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5.3 Energy Calibration

Energy calibration is necessary to convert the QDC values measured in
the ASICs into deposited energy values. Due to variations in the optical
coupling, different SiPM gains and variances in the ASIC analogue
signal path, the energy calibration needs to be performed for each
channel individually. Furthermore, the limited dynamic range of small
SiPM pixels leads to saturation effects, which have to be corrected.
Finally, some channels (� 10 %) have an offset caused by theASIC. To
convert the QDC charge Q into energy values E, the following formula
is used:

E = ai � (Q � bi )ci . (5.1)

The three constantsai , bi and ci are different for each channel (i). Con-
stant bi describes the offset of a certain channel. Its unit are LSBs on
the QDC scale. For about86 %of the channels, this value is one. For
the rest, it is around ten LSBs. The distribution of the values of all
channels in the SAFIR Prototype insert is shown in �gure 35 . The
values are obtained from testtrigger measurements with deactivated
bias voltage. With every testtrigger, the ASIC is forced to read out all
channels, but without bias voltage only the QDC offset is recorded.
The deviation in some channels is caused by cross currents in theASIC.

In equation 5.1, the constant ci has no unit. It describes the exponential
saturation behaviour of the SiPM. Constant ai is in units of keV per
LSB and adds a linear dependency. Both values have to be obtained
from real measurements and depend on the bias voltage as well as
the temperature of the ASICs and SiPM arrays. To determine these
values, at least two known energy values have to be measured with
the detector. There are three features in the 22Na spectrum that can be
used:

i) the 511 keV annihilation peak

ii) the 1275 keV peak (see �gure 3)
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Figure 35: Zero point of all QDCs, measured with 10000 testtriggers
per channel.

iii) the Compton edge of the 511 keV peak with an energy of 341 keV
(see section 2.5.1)

In PET, the 511 keV annihilation peak is the obvious choice. The
1275 keVpeak is in an energy region that won't be used during normal
PETmeasurements. Furthermore, it is not available with other isotopes,
especially 15O and 18F, which do not have any additional emission lines.
Finding the energy of the Compton edge is more dif�cult because there
is no peak.

In theory, there is also the option of using the so-called ka escape
peak. If an inner electron of a lutetium atom in the LYSO scintillator
is knocked out, another electron will �ll the place and an x-ray is
emitted. For Lutetium, the innermost electrons (K shell) have a binding
energy of 63.3 keV, the electrons on the L shell around 10 keV [79].
Therefore, there are peaks around 50 keV � 60 keV and around 450 keV
(� 511 keV � 63.3 keV) in the spectrum. However, the amplitude of
the 450 keV peak is small because not very many 60 keV photons can
escape the crystal of the main interaction (see�gure 5 ). This peak can
only be seen in a combined �t together with the 511 keV peak, but the
reliability of this �t is not good enough for a stable energy calibration.
Therefore, I do not use this feature.
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5.3.1 Accuracy of the Energy Calibration

The lutetium in the LYSO crystals contains the radioactive isotope
176Lu. 176Lu has a half-life of 4 � 1010 y and emits g-rays with 202 keV
and 307 keV [80]. These two lines can be used to evaluate the accuracy
of the energy calibration. An example spectrum is shown in �gure 36 .
The two expected peaks, which are clearly visible, are used to compare

Figure 36: Spectrum of the intrinsic radiation of LYSO crystals, meas-
ured with the SAFIR Prototype detector (all channels com-
bined).

the two energy calibration methods:

i) based on the 511 keV photo peak and the 1275 keVemission line
from 22Na

ii) based on the511 keVphoto peak and the Compton edge at 341 keV

The intrinsic spectrum and the 22Na spectrum have four peaks in
total. The measured peak positions are shown in table 12. The calib-
ration methods work best around the selected reference points. For
PET, typical energy windows cover an energy range up to 650 keV.
Therefore, accuracy in the lower energy range is more important than
accuracy beyond 650 keV. For this reason, calibration method (ii) is
more suitable than method (i). Since both calibration methods map
the measured charge values to different energies, the Coincidence En-
ergy Resolution (CER) is also affected by the choice. Furthermore, the
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Table 12:Comparison of the two proposed energy calibration methods

Calibration (i) Calibration (ii)

Expected
energy

Measured
energy

FWHM
Measured

energy
FWHM

202 keV 152 keV 80 keV 176 keV 76 keV
307 keV 274 keV 98 keV 296 keV 90 keV
511 keV 511 keV 81 keV 511 keV 71 keV
1275 keV 1275 keV 95 keV 1139 keV 110 keV

number of coincidences in a selected energy window differs. Finally,
the choice of the energy calibration method also has an effect on the
CRT. The results are presented in table 13. Energy calibration method

Table 13:Coincidence energy resolution and coincidence resolution
time for the two introduced energy calibration routines, with
and without Compton Recovery.

Calibration (i)
(511 keV & 1275 keV)

Calibration (ii)
(341 keV & 511 keV)

#Coincidences 1.65� 106 1.72� 106

CER (FWHM) 13.7 % 12.2 %

CRT (FWHM) 194 ps 196 ps

(ii) results in an improved CER and a higher number of accepted coin-
cidences. TheCRT worsens slightly due to the additional hits. Overall,
method (ii) is better suited for SAFIR as it has better accuracy with
similar performance parameters.
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5.4 Time Stamp Generation

There are three different counters, all of which contain timing in-
formation that requires certain corrections (see below). After these
corrections, the timing information from the three counters can be
added together to form the timestamp.

5.4.1 Fine Counter Calibration

The fastest counter in the SAFIR system is called �ne counter and is
implemented in the PETA6SE ASIC. This counter is 5 bit long and has
a nominal bin width of 50 ps [62]. The overall wraparound period is
1.6 ns. Due to manufacturing variations and tolerances, there is a wide
spread between the individual bins.

A radioactive decay generates random timestamps. Therefore, every
�ne counter bin should have - within the range of error - the same
number of entries. An example measurement is shown in �gure 37 .
One can clearly see, that the distribution is not uniform. The empty
channels (e.g. channel 0) do not have crystals and therefore, they are
ignored. The other differences are caused by manufacturing variations.
This measurement is used to calibrate the bin width of every �ne
counter bin. The wraparound time of the �ne counter is 1.6 ns. Many
entries in one �ne counter bin mean that this particular bin is longer
than the average and very few entries mean that the bin width is small.
For the calibration, the measured number of entries in every bin is
compared with the average number of entries of all 32 bins for one
channel. The �ne counter bin width varies between about 10 ps up
to around 90 ps. The bin width distribution of all �ne counter bins
in the SAFIR Prototype insert is shown in �gure 38 . The �ne counter
calibration improves the overall timing performance ( FWHM ) of the
system by about 15 ps.
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Figure 37: Distribution of all �ne counter values of one detector mod-
ule (board #0, module #0) in the SAFIR Prototype insert.
This is used to determine the �ne counter bin width of
every bin in every channel.

Figure 38: Bin width of the �ne counter bins of all channels in the
SAFIR Prototype insert. The number of entries corresponds
to the number of channels (2880) times the number of �ne
counter bins per channel (32).
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5.4.2 Coarse Counter Correction

The coarse counter is also implemented in the PETA6SE ASIC. It is fed
by the main PLL clock (625 MHZ = 1.6 nsbin width). In the hardware,
it comprises two independent 15-bit counters that are phase-shifted by
half a clock period to avoid unde�ned states in the transition period
of each counter (see�gure 39 ). The counter ticks do not represent

Figure 39: Coarse counter selection in the PETA6SE ASIC. For �ne
counter values between 8 and 23 coarse counter one is stable
and selected for the output data. Otherwise, coarse counter
two is used.

increasing numbers but a bit pattern that has to be decoded �rst (see
section 3.4.2). This is done with a look-up table that links the saved bit
pattern with the real counter value. The PETA6SE ASICuses the �ne
counter value to determine which of the two counters is copied into
the output data stream. Since one of the counters is always behind the
other, one has to increase the counter value by one depending on the
�ne counter. This is also done automatically by the software.

5.4.3 Epoch Counter Correction

The slowest counter is called “epoch counter”. It is implemented in
the FPGA on each SDIP2 board and runs in phase with the coarse
counter with a frequency of 625

1024MHz . The �ve lowest bits in the epoch
counter are equivalent to the �ve highest bits in the coarse counter.
The epoch counter value is always recorded in the FPGA before the
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data is sampled by the ASICs. This effect, together with the signal
propagation time of the reset signal on the SDIP2 board, causes the
epoch counter to be off by a few LSBs. To compensate the offset, the
�ve lowest bits of the epoch counter are replaced by the �ve highest
bits of the coarse counter. Finally, the epoch counter has a wraparound
time of around two hours. These wraparounds are also detected by
the software and compensated for if necessary.

5.5 Coincidence Sorting

I implemented two different methods for coincidence sorting in the
data processing software: Single-Window Coincidence Sorting ( SWCS)
and Multi-Window Coincidence Sorting ( MWCS). In SWCS, there is
only one open coincidence window at any given time. In MWCS, a
new coincidence window is opened with every single. Thus, there
can be multiple windows open at the same time and they can overlap.
The difference is illustrated with the following example (see �gure 40 ):
We assume a coincidence time window of 500 ps together with four
incoming singles at times t0 = 0 ps, t1 = 400 ps, t2 = 800 ps and
t3 = 1600 ps. With SWCS, the coincidence window will open at t0

Figure 40: Illustration of single window and multi window coincidence
sorting. The black vertical lines mark the hit positions, the
orange boxes the open coincidence windows for a SWCS
and the blue boxes the open coincidence windows for a
MWCS. If a coincidence is found, the box is marked with a
“X”.

and close after 500 ps(including the hit at t1). A second coincidence
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window will be opened at t2, but since hit 3 is not in this window,
there is only one coincidence created in total. With MWCS, there will
be two coincidences created (hit 0 together with hit 1 and hit 1 together
with hit 2). Therefore, hit 1 is part of two different coincidences. The
choice of the coincidence sorter only has a very small effect on the
performance of the system. Therefore, SWCSwill be used as default
method.

5.6 Timing Delay Calibration

The timing delay calibration is performed after the �ne counter calib-
ration and the energy calibration.

5.6.1 Source for Signal Delays

There are four different sources of signal delays in the SAFIR Proto-
type insert. First, the analogue signal lines between the SiPMs and
the ASICs have different lengths for different channels. The signal
propagation speed on the PCB v depends on the relative permittivity
of the PCB material (er ):

v =
c0p
er

, (5.2)

with the speed of light in vacuum c0 [81]. The relative permittivity
changes with the temperature of the PCB and the frequency of the
signals. During typical operating conditions, a realistic value is er = 3.2
[82]. Therefore, the propagation delay is around 6 ps/mm . There are
path differences of about 1 cm on each SiPM array, which is equivalent
to delay values of around 60 ps. Together with similar differences
found on the SP6 module, this leads to variations in the order of
120 psbetween channels of the sameASIC half. This variation is also
visible in the measured delay values of the SAFIR Prototype insert (see
�gure 42).

Second, theTDCs itself introduce some delays. During the power-up
sequence of the hardware, the TDCs are reset. To do so, theTDC of
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eachASIC half needs to sample the reset signal. This is done with the
internal clock running at half the PLL frequency. Therefore, the differ-
ent ASICs in the system do not sample the reset signal synchronously
but with a jitter of one PLL clock cycle (= one coarse counter bin). This
leads to delays in the order of 1.6 ns between different ASIC halves.

The lines of the digital signals of the different module positions
on the SDIP2 board have different lengths. Two modules are about
18 mm apart (� 100 psdelay) on the SDIP2 board. Finally, the cables
between the SDIP2 boards and the SFCDboards have slightly different
delays. All effects caused by the different signal propagation times
are constant. On the other hand, the offset of the TDCs changes with
every reset and therefore has to be recalibrated.

5.6.2 Delay Calibration

To perform the delay calibration, measured data from a point source
in the centre of the scanner is used. For the calibration process, the
coincidences are processed with an energy window from 391 keV to
601 keV, a minimum separation of the hits in tangential direction of
j > 90°, but a wider coincidence window ( 5 ns & 1.5 ns, see below).
The calibration is performed in two steps.

First, the channels of eachTDC (= chip half) are grouped together
and a coincidence window of 5 ns is selected. For every TDC pair
(i, j), the timing distribution is used to obtain the mean value mi ,j , its
standard deviation ei ,j and the number of coincidences ni ,j . EachTDC
has a speci�c delay di and I de�ne the time offset Di ,j :

Di ,j = mi ,j + dj � di . (5.3)

This offset should be ideally zero for all TDC pairs. I therefore calculate
the quadratic sum x of all Di ,j for the whole system:

x = å
i

å
j

D2
i,j

e2
i,jni ,j

. (5.4)
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This quardatic sum should also be zero and I use a minimiser (TMINUIT
[83]) to obtain all TDC delay values. To increase the stability of the
calibration process, TDC pairs with less than 300 coincidences are
removed from the dataset before calibration.

After applying the TDC delay values to the dataset, the dataset is
processed a second time to calibrate the crystal delay values. The
coincidence window is set to 1.5 nsand crystal pairs with less than 50
coincidences are removed from the dataset. From the timing distribu-
tion of every remaining crystal pair ( p, q), I use the mean value mp,q,
its standard deviation ep,q and the number of coincidences np,q. Each
crystal has a speci�c delay dp and I de�ne the difference Dp,q and the
quadratic sum of all differences y:

Dp,q = mp,q + dp � dq (5.5)

y = å
p

å
q

D2
p,q

e2
p,qnp,q

. (5.6)

The quadratic sum is minimised and all crystal delay values are ob-
tained.

The effects of the different calibration steps are shown in �gure 41 .
The delay values of the crystal delay calibration are shown in �gure 42 .
These match the expectation that differences in the signal paths cause
these delays.

5.7 Time-Walk Correction

The time-walk calibration is done for all crystals together, after ap-
plying the �ne counter calibration, the TDC delay calibration and the
crystal delay calibration. The PETA6SE ASICuses a leading edge dis-
criminator to detect the rising edge of the SiPM signal. The threshold
of the discriminator can be adjusted for each channel (see section 3.4.2)
but it is constant, independent of the amplitude of the SiPM pulse.
An example with two different signals is shown in �gure 43 . The
threshold is reached later for hits with a lower amplitude (= lower
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(a) Without any delay calibration (b) With �ne counter calibration

(c) With �ne counter and TDC delay
calibration

(d) With �ne counter, TDC delay and
crystal delay calibration

Figure 41: Coincidence timing spectrum after each calibration step.

Figure 42: Delay values of all crystals in the SAFIR Prototype insert,
after applying the TDC calibration.
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Figure 43: Idealised signal of a LYSO crystal on a SiPM for
1500 photonsand for 750 photons. On the right side, a zoom
is shown, with the discriminator threshold indicated as a
red line.

deposited energy) compared to hits with higher amplitude (= higher
energy). Since this is a systematic effect, one can correct for it.

The measured dataset from a point source is analysed with a large
energy window ( 100 keV � 661 keV) and a 1500 pscoincidence time
window. The coincidences are then �ltered so that one of the two hits
has always an energy of 511 keV� 0.5s (� 511 keV� 15 keV). I analyse
the energy difference and time difference between the two g-rays. This
is shown in �gure 44 . One can already see the increasing delay for
larger energy differences. I use a Gaussian �t for each energy bin to
�nd the peak position (= average delay). The average delay values
for all energy differences are plotted in �gure 45 . To parametrise this
curve, I tried to �t different functions. Best overall performance was
achieved with a second order polynomial. Therefore, I �t a quadratic
function Dt = p0(DE)2 + p1 to the curve and save the parameter p0 in
the calibration �le. The in�uence of the time-walk correction on the
coincidence resolution time (see below) depends on the selected energy
window. The results are shown in table 14. The bene�t varies between
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Figure 44: Time walk histogram: One single has an energy of 511 keV�
0.5s and I show the energy difference and time difference
for all hits after delay calibration.

Figure 45: Energy dependence of the timestamps used for the time-
walk calibration.
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Table 14:Effect of the time-walk correction on the timing performance
of the SAFIR Prototype insert for different energy windows.

