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1. Introduction

Positron Emission Tomography (PET) is a medical imagingrege used to visualise
metabolic processes within the body. The distribution ainétics of a tracer molecule
can be investigated. This tracer molecule acts as a markandtecular targets and
receptors. Being conjuncted with a positron emitting nglids decay radiation is
observed. PET examinations can help to identify some oElifgggest threats like
cancer, cardiac insufficiency and plaques in cardiac ves$isat may lead to myocardial
infarction.

By expanding PET techniques to small animals like mice or, rétsy can help to
improve research on preclinical questions dealing with elkelution of the serious
diseases mentioned and their treatment. Because a PET ex@mjrunlike alternative
invasive methods like dissection, is not fatal for the anjmasults are much more
meaningful and the animal can be imaged more than once arefdhelong term studies
can be performed.

In the design of a small animal PET scanner one has to takézégnefthe animal and the
resulting special requirements for spatial resolution pindton detection efficiency into
account. A mouse heart is about 10 times smaller than a hussmdind beats 10 times
faster. Modern human PET scanners reach a spatial resolotithe order of 4mm.
Improving small animal PET devices to proportionate resohs is not possible due
to physical limitations. Nevertheless, it is intended taate this limit which is slightly
below 1 mm for'®F based tracer molecules.

Another important performance parameter of PET imagindgogevis sensitivity. Sensi-
tivity is the capacity of a scanner to detect annihilationtphs. Its value is given by the
number of measured counts per radioactive decay. As the ranodbuadioactivity that
can be safely injected is limited, the sensitivity shouldabédnigh as possible.

To build such a dedicated PET device, different approaches heen employed. Most
of them concentrate on traditional scintillation crystatettor concepts which are
widely used in clinical PET. They provide spatial resolatiof the order of the size of
the used crystals and sufficient energy resolution to referhpton-scattering induced
image blurring. As a drawback, these devices have a relathal field-of-view which
limits the system’s sensitivity. In addition the spatiadokition degrades with increasing
distance of the object to the centre of the system.

Alternative PET scanner designs based on multi-wire ptepaal counters (MWPCs)
have been proposed since the 1970s and suffer a niche eds#te then. The reason
for that is the lack of energy resolution and a more complesigewhich needs trained
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2 Chapter 1: Introduction

personnel that can deal with high voltage calibration arsdsggply service. Nevertheless
this approach provides unparalleled spatial resolutiah atarge field-of-view without
off-centre resolution degradation. Another big advantasgtihe lower price of such a
system in comparison to crystal based scanners.

The University Hospital of Minster operates two quadHIDA@a#l animal PET
scanners based on MWPC detectors that are coupled to comiplexoa converters.
With these machines spatial resolutions close to the palkiits have been measured
and sufficient system sensitivity is obtained. Unfortuhatfe service and support with
spare parts for the detector has become a problem as the anturef discontinued his
activities including support and maintenance of the quaud.

Because of the advantages of MWPC-based PET scanners, thepeeal of an
optimised detector concept is anticipated. The optinosais meant not only in terms
of sensitivity and resolution improvement but also in thexdification of production
processes and the use of fast modern electronics.

This thesis will propose a design of an optimised, easy ttdbUWPC-based small
animal PET scanner. In the development process tools andl&dge from detector and
electronic developments in high-energy physics experimenuld be transferred. In
particular the Institut fur Kernphysik in Munster is inveld in the ALICE TRD project
[ALI01] at CERN as well as in TRD developments for the CBM experitj@BMO05] at
FAIR, GSI.

In addition, the quadHIDACs converter design is revisited aossible improvements
based on simulation results are presented. It is shown howiaiions can help to deal
with the absence of energy resolution by calculating scditgributions of test sources.
These results can be used as input values for reconstrualigomithms and build the
foundation of quantitative PET with the quadHIDAC as a repraative of multi-wire
proportional chamber based small animal PET scanners.