Energy window
CRT (FWHM) with

time-walk correction
CRT (FWHM) without
time-walk correction

200 keV� 700 keV 221 ps 266 ps

250 keV� 650 keV 218 ps 260 ps

350 keV� 650 keV 200 ps 207 ps

391 keV� 601 keV 196 ps 197 ps

481 keV� 581 keV 189 ps 189 ps

0 ps and 45 ps on the FWHM . If only the photopeak is selected, the
bene�t is negligible. Compton recovery (see below) on the other hand
uses wide energy ranges that bene�t from the time-walk correction.

5.8 Performance Parameters

In order to compare the performance of different processing settings,
some performance parameters have to be evaluated. I use four different
parameters to assess scanner performance without the need of an image
reconstruction.

5.8.1 Coincidence Energy Resolution

The CER is obtained from the energy spectrum after the coincidence
search. In this spectrum, the 1275 keV peak and the corresponding
Compton spectrum of the 22Na source are suppressed. TheCER
is de�ned as the FWHM value of the 511 keV photo peak. I �t a
single Gaussian function between 480 keV and 580 keV to the peak.
The sigma of the Gaussian �t is used to calculate the FWHM . The
selected energy window avoids a negative in�uence of the k a escape
line around 450 keV. More advanced methods could be used, but this
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simple method is robust and allows a good comparison with other
PET scanners.

5.8.2 Coincidence Resolution Time

The CRT is obtained from the coincidence timing spectrum after the
coincidence search. It is de�ned as the FWHM value of the measured
distribution. In this timing spectrum, the peak amplitude is obtained
by �tting a parabola through the three highest bins. The bins at half
the maximum are then interpolated and the FWHM is calculated. This
procedure is identical to the procedure described in the “NEMA-NU4”
standard for the determination of the FWHM value of a line pro�le
[84]. The obtained FWHM values are 5 ps � 10 ps better, compared
with the FWHM value obtained by a Gaussian �t to the same spectrum.

5.8.3 Number of True Coincidences

When one uses a22Na point source, there are always random coincid-
ences consisting of one detected511 keVg-ray and a scattered 1275 keV
photon. To avoid this effect, I only count LORs that are closer than
1 cm to the point source in the centre of the scanner. This procedure
is similar to the one described in the “NEMA-NU4” standard. In con-
trast to the “NEMA-NU4” standard method, I do not �ll the data into
sinograms before applying the cut. The number of true coincidences
can be used to calculate the peak sensitivity of the system.

5.8.4 Spatial Resolution

Different data processing parameters affect the spatial resolution of
the system. The spatial resolution is usually determined after image
reconstruction, but all image reconstruction methods have many para-
meters that can be adjusted and tuned. To obtain a measure of the
spatial resolution without the need of an image reconstruction, I use
the average of the z-coordinates (= axial crystal position / ring number)
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of the two hits of a coincidence. Mathematically, this can be expressed
as:

Dz :=
z0 + z1

2
, (5.7)

with the offset Dz and the two z-coordinates z0 and z1. For a point
source measurement, this is equivalent to the axial position of the point
source in the scanner. Since the point source is placed in the centre of
the scanner, this average position should be zero. Two example LORs
are shown in the left part of �gure 46 , to illustrate the principle. Due
to positron range, accolinearity and DOI effects, there will however
be a certain spread in the distribution. The closer the LORs are to the
origin, the smaller the deviation will be. If scattered coincidences are
detected or the Compton Recovery (see below) assigns wrong crystals
to an interaction, there will be an additional deviation. A Gaussian �t
is used to determine the width of the distribution. An example plot
for the dataset is shown in �gure 46 . In this example, the Gaussian �t

Figure 46: Left: Sketch of two LORs (blue) from a point source (red)
in a hypothetical PET scanner with eight rings and 2 mm
crystal pitch in axial direction. The number in each crys-
tal (green) is its z position. The deviation (as de�ned in
equation 5.7) is written next to each LOR. Right: Measured
deviation for a point source measurement without Compton
recovery.
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has a mean value of 9.7� 10� 2 mm and a sigma of 6.8� 10� 1 mm. The
mean value is equivalent to the position offset of the point source. The
FWHM is obtained from the sigma value and used as a measure of the
spatial resolution without image reconstruction. The plot contains an
inevitable background caused by random coincidences. These could
be removed before �tting, but for the intended use case (comparing
different data processing settings), the simple approach is suf�cient.

5.9 Compton Recovery

As shown in �gure 5 , the dominant interaction process for 511 keV g-
rays in LYSO is Compton scattering. The fraction of photo absorption
in LYSO crystals for 511 keV g-rays is about 32 % [85]. Therefore,
many photons are scattered in the detector and some of these interact
within the detector a second time, causing coincidences with more
than two singles. Because theSAFIR Prototype insert uses one-to-one
coupling, these hits are registered independently. The goal of the
Compton recovery algorithm is to detect hits that were scattered in
the crystal material [31]. The applied energy window causes these
hits to be lost during normal data processing. In SAFIR, these events
can be recovered because the information of the scattered photon is
available. If a wide energy window ( 100 keV� 601 keV) is used for the
coincidence sorting and no cuts on the number of hits per coincidence
are applied, there are on average about 2.3 hits per coincidence (see
�gure 47 ). The number of hits per event is called multiplicity. I
implemented an analytic model for Compton Recovery that can handle
triples (coincidences with three interactions). The user speci�es a
maximum recovery radius. If two hits in a coincidence are in this
radius, they are considered as scattered hits. The crystal pitch of the
SAFIR Prototype detector is 2.2 mm, which is naturally the smallest
radius for Compton recovery. In theory, there is no upper boundary for
this radius, however the radiation length in LYSO for 511 keV g-rays is
11.6 mm [38]. For lower-energy g-rays, the radiation length is shorter,
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Figure 47: Number of hits per coincidence for a wide energy window
(100 keV� 601 keV).

which means that a sensible upper limit for the recovery range is about
10 mm. The speci�ed radius is calculated based on the center of the
crystals on the front face of each detector block. A typical distribution
of the distance between all hits in all measured coincidences is shown
in �gure 48 . Small distances separate the hits created byg-rays, that
are scattered in the scintillator. In between are random coincidences
and coincidences that are scattered in the object. The peak at around
130 mm is created by true coincidences with hits on opposite sides of
the detector. Since theSAFIR Prototype insert does not provide DOI

Figure 48: Distance between the hits of each coincidence, without �l-
tering and with a wide energy window ( 100 keV� 601 keV).
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information, the real track length of the photons will be longer than
the distance between the crystal centres. Larger recovery radii increase
the sensitivity of the detector, but reduce the spatial resolution because
of misidenti�ed events.

If hits are close enough together to be considered as Compton scatter,
their data has to be combined. The �nal energy value of the incoming
g-rays is the sum of the two individual energies measured in the
two crystals. To assign the correct crystal and the correct time to
the interaction is more complicated and described in the following
two subsections. I focus on events with three interactions in the
following analysis. Compton recovery is also called Inter-Crystal
Scatter Recovery (ICSR).

5.9.1 Finding the First Interaction

The result of inter-crystal scattering are pairs of hits that belong to-
gether. Assuming that the incoming g-ray has an energy of 511 keV, it
can deposit up to 341 keV (Compton edge seesection 2.5.1) in the �rst
interaction. Therefore, a g-ray with a single scatter and a subsequent
photo absorption will deposit 0 keV � 341 keV in the �rst interaction,
while the scattered g-ray can deposit 0 keV � 511 keV in the second
interaction. If the g-ray interacts multiple times in one crystal however,
all combinations of energy depositions are possible. I implemented the
following �ve analytic methods to determine the �rst interaction:

i) Select the hit with the �rst timestamp.

ii) Select the hit with the last timestamp.

iii) Select the hit with the higher energy.

iv) Select the hit with the lower energy.

v) If one hit has an energy higher than 341 keV, select the other hit. If
none of the hits have an energy above 341 keV, select the hit with
the �rst timestamp.

The same dataset of a point source measurement is processed with
the different settings and the axial resolution is computed for each
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Table 15:Spatial resolution (as de�ned in section 5.8.4) for different
ways of determining the �rst interaction. The data include
all coincidences (also “normal” coincidences with two hits).

Method Axial resolution (FWHM)

i) (1.825� 0.001) mm

ii) (1.912� 0.001) mm

iii) (1.809� 0.001) mm

iv) (1.923� 0.001) mm

v) (1.826� 0.001) mm

algorithm. The results are shown in table 15. The best performance
is reached by selecting the hit with the biggest energy (method iii).
Therefore, this method is used in the following analysis.

5.9.2 Timestamp Generation for Scattered Events

The last step is to assign a time to the recovered interaction. Even if
the �rst of the two interactions can be identi�ed clearly, the timing
information of the other interaction is still useful. To select a timestamp
or combine both timestamps, one can:

a) Select the earlier timestamp.

b) Select the timestamp of the crystal with the higher energy deposit
(= better photon statistics & timestamp of the �rst interaction).

c) Weight both timestamps by their energy tr = t0E0+ t1E1
E0+ E1

, with tr the
recovered timestamp, calculated by the two measured timestamps
of the individual hits t0 and t1 and the measured individual energy
values E0 and E1.

d) Weight both timestamps by energy (c) and correct the timestamp
of the second interaction by the time that the g-ray takes to travel
between the two crystals.
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The results of the different methods for one test measurement are
shown in table 16. Since the performance is best for method d), I

Table 16: Timing resolution for different

Method CTR (FWHM)

a) 209.9 ps

b) 209.2 ps

c) 206.2 ps

d) 205.6 ps

decided to use this as the default.

5.9.3 Effect of the Recovery Range

For the Compton recovery, the user has to set a maximum recovery
range. Its effect on the coincidence energy resolution, the coincidence
resolution time, the number of detected coincidences and the axial
resolution are shown in table 33. The coincidence resolution time is

Table 17:The effect of different Compton recovery ranges on the per-
formance parameters of the detector.

Recovery
range

CER
(FWHM)

CRT
(FWHM)

Number of
coincidences

Axial resolution
FWHM

None 12.2 % 196 ps 1.72� 106 1.605 mm

2.5 mm 12.7 % 205 ps 2.23� 106 1.656 mm

3.5 mm 12.9 % 205 ps 2.48� 106 1.711 mm

5.0 mm 13.0 % 205 ps 2.74� 106 1.768 mm

6.5 mm 13.1 % 206 ps 2.82� 106 1.789 mm

8.0 mm 13.1 % 206 ps 2.96� 106 1.809 mm
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independent of the selected maximum recovery range. The number of
detected coincidences increases with increasing recovery range and the
axial resolution decreases. Therefore, one can choose whether a higher
spatial resolution or a higher sensitivity is more important for the
target application and select the maximum recovery range accordingly
(see also section 7.4).

5.9.4 Combining more than two hits

Figure 47 shows that there are also coincidences with four interactions.
These can occur if one g-ray is scattered twice, if two g-rays are
scattered once or if random hits are detected. Similarly to the case with
three hits, I assume that hits that are close together are scattered in the
detector. If two separate pairs are found, the same algorithms as above
are used to combine the hits. If three hits have to be combined, I select
the position of the hit with the highest energy as the �rst interaction
position. The total energy is the sum of the three measured energy
values. I correct the measured timestamps for the travel time of the g-
rays based on geometric distance between the hits and use the weighted
sum (by measured energy). There are hardly any coincidences with
more than four interactions and such events are rejected. The results are
shown in table 18. As expected, the number of detected coincidences
is increased but the spatial resolution is decreased. Comparing the
results for 8 mm recovery range and three allowed hits ( table 17) to
the result with 5 mm recovery range and four allowed hits ( table 18)
shows that both settings produce nearly the same number of detected
coincidences. However, the spatial resolution of the �rst setting is
higher. Therefore, it is bene�cial to use only coincidences with three
hits if a suf�cient sensitivity can be reached.

5.9.5 Further Improvements

The presented Compton Recovery model only uses measured energies
to �nd the �rst interaction of a scattered g-ray. With regard to future
developments, this is one aspect that can be optimised on the software
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Table 18:Comparison of the results of the Compton recovery algorithm
including four hits with different recovery ranges.

Recovery
Range

# Coincidences
CER

(FWHM)
CTR

(FWHM)
Axial resolution

FWHM

2.5 mm 12.8 % 206 ps 2.30� 106 1.671 mm

3.5 mm 13.0 % 207 ps 2.62� 106 1.742 mm

5.0 mm 13.3 % 207 ps 2.97� 106 1.827 mm

6.5 mm 13.3 % 208 ps 3.08� 106 1.862 mm

8.0 mm 13.5 % 208 ps 3.28� 106 1.900 mm

side. The analytic algorithms can be further improved and one can use
machine learning approaches to incorporate all available information
(energy, time, position) in the Compton recovery. In contrast to all PET
detector systems that use light-sharing, the SAFIR system offers much
more information. This allows to trade sensitivity for spatial resolution
and vice versa with the same geometry of the detector head.

5.10 Veri�cation of the Software Implementation

The basic functionality of the DAQ software presented in the last
chapter can be tested very easily. Since theFPGA and the ASIC expect
very speci�c data, a malfunction immediately leads to signi�cant
detector errors. By comparing the detector response (e.g. monitor
voltages of the ASIC) with the expectation, one can test the DAQ
software. These tests were performed successfully.

The veri�cation of the data processing software is more challenging.
For testtrigger measurements the number of events is known and can
be compared to the measurement. These data match very well.

For real data, the number of coincidences is unknown and depend-
ent on many factors, for example the energy calibration. The software
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comprises different classes and many thousand lines of program code.
Without further investigation, one cannot rely on the produced res-
ults, especially given the observed deviations between simulation and
measurement (seechapter 7). I use two different methods to test and
verify the software. First, I use simulated data from Gate. Gate allows
for an independent search for coincidences, which is performed in-
dependently of any external software. Furthermore, I programmed
a small tool called “analysisCrossCheck”. This consists of much less
C++ code and the data is not processed in a data pipeline, but rather
loaded completely into the RAM . No deviations were observed with
either method.
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6 Fast Tomographic Image
Reconstruction

After processing the data of a PETmeasurement, we receive a collection
of coincidences. In modern devices, these are stored one by one in
a so-called listmode �le. Image reconstruction software, which is an
essential part of every PET scanner, is required to obtain a 3D image
from this data. There are different methods for image reconstruction.
The most common ones are �ltered backprojection and iterative image
reconstruction. In this chapter, I present a new implementation of an
iterative image reconstruction algorithm. This implementation aims
at a decrease of the computational time by precalculating the system
matrix of the PET scanner. I therefore call the introduced method
Fast Tomographic Reconstruction (FTR). After a general description of
tomographic reconstruction, the runtime of this new implementation
is compared with the established Software for Tomographic Image
Reconstruction (STIR) library [86–88]. The developed software was
used exclusively for reconstructed images presented in this thesis.

6.1 Introduction to 3D Tomographic Image
Reconstruction

Tomographic image reconstruction is used mainly for computed tomo-
graphy scan and for PET. During a PET scan, all LORs are recorded
and stored for image reconstruction. The �nal image describes the
spatial distribution of the activity in the PET scanner. Typically, the
image space is divided using a three-dimensional Cartesian grid. This
de�nes small volume elements called voxels, one on each grid node.
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Tomographic image reconstruction uses the recorded LORs to gen-
erate the image. The easiest approach is called backprojection and
in mathematics it is described by the inverse radon transform [89].
Ignoring attenuation, the geometrical interception length of a LOR
with a certain voxel divided by the total length of the LOR determines
the probability that the detected g-ray pair originates from the voxel.
This is illustrated in �gure 49 . For a backprojection, these probabilities

Figure 49: 2D example of the ray tracing in a 7 � 7 pixel grid. The
crystals are marked in green and a sample LOR in red. The
pixel grid is blue. The numbers indicate the probability, that
the decay occurred in the corresponding pixel.

of all detected LORs are added up to create the image. However, this
image will be very blurry [90]. To improve its quality, the image can
be �ltered and this method is called �ltered backprojection. While
this reduces blurriness and is not very demanding computationally,
it still does not offer the highest image quality. There is in general
no simple algorithm that can create a low-noise image with a high
spatial resolution. In mathematics this problem is classi�ed as ill-posed
[90–92]. There are several reasons why image reconstruction ofPET
data is not well-posed. Most obvious is that not all possible projections
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are measured (binning error) and only a limited number of photons
on each LOR is measured (statistical error). Furthermore, the meas-
ured data are not continuously invertible. Nevertheless, in practice,
image reconstruction works. In �ltered backprojection, the limited
number of measured projections results in star-like artefacts. These
can be removed by stronger �ltering, which in turn reduces the spatial
resolution. To overcome this issue, one can use iterative reconstruction
methods. These are the state-of-the-art solution for tomographic image
reconstruction in PET [93].

6.1.1 Iterative Tomographic Image Reconstruction

The goal of iterative image reconstruction is to improve image quality,
compared to �ltered backprojection. Therefore, a second step called
forward projection is used. First, the image space is �lled with an ini-
tial activity distribution (called prior). The simplest choice is a uniform
prior. Based on the current activity distribution, the expected LOR dis-
tribution is calculated. This is the inverse process of backprojection and
done in the same way, by using the interception lengths of each LOR
with every voxel. The measured LOR distribution is then compared
to the expected LOR distribution. The difference is backprojected into
the image space and used to update the current activity estimate. One
forward projection and one backprojection are called iteration. During
iterative image reconstruction, many such iterations are performed.
An illustration of the process is shown in �gure 50 . With each step, the
activity estimate comes closer to the true activity distribution. After a
certain number of iterations (typically 10 - 100), the process is stopped.
Increasing the number of iterations does not improve the image further.
Depending on the algorithm, the image either becomes noisier or does
not change at all. The draw back of iterative image reconstruction
algorithms is a much higher computational effort compared to the
�ltered backprojection.
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Figure 50: Schematic illustration of the iterative image reconstruction
method. Data in the image space is marked green, data in
the projection space (LOR distributions) is marked orange
and the different processing steps are marked blue.

6.1.2 Maximum Likelihood Expectation Maximisation

Maximum Likelihood Expectation Maximisation ( MLEM ) is one iterat-
ive image reconstruction algorithm. It can be described mathematically
by the following formula [94]:

I (n+ 1)
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I (n)
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I (n+ 1)
v is the updated image estimate, with the voxel index v. The

sum å k Hik I (n)
k describes the forward projection of the current activity

distribution I (n)
v . Hik is the probability that an emission in voxel k is on

the LOR i. It is one element of the system matrix of a PET scanner. P is
the measured LOR distribution with index i. The ratio of the measured
versus the estimated LOR distribution is backprojected into the image
space. This is used to update the image estimate.MLEM works well
but increases noise. To resolve this problem, a �lter (for example a
Gaussian �lter) can be used to smoothen the image. This can be done
either multiple times in between iterations or just once after the �nal
iteration [95]. In contrast to the �ltered backprojection, there are no
artefacts that need to be removed with the �ltering. The �ltering is
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therefore optional.

6.1.3 Ordered Subset Expectation Maximisation

Ordered Subset Expectation Maximisation ( OSEM) was invented to
increase the conversion speed of theMLEM algorithm [96]. Instead of
processing all projections before updating the image, only a subset of
the projections is used. To avoid artefacts, the projections in the subset
are selected to be spread evenly in the projection space. Therefore,
the number of subsets has to be an integer factor of the number
of crystals in each detector ring. OSEM is currently the standard
reconstruction method for PET image reconstruction and was also
used for my implementation [90].

6.1.4 System Matrix

The two-dimensional system matrix H contains the probabilities that
an emission in a certain voxel is on a speci�c LOR. These values
are required for the MLEM and OSEM reconstruction algorithms (see
equation 6.1). There are 16 crystal rings, each with 180 crystals in
the SAFIR Prototype insert. Assuming a 90° tangential separation
(= min. 45 crystals in tangential direction) between the hits of a
coincidence, each crystal has90 � 16 = 1440outgoing LORs, so there
are 1440� 2880= 4.1472� 106 different LORs in total. With a voxel
size of 0.73� 0.73� 0.73 mm3, the Field of View ( FOV) has a size of
around 120� 120� 50 = 720000voxels. All in all, the system matrix
has 4.1472� 106 � 720000� 3 � 1012 entries.

The system matrix of all PET scanners is sparse because eachLOR
crosses only a few voxels of the whole FOV. Current implementations
of iterative reconstruction algorithms calculate the required values of
the system matrix “on the �y” during runtime. This is done with
ray tracing: For each detector pair, a number (e.g. 25) of rays is
propagated through the image space. The average interception length
of the rays with the voxel is used for the system matrix elements Hab.
The main drawback is the huge computational effort. Attempts were
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made to increase the processing speed by using Graphic Processing
Units (GPUs) [97, 98]. However, GPU implementations are constrained
by the available memory and the need to limit conditional statements.

6.2 Reusing the System Matrix

The main idea of FTR is to reduce the computational effort compared
to state-of-the-art implementations and thereby decrease the recon-
struction time. My implementation stores the system matrix so that
it can be reused. Therefore, the demanding calculations have to be
performed only once. This was �rst tried by Ortuño et. al. [99] from
the University of Madrid. They generated one slice of the system
matrix with a Monte Carlo simulation. During reconstruction, this
slice was used together with the symmetries of the scanner in order
to obtain the other matrix elements. Their main idea was that saving
parts of the system matrix would allow for a reconstruction without
ray tracing.

In my implementation, I use ray tracing to obtain the entries of
the system matrix. In contrast to the work of Ortuño et. al., all
non-zero entries of the system matrix are stored. Furthermore, the
LORs are sorted at the beginning so that they have the same order
as the stored matrix elements. The matrix entries can then be read
sequentially from the SSD. The sequential data transfer rate for fast
SSDs is currently around 3 GBytes/s. The system matrix �le of the
SAFIR Prototype insert has a size between 6 GB and 42 GBdepending
on the number of rays used for the ray tracing. This results in an
access time of a few seconds for the whole system matrix. To further
improve the performance, I also implemented the possibility to load
all matrix elements into the RAM . Since I store all non-zero entries
of the system matrix, this method works for all detector geometries,
including designs without any symmetries.

In addition, the quality of the system matrix can be increased by
using a signi�cantly higher number of rays for the ray tracing or by
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generating it from a Monte-Carlo simulation. This is not possible with
conventional approaches, where the matrix elements are calculated
during the runtime because runtime increases linearly with the number
of rays. For my implementation, the runtime depends only on the
number of entries in the system matrix. Thus, it increases much less.

6.3 Reconstruction Settings

There are several settings in the reconstruction algorithm that have an
in�uence on image quality. The most important ones are:

i) voxel size

ii) number of rays per LOR for the system matrix calculation

iii) number of iterations

iv) number of subsets

v) �ltering used for image smoothing

vi) number of iterations between the �ltering of the image

A sensible set of parameters was chosen for the image reconstruction
(seetable 19). There is always a tradeoff between the smoothness of the
�nal image and its contrast. The voxel size was set to one third of the
crystal pitch. Due to limitations in the STIR library, the voxel size in
the axial direction is limited to half the crystal pitch (= 1.1 mm) for the
STIR reconstruction. The number of subsets was set to ten, the number
of iterations to twelve. After every full iteration, a Gaussian �lter
with 1.1 mm FWHM (= half the crystal pitch) was applied to smoothen
the image. This conservative setting potentially decreases the spatial
resolution slightly, but it increases the chance for convergence of the
image reconstruction massively. The parameters are summarised in
table 19. In STIR, the number of rays per LOR can only be changed in
the tangential direction. To match this behaviour, the number of rays
for the FTR was set to the same value.
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Table 19:Reconstruction settings used for the image reconstruction
with FTR and STIR.

Parameter FTR setting STIR setting

Voxel size 0.73� 0.73� 0.73 mm3 0.73� 0.73� 1.1 mm3

# Rays per LOR
25 � 1 � 1 (for STIR)
25 � 25 � 25 (default)

25 � 1 � 1

# Subsets 10 10
# Iterations 12 12

# Voxels 120� 120� 50 120� 120� 31

Filtering
Gaussian

FWHM 1.1 mm
Gaussian

FWHM 1.1 mm

6.4 Setup

A standard workstation was used to compare the runtime. It comprises
a “AMD Threadripper 2950X” CPU, 64 GBof RAM and a “Samsung
970 Evo” SSDwith a size of 2 TB. The total runtime was measured
with the linux shell command “time”, which includes the access time
to the SSD. I repeated every image reconstruction �ve times and
report the average runtime and the error on this average runtime. My
implementation as well as the STIR software were used with a single
thread and without GPU acceleration. No other software was running
on the computer while performing the image reconstruction. Therefore,
the CPU was always operating at maximum frequency.

STIR allows the options of using precomputed sensitivity maps
and caching LORs in RAM . These options were enabled for all re-
constructions with the STIR library. Furthermore, the STIR library
requires the listmode �les to �rst be processed with a utility called
“lm_to_projdata”. This tool generates sinograms from the listmode
�les. The runtime was also averaged over �ve runs and added to the
runtime of the STIR image reconstruction.
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The standard STIR implementation does not use the exact crystal
locations but a cylindrical model of the PET system to form the LORs.
This allows the usage of symmetries (e.g. for parallel LORs) and
thereby reduces the computational complexity. The downside of the
cylindrical approximation are artefacts that are usually removed via
normalisation. As normalisation does not increase the runtime of
the image reconstruction program I skipped it. I call the iterative
reconstruction with default settings in STIR “ STIR cylindrical”. The
SAFIR collaboration is currently developing an update for the STIR
library so that it can use the exact geometry of the scanner. This
method is called “ STIR generic”. In the next sections, I compare the
FTR with the standard version of STIR and the improved version.

The FTR also has the option to copy the system matrix into RAM
to increase the processing speed. Both options are included in the
runtime comparison.

6.5 Runtime Comparison with STIR

In this section, the runtime of the FTR is compared to the runtime of
the STIR library, with very similar settings and the same datasets.

6.5.1 Comparison with Simulated Data

Two different datasets were simulated with GATE [100]: The co-
incidence sorting was performed with the processing software de-
scribed in chapter 5. Before coincidence sorting, an energy win-
dow ( 391 keV� 601 keV) and a cut on the minimum tangential angle
(j > 90°) were applied. The coincidence window was set to 500 psand
single window coincidence sorting without Compton Recovery was
used. No normalisation, attenuation correction, scatter correction or
random correction were done and the same listmode �les were used
for both reconstruction algorithms. A central slice of each 3D image
is shown in �gure 51 . For unknown reasons, the image quality of the
STIR library is slightly worse than that of the FTR.
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FTR (i) STIR cylindrical (i) STIR generic (i)

FTR (ii) STIR cylindrical (ii) STIR generic (ii)

Figure 51: Simulated data of a uniform cylinder (i) and a hot rod
phantom (ii), reconstructed with the FTR (left column), the
STIR library with cylindrical approximation (centre column)
and the STIR library with exact geometry (right column).
For details, see table 20.
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Table 20:Different source geometries simulated to compare the STIR
library with the FTR.

Source type Source shape Activity Isotope Duration

i)
Uniform
cylinder

20 mm diameter 3 MBq 18F 16� 100 s

ii)
Hot rod
phantom

rod diameters:
1.4 mm, 1.5 mm
1.7 mm, 2.0 mm

1.5 MBq
mL

18F 150 s

The measured runtimes are summarised in table 21. The FTR from

Table 21:Runtime comparison with simulated data, average runtime
for �ve repetitions of the reconstruction.

Reconstruction i)
Cylinder
phantom

ii)
Hot rod
phantom

Max. RAM usage

FTR from RAM (45.7� 0.5) s (44.9� 0.7) s 7.2 GB

FTR from SSD (59.1� 1.2) s (58.0� 1.5) s 0.70 GB

STIR cylindrical (84.4� 0.9) s (79.9� 0.6) s 0.38 GB

STIR generic (401� 2) s (399� 1) s 11.3 GB

SSDis � 30 % faster than “ STIR cylindrical”. If more than 7.2 GBof
RAM is available the advantage increase to � 45 %. Compared to the
“ STIR generic” reconstruction, FTR is about 9 times faster. The “STIR
generic” reconstruction requires approximately 11.3 GBof RAM . If
this amount is not available, caching has to be disabled in the STIR
library and the runtime time increases by one order of magnitude. The
simulation of the cylinder phantom contains many more events and
thus increases the time required to read the data. The observed gain is
independent of the activity distribution.
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6.5.2 Comparison with Measured Data

I did a similar comparison for a measured dataset of a hot rod phantom.
The phantom had rods with diameters of 1.4 mm, 1.5 mm, 1.7 mm and
2.0 mm. It was �lled with an 18F solution with an activity of 1.5 MBq

mL .
The measurement lasted for 150 sand the data was processed (similarly
to the other measurements, seetable 19) with an energy window from
391 keV to 601 keV, a 500 ps coincidence window and a minimum
tangential separation between the hits of j > 90°. Afterwards, the
data was reconstructed once with the STIR library and once with FTR.
Sample slices are shown in �gure 52 and the measured runtimes are
summarised in table 22. The memory consumption was identical to

FTR STIR cylindrical STIR generic

Figure 52: Sample image of the measured hot rod phantom, reconstruc-
ted with the FTR (left), the STIR library with cylindrical
approximation (centre column) and the STIR library with
exact geometry (right column).

the values measured during the reconstruction of the simulated data.
If enough RAM is available, the runtime of FTR decreases by45 %
compared to “ STIRcylindrical”. If not, it decreases by 30 %. Compared
with the “ STIR generic” con�guration, the runtime is reduced by a
factor of 9. This improvement is especially important for dynamic
measurements that are reconstructed in many frames. One example
of a cardiac mouse study is shown in section 7.5. As it consists of
more than one hundred reconstructed frames, the reconstruction time
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Table 22:Runtime comparison of the reconstruction of measured data
in the SAFIR Prototype insert.

Phantom
FTR

from SSD
FTR

from RAM
STIR

cylindrical
STIR

generic

Hot rod
phantom

(57.4� 1.3) s (44.5� 0.4) s (81.7� 1.1) s (402� 1) s

is reduced by several hours.

6.6 Different Ray Tracing Settings

Ray tracing is used both in the STIR library and the FTR to obtain
the entries of the system matrix. The number of rays used per LOR
can be changed. For theFTR, one can select the number of rays in
every direction (tangential direction, axial direction and DOI direction
in the crystal). In this section, I analyse the effect that these numbers
have on the runtime of the image reconstruction as well as on the
spatial resolution of the �nal image. As seen before, the runtime is
independent of the source. Therefore, I use the same point source
measurement from the SAFIR Prototype detector and analyse it with
standard settings. The settings for the data processing are summarised
in table 23. The runtime was measured �ve times while no other
application was used on the computer. The system matrix was stored
in RAM and the runtime as well as the error of the measured runtime
are shown in table 24. Matrix size (i) is only used because it is
equivalent to the STIR reconstruction. Due to the smaller voxel size in
the axial direction (compared with STIR), not all voxels are covered by
the system matrix because the ray tracing is done only for one axial
position on each crystal. This leads to heavy artefacts at the edge of
the FOV and I do not use this method for other studies. The spatial
resolution is measured in accordance with the “NEMA-NU4” protocol,
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Table 23:Measurement settings of the point source measurement for
this comparison

Source 22Na, 603 kBq

Phantom “NEMA-cube” (1 � 1 � 1 cm3 acrylic cube)

Source position Isocentre of the scanner

Measurement time 300 s
SiPM overvoltage 6 V

Energy window 391 keV � 601 keV

Coincidence window 500 ps

# Subsets 10
# Iterations 12

Filtering
Gaussian with 1.1 mm FWHM

after every full iteration

but instead of �ltered backprojection the FTR is used [84]. I report
the FWHM and Full Width at Tenth Maximum ( FWTM) values for
the different system matrices in table 25. There is a slight decrease
in the FWHM for the reconstructions that include rays in the DOI
direction. Therefore, I use setting ix) as default setting for all image
reconstructions.

6.7 TOF Image Reconstruction

The SAFIR Prototype insert has an excellent timing resolution of below
200 ps. During typical data processing, a coincidence window of 500 ps
is used. Therefore, it is possible to narrow down the decay position
on the LOR using the time information (see section 2.1.2). This is
illustrated in �gure 53 . I implemented a TOF reconstruction into the
FTR, with a Gaussian TOF kernel and a con�gurable number of TOF
bins along the LOR. To demonstrate the effect of TOF-PET, I use the
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Table 24:Effect of the number of rays per LOR on the runtime of the
FTR and the number of entries in the system matrix.