2. Medical Imaging Technigues

In the history of medicine multiple approaches of non- orimal-invasive visual diag-
nosis of internal diseases and malformations have been.rBadee of these use ionising
radiation, others do not. Some are appropriate for bonetsies and hard tissue, others
are made for examination of soft tissues. Even other modeaging techniques are ap-
propriate for the visualisation of the metabolism of ceri@iugs or nutrients. This allows
to discriminate prevalent morphological and functionaht@ques where the borders be-
tween the two blur with ongoing research:

In order to assess the overall condition of a patient, iterofiseful to combine functional
and morphological techniques. Covering multiple imagirgpteques in just one device,

el Metabolism Drug Molekular
ysiology etabolis Distribution Pathways

X-Ray

Ultrasonography fMRI

X-Ray-CT PET PET
SPECT PET PET PET
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Figure 2.1: The spectrum of medical imaging techniques ordered by #iglity to image decreasing con-
centrations of specific molecules inspired by [Jon96].

combinations like PET/CT, PET/MRI and also PET/US (explaimetthe following sec-
tions) represent the current state of the art. The improm¢imesensitivity is one of the
biggest challenges for all imaging modalities, as it is cliserelated to the amount of
tracer activity and radiation dose that has to be injectegurg 2.1 shows the needed sen-
sitivity for different examinations and appropriate imagitechniques. In the following
sections a short overview of the most important and widesdusnaging techniques is
given.
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2.1 Morphological Imaging Techniques

2.1.1 X-Ray Imaging

X-Radiation are electromagnetic waves within an energy eaoigroughly 120eV to
250keV. It is produced in cathode tubes originally invertigd. Hittorf and W. Crookes.
W. C. Rontgen accidentally discovered X-rays in 1895, wherkimgrwith a cathode
tube. As he surrendered a patent on his discovery, the Xecnblogy rapidly spread in
medicine as well as in industry. In an X-ray tube electrorslizerated thermally from a
cathode and then accelerated towards an anode made of sdaer@hvath a high proton
number (mostly tungsten or molybdenum). Here they prodade@one hand continuum
Bremsstrahlung radiation and on the other hand a charaateasliation depending on
the anode material. This characteristic radiation is iledugy transitions of higher shell
electrons of the anode materials atoms into lower shelle(tK-, L- and M-shells).

In medical imaging, X-rays are used to detect abnormitidsuiman tissue. Depending
on the material and density of the tissue, the X-rays will tterauated due to the pho-
toelectric effect and Compton scattering. Therefore, thergn(and also the radiation
exposure) needs to be adapted to the tissue under investigabft tissue needs lower
energies resulting in larger biological effects due toatidn than for example the exam-
ination of bone structures.

An X-ray detector is used to measure this radiation attémianside the examined tis-
sue. In the most simple case, the detector is just a photbigrafate which is blackened
depending on the intensity of the incoming radiation. Todégo X-ray image intensifiers
are available, which provide live images of the patienteofised for angiography and
for online control during operations. For a more detaileslodiption of X-ray techniques
see e.g. [JANO1].

2.1.2 X-Ray Computed Tomography (CT)

As an improvement of X-ray imaging, X-ray computed tomodmapeaches back to the
early 1970’s. Based on the work of A. M. Cormack it was G. Houmdi$fivho produced
the first CT-prototypes. For their developments both have laearded the Nobel price
for medicine in 1979.

In computed tomography the X-ray attenuation of an objectésasured from different
angles. Using a Radon transformation, which was described Rgdon in 1917, the lost
volume information of the measured single projections aarelbovered. With the help of
computers, tomographic images and also 3D visualisatibtiiedack-projected volume-
information can be calculated. That makes CT a very precid@awerful morphological
imaging technique. The number of CT examinations in the drfites grew by a factor
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of 5 since 1990. However, a drawback of the method is that pipdiead radiation dose
in most examinations, especially in abdominal CT, is notigdge. Doses of up to 20
mSv are applied during a single examination, which is abewottimes the dose that an
average person is exposed to per year. In the USA the pegeenfacancers that may
be attributable to the radiation of CT studies was estimateldet 15 to 2% [B"07b].
Thus in order to avoid unnecessary radiation exposure osdoheheck individually, if
a CT scan is inevitable or if it can be replaced by a more experdRI or less precise
ultrasonography examination. For a detailed descriptfanadern X-ray CT physics see
[Buz08].

2.1.3 Ultrasonography (US)

Medical ultrasonography goes back to an invention by P. eaimgwho took profit of the
discovery of the piezoelectric effect by P. and J. Curie inQL88 used ultrasound waves
created by a quartz-crystal to seek for enemy submarinésgdorld War I. In the year
1937 K. Dussik was the first physician, who used US to imageeatricle of the brain.
US is the most frequently used imaging technique in todagdigine.