# Rays
tangential

# Rays
axial

# Rays
DOI

# Rays
total

# Entries Runtime

i) 25 1 1 25 0.80� 109 (45.7� 0.7) s

ii) 4 4 1 16 1.37� 109 (67.0� 0.6) s

iii) 9 9 1 81 1.93� 109 (90.6� 1.5) s

iv) 25 25 1 625 2.46� 109 (112.0� 0.7) s

v) 64 64 1 4096 2.76� 109 (123.3� 2.5) s

vi) 144 144 1 20736 2.94� 109 (129.2� 1.3) s

vii) 9 9 9 729 4.90� 109 (213.6� 1.4) s

viii) 16 16 16 4096 5.93� 109 (256.6� 2.8) s

ix) 25 25 25 15625 6.70� 109 (290.9� 0.8) s

measurement of a rat-sized hot rod phantom. The rod diameter is
2 mm, the distance between the rod centres8 mm. The phantom was
�lled with 18F solution and scanned for 10 min. I used the same data
processing settings (energy window: 391 keV � 601 keV, coincidence
window time: 500 ps, tangential separation > 90 degree) as before (see
table 23). The data were then reconstructed with and without TOF.
The different images are shown in �gure 54 . One can see in the images
that the image quality is improved in the centre of the phantom. At
the edges of the phantom, there is no improvement and outside of the
phantom there are some artefacts. The same behaviour can be seen
in the line pro�le shown in �gure 55 . This study shows the general
capability of the SAFIR Prototype insert for TOF-PET imaging, but
further investigations are required before the feature can be used in
routine scans with the insert.
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Table 25:Effect of the number of rays per LOR on the spatial resolution.

FWHM x FWHM y FWHM z FWTM x FWTM y FWTM z

ii) 1.729 mm 1.607 mm 2.393 mm 3.301 mm 3.069 mm 4.700 mm

iii) 1.662 mm 1.556 mm 2.403 mm 3.221 mm 3.018 mm 4.705 mm

iv) 1.639 mm 1.478 mm 2.342 mm 3.195 mm 2.901 mm 4.631 mm

v) 1.639 mm 1.478 mm 2.342 mm 3.195 mm 2.901 mm 4.631 mm

vi) 1.636 mm 1.476 mm 2.346 mm 3.192 mm 2.899 mm 4.630 mm

vii) 1.563 mm 1.377 mm 2.245 mm 3.090 mm 2.831 mm 4.433 mm

viii) 1.560 mm 1.358 mm 2.231 mm 3.085 mm 2.820 mm 4.412 mm

ix) 1.559 mm 1.356 mm 2.228 mm 3.082 mm 2.818 mm 4.411 mm

Figure 53: TOF image reconstruction illustration, with two detector
elements (green), the decay position in red and the twenty
TOF bins along the LOR. For a non-TOF reconstruction,
these are �lled uniformly, while for a TOF reconstruction,
they are �lled with a Gaussian kernel.
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Conventional reconstruction Conventional reconstruction (10x in-
tensity)

TOF reconstruction TOF reconstruction (10x intensity)

Figure 54: Sample image of the measured hot rod phantom, recon-
structed with the normal reconstruction (top) and with TOF
reconstruction (bottom). The images on the right side have
a ten times increased intensity, so that the effects in the
background are visible. The blue line indicates the position
of the line pro�le shown in �gure 55.
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Figure 55: Line through the centre of the hot rod phantom (see
�gure 54 ). The TOF image reconstruction improves the
image quality in the centre, but leads to minor artefacts
outside of the phantom.
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7 Performance Tests - Part I

In this chapter, I present results of the initial characterisation of the
SAFIR Prototype insert. First, I show the measurements of the trigger
rate for different thresholds. In addition, I compare the performance
of different system con�gurations and I compare the measured data
to a Monte Carlo simulation of the scanner. The published results are
shown in the next chapter.

7.1 ASIC and SiPM Characterisation

7.1.1 Trigger Threshold

In section 4.6.1, I described how the noise threshold of the discrim-
inator is determined. Once this value is known, one has to set the
actual threshold. The used SiPM have a nominal optical crosstalk
of 8 % (see table 7). If the threshold is low enough and no energy
threshold is selected, dark counts will trigger the ASIC. In this �rst
measurement, the trigger rate for different thresholds is recorded. The
settings are summarised in table 26. The distribution of the trigger rate
for different threshold values in one ASIC is also shown in �gure 56 .
The readout was performed with 280 MHz, which corresponds to a
maximum hit frequency of 448 kHits/s . This was also the measured
maximum for a relative threshold of zero. The trigger rate does not
change continuously but in steps because theSiPM signal is discrete.
Each step corresponds to a certain number of triggered micro-cells.
The difference in step height is equivalent to the optical crosstalk prob-
ability in the SiPM. The average cross talk of all 36 channels in the
example ASIC is (20.3� 0.4) % for the �rst step and (23.5� 0.2) % for
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Table 26: Measurement settings for the threshold characterisation

Parameter Value

Rel. timing threshold -10 - 118

Energy threshold 0

Overvoltage 6 V

Measurement time 100 s per point

Processing None

Table 27:Trigger rate for each step for the marked channel in �gure 56

Rel. threshold / LSB Triggerrate Decrease

0 (447.28� 0.07) kHz [readout limited]

20 (162.46� 0.04) kHz
� 81.2 %

50 (30.50� 0.02) kHz
� 78.3 %

90 (6.577� 0.008) kHz

the second one. This is signi�cantly more than the value of 8 % from
the data sheet. The cause is the scintillator that is glued on top of the
SiPM. During reference measurements with bare SiPMs some of the
infrared photons ( l � 1 µm [101]) can leave theSiPM at the surface.
The scintillator crystals and the re�ector material reduce the number
of escaping photons, thus increasing the crosstalk. This effect has also
been observed by other groups [102, 103].

All channels show similar behaviour, but even though the noise
threshold has been calibrated, there is a spread of around 30 LSB
between the different channels. The average length of the steps is
(31.9� 0.9) LSB for the �rst step and (41.3� 0.9) LSB for the second
one. The different step lengths indicate a non-linear behaviour of the
corresponding DAC s in the ASIC. During normal operation however,
this does not affect the data negatively.
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Figure 56: Hit rates for different relative thresholds for ASIC #0 on
board #0 and module #0 in the SAFIR Prototype insert. One
channel is highlighted for better visibility.

The nominal dark count rate of the SiPM is 300 kHz per channel
for an ambient temperature of 25 °C and an overvoltage of 3 V. The
rate increases with increasing temperature and for higher overvoltages.
Therefore, it is currently not possible to measure the absolute threshold
with the SAFIR Prototype insert. It must be at least three photons
because there are three steps visible in the spectrum. However, meas-
urements at a lower temperature would be necessary to determine the
threshold exactly.

7.2 Optimisation of the Timing Performance

The timing performance of the insert mainly depends on the over-
voltage of the SiPMs and the relative threshold of the discriminator.
With increasing overvoltage, the gain as well as the photon detection
ef�ciency of the SiPM increases (seetable 7). This helps to increase the
timing resolution. On the other hand, the probability for noise triggers
also increases, which can lead to the detected hits being assigned the
wrong timestamps. Hits with wrong time stamps cannot be combined
into coincidences and consequently the measured sensitivity of the
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system will be reduced. The measurement settings are summarised
in table 28. The results are shown in �gure 57 . As expected, there

Table 28:Measurement and data processing settings for the threshold
characterisation.

Parameter Value

Relative timing threshold (LSB) 50; 75; 100; 125; 150

Energy threshold 25

Overvoltage 3 V; 4 V; 5 V; 6 V

Measurement time 100 s per point

Energy window 391 keV � 601 keV

Coincidence window 500 ps

is an increase in timing performance for small threshold values and
and a decrease in the number of detected coincidences. Based on this
measurement, I selected an overvoltage of 6 V and a relative threshold
of 75 LSB as default for all measurements.

7.3 Comparison to the Monte Carlo Simulation

In this section, the measured data is compared to Monte Carlo simula-
tions. The simulation is performed with the “Gate” software package
[100]. The simulation includes all crystals, the source and one layer
of plastic (2 mm thick) in between. A picture is shown in �gure 58 . In
order to include the background radiation of the LYSO crystals, I exten-
ded the source code of Gate to include the decay of 176Lu (see table 29).
The b� decay was implemented based on data from the Brookhaven
National Laboratory database [104, 105]. LYSO (Lu1.8Y0.2SiO5) has
an average atomic mass of 440.80 uand a density of 7.1 gcm� 3 [38,
107]. Therefore, there are around 1.75� 1022 Lutetium atoms per
cubic centimetre of crystal material. The radioactive isotope 176Lu
has a natural abundance of 2.59 %and a half-life of 3.76� 1010 years
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Figure 57: Coincidence timing resolution ( left ) and the number of
detected coincidences (right ) for different relative thresholds
(x-axis) and overvoltages (colours).

Figure 58: Rendering of the geometry used for the Monte Carlo simu-
lations. Left: Cut view, with the green scintillator crystals,
the grey cylinder and the grey source cube in the centre.
Right: Detailed view of the crystal matrices and the plastic
shield (grey).
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Table 29:Most important decay products of 176Lu, with a branching
ratio > 0.5 % [106].

Decay Energy Probability

b� 593 keV (max.) 100 %

g 307 keV (max.) 100 %

g 202 keV (max.) 83.3 %

g 88 keV (max.) 15.5 %

[106, 107]. Combining these numbers, the activity per volume is
264.1 Bq/mL. Each crystal in the SAFIR Prototype insert has a volume
of 2.1� 2.1� 13 mm3 = 0.057 33 mL, which results in an intrinsic activ-
ity of 15.1 Bq. To simulate the background activity, I added six spherical
sources in every crystal, each with a diameter of 2.1 mm and one sixth
of the activity.

Furthermore, no optical simulation was performed and no elec-
tronics were simulated. The energy resolution as well as the timing
resolution are modelled by Gaussian smearing of the simulated data.
The FWHM is 11.3 %for the energy smearing and 200 psfor the time
smearing. With the choice of these values, the energy- and timing
distributions match the measurement.

7.3.1 Singles Energy Spectrum

First, I compare the measured singles energy spectrum with the simu-
lated spectrum. The plot is shown in �gure 59 . The energy smearing of
the Gate simulation was chosen to match the photo peak. The spectra
match qualitatively, with the known deviation for energies further
away from the photo peak at 511 keV. Furthermore, one can see that
the energy resolution of the scanner degrades towards lower energies.
While a minor degradation is expected due to the reduced photon
statistics, the cause for the observed degradation remains unknown.
In addition, the number of singles in different energy windows is
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Figure 59: Comparison of the singles energy spectrum of the simula-
tion (red) and the measurement (black).

compared in table 30. The deviation is below 5 % for any given energy
window.

7.3.2 Singles Time Differences

The radioactive decay is a random process and the time between two
decays follows an exponential distribution. In 22Na, 511 keV g-rays
are always emitted in pairs. In most cases, a 1275 keV g-ray is also
emitted. Therefore, there is a peak for small time differences on top of
the exponential distribution. This peak can be seen clearly in the plot
of the time differences (see �gure 60 ). Furthermore, the measured data
do not match very well with the simulated data. For small time differ-
ences (<250 ps), a large number (675000) of events is missing in the
measurement compared to the simulation. For larger time differences
(> 250 ps), the measured data show an excess of singles compared
to the simulation. The comparison of the number of coincidences is
shown in table 31. In addition to the �ltering on the coincidence win-
dow time ( 500 ps), the coincidences also have a geometric constraint,
that the two hits have to have a tangential separation of more than
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Table 30:Comparison of the measured number of singles for a point
source measurement with the Monte Carlo simulations for
different energy ranges.

Energy window
# Singles

Simulation
# Singles

Measurement
Deviation

100 keV� 700 keV 8.63� 107 9.04� 107 4.8 %

200 keV� 700 keV 6.44� 107 6.14� 107 � 4.7 %

250 keV� 650 keV 5.03� 107 4.90� 107 � 2.6 %

350 keV� 650 keV 2.95� 107 3.02� 107 2.4 %

391 keV� 601 keV 2.53� 107 2.47� 107 � 2.4 %

481 keV� 581 keV 1.59� 107 1.54� 107 � 3.1 %

90°. The number of measured coincidences is always lower than that
of the simulation, especially for small energy windows, where the
difference is between � 20 % and � 25 %. The absolute difference for
the energy window from 391 keV to 601 keV is 620000 coincidences.
This is equivalent to the overall difference in the number of detected
singles in the same energy range (see table 30).

7.3.3 Discussion

The singles energy distribution as well as the distribution of the time
difference between consecutive hits differ between simulation and
measurement. For the energy distribution, there is a drop in energy
resolution towards smaller absolute energies. However, the impact on
the overall detector performance is not signi�cant because we usually
apply an energy window that covers only the photopeak. In this region
of the spectrum, the measured and simulated data match well. If data
are processed with Compton recovery, this reduced resolution for
singles with lower energy reduces the energy resolution of the system.
For a better understanding of the lower part of the energy spectrum,
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Figure 60: Time difference between consecutive singles before coincid-
ence search. An energy window from 391 keV to 601 keV
was applied. The simulation data are red and the measured
data are black.

further measurements with different g-ray emitters would be bene�cial,
especially in the energy range between 100 keV and 400 keV.

The mismatch in the timing spectra shown in �gure 60 is more severe
for understanding of the overall detector performance. Table 32con-
tains the number of consecutive singles with an energy from 391 keV
to 601 keV for different time windows. For large time differences
(> 10 ns), measurement and simulation match well. On the other hand,
there is a signi�cant deviation for time differences below 10 ns. This
can be either caused by an incomplete simulation or by measurement
errors.

Currently, the Gate simulation does not include any optical simula-
tion. In addition, the Yttrium fraction of our LYSO in our scintillator
crystals is not known. We estimated it at 10 %. The latter could be
included easily by analysing the exact composition of the crystal ma-
terial. Precise optical simulations are more dif�cult to add because
they depend on many unknown parameters (e.g. surface roughnesses).
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Table 31:Comparison of the measured number of coincidences for a
point source measurement with the Monte Carlo simulations
for different energy ranges.

Energy window
# Coincidences

Simulation
# Coincidences
Measurement

Deviation

100 keV� 700 keV 3.93� 106 3.52� 106 � 10 %

200 keV� 700 keV 4.62� 106 4.22� 106 � 8.7 %

250 keV� 650 keV 5.34� 106 4.18� 106 � 22 %

350 keV� 650 keV 2.60� 106 2.06� 106 � 21 %

391 keV� 601 keV 2.30� 106 1.72� 106 � 25 %

481 keV� 581 keV 1.16� 106 0.93� 106 � 20 %

While both effects in�uence the singles rates, they do not cause delays
of a few nanoseconds. Since the singles rates match, the observed
deviation must rather be sought in the measurement.

Test trigger measurements show that more than 99.9 %of the trig-
gers are detected without any faulty or delayed time stamps. During
these measurements, the digital part of the PETA6SE ASICis triggered
directly and the data are processed normally. The remaining differ-
ence between the simulation and measurement is the optical domain,
the photo detectors, the electrical signals on the SP6board and the
analogue front-end of the ASIC. Neither a reduction of the SiPM over-
voltage nor an increase of the discriminator threshold increased the
coincidence rate (see�gure 57 ). Analysing the spatial distribution of
singles also showed no signi�cant effect. For further investigations, it
will be useful to develop a small �rmware update for the FPGA on the
SDIP boards so that the “SE_inject” input of the PETA6SE ASICcan
be used. This allows for a direct charge injection in the front-end of
the ASIC to verify its correct functionality. Additionally, one can use
optical light pulses to trigger the SiPM without scintillator crystals in
order to analyse the impact of the SiPM or electrical crosstalk on the
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Table 32:Number of consecutive singles in certain time ranges, after
an energy cut from 391 keV to 601 keV.

Time window Simulation Measurement Deviation

0 ps � 250 ps 2.832� 106 2.158� 106 � 24 %

250 ps� 500 ps 1.290� 104 1.188� 105 820 %

0 ps � 500 ps 2.845� 106 2.277� 106 � 20 %

0 ns � 10 ns 2.861� 106 2.412� 106 � 16 %

10 ns� 100 ns 1.490� 105 1.484� 105 � 0.4 %

100 ns� 1000 ns 1.447� 106 1.416� 106 � 2.1 %

1 µs � 100 µs 2.084� 107 2.070� 107 � 0.7 %

SP6.

7.4 Most Useful Processing Con�gurations

Changing aspects of the processing con�guration such as the energy
window or the settings of the Compton recovery in�uences the per-
formance �gures of the detector. In this section, I compare �ve different
settings. The results are shown in table 33. The settings are sorted
by increasing peak sensitivity. Depending on the processing setting,
the peak sensitivity ranges between 0.58 %and 2.0 %. The coincidence
resolution time and the coincidence energy resolution decrease slightly
if Compton recovery is used.

To analyse the in�uence of different processing settings on the spa-
tial resolution, I used the FTR introduced in chapter 6. The spatial
resolution is measured in accordance with the “NEMA-NU4” protocol,
but instead of �ltered back projection the FTR is used [84]. The settings
of the FTR are summarised in table 34. I report the FWHM values for
the different processing settings in table 35. There is a slight improve-
ment of the spatial resolution in all three dimensions, for settings
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Table 33: Comparison of the most useful processing con�gurations.

Con�guration
CER

(FWHM)
CRT

(FWHM)
Peak

sensitivity

481 keV� 581 keV 12.0 % 189 ps 0.578 %

481 keV� 581 keV
+ Compton Recovery 5 mm

12.7 % 200 ps 0.856 %

391 keV� 601 keV 12.2 % 196 ps 1.05 %

391 keV� 601 keV
+ Compton Recovery 5 mm

13.1 % 206 ps 1.81 %

391 keV� 601 keV
+ Compton Recovery 8 mm

+ four hits
13.5 % 208 ps 2.00 %

with higher peak sensitivity (see table 35). The asymmetry in x- and
y-direction is caused by the �nite and non-spherical form of the point
source. The spatial resolution in z-direction is lower than in x- and
y-direction, because the oblique LORs decrease spatial resolution. This
could be improved in a future detector system, with the help of DOI
g-ray detectors.

7.5 Time Activity Curves

The SAFIR PETscanner is designed to measure time-dependent activ-
ity distributions. The �nal goal is quantitative neuroimaging with
15O-H2O in rats. As a �rst step, a measurement of a 18F-based cardiac
tracer in mice was performed. Two injections were done, �rst with
7.6 MBq and after 30 min a second with 108.3 MBq. The �rst injection
is comparable to measurements that can be performed with existing
preclinical PET scanners. The second, high-rate measurement would
not be possible with other PET scanners. The settings are summar-
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Table 34:Reconstruction settings used for the image reconstruction
with FTR.

Parameter FTR setting

Voxel size 0.73� 0.73� 0.73 mm3

# Rays per LOR 25� 25 � 25

# Subsets 12
# Iterations 12

# Voxels 120� 120� 50

Filtering
Gaussian FWHM 1.1 mm

after every iteration

ised in table 36. The dataset was reconstructed frame-wise, with the
reconstruction software presented in chapter 6. As it is the biologically
interesting phase, a frame duration of 3 s was selected for the uptake.
Afterwards a coarser binning ( 10 s and 30 s) was used. In total, 106
frames were reconstructed. One of the 30 s frames was used to de�ne
a Region Of Interest (ROI), which is shown in �gure 61 . The ROI is a
sphere with a diameter of 7 mm. It was used to obtain a measure of the
total activity in the heart muscle. This number was corrected for the
decay of the 18F-based tracer. The corrected result is shown in �gure 62 .
The image of the high activity measurement is of much better quality.
As the time-activity curves are not normalised, it is not possible to give
an accurate number of the tracer activity in the heart. Furthermore,
the injections were done manually, so there might be a non-steady
input function. The bene�t of the high activity measurement is clearly
visible, with much reduced error bars.
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1st injection, 7.6 MBq 2nd injection, 108.3 MBq 2nd injection, with ROI

Figure 61: Example frames of 30 s duration, measured 15 min after
injection. The ROI is a sphere with 7 mm diameter around
the heart.

1st injection, 7.6 MBq 2nd injection, 108.3 MBq

Figure 62: Time activity curves for the two injections of 18F based tracer
(undisclosed) into the same mouse.



Chapter 7. Performance Tests - Part I 135

Table 35:Effect of different processing setting on the spatial resolution
in the centre of the SAFIR Prototype insert. The coincidence
window time was 500 ps.

Setting FWHM x FWHM y FWHM z

481 keV� 581 keV 1.477 mm 1.233 mm 2.178 mm

481 keV� 581 keV
+ Compton Recovery 5 mm

1.543 mm 1.324 mm 2.248 mm

391 keV� 601 keV 1.536 mm 1.314 mm 2.245 mm

391 keV� 601 keV
+ Compton Recovery 5 mm

1.591 mm 1.405 mm 2.302 mm

391 keV� 601 keV
+ Compton Recovery 8 mm

+ four hits
1.602 mm 1.421 mm 2.309 mm



136 Chapter 7. Performance Tests - Part I

Table 36: Settings for the in vivo mouse measurement

Tracer 18F-based
Activity 7.6 MBq & 108 MBq

Measurement time 2 � 1500 s
SiPM overvoltage 6 V

Rel. threshold 75 LSB
Energy window 391 keV � 601 keV

Compton recovery no
18F decay correction yes

Normalisation no
Attenuation correction no

Random correction no

Time frames
60 � 3 s (0 s� 180 s)

18 � 10 s (180 s� 360 s)
28 � 30 s (360 s� 1200 s)
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8 Performance Tests - Part II

This chapter contains the content of the publication “Initial Character-
isation of the SAFIR Prototype PET-MR Scanner” that is under review
in “IEEE Transactions on Radiation and Plasma Medical Sciences”. The
authors of this publication are: Christian Ritzer, Robert Becker, Alfred
Buck, Volker Commichau, Jan Debus, Lubomir Djambazov, Afroditi
Eleftheriou, Jannis Fischer, Peter Fischer, Mikiko Ito, Parisa Khateri,
Werner Lustermann, Michael Ritzert, Ulf Röser, Markus Rudin, Ilaria
Sacco, Charalampos Tsoumpas, Geoffrey Warnock, Matthias Wyss, Ag-
nieszka Zagozdzinska-Bochenek, Bruno Weber and Günther Dissertori.
The publication was initially submitted on the 4th of August 2019. The
�rst revision was submitted on the 15th of November 2019, the second
one on the 29th of December 2019 and the third (and �nal) one on the
23rd of February 2020. The �nal version was accepted on the 27th of
February 2020 and is presented in this chapter. The list of references
of the original publication is merged into the list of publications at the
end of this thesis.

To obtain the presented results, the presentedDAQ system (chapter 4),
data processing software (chapter 5) and image reconstruction soft-
ware (chapter 6) were used. To calibrate the energy, the method based
on the 511 keV and 1275 keVpeak was used. Therefore, the results are
slightly worse than the values shown before.

8.1 Abstract

The SAFIR collaboration is currently developing a high-rate positron
emission tomography ( PET) insert to study fast kinetic processes in
small animals. Our insert is designed for simultaneous image acquisi-
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tion with a preclinical 7 T magnetic resonance (MR) imaging device. In
contrast to existing preclinical PET scanners and inserts, our hardware
is optimized for high-rate measurements with source activities up to
500 MBq.
As a �rst step, the SAFIR Prototype insert was constructed. This
already incorporates the �nal components, but has a reduced axial
�eld-of-view ( 35.6 mm). We use lutetium-yttrium oxyorthosilicate crys-
tals (2.12� 2.12� 13 mm3) one-to-one coupled to silicon photomulti-
pliers. All analogue signals are digitized within the insert. We use 49
MR-compatible DC-DC converters in the insert to provide the power
to all readout electronics.
After shimming, no degradation of the homogeneity of the static B0

�eld in the MR scanner was observed. During full operation we saw
a minor reduction in the signal-to-noise ratio of the MR data of 4.9 %.
With a low activity point source ( 22Na 0.65 MBq) we obtained a coin-
cidence energy resolution of 13.8 %(FWHM ) and a coincidence timing
resolution of 194 ps(FWHM ). First PET/ MR rat brain and high-rate
mouse cardiac images (84.9 MBq) are shown in this work.

8.2 Introduction

The SAFIR collaboration was formed to develop a positron emission
tomography ( PET) insert for an existing preclinical magnetic reson-
ance (MR) imaging system (Bruker BioSpec 70/30) [3, 4]. The insert
is designed for very high count rate measurements, enabling image
acquisition times of less than 5 s [2, 108, 109], something that in hu-
mans has become possible only recently with the development of the
total body PET scanner [110]. The target activity in the �eld-of-view is
500 MBq, which leads to hit rates of about 60 kHz per crystal. In order
to handle these data rates, a one-to-one coupling for the Lutetium-
Yttrium OxyorthoSilicate ( LYSO) crystals and the Silicon PhotoMul-
tipliers ( SiPM), was speci�ed. The requirements for the detector are
based on GATE simulations [4]:
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i) Spatial resolution: < 2 mm
ii) Coincidence timing resolution: < 300 ps

iii) Energy resolution: < 20 %

In this work, we focus on the coincidence energy resolution, the co-
incidence timing resolution and the MR-compatibility. Furthermore,
we show the �rst high rate images and our �rst combined PET-MR
image. The geometric dimensions of the constructed PET insert are
summarized in table 37.

Table 37: Dimensions of the SAFIR Prototype PET-MR Scanner.

Axial FOV 35.8 mm
Transverse FOV with / without MR coil 72 mm / 114 mm

# crystals 16� 180= 2880

Crystal size 2.12� 2.12� 13 mm3

Crystal pitch 2.2 mm

SiPM pixel size 2.0 � 2.0 mm2

Outer diameter 199 mm
Length 103 cm

8.3 Materials

The SAFIR Prototype insert has the shape of a hollow cylinder with
an inner (outer) diameter of 114 mm (199 mm) and an overall length
of 103 cm. The mechanical support structure is made of carbon �bre.
Internally the insert comprises twelve identical sectors on an equilateral
dodecagon. On each face of this dodecagon, a carbon �bre casket
is mounted, housing the digital interface board equipped with two
detector modules. The detector has an axial �eld of view of 35.6 mm
and the distance between opposing crystals is 128 mm. At the end
of the detector there are fast signal distribution boards and power
distribution boards. A rendering of the insert is shown in �gure 63.
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Figure 63: Rendering of the SAFIR Prototype insert.

8.3.1 HF Shielding

We use three different RF shields in the SAFIR Prototype insert. The
innermost layer is the carbon �bre cylinder, with 2 mm wall thickness.
It is followed by a copper-Kapton multilayer shield. This comprises
25 mm wide stripes of copper ( 35 µm thickness) and Kapton tape
(69 µm thickness). The different layers overlap by 12.5 mm. This shield
covers the central area of the insert (20 cm long). Finally there are
the carbon �bre caskets, that house the electronics. All carbon �bre
material is made with graphite enriched epoxy glue.

8.3.2 Detector Module

The detector module comprises a readout board, two SiPM arrays and
two LYSO crystal matrices (Tianle Photonics). The crystals are one-to-
one coupled to the SiPMs. Crystals of 2.12� 2.12� 13 mm3 are used
and arranged in crystal arrays of 7 � 8 and 8 � 8 crystals with a pitch
of 2.2 mm. The crystals within each array are optically separated by
enhanced specular re�ector foil (3M Vikuiti Enhanced Re�ector Films).
The arrays are glued onto SiPM matrices made of 8 � 8 pixels with
2 � 2 mm2 pixel size and 2.2 mm pixel pitch (Hamamatsu TSV MPPC
array S13361-2050AX-08). The customSiPM arrays provide readout
of all cathodes while having common anodes. Thus their negative



Chapter 8. Performance Tests - Part II 141

signal polarity matches the readout Application-Speci�c Integrated
Circuits ( ASIC) employed. Each readout board carries four ASICs, two
per SiPM array. We use the PETA6SE-ASIC designed by Prof. Fischer
and his group from the University of Heidelberg as readout ASIC [60]
[59]. It has 36 single-ended input channels, a size of 5 � 6 mm2 and
is �ip-chip bond-able. The ASIC ampli�es the pulse of the SiPM and
uses a Time-to-Digital-Converter ( TDC) comprising a �ne counter (bin
width 50 ps) and a coarse counter (bin width 1.6 ns) together with a
fast leading edge discriminator to measure the arrival time of the SiPM
signals. 18 channels share oneTDC. In addition, a Charge-to-Digital-
Converter (QDC) measures the signal charge. TheASIC needs about
33 mW input power per channel and operates at 1.8 V. Two differential
data transmission lines per ASIC, operating at 200 MHz, are used to
transfer the digitised data to the digital interface board. An image of
the readout board is shown in �gure 64 . In total there are 2880 crystals
and 3072 SiPM pixels in the insert.

Figure 64: Picture of the detector module (top to bottom): LYSO crystal
matrices, SiPM arrays, the readout board hosting 4 �ip-chip
bonded PETA6SE ASICs (covered by two heatsinks) and the
end of the digital interface board.
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8.3.3 Digital Interface Board

There is one digital interface board in each sector, thus twelve in total.
The functions of the digital interface board are: data transfer from the
ASICs to the Data Acquisition ( DAQ ) computer, ASIC con�guration
and slow control. We employ a FPGA (Xilinx Kintex 7 “XC7K70T-
2FBG484I”) and an optical Ethernet link, operated at 1 GBit/s [5].
Within the Kintex FPGA, we use a softcore microcontroller (MircoBlaze)
for the slow control tasks. These include temperature measurement
and communication with the bias voltage system. For the temperature
measurement, there are �ve onboard sensors (LTC 2990) below the
�ve slots for readout modules [111]. An image of the digital interface
board, together with two detector modules and a bias generation board
is shown in �gure 65. Their interplay is illustrated in �gure 66.

Figure 65: All electronics from one casket (from left to right): second-
ary power distribution board (bottom left), bias generation
board (top), one digital interface board and two detector
modules (top right).

Figure 66: Interplay of the boards within the insert and with the infra-
structure outside of the MR room. The data path is marked
in red.
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8.3.4 Power Distribution and Conversion

The digital electronics in the SAFIR Prototype insert is supplied by a
single power supply, placed outside of the Faraday cage. It provides
power at 16 V DC and is connected via 11 m long cables (10 m with
6 mm2 and 1 m with 2.5 mm2) with the primary power distribution
boards inside the insert. These boards have reverse voltage protec-
tion diodes and transient-voltage-suppression diodes to protect the
detector from incorrect operation and distribute the voltage further
to the secondary power distribution boards (one in each casket). We
developed MR-compatible DC-DC converter modules, to generate all
required voltages inside our detector [68]. The DC-DC converters take
any input voltage from 6 V to 20 V and transform it to the intermediate
voltages of 2.4 V and 4.1 V. In total, we have 49 DC-DC converters
installed inside the insert. They supply linear low-dropout regulators,
providing all voltages ( 1 V � 3.3 V) for the components. The conversion
ef�ciency of our DC-DC converter modules is 85 %and the total input
power of our insert is about 300 W.

8.3.5 Bias Generation

We use three different voltages (� 50 V; � 12 V) for the bias system,
which are brought into the insert from three independent power sup-
plies, placed outside of the MR-room. These are fed into the bias
distribution boards, which in turn supply twelve bias and temperature
(SBT) boards, one per sector. TheSiPMs need a bias supply of about
� 58 V. The bias voltage is composed of a �xed shift voltage of � 50 V,
stabilized with remote sensing and an adjustable part of 0 V to � 10 V
provided by the SBTboard. Each SBTboard has six independent out-
put channels. We use one bias channel for each detector module and
both SiPM arrays on the module are selected to have approximately
the same break down voltage. In addition, there is the possibility to
correct the bias voltage of eachSiPM channel from within the ASIC,
a feature which was not used for the results presented in this work.
Overall, the bias system has an absolute accuracy of85 mV, which
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is similar to the typical spread of the break down voltages of the 64
SiPMs in one array. We operate all SiPMs with an overvoltage of 6 V.

8.3.6 Fast Signal Generation and Distribution

We have three fast control signals in our detector system. These are
the 25 MHz system clock, the synchronisation signal and the test-
trigger signal. All signals are transmitted via Low Voltage Differential
Signaling (LVDS) connections throughout our insert. There is one
fast control master board, generating these signals. It is connected
to two fast control distribution boards, which distribute them to the
digital readout boards. On the digital readout boards, the signals are
distributed further to all attached ASICs on the detector modules. All
inter-connections for the fast control signals use standard Ethernet
cables with RJ45 connectors.