In contrast to X-ray imaging, sonography is often used faaging of soft tissue, espe-
cially viscera. The acoustic waves applied to the patieatraflected and absorbed by
the tissue. Reflected waves are detected by the device sonthaiage can be calcu-
lated. Sonography devices use frequencies from 1 to 40 Miderdéng on the kind of
the examination. Lower frequencies provide less spatslmtion, but allow imaging of
deeper areas in the patients body. The injection of recel@eloped special contrast
agents (so called micro bubbles) improves image contrashas the ability to advance
US to functional imaging. Drugs constained in these microkibes can be applied very
precisely in the patient. US-waves are then used to let thelba burst and release the
drug [TPO4]. The use of acoustic waves is an advantage irstefmadiation exposure as
US has almostno negative influence on the patient. It is cheap, fast ardilyeavailable.
As a drawback, US images are not always easy to interprehagdrte efficiency of the
method depends to some degree on the skill of the physicianmBre information on
the physics of US see e.g. [Kan02].

2.1.4 Magnetic Resonance Imaging (MRI)

MRI can create images of soft tissues without using ionisadjation. Hence it is less
harmful to the patient then a comparable CT examination. E&ftem 20 years of expe-

Ln prenatal US secondary sound wave emission in the uteatsstinearable for the child can occur,
reaching noise levels up to 100dB. Evidences for neurofiettsfof prolonged US could not be confirmed
yet [RDO6].
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rience with electromagnetic fields produced by an MRI devieeevidence for harmful
behaviour to the human body has been observed. Due to thertaighetic fields applied
in an MRI scanner, patients should neither have a cardiacya nor wear anything
ferromagnetic inside the examination room. Despite thegdaof accelerated objects,
any metal will lead to distortions during the measurement.

Magnetic Resonance Imaging is dedicated to the inspectisnfofissue and blood ves-
sels. Using contrast agents, MRI can replace invasive argpbic examinations. Espe-
cially the larger blood vessels can be visualised in gretatilde

To understand the basics of MR imaging, one has to deal w&htitlear properties of
matter. MRI is based on the observation of nuclear magnetani@ces which were first
measured by I. Rabi in 1938. In the following years F. Bloch anBu&cell worked inde-
pendently of each other on magnetic resonance measurerBertiiswere rewarded with
the Nobel prize in 1952 for their work on nuclear magneticcigion measurements. It
took until 1972, when P. Lauterbur and P. Mansfield presetitedirst MRI images of
the human body. They shared the Nobel prize for medicine 8826r their discoveries
concerning MRI.

Atoms with uneven numbers of nucleons have a non-vanisbtadjgpin and thus a mag-
netic momentum. So does the hydrogen atéHi) (which appears in large quantities in
nearly all parts of the human body. Other important atomsiregen ¢*N), phosphor
(31P), sodium £3Na) and flour {°F). Using a high static magnetic field (in human MRI
scanners typically + 3 Tesla) it is possible to partially align the spins of theated
nuclei parallel or anti-parallel to the static magneticdilghes. Depending on the strength
of the magnetic field and the temperature, parallelly akiymeclei are energetically pre-
ferred compared to anti-parallel ones:

p.araIIeI _ o dE/keT
anti-parallel

Y

with the energy difference between parallel and anti-pelratatesdE ~ 10 8eV (de-
pending on the applied magnetic field) and the Boltzmann eohsg ~ 8,6173-
10-°eV/K. Only the fully parallelly aligned nuclei will createraeasurable signal later
on. Because of the intrinsic angular momentum a spin premesgith the Larmor-
frequencywy = y- |B| around the magnetic field lines occurs. Hgre % is the gyro-
magnetic ratio of the particles magnetic momehand its spins . The precession angle
can now be synchronised and increased up to 180 degreesesphat to the field lines
by short radio wave pulses at frequencies matching the Lafraquency of the observed
nuclei. After a short time span, typically of the order of @eds, called the spin-grid
relaxation time (T1), the precession angle falls back tanitsal state. T1 is defined as
the time in which the longitudinal magnetisation is re-bbthed at 67% of the initial
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magnetisation. The energy is emitted as high frequencytreleagnetic waves which
can be measured using a suitable antenna. The contrast ohddes can be changed
by altering the repetition time, which is the time betweep ®xcitations. The time T1
strongly depends on the density of the observed tissueudisgh higher density has a
shorter relaxation time. Therefore, T1-measurementsgeogariate to differentiate be-
tween certain types of tissue like fat or water.