8.3.7 Cooling System

The SAFIR Prototype insert employs forced air cooling. We use a
2.2 kW side-channel blower (SCL K05-MS-2.2kW) to suck air through
the detector. The blower is placed in the technical room and operates
continuously at full power. It is connected via plastic tubing ( 45 mm
inner diameter, 10 m length) with four hoses ( 20 mm inner diameter,
1 m length) coming out at one end of the insert. On the other side,
ambient air (20 °C) �ows into the insert. The fresh air �rst passes the
SiPMs and ASICs, followed by rest of the electronics.

8.3.8 MR System

We use a “Bruker BioSpin 70/30 MRI” system together with a “B-
GA20S” gradient system. The gradient system has an inner diameter of
200 mm, a maximum gradient strength of 200 mT/m and a maximum
slew rate of 640 T/m/s . For all phantom measurements, we used a
mouse size volume coil (Bruker “RF RES 300 1H 075/040 QNS TR”).
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In addition, we used a rat size volume coil (Bruker “RF RES 300 1H
112/72 QNS TR M”) for the simultaneous PET/MR animal images.

8.4 Methods

8.4.1 Temperature Measurement

The onboard temperature sensors are read out once per second. We
record all temperature values together with other slow control data for
of�ine analysis. Ten temperature measurements are used to calculate
the mean temperature over a 10 s period.

8.4.2 Data Processing

The raw data from the insert are saved on the DAQ computer and
all processing is done of�ine. We apply calibration data (see next
subsection) to get singles and afterwards we use a single window
coincidence sorter (500 pscoincidence window) to obtain coincidences.
Coincidences consisting of more than two singles are rejected (if no
inter-crystal scatter recovery is active). All coincidences are �ltered
with an energy window (standard: 391 keV � 601 keV). A cut on the
tangential angle between the singles (< 90°) is applied. There is the
possibility to recover triple coincidences. We do this for the recovery
of inter-crystal scatter by searching for pairs of hits, which are closer
together than a speci�ed distance, called recovery range (typically
3.5 mm or 5 mm). These pairs are combined into singles. For the
combined energy, we use the sum of the two individual energy values.
The time stamp is generated by the weighted mean of the two time
stamps, with their energy values as weights. If inter-crystal scatter
recovery is used, we apply the energy window and the tangential cut
on the recovered singles.
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8.4.3 Data Calibration

We use the measurement from a 22Na point source positioned in the
centre of the �eld of view to obtain energy and timing delay calibration
data. To get the energy E (in keV) from the measured QDC value, we
use a logarithmic model:

E = ac(QDC � bc)gc,

with three constants ac, bc and gc, that depend on the channel c. The
offset bc is derived from a test-trigger measurement. The other two
constants are derived from 22Na data. We determine the position of
the 511 keV and the 1275 keVpeaks and analytically calculate ac and
gc.

The timing delay calibration is done in two steps using the point
source measurement data. First we process it with a wide coincidence
window ( 5 ns), cut on the photo peak (391 keV� 601 keV) and combine
all 16 channels of one TDC. We use the mean value mi j of the time
difference of each TDC pair i, j together with its standard deviation si j

and the number of coincidences ni j .

å
i j

(mi j � di + dj )2

s2
ij ni j

We minimize this sum and obtain the delay values di and dj for the
TDCs.
Afterwards the same procedure is repeated with a narrower coin-
cidence window ( 1.5 ns) for all crystals. The delay values from the
TDC calibration are applied and the same energy window (391 keV �
601 keV) is used. Before the minimisation, we �lter on the number of
coincidences per crystal pair (min. 50), in order to increase the stability
of the calibration routine. More than 1 million coincidences were used
in total for this calibration.
Moreover, we use the point source measurement data to calibrate the
energy dependent delay caused by the leading edge discriminator
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(time-walk effect) [112]. We correct the time stamps of the singles by
Dt based on the measured energyE using:

Dt = k(E � 511 keV)2

with a global constant k. We process the dataset with all delay calib-
ration data applied, a large energy window ( 211 keV � 661 keV) and
a 500 ps coincidence window. Additionally we �lter the energies
of the coincidences, so that one single always is on the photo peak
(461 keV� 561 keV). We analyse the time difference with respect to the
energy of the other single and obtain k from a �t to this distribution.
The calibration data are saved and reused for all other measurements.

8.4.4 Inter-Crystal Scatter Recovery

Inter-crystal scatter recovery is performed after coincidence search. In
coincidences with three hits, we look for pairs of hits that are closer
together than a speci�ed distance, called recovery range (typically
3.5 mm or 5 mm). The two interactions are merged into a single. We
have tested different methods to combine the interactions and selected
the one with the most accurate crystal assignment, measured by the av-
erage minimum distance of the lines of response to the source position.
We select the interaction with the higher energy as primary interac-
tion. The second interaction is removed and its energy is added to
the primary interaction. The time stamp is generated by the weighted
mean of the two time stamps, with their individual energy values as
weights. The time stamp of the second interaction is corrected for the
�ight time of the scattered gamma ray between the crystals. At the
end, the �nal energy window and the cut on the minimum separation
in tangential direction is applied on the recovered data.

8.4.5 Data Analysis

We report the energy resolution and timing resolution after coincidence
search. For the analysis of the coincidence energy resolution (CER) we
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�tted a Gaussian function over the interval from 480 keV to 580 keV to
the coincidence energy spectrum. We report the full width at half max-
imum ( FWHM ) of the �tted function. To obtain the coincidence timing
resolution ( CTR) from the timing spectrum, we select the highest bin
and �t a parabola through it and its two neighbours. The peak of the
parabola is used as maximum. Afterwards we interpolate between
the bins of the coincidence timing spectrum at half the maximum to
obtain the FWHM value of the measured distribution. The number
of all lines of response that are not more than 10 mm away from the
source is reported in addition. We analyse the same dataset with
different energy windows as well as inter-crystal scatter recovery. If
inter-crystal scatter recovery is enabled, we �rst use a wide energy
window ( 100 keV� 601 keV) for the coincidence search and apply the
�nal energy window (391 keV � 601 keV) on the recovered data.

8.4.6 Image Reconstruction

We save all coincidences in the form of listmode �les. Image reconstruc-
tion is then performed using a standard ordered subset expectation
maximisation algorithm [96]. The system matrix is calculated by ray-
tracing, with 15625 rays per line of response. We use a voxel size of
0.733� 0.733� 0.733 mm3 (1/3 of the crystal pitch) and create images
of 120x120x60 voxels. In total 12 iterations are used, with 12 subsets
each. After every full iteration a Gaussian �lter with a FWHM of
1.467 mm(2/3 of the crystal pitch) was applied to smooth the image
[95].

8.4.7 PET Images

All raw data were stored and processed of�ine with an energy window
from 391 keV � 601 keV, 500 ps coincidence timing window and no
inter-crystal scatter recovery was applied. The presented images are
slices with a thickness of one voxel (0.733 mm) and they are zoomed by
a factor of ten with linear interpolation. The image fusion of the PET
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and MR images is performed using commercially available software
(PMOD Technologies LLC). We show three different measurements:

i) Mouse sized hot rod phantom: 1.5 MBq/mL 18F, 150 s acquisi-
tion time, four different rod-diameters ( 1.4 mm, 1.5 mm, 1.7 mm,
2.0 mm) and a rod-center to rod-center distance of twice their
diameter

ii) Ex vivo rat brain: 37.3 MBq 18F-labeled-tracer (undisclosed), two
bed positions with 700 sand 900 sacquisition time, with simul-
taneous MR acquisition at 2 h after injection, MR sequence: T2
turborare 3D

iii) In vivo mouse cardiac: 84.9 MBq 18F-labeled tracer (undisclosed),
1800 stotal acquisition time, two frames reconstructed for a dura-
tion of 5 s at 1200 s after injection

8.4.8 B0 Field Distortions

For this measurement, we used a cylindrical and homogeneous phantom
�lled with a Bruker calibration solution (H 2O, with 1 g/L CuSO 4 and
3.6 g/L NaCl). We measured two B0 maps (40 � 40 � 40 mm3, voxel
size: 0.5� 0.5� 0.5 mm3) following shimming of the MR system. One
map is taken without the SAFIR Prototype insert and the other one
with the insert. Three central slices are shown in the result section.

8.4.9 HF Distortions

This measurement was performed after the shimming of the MR sys-
tem. We used the same phantom as for the B0 �eld distortions measure-
ment together with the Bruker Quality Assurance-SNR protocol. This
is based on a T1-weighted sequence with an automatic post-processing.
The output is the Signal-to-Noise ratio ( SNR) normalized to the voxel
volume. Five repetitions of this measurement were acquired. We report
the mean value and standard deviation. To investigate the effect of our
insert, we repeated this measurement �ve times: a) without the insert,
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b) with the insert switched off, c) after start up in a low power state, d)
during idle operation at full power and e) during data acquisition.

8.4.10 In�uence of the MRI on the PET Count Rate

For this measurement a point source was placed on the animal bed,
positioned in the isocentre of the PETinsert in the MR system. A mouse
volume coil (Bruker “RF RES 300 1H 075/040 QNS TR”) covered the
source as well as a small water phantom. PET data was acquired while
different MR sequences were running. The measurement time was
100 sper data point. The data was processed with a single window
coincidence sorter, an energy window from 391 keV to 601 keV, 500 ps
coincidence window time and a minimum tangential separation of the
hits in one coincidence of j > 90°. We compare the coincidence rate
for different sequences with a reference measurement in the B0 �eld.

8.5 Results

8.5.1 Temperature Measurements

The average board temperatures are summarized in table 38. The
maximum average temperature was 27.09 °Cand the minimum average
temperature was 25.59 °C. The measured temperature values for board
2 over a time of 40 min are shown in �gure 67 . There is no overall
trend visible. The sensor (red) below the �rst detector module closest
to the air intake was about 3 °C colder than the other sensors. The
sensor (green) furthest away from the air intake measured the highest
temperatures. The temperatures are very stable within one degree
Celsius. With an external thermometer, we measured a temperature
difference of 5 °C between the air intake of the insert and the air outlet
of the insert.
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Table 38: Average board temperatures

board average temperature over 40 min

# 0 (26.72� 0.02) °C

# 1 (26.98� 0.02) °C

# 2 (27.09� 0.02) °C

# 3 (25.92� 0.02) °C

# 4 (25.59� 0.01) °C

# 5 (26.33� 0.02) °C

# 6 (26.37� 0.02) °C

# 7 (26.48� 0.02) °C

# 8 (25.94� 0.02) °C

# 9 (26.47� 0.02) °C

# 10 (26.40� 0.02) °C

# 11 (25.75� 0.02) °C

8.5.2 Coincidence Energy and Timing Spectrum

The measured coincidence energy spectrum for all channels is shown
in �gure 68 . The FWHM obtained from the Gaussian �t is 13.8 %.
The minimum between the photopeak and the Compton edge was
at an energy of around 390 keV. The measured coincidence timing
spectrum (energy cut: 391 keV� 601 keV) for all channels combined is
shown in �gure 69 . The plot contains the measured time differences
of all recorded coincidences. The FWHM obtained for the coincidence
timing resolution was 194 ps. This is equivalent to an average singles
timestamp precision of 194 psp

2
= 137 ps (FWHM) corresponding to

ssingle = 58 ps.
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Figure 67: Measured temperature values (10 s average) for the �ve
sensors on board 2 (warmest board).

Figure 68: The measured coincidence energy spectrum from 200 keV
to 700 keV.
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Figure 69: The measured coincidence timing spectrum for an energy
window of 391 keV � 601 keV.

8.5.3 Results for Inter-Crystal Scatter Recovery

For this analysis, the data of the same dataset were processed with
different settings, according to table 39. As comparison to the results
for the inter-crystal scatter recovery we present results for wider energy
windows without inter-crystal scatter recovery, too. The inter-crystal
scatter recovery decreased the coincidene timing resolution from 194 ps
to 205 ps. The bene�t was an increase of about 41 % � 63 % in the
number of detected coincidences.

8.5.4 B0 Field Distortions

The measured B0 maps are shown in �gure 70 . The maximum devi-
ations were around 0.1 ppm in the shimmed area (a cylinder of 26 mm
diameter and 15 mm length, to �t the phantom) and 0.7 ppm at the
edges of the �eld of view.
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Figure 70: Three representative slices from B0 maps with/without
SAFIR. Slices 20, 40, 60 from 80 slice acquisition (80� 80
matrix size in plane). Top: B0 map without SAFIR, after
shimming;
Bottom: B0 map with SAFIR, after shimming.
The black box indicates the shimming region.
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Table 39:Coincidence timing resolution ( CTR) for different analysis
settings. ICSR = inter-crystal scatter recovery

Analysis
CTR

FWHM
# Coincidences

200 keV� 700 keV 219 ps 4.48� 106

250 keV� 700 keV 213 ps 3.78� 106

350 keV� 650 keV 198 ps 1.94� 106

391 keV� 601 keV 194 ps 1.68� 106

391 keV� 601 keV
+ ICSR 3.5 mm

205 ps 2.37� 106

391 keV� 601 keV
+ ICSR 5.0 mm

205 ps 2.57� 106

391 keV� 601 keV
+ ICSR 8.0 mm

205 ps 2.73� 106

8.5.5 HF Noise

The results obtained with the Brucker “QA-SNR” sequence are sum-
marized in table 40. With all electronics powered up, the insert requires
about 300 Winput power. This resulted in an SNR degradation of 2.7 %.
During data readout (same power consumption), the degradation in-
creased to 4.9 %.

8.5.6 In�uence of the MRI on PET Coincidence Rate

The measured change of the coincidence rate for different MR se-
quences is shown in table 41. The change in the coincidence rate is
below 0.5 % for all tested MR sequences.
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Table 40: Normalized SNR values for different operating conditions.

Operating Condition Normalized SNR Deviation

a) Baseline (no insert) (3968� 18) mm � 3 0 %

b) Insert off (4022� 58) mm � 3 + 1.4 %

c) Digital electronics on (120 W) (3918� 47) mm � 3 � 1.3 %

d) All electronics on (300 W) (3859� 59) mm � 3 � 2.7 %

e) + Data Readout (3772� 32) mm � 3 � 4.9 %

Table 41:Deviation of the measured coincidence rate for different MR
sequences

MR sequence Coincidence rate deviation

B0 only (0.00� 0.20) %

T1-Flash (� 0.37� 0.20) %

T2-TurboRare (� 0.49� 0.20) %

EPI-LR (� 0.26� 0.20) %

EPI-HF (� 0.13� 0.20) %

8.5.7 Images

The �rst image ( �g. 71 ) shows a single slice of the hot rod phantom.
One can distinguish all rods with 1.7 mm and 2 mm diameter. The
1.5 mm and 1.4 mm rods cannot be separated completely. A pro�le is
shown in �gure 72.

Figure 73 shows two slices of an ex vivo rat-brain image taken fol-
lowing an in vivo measurement with 18F-labeled tracer (undisclosed).
It is an alpha-blended fusion of two stitched PET images from con-
secutive bed positions and one MR image. The �rst PET image was
acquired simultaneously with the MR image and afterwards the rat
was repositioned for the second PET image. The images match without
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Figure 71: Hot rod phantom with four different rod-diameters ( 1.4 mm,
1.5 mm, 1.7 mm, 2.0 mm) and �lled with 18F (1.5 MBq/mL ).
The blue line shows the position of the line pro�le through
the 1.7 mm and 2 mm rods.

Figure 72: Line pro�le through the 1.7 mm and 2 mm rods (see
�gure 71).
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visible distortion (assessed during image matching in x/y/z planes).

Figure 73: Two representative slices from a rat brain PET-MR image,
3D T2 turboRARE (Bruker) MR sequence for anatomical
reference, ex vivo PET imaging 1 hr after intravenous 18F
brain receptor tracer (undisclosed) injection, image matrix:
36� 64� 128; voxel size:1.0� 0.5625� 0.5 mm3, stitch from
two PET images (consecutive bed positions). Fusion dis-
play of stitched PET (“cold” colour table) on MR reference
(grayscale).

A mouse in vivo image with an 18F-labeled tracer (undisclosed) for
myocardial perfusion is shown in �gure 74 . The same slice is shown
for image frames reconstructed with 5 s duration, taken 20 min after
injecting 84.9 MBq. One can see clearly the expected shape of the
myocardium.
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Figure 74: Mouse in vivo PET image, single frame (5 s) at 20 min
after intravenous 18F tracer injection, tracer (undisclosed)
targets the heart muscle, 84.9 MBq activity, image matrix:
120� 120� 60; voxel size: 0.73� 0.73� 0.73 mm3, no concur-
rent MR image was acquired.