The spin-spin relaxation time (T2) describes the time néddedephase the transverse
magnetisation due to spin-spin interactions. T2 is defirgettha@ time in which the trans-
verse magnetisation falls down to 37%. By modifying the eehmef which is the time
between excitation and signal readout, the contrast of E@a can be adjusted. While
in T1 pictures water appears dark, in T2 it appears pale. &€z images can be used
to detect pathologic changes in tissue which are known tactinore water than normal
tissue.

In order to obtain spatial information from the measureadalg, a additional gradient
fields are needed. It is orders of magnitude smaller thanothgitudinal static magnetic
field, but it alters the Larmor frequency of the observed a@amthe way that excitation
occurs only in a small area. By tuning the excitation freqyahis possible to choose a
certain slice along the longitudinal axis for visualisatio

For further information on the MRI technology see e.qg. [K3l67[W *086].

2.2 Functional Imaging Techniques

2.2.1 Functional Magnetic Resonance Imaging (fMRI)

Advancements of the MRI technology allow to visualise braitivities. It is for example
possible to identify connections between certain braiasend body functions. Modern
fMRI does not need any kind of contrast agent and is therefdhg ion-invasive. The
so called BOLD (blood oxygen level-dependent imaging) imggdechnique visualises
the blood flow in the brain using different magnetic propertdf oxygenated and deoxy-
genated haemoglobin. Active brain areas show an increagggn metabolism inducing
an increase of the local blood flow in these areas. The higbdbllow then leads to an
oxygen outflow, which is higher than the oxygen usage of t@biTherefore, the veins
contain more diamagnetic oxyhaemaglobin than paramagdetixyhaemaglobin. The
magnetic field is less distorted than elsewhere in the brairese field inhomogenities
will accelerate the T2 (see section 2.1.4) relaxation timiéese are called T2Measur-
ing this MR gradient echo signal, one can reconstruct thesaséincreased brain activity.
Further details can be found in [Kol07] and [W6].
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2.2.2 Doppler Ultrasonography (US)

The Doppler US technique is an improvement to the convealio$ technique. It uses
the frequency shift of ultrasound waves reflected by movargdt material. Doppler
US is used to visualise the speed of blood flow and pressuréoodbvessels. It can
detect blood clots and defective valves of veins and alsbeheart. Because it is non-
invasive and does not produce ionising radiation, it iskdess angiographic method. For
some examinations contrast agents can be used to improuedige quality. For further
information on Doppler US see e.g. [Kan02].

2.2.3 Single Photon Emission Computed Tomography (SPECT)

As an advancement of the 2D equivalent technique called gasamtigraphy, SPECT
can provide 3D data of functional processes in the body. BRISCT is in direct com-
petition with Positron Emission Tomography (PET) (seeisac8). While PET detects
positron emitting radiotracers, SPECT uses gamma emitteys¥™Tc with an photon
energy of 143keV), bound to proper tracer molecules. Whefreapositron range lim-
its the spatial resolution in PET, this is not a problem in SPEAIso, due to the much
simpler electronics, SPECT is a less expensive techniqueRBa. In addition, the tracer
molecules used for SPECT can be produced without expensiedeaator methods using
so-called generators. As a drawback SPECT devices canmbt ceanparable sensitivity
levels to PET, which however suffers from lower spatial heson.

One of the first relevant publications dealing with SPECT mégpies was written by
David E. Kuhl and Roy Q. Edwards [KE63] in 1963. They used dakan from emission
measurements with a scintillator based pinhole gamma @adereloped by Hal Anger
[Ang58, Ang64] in 1953 to produce the first tomographs.

A SPECT camera typically consists of a gamma detector withlen@ador lense in front
of it. The whole camera is moved around the patients bodyy thet photons heading
into all directions are measured and the needed data forgi@phbic images is acquired.
The collimator consists of some material with a high atomimber, mostly lead or tung-
sten. In order to ensure that only photons originating fra@rppndicular angles hit the
detector, the collimator has to be thick enough to shieldthiér angles and its structure
has to be as finely segmented as possible to minimise the ommiamgle of separation.
Often drilled pinhole designs are used for this purposevitakly the collimator leads to a
high reduction of sensitivity compared to PET detectordh\SPECT a spatial resolution
of about 7mm can be achieved with clinical cameras. Smathahversions can reach
resolutions up to 5mm [J"94]. For more information on SPECT and SPECT devices
see [WAO04].