8.6 Discussion

8.6.1 Temperature Measurements

The temperature sensors have an accuracy of1 K in the range from
0 °C � 85 °C [111]. This matches with the variation of the temperature
curves. The spread of the average temperature for different boards was
less than � 1 °C. These observations match with the expectation based
on the air-conditioned environment, the constant power consumption
of the hardware and constant air �ow. The variations in the board
temperature are caused by changes of the ambient air temperature
origination from the air conditioning system. The measured temperat-
ure increase of 5 °C matches with the expected value (5.6 °C) derived
from the nominal air �ow of the side channel blower ( 160 m3/h ), the
heat capacity of air (1.2 kJ/K/m 3) and the power dissipation of the
electronics [52].
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8.6.2 PET Results

The photopeak is clearly visible in the coincidence energy spectrum. A
limitation for the energy resolution is the number of micro-cells in each
SiPM pixel (1580). However, the energy resolution achieved is suf�cient
for our application. Since the minimum in between the photopeak and
the Compton edge is around 390 keV, we selected an energy window
from 391 keV to 601 keV for the analysis. To the best of our knowledge,
there is no preclinical PET scanner with a better coincidence timing
resolution than the reported 194 ps (FWHM ) at low activity [113–
124]. The majority of the 511 keV gamma rays are scattered in the
LYSO crystals [31] [85]. Therefore, some of these scattered rays escape
the original crystal of interaction and interact again in neighbouring
crystals. In light-sharing and monolithic detector designs, interactions
with inter-crystal scatter will create overlapping light patterns. Hence,
the detected signal will be a combination of the signals of the individual
interactions, if no further �ltering is applied. The SAFIR detector
system, comprising individually read out crystal elements and a very
high data bandwidth, allows to digitise all singles including those of
scattered events and to store their data on the DAQ computer. With
inter-crystal scatter recovery, we observe an increase in the number
of detected coincidences by more than 50 % compared to the case
without inter-crystal scatter recovery and the same energy window.
Our algorithm, that identi�es the crystal with the highest energy
deposit as the crystal of the �rst interaction, was also successfully
applied by other groups [125–128].

8.6.3 MR Results

The maximum deviation in the B0 map was 0.7 ppm and inside the
shimmed region it was even smaller. This is suf�cient for all planned
MR-measurements.
We observed a minor degradation of the SNR value during operation
of our insert. An increase in the power consumption reduced the SNR
by 2.7 %. During data readout, the value was decreased in total by
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4.9 %. Bruker indicates the typical SNR range for this coil/phantom
combination to be 2000 mm� 3 � 2500 mm� 3, meaning that even after
degradation we are well above the functional SNR. We were well
above this limit for all operating conditions. The coincidence rate does
not change signi�cantly during simultaneous PET-MR acquisition (see
table 41).

8.6.4 Images

In the hot rod phantom, all rods with 2 mm and 1.7 mm can be distin-
guished clearly. Therefore, one can deduce that similar sized features
in animals can be resolved.
The ex vivo rat image consists of two stitched PET images and one MR
image. Stitching of the two PET images was straightforward without
signi�cant artefacts. The combined PET image matches very well with
the MR image.
The in vivo mouse image is our �rst high rate image with an injected
activity of 84.9 MBq. This is already two to 20 times the typical activity
used in conventional preclinical PET scanners [129, 130]. One can
clearly see the expected shape of the myocardium, indicating suf�cient
image quality for cardiac studies in mice.

8.7 Conclusion & Outlook

In this work, we presented the �rst results obtained with the SAFIR
Prototype insert. We achieved an excellent coincidence timing resolu-
tion of 194 pson system level. This exceeds our design goals for the
scanner. The same applies to the measured coincidence energy resolu-
tion of 13.8 %. The �rst PET-MR and high rate images are already of
promising quality and indicate that we obtain the spatial resolution
required for small animal research applications. We anticipate that
applying an improved image reconstruction algorithm will further
increase the image quality [88]. The next step is the construction of the
full system, with an increased axial �eld of view (180 mm).
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9 Summary

The SAFIR collaboration aims to develop and construct a unique PET-
MR scanner with a temporal resolution that has so far been unat-
tainable. It will be used for studies of fast kinetic processes in small
animals. The �nal step towards the full detector system is the con-
struction of the SAFIR Prototype insert, which has a shorter axial �eld
of view but otherwise identical components. My thesis covers the
development and initial characterisation of this PET insert.
The hardware components of the SAFIR Prototype insert are described
in detail in chapter 3. A unique feature is the low-voltage power
supply and power distribution system. The SAFIR Prototype insert
requires about 300 W of input power and voltages between 1.0 V and
3.3 V. Instead of feeding these voltages directly into the system via
many different cables with large cross-sections, MR-compatible DC-DC
converters were developed and tested. The design and characterisa-
tion was also published in a separate publication. Their conversion
ef�ciency is 85 %and no interference between the MRI system and the
power converters was observed. Therefore, a single power supply is
suf�cient to operate all digital electronics. This is especially important
in regard to the �nal SAFIR PET-MR scanner, which will have the
same space constraints but consume more than three times the power.
The SAFIR Prototype insert is the �rst PET insert in the world, that
uses MR-compatible DC-DC converters inside the insert.
Chapters 4 and 5 cover the DAQ and the data processing software.
They are essential parts of the detector system as all data processing is
done with software. This allows to make simple extensions for future
needs and also provides the possibility to test different data processing
algorithms with the same dataset. The software generates all necessary
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calibration data to achieve the maximum timing performance. The
development of both software packages was an essential part of my
work.
The new implementation for a fast tomographic image reconstruc-
tion is described in chapter 6. Compared to state-of-the-art software
solutions, the runtime is decreased signi�cantly with improved image
quality. This increase in speed is especially important if time activity
curves of high-rate measurements are reconstructed. Furthermore, the
bene�t of TOF image reconstruction was demonstrated for a rat-sized
phantom.
In chapter 7, basic characterisation measurements are described. I
analysed the in�uence of different detector settings on the detector's
performance. Furthermore, the measured values are compared with
the results from a Monte Carlo simulation. Deviations and similarities
are discussed in detail. The improvement of high-rate measurements
compared to standard measurements was successfully demonstrated
with a measurement of the time activity curves of a mouse cardiac.
Finally, the published characterisation is shown in chapter 8. The meas-
ured coincidence resolving time was 196 ps FWHM. This outstanding
performance has not been achieved with any other PET-MR scanner.
As high-rate measurements are naturally prone to random coincid-
ences, the result is also critical for the SAFIR project as a whole. The
spatial resolution of the system is suf�cient to resolve 1.7 mm rods in
a hot-rod phantom and makes it possible to perform mouse cardiac
studies, as shown in the publication. In addition, the MR compatibility
of the SAFIR Prototype insert was measured, with no visible degrad-
ation of the B0-�eld and only a 5 % degradation of the MRI 's SNR
during full operation of the PET insert. The PET performance was not
in�uenced by the MRI.
The next step in the SAFIR project is the construction of the full PET-
MR scanner. This �nal scanner will have a signi�cantly increased axial
�eld of view and thus a higher sensitivity.
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A Publication about the SAFIR
Power Converter

The following article about the “Compact MR-compatible DC-DC con-
verter module” was published in the “Journal of Instrumentation”
on the 20th of September 2019 by the following authors: Christian
Ritzer, Volker Commichau, Satish Dhawan, Jannis Fischer, Werner
Lustermann, Richard Sumner, Geoffrey Warnock and Günther Dis-
sertori. The references are added to the bibliography at the end of
this thesis. The article can be found online: https://iopscience.iop.
org/article/10.1088/1748-0221/14/09/P09016/

This publication contains the electrical properties (ef�ciency, line-
& load regulation) of the DC-DC converters as well as their MR-
compatibility (Electromagnetic Interference ( EMI), distortions of the
MRI 's B0-compatibility and change of the signal-to-noise ratio of the
MRI 's RF system). There are 49DC-DC converters installed in the
SAFIR Prototype insert.

A.1 Abstract

The SAFIR collaboration is developing a high rate positron emission
tomography insert for a preclinical 7 T magnetic resonance imaging
(MRI) device. To meet the desired performance �gures, a large number
of readout channels (� 15000) and integration of data digitisation into
the insert are required. Consequently, the insert will consume about
1.3 kW of input power at low voltages ( � 3.3 V). This corresponds to
large supply currents of several 100 A, requiring heavy and bulky sup-
ply cables. To overcome these problems we developed a compact and
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MR-compatible DC-DC stepdown converter module. Our converter is
based on an air core inductor and is optimised for low electromagnetic
emissions. It has an input voltage range from 6 V to 24 V and provides
an adjustable output voltage from 1 V almost up to the input voltage.
The maximum continuous output current is 6 A.
We measured conversion ef�ciencies between 70 %and 87 %depend-
ing on output load and input voltage. For the operation conditions
foreseen (16 V input voltage, 2.4 V output voltage and 3 A output cur-
rent), we achieved an ef�ciency of 83.8 %. Our tests inside the MRI
demonstrated the compatibility between the MRI system and the step-
down converters developed. No mutual interference was observed.
The signal-to-noise ratio of the MRI remains unaltered, independent of
the activity of the step-down converter under any operation condition
and no effect on the operation of the DC-DC converter was observed.
This successful test of an MR-compatible DC-DC converter creates
new opportunities for the power supply of complex hardware inside
an MRI . 49 of the DC-DC converters will be used in our SAFIR PET
insert, but they can also be used in other applications with high power
demand in environments with strong magnetic �elds.

A.2 Introduction

The SAFIR collaboration was formed to develop a positron emission
tomography ( PET) insert, which is compatible with an existing preclin-
ical magnetic resonance imaging (MRI) system (Bruker BioSpec 70/30)
[3, 4]. In contrast to other PET inserts, an important part of the SAFIR
speci�cation is continued accurate function at high count rates (high
radioactivity in �eld-of-view), providing good count statistics for very
short time frames (< 5 s). [2, 108, 109] The superconducting magnet
of the MRI creates a static7 T B0-�eld. Its gradient system (B-GA 20S)
has a maximum gradient strength of 0.2 T/m and a maximum slew
rate of 640 T/sm. The inner diameter is 200 mm, which limits the outer
diameter of the insert. Furthermore the foreseen MRI RF coils (suitable
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for rat whole body imaging) have an outer diameter of 114 mm. The
remaining ring of 43 mm width can be used for our electronics and
mechanics.
The full detector will comprise 24 identical readout boards for data
acquisition. Each supports 20 Application Speci�c Integrated Circuits
(ASICs) for analogue signal handling, a Field Programmable Gate
Array ( FPGA) for digital signal processing, as well as an optical Eth-
ernet link for communication and various buffer chips for fast signal
distribution. The estimated power consumption per board (including
losses in the power converters) is about 50 W. Seven intermediate rails
(6x 2.4 V with � 2.5 A and 1x 4.1 V with � 2.0 A) are used to generate
all voltages within these boards. In addition, there are several auxil-
iary boards, 24 for bias voltage generation and �ve for system clock
distribution and timing synchronisation. We estimate a total power
consumption of 1.3 kW, including losses in the used low drop-out
regulators (LDOs), power converters and cabling. The main power
supplies will be located outside the MRI room with a cable length of
about 11 m. Three major problems are associated with supplying the
required voltages directly. First, separate supply lines are needed for
the different voltages. Second, the large currents require large wire
cross sections in order to limit the voltage drop. Third, the limited
space at the end of thePET insert is not suf�cient to place the corres-
ponding large connectors. Moreover, a remote sensing of the input
voltage at the detector would be desirable to maintain a stable input
voltage at different load conditions. This would further increase the
number of connections. DC-DC converters placed inside the MRI bore
solve all these problems. The input currents are lowered by a factor
of �ve to six and the cabling is simpli�ed, to a single input line with
smaller wire cross section. In addition, remote sensing is not necessary
in this con�guration.
The MRI scanner's receive and transmit system operates at frequencies
around 300 MHz, making it very susceptible to electromagnetic inter-
ference at this frequency. Commercially available DC-DC converters
use ferromagnetic materials in the core, which are incompatible with
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operation in a 7 T �eld. Moreover, most designs have bad electromag-
netic interference (EMI) characteristics. Until now, to the best of our
knowledge, only one group ever suggested the usage of a commercial
DC-DC module inside a 1.5 T MRI, but no results were published [131,
132].
In high energy physics, the usage of DC-DC converters was proposed
but with slightly different requirements [133]. In these applications,
radiation hardness is most important, such that commercial controller
ASICs are excluded. This use case also involves strong magnetic �elds
(3.8 T in the compact muon solenoid [134]). We used this similarity as a
starting point for our research. At CERN, there are so called FEASTMP
modules available [135], which are radiation hard and magnetic �eld
tolerant DC-DC converter modules (max. 12 V input, max. 10 W /
4 A output). Such devices were successfully tested in the MRI . This
inspired and encouraged our own development based on commercial
controller ASICs, which would additionally allow for larger input
voltages, larger load current and higher ef�ciency. For a successful test,
we have to achieve an ef�ciency of at least 75 % without visible dis-
turbances of the MRI images. The outcome of our efforts is presented
in this work.

A.3 Materials

A.3.1 Schematic

Our development is based on the “LT8640S” ASIC from Analog Devices
[136]. This device is a controller for step-down converters, specially
designed for low radio frequency ( RF) emission. In particular, all
EMI critical bypass capacitors are integrated, reducing the dependence
of the EMI performance from the printed circuit board ( PCB) layout.
Furthermore, the ASIC comes in a LQFN Package, which reduces trace
lengths to the absolute minimum. It has a maximum input voltage of
42 V and a maximum continuous output current of 6 A. The schematic
of our design is shown in �gure 75 . The input capacitors are rated for



Appendix A. Publication about the SAFIR Power Converter 169

Figure 75: Schematic of the presented DC-DC converter module.

25 V and thereby limit the maximum input voltage of our converter
module. The switching frequency is not �xed, but the minimum is set
to 2 MHz (by resistor R2, �gure 75 ) and the spectrum spread mode is
activated. This feature of the controller ASIC modulates the switching
frequency between 2.0 MHz and 2.4 MHz to prevent single emission
peaks in the power spectrum. To reduce EMI emissions we added
two reverse geometry capacitors (C2 and C13) close to the LT8640S
ASIC. Moreover, there are low pass �lters with a cut off frequency
of � 200 kHz on the input and output of the converter module (L2
and L3). We use two standard pin headers (2.54 mm) for the electrical
connections, with eleven pins in total. There are �ve ground lines,
two input lines, two output lines, one enable line and a power good
open collector line. The resistor R10 is placed outside of the shielding
(�gure 75 ), so that it can be changed easily. Together with R3 and
R4 it de�nes the output voltage. We developed a second version of
the converter, with one additional pin (twelve in total), so that the
resistor R10 can be placed external to the converter module. For the
measurements presented in this work, we selected 2.4 V as output
voltage. In our �nal PET insert, this voltage is used to power 1.8 V
LDO for the components.
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A.3.2 Design & Layout

In general, the MRI scanner is sensitive to ferro magnetic materials
(distortion of the B 0-�eld), eddy currents (distortion of the gradient
pulses) and EMI (noise in the acquired signal). There are two current
loops (input loop and output loop) in the DC-DC converter which
cannot be avoided [137]. However we minimize the loop area to sup-
press EMI by placing the capacitors as close as possible to theASIC.
Furthermore, we deploy a two-part copper shield with a thickness of
0.2 mm around all main components (see schematics,�gure 75 ). The
two �lters are placed outside of the shield to avoid coupling between
the inductors. A via fence within the PCB closes the shield completely,
with the exception of two inevitable gaps for input- and output-lines.
Minimizing the area of the critical current loop is important for minim-
izing the radiated power. For that reason, a four layer PCB was chosen
with an overall size of 17 mm � 33 mm. To ensure MR-compatibility,
only non-magnetic materials can be used (eg. air coil inductors). A
conventional ferro-magnetic core would distort the B 0-�eld and would
always be saturated in the MRI . The two small coils in the �lters are
commercially available, while the main inductor is specially designed
for this module. An image of the developed DC-DC converter is shown
in �gure 76.