3. Positron Emission Tomography

Positron Emission Tomography (PET) is the most sensitied édinctional medical imag-
ing techniques. It allows to visualise for example metabpliocesses of the body or
the neuroreceptor activity of the brain. It images localvétés of metabolism-specific
molecules that contain a positron emitter. These cannoist@guished by the organism
and are treated like normal unlabelled molecules. A few meim@after injection of this
so-called tracer, it will enrich in areas of high metabolutiaty. The emitted positrons
will thermalise and bind to local electrons forming posiitan. The positronium will
then annihilate after a short half life & 10~1%s) mostly into two photons at an angle of
nearly 180. Figure 3.1 shows a schematic sketch of such an annihilptioress.

These photons will then interact with a position sensitieéedtor placed around the

511 keV PHOTON

POSITRON

POSITRON-EMITTING
RADIONUCLIDE

ANNIHILATION \

ELECTRON

511 keV PHOTON

Figure 3.1: Basic sketch of the annihilation process in PET [Phe06]ethe decay positron loses nearly
all of its energy due to multiple scattering it will combinéhva local electron and form a positronium state
which subsequently decays, predominantly into two photons

patient. Subsequent reconstruction software will usuzdlynect the hit-points in the de-
tector to lines called lines-of-response (LORs). Having yna@Rs the original image
can be reconstructed using proper algorithms.

9
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Chapter 3: Positron Emission Tomography

Isotope Production Methods Half-Life Meane Max. e e’ Range in Water (mm)
Energy (keV) | Energy (keV) | Max. Mean
ic Cyclotron: MN(p,o) 20.38min 386 960 4.1 1.1
13N Cyclotron: *0(pa) 9.96min 492 1198 5.1 15
150 Cyclotron: 1N(d,n) or®N(p,n) 2.03min 735 1732 7.3 2.5
18 Cyclotron: *0(p,n) or?®Ne(da) 109.7 min 250 634 2.4 0.6
68Ga Generator 68min 830 1899 8.2 2.9
82Rb Generator 1.27min/63h | 1479/360 1535/722 | 14.1 5.9

Table 3.1: Commonly used radio isotopes in PET. Cyclotron reactioestaken from [IAE09], half-lifes
and energies from [Nat09b] and ranges in water fromQB].

As Positron Emission Tomography has been explained in numsepublications and
books, the following sections are not meant to provide a detapglescription of all as-
pects of PET. The focus will be set on the most important goivith respect to later
chapters, and in addition some points neglected in mosatitee will be mentioned.

3.1 Tracersin PET

A tracer is a specific molecule that has been labeled withiaaative atom. The labeled
molecule should behave just like its unlabeled counter wélrt respect to metabolism.
The idea to use radioactive isotopes as a marker for the elptiathe corresponding sta-
ble isotope is not new. The first publications reach back 2319hen G. de Hevesy
measured the distribution of radioactive le&t?Pb) in horse-beans [Hev23]. Since then,
tracers have been further developed to highly specific gaip@de for the visualisation
of biochemical processes on the basis of molecular interexbetween tracer and target
cells. They are appropriate detection systems for quéimétanon-invasive measurements
used for diagnosis and therapy of a manifold of diseasesrderdo keep the radiation
exposure for the patient as low as possible, positron emmittéh short half lifes are used
as markers. Table 3.1 lists some commonly used radionscliid®ET. In order to pro-
duce these radionuclides a generator or a cyclotron is deddpending on the nuclide to
be produced. In a generator the target nuclide is producedebgiecay of a more stable
radioactive mother nuclide®8Ga is produced by8Ge via an electron capture process
with a half life of 271 days®°Rb is produced by the electron capturé#sr, which has a
half life of 25.5days.

The cyclotron reactions for other relevant nuclides cardoed in Table 3.1. Depending
on the half-life of the isotopes, the injection of the ragitarmaceutics needs to be done
directly after the production. As the half-life fO is only 2 minutes, the patient is con-
nected directly to the cyclotron via a few tubes and intenatedstages only. Especially
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18F has become very popular, mostly because of its adequatéirtie and its chemi-
cal properties (it can easily replace an OH-group), thatalto label molecules with a
production loss of about 50%. From 1 GBqg'8F activity coming out of the cyclotron,
500MBq is left after the radiochemistry process of which 3®xvtan be given to the
patient. It takes about 50 minutes from the cyclotron to thient.

The most deployed tracer molecule today*&-Flourodeoxyglucose (FDG) which is
used to visualise the glucose uptakes in cardiologic analogic questions. Figure
3.2 displays the chair conformation of the FDG molecule. bdidiy glucose can be la-

Ho HO

18F_Fluorodeoxyglucose
(Glucose metabolism tracer)

Figure 3.2: The'®F-Flourodeoxyglucose (FDG) molecule [WA04]. In companiso the unlabeled glucose
molecule, an OH-group has been replaced by the radioafive

beled with!8F, but also other molecules like 3,4-dihydroxy-6-18F-futrphenylalanine
(*®FDOPA) used as a neurotransmitter tracer in brain imadiffeChlorine for studies
of e.g. prostate cancer &fF-fluoroestradiol (FES) for the examination of breast cance
to mention just a few of them, are commonly used in clinicatod

3.2 Physics of Positron Emission Tomography

3.2.1 PET Basics

The radioactive component of a tracer molecule in the tanget will undergo 8 -decay
where a proton in the nucleus is converted into a neutron.n@miticroscopic level, the
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weak force converts an u-quark into a d-quark followed byetméssion of a positron and
a neutrino mediated by the exchange of the virtual-Bbson:

p—n+e +ve (3.1)

Figure 3.3 shows a Feynman graph of the positron decay. HeréAt™ Boson is
an mediator of the weak interaction. It is producedby d — W+ and has a mass
of 80.398GeV/é. In comparison the mass of the proton and neutron is fjyst
939565MeV/& and mp = 938272 MeVkE2?. During the beta-decay the energy for the
W-boson has to be taken from the vacuum for a short periodneéd,tifollowing the
Heisenberg uncertainty principlsE - At > % This causes the short range of the weak
interaction.

The energies of the emitted positrons follow their specifiectra depending on the

dud

duu

Figure 3.3: Feynman graph of thB™ decay. A virtual W -boson mediates the conversion of a u-quark
into a d-quark. It decays then into a positron and a neutriftee other two quarks of the hadron do not
participate in the reaction.

mother nuclide [C83]. Some of these spectra, as for example the one of the cammo
nuclide 18F can also be described analytically. Details will be shomiséction 5.3.3.
After a range of the order of. #mm root mean square (féfF) depending on the tracer
used (see Figure 7.4 féfF and [Der79], [LH99] or Table 3.1 for other positron emiser
the positron can combine itself with a local electron anaf@ positronium state. For
this formation process one has to take two theories intoladddao76]. The first one,
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presented by Aadne Ore in 1949 is known as the Ore-Gap thiderg, the formation of
positronium during a collision of an electron with an molkecu

e +M—Ps+M™" (3.2)
is most likely, when
Im>E>Im—1p (3.3)

wherely is the ionization potential of the mediurty, is the ionization potential of the
positronium andE is the energy of the original positron. The cross sectiopésitronium
formation is almost zero iE > Iy (it scales with IRE)/E at high energies [Loh86]). In
this case the positron will more likely undergo inelastiatsering. On the other hand
the reaction will not take place, E < Iy —Ip. These considerations lead directly to a
maximum positronium formation probability of

I
I:)max: I_p (3-4)
M

which gives an indication of the positron range in differeraterials.
Considering the successful formation process the energheofdsulting positronium
would then be

As a result of the mass difference between molecule andilejédas assumed here that
the kinetic energy is carried by the positron before and tsitnium after the collision.
A drawback of the Ore-theory is that it can be applied onlyglaseous media. The widely
accepted model is therefore the spur model by O. E. Mogemsen974 [Mog74] and its
enhancements in the following years. It considers the cditiygeelectron-ion reactions
on the trace of the traveling positron in dense media. Theeghis model is applicable
also to fluids and solids. Interactions of positronium ingkematter lead to conversion of
ortho-Ps (spin 0) to para-Ps (spin 1) and also reduces itdifeal Figure 3.4 shows the
rough idea behind this model.

The energy levels of Positronium are very similar to hydroged can be calculated as

1
137

with a ground state binding energy Bfinding = —6.8€V which is half of the hydrogen
binding energy. Positronium is a hydrogen like state with ¢mly difference that the
electron and positron are equidistant with respect to there®f mass.

1
_ 2 ~ ‘N
EPS— _q mc,24n2 (a~-—==n=1,23...) (3.6)
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Figure 3.4: Sketch of the spur model [Tao76]. In the upper case the tataly of electron and positron is
higher than the coulombic attractive potential of the Pghabno Ps is formed. The lower case shows the
successful generation of Ps.

Positronium can exist in two flavours, depending on the spientation of its compo-
nents. The singlet is called orthopositronium with the bassor

1 _
\s:O,sZ:O>:72(eT e —e€) (3.7)

and the triplet state is called parapositronium

s=15=1 = ee (3.8)
1, _

s=1,5,=0) = 72(eT e +eje) (3.9)

s=15=-1) = ee . (3.10)

The arrows indicate thecomponents of the spins. Due to spin conservation orthtvpes

nium decays to an even number of photons, dominantly two SdithkeV center of mass
energy each, and a half-life of ~ 1.25- 10 19s,

Parapositroniom with parallef spin configuratia¥1) emits mostly three (or higher un-
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even numbers) of photons following spin conservation. Tossbility of just one photon
being emitted by the parapositronium is excluded by spimeygy-momentum- and also
charge conjugation parity preservation

(-1 = (-1)" (3.11)

wheren is the number of photons. Since positron and electron canamiihilate when
their wave functions overlap it is most likely with= 0, that means only S-states are
(practically) possible. So the triplet sta8; will annihilate into at least three photons.
Figure 3.5 shows the Feynman graph of the ortho-Ps and gada¢ay. The branching

(a)

Figure 3.5: Feynman graphs of possible positronium decays. Subfiglighavs the lowest order decay
of singlet state called Orthopositronium into an even nunfbere: two) of photons. (b) shows the triplet
state called parapositronium and its decay into an uneverbau(here: three) of photons.

ratio of two- and three- photon decays is {88]

% _372

O3zy
In contradiction, it was measured {¥0] that in nearly 95 % of all cases the singlet
case will occur, resulting in the emission of two colline&ofns. Since the according
publication was not-peer-reviewed, uncertainties may dssiple. It was proposed that
the detection of three and more photonic decays can be sggutdy applying energy
cuts (see Figure 3.6). Nevertheless, for all practical psep three photon and higher
order decays can be neglected.

A typical kinetic energy of 10eV for the positronium at thené of decay leads to
a Doppler broadening of aboutSkeV for photons emitted parallel and anti-parallel to
the momentum direction of the positronium {8]. This kinetic energy also leads to a
Gaussian variation of the two photon annihilation angle ef 0.54° FWHM [ST06] re-
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Figure 3.6: Energy spectra of Ps annihilation photons measured in Gaimeae by the Weak Interactions
Group at the University of California [¥00]. The number of annihilation photons has been identified b
application of data cuts.

sulting in a mean angle &P = 17946°. For the position blurring this leads to a Gaussian
distributed uncertainty with a FWHM of

Ane = tan?- 2 ~ 000236 D (3.12)

with D being the diameter of the PET scanner.

The annihilation photons can now be measured directly tilvaai photoelectric effect
in the detector or they can undergo scattering in eitherifisei¢ or the detector before-
hand. Figure 3.7 shows the effect of scattered and randontsewe the detected lines-
of-response (LORS).

3.2.2 True Events

An coincidence event is calledtaeue eventif both of the annihilation photons are mea-
sured in a single detector element without having underguoaéering before reaching
the detector. Neglecting non-collinearity the LOR of a tewent will intersect the positro-
nium annihilation point. The detection process is the ttesfid single photoelectric effect



3.2 Physics of Positron Emission Tomography 17

«
5 ¥
T 7
h o7
i !rr‘_r‘ ,"’
.rff l::>ce
5 i
True ' Scatter
;5," s
Eﬁ / &
& 5
T 1 %
rr,j_‘ f“ ; l_"_‘rs ﬁ
£ ’ r‘e ﬁf
f‘f (f F\ \5
r S SSr
’. .
Random Multiple

Figure 3.7: Sketch of possible PET event cases