Figure 76: A picture of the developed device, the main shield as well
as the two �lters on the in- and output are visible.
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A.3.3 Main Air-Core Inductor

We use a custom designed solenoid coil with an air core as main
inductor. It has 16 windings of 0.8 mm enamelled copper wire (cross
section 0.5 mm2). The inductor is rectangular shaped and has outer
dimensions of 4 mm � 8 mm � 13 mm. Due to the Lorentz force, it is
necessary to soak the coil with glue (Araldite Rapid) and to attach it to
the PCB. The �nal coil has an inductance of about 2.2 ¯H and a serial
resistance of about 18 mW.

A.3.4 Emission Measurement Setup

The electromagnetic power radiated in the near �eld around 300 MHz
is critical in our application. Measurements were done with a spectrum
analyser (Rohde & Schwarz: FSH4) in combination with a near �eld
probe (Langer EMV: RF-R 400-1). For the �rst measurement, the probe
was placed 5 mm above the shield of our converter module. In addition
we measured 5 mm below the bottom shield.

A.3.5 MRI Measurement

We performed the MRI measurements inside a Bruker BioSpec 70/30
device with a Bruker B-GA 20S gradient system. The same power
supply (Keysight E3645A) and the same electronics load (Mayuno
DC Electronics load DC9711) were used, but they are placed outside
of the Faraday cage. An eight-core cable with shielding connected
the power converter in the scanner room with the power supply and
load. The converter was placed centrally above the transmit- and
receive coil (Bruker "RF RES 300 1H 075/040 QNS TR"). We used an
MR transparent plastic ring to �x the position of the power converter
module 35 mm above the MR coil. A mouse sized phantom was placed
centrally in the animal bed. The phantom had a volume of 50 mL and
was �lled with a standardized solution from Bruker (water with 1 g/L
CuSO4 and 3.6 g/L NaCl).
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A.4 Methods

A.4.1 Static Measurements

For the static measurements, we performed load-regulation and line-
regulation tests. These were also used to evaluate the conversion
ef�ciency. For all measurements we used a linear power supply (Key-
sight E3645A) and an electronics load (Mayuno DC Electronics load
DC9712). We used0.5 m of silicon cables with 0.5 mm2 cross-section
to connect the converter to the power supply as well as to the load.
Sense wires on the input and the output were used to measure the
voltages and to maintain a stable input voltage. We varied the load
current between 0 A and 6 A in steps of 1 A. We used the voltages and
currents to calculate the ef�ciency h, de�ned by:

h =
Pout

Pin
,

with the output power Pout and the input power Pin of the converter
module. Since the overall ef�ciency of the device is temperature
dependent, it was switched off between the different measurement
points, to avoid excessive heating. An external temperature sensor was
attached to the copper shielding to verify that the device temperature
was below 30 � C during each measurement. The maximum observed
temperature increase was 3 K. Furthermore, we measured the output
voltage and ef�ciency for a high load operation scenario ( 16 V input
voltage and 4 A output current) at different device temperatures.

A.4.2 Dynamic Measurements

In addition to the static measurements, we measured the transient
behaviour of our power converter module. We applied load changes
up to 6 A for a �xed input voltage of 16 V. We monitored the output
voltage with an oscilloscope (LeCroy WaveRunner 640), directly at
the output of the converter. The maximum voltage drop / overshoot
together with the recovery time are reported.
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A.4.3 Emission Spectrum Measurements

For the emission measurements, the converter was powered with 16 V
by a linear power supply (Keysight E3645A). A constant load of 4 A
was applied during the measurement (Mayuno DC Electronics load
DC9712). The MRI is sensitive around 300 MHz and therefore we
selected a measurement range from 297.5 MHz to 302.5 MHz. The
resolution band width was set to 100 kHz and the video band width
to 10 kHz. We used the built-in pre-ampli�er of the spectrum analyser
(gain x10). In addition, we measured the background spectrum and
show it as comparison.

A.4.4 MRI Measurements

Interference measurements in the MRI focused on distortions of the
B0-�eld and on parasitic coupling into the RF-system. The B0-�eld
was mapped within the water phantom with the standard Bruker
sequence (�eld of view: 40 mm � 40 mm � 40 mm; voxel size: 0.5 mm �
0.5 mm � 0.5 mm). The system was shimmed before each measurement
and we present three slices of the B0-map. To analyse the impact on
the signal-to-noise ratio we used �ve repetitive measurements with
the Bruker quality assurance sequence. This sequence is based on a
T1-weighted sequence with automatic post-processing, which �ts a
circular region-of-interest to the phantom to obtain a signal region and
four regions outside of that to get a background value. The signal-to-
noise ratio is calculated and normalized to the image voxel volume.
This test was performed without converter (a), with the converter
module inside the MRI but not powered (b), powered with a load of
2 A (c) and powered with a load of 4 A (d).
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A.5 Results

A.5.1 Static Measurements

The results of our line- and load measurements are presented in
�gure 77 . The output voltages dropped linearly by 70 mV with increas-

Figure 77: Load regulation measurements of our DC-DC converter
module for three different input voltages (nominal output
voltage 2.4 V at room temperature).

ing load across the load range. The line regulation was much better
and no deviation was observed. In addition we show the ef�ciency of
the converter module at room temperature. The results are summar-
ized in �gure 78 . The highest ef�ciency of 86.8 %was measured at an

Figure 78: Left: Measured ef�ciency of our DC-DC converter module
at room temperature, right: and for higher temperatures
with constant load ( 16 V input, 4 A load). The selected
output voltage is 2.4 V.

input voltage of 12 V and with an output current of 2 A. For realistic
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operation conditions ( 16 V input voltage, 3 A load) the ef�ciency is
83.8 %. Finally we analysed the in�uence of different temperatures on
the ef�ciency. The ef�ciency across the observed temperature range
(30 � C to 75 � C) decreased by about 3 percent points down to 78.9 %.
Ef�ciency decreased linearly with increasing temperature, with the
exception of the �rst point.

A.5.2 Dynamic Measurements

An example for the measured transient is shown in �gure 79 for a �xed
input voltage of 16 V and a load change from 0 A to 6 A. From this

Figure 79: Left: Measured transient for a load change from 0 A to 6 A,
right: from 6 A to 0 A. The amplitude is 50 mV per division
and the time scale is 10 ¯s (20 ¯s) for the left (right) plot.

one can derive a maximum voltage drop of 350 mV. After about 40 ¯s
the output voltage recovered. The results for smaller load changes are
summarized in table 42. While the maximum voltage drop depends
on the magnitude of the current change, the recovery time is nearly
constant with values between 30 ¯sand 40 ¯s. The behaviour is different
for load decreases and an example for the decrease from6 A to 0 A
is shown in �gure 79 . The maximum voltage overshoot was 320 mV
and the recovery time for this setting was 90 ¯s. Table 42contains the
results for smaller current changes. In this case not only the maximum
voltage overshoot but also the recovery time was dependent on the
amplitude of the current decrease. While the amplitude of the voltage
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Table 42:Maximum voltage under- and overshoot and recovery times
for different load changes.

load change peak voltage drop recovery time

0 A -> 1 A � 60 mV 30 ¯s
0 A -> 2 A � 120 mV 30 ¯s
0 A -> 3 A � 175 mV 40 ¯s
0 A -> 4 A � 225 mV 40 ¯s
0 A -> 5 A � 275 mV 40 ¯s
0 A -> 6 A � 350 mV 40 ¯s
1 A -> 0 A 60 mV 50 ¯s
2 A -> 0 A 125 mV 55 ¯s
3 A -> 0 A 175 mV 60 ¯s
4 A -> 0 A 220 mV 70 ¯s
5 A -> 0 A 275 mV 80 ¯s
6 A -> 0 A 320 mV 90 ¯s

error was similar compared to the �rst measurement, the recovery time
was larger.

A.5.3 Emission Spectrum Measurements

In this subsection we present the measurements with the spectrum
analyser (see�gure 80 ). The background level with the selected set-
tings was � 120 dBm. We did not observe any emissions from our
power converter between 297.5 MHz and 302.5 MHz. In addition no
differences between emissions from the top and the bottom side of
converter module were visible. Since we did not see radiated power
in the near �eld at frequencies around 300 MHz, there will be also no
power in the far �eld.
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Figure 80: Measured emission spectra (green) compared to be back-
ground (yellow) on the top (left) and bottom (right) of
the converter module, running at 4 A load and 16 V input
voltage.

A.5.4 MRI Measurements

The measured B0-maps are shown in �gure 81 . The maximum devi-
ations in the shimmed area were around 0.2 ppm and about 1 ppm at
the edge of the �eld of view. The results from the SNR measurements
are summarized in table 43. There was a slight decrease in the signal-

Table 43:Normalized SNR ratio, obtained from the Bruker QA SNR
sequence.

setup normalized SNR

a) baseline (no converter) (4127� 48) mm � 3

b) converter in, powered off (4038� 29) mm � 3

c) powered on, 2 A load (4050� 20) mm � 3

d) powered on, 4 A load (4048� 55) mm � 3

to-noise ratio (about 2 %) after placing the converter module into the
MRI , with attached cabling but without powering. The value remains
constant while the converter is powered on with different loads.
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Figure 81: The measured MR B0-map with running converter (top)
compared to the baseline measurement (bottom). The black
boxes indicate the shimming area.

A.6 Discussion

A.6.1 Static Measurements

The expectation for the load measurement based on the datasheet of
the controller ASIC is a very minor ( 1 mV) voltage drop from 0 A to
0.5 A and then again a small increase (up to 1 mV) from 3 A onwards.
Due to the linear voltage drop with increasing output current we as-
sume that our converter module (including the connectors) has a serial
resistance of12 mW. Even though the observed behaviour is different
from the expectation, the absolute voltage drop is smaller than 75 mV.
We will take this into account in the design of our electronics boards.
The line regulation (total absolute deviation < 0.1 percent) is in accord-
ance with the manufacturer's speci�cation.
The measurements for ef�ciency in the datasheet are not given for our
operation point (coil inductance: 2.2 ¯H, switching frequency: 2 MHz ,
output voltage: 2.4 V), so that a direct comparison is not possible. We
achieved values between70 %and 87 %, which are more than suf�cient
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for our application. Especially for the foreseen operation voltage of
16 V, the ef�ciency is above 80 % for output currents between 1.5 A
and 5 A. The decrease in the ef�ciency for small output currents is
caused by the constant idle input current of the converter module
(about 40 mA). For low output powers and high input voltages, this
particularly in�uences the overall ef�ciency.
We observed a slight decrease in conversion ef�ciency with increas-
ing temperature. The measurements were taken in still air at about
25 � C ambient temperature. The device's temperature did not exceed
the measured 75 � C at any moment. Therefore, we can operate the
converter with continuous output currents of up to 4 A in a still air
environment.

A.6.2 Dynamic Measurements

The load transients caused voltage drops and overshoots of the order of
300 mV for a maximum load change of 6 A. For realistic load changes
(3 A) the maximum deviation is 175 mV. We will bear this behaviour
in mind for the design of our hardware. In our design, we use the
DC-DC converters only for the supply of the intermediate rails, so that
there are additional capacitors and LDOs, which can compensate for
the observed voltage spikes. The maximum voltage drop is taken into
account for the calculation of the voltage head room for the LDOs,
such that their output voltage will always be as required.

A.6.3 Emission Spectrum Measurements

There was no visual difference between the background spectrum and
the spectrum from the converter while operating. We conclude that
the low-emission design, in combination with the copper shielding,
suppresses the high-frequency electromagnetic emissions. This is one
of the main requirements for operation inside the MRI.
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A.6.4 MRI Measurements

Inside the shimmed volume, the B 0 distortions are neglectable. Towards
the edges of the �eld of view the deviation increases but remains
still below 1 ppm, which is �ne for all MRI measurements. The small
decrease of theSNR value observed after the placement of the converter
in the MRI indicates that we couple external noise into the machine.
Since we could not observe any further degradation after powering the
converter, we conclude that the converter itself does not disturb the
MRI . This observation is in accordance with our measurement with
the spectrum analyser.

A.6.5 Effects of the MRI's gradient system

The MRI uses magnetic pulses for spatial encoding, which have a
frequency of about 1 kHz and that induce a current in every conductor
loop. We did not observe any degradation in the performance of the
DC-DC converter due to these pulses. The effect depends on the cross
section A of a conductor loop and the slew rate of magnetic �elds of
the gradient system. The maximum slew rate is s = 640 T/sm in each
direction. The induced voltage Uind in a conductor loop is given by the
law of induction:

Uind = nA
dB
dT

= nAls = nwl2s

with the number of windings n (for coils only), the length l in the
direction of the �eld change and the width w perpendicular to that
direction. The maximum induced voltage is below 15 mV, which is less
than 1 % of the output voltage. Furthermore, the gradient pulses have
a low frequency of about 1 kHz compared to the operation frequency
of the converter (> 2 MHz ). The controller ASIC can compensate the
induced voltages such that the gradient pulses have no measurable
in�uence on the performance of the power converter.
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A.7 Conclusion & Outlook

The goal of this work was the development of a compact MR-compatible
DC-DC converter module. The device described has been tested suc-
cessfully. We reached ef�ciencies above 80 % without disturbing the
MRI during realistic operation conditions. The device ful�ls all of our
expectations and allows a signi�cant simpli�cation of the powering
concept of our detector hardware. Based on this successful test, we will
design the SAFIR insert to operate with only one 16 V input voltage.
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Acronyms

AC Alternating Current

ASIC Application-Speci�c Integrated Circuit

APD Avalanche Photo Diode

API Application Programming Interface

CC Coarse Counter

CER Coincidence Energy Resolution

CERN European Organization for Nuclear Research

CMOS Complementary Metal-Oxide-Semiconductor

CPU Central Processing Unit

CR Compton Recovery

CRT Coincidence Resolution Time

CT Computer Tomography

CTR Coincidence Timing Resolution

DAC Digital to Analogue Converter

DAQ Data Acquisition

DC Direct Current

DC-DC Direct Current to Direct Current
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DOI Depth of Interaction

EC Epoch Counter

EMI Electromagnetic Interference

ESR Enhanced Specular Re�ector

FC Fine Counter

FDG Fluorodeoxyglucose

FOV Field of View

FPGA Field-Programmable Gate Array

FTR Fast Tomographic Reconstruction

FWHM Full Width at Half Maximum

FWTM Full Width at Tenth Maximum

GPU Graphic Processing Unit

GUI Graphical User Interface

HF High Frequency

IC Integrated Circuit

ICSR Inter-Crystal Scatter Recovery

LDO (linear) Low Dropout Regulator

LOR Line of Response

LSB Least Signi�cant Bit

LVDS Low Voltage Differential Signaling

LYSO Lutetium Yttrium Oxyorthosilicate

MAC Media Access Control
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MLEM Maximum Likelihood Expectation Maximisation

MR Magnetic Resonance

MRI Magnetic Resonance Imaging

MWCS Multi-Window Coincidence Sorting

NEMA National Electrical Manufacturers Association

NEMA-NU4 NEMA Standards Publication NU 4-2008

OSEM Ordered Subset Expectation Maximisation

OV Overvoltage

PCB Printed Circuit Board

PDE Photon Detection Ef�ciency

PET Positron Emission Tomography

PETA6SE Position Energy Timing ASIC, Version 6, Single Ended

PLL Phase-Locked Loop

QDC Charge-to-Digital-Converter

RAM Random-Access Memory

ROI Region Of Interest

RF Radio Frequency

SAFIR Small Animal Fast Insert for MRI

SBD SAFIR Bias Distribution

SBT SAFIR Bias Temperature

SDIP SAFIR Digital Interface PETA

SFCD SAFIR Fast Control Distribution
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SFCM SAFIR Fast Control Master

SiPM Silicon Photomultiplier

SNR Signal-to-Noise Ratio

SP6 SAFIR PETA6SE

SPOW SAFIR Power Converter

SPPD SAFIR Primary Power Distribution

SSD Solid-State Drive

SSPD SAFIR Secondary Power Distribution

STD Standard Deviation

STIR Software for Tomographic Image Reconstruction

SWCS Single-Window Coincidence Sorting

TDC Time-to-Digital-Converter

TOF Time of Flight

TOR Tube of Response

TTL Transistor-Transistor-Logic

TVS Transient-voltage-suppression

USB Universal Serial Bus
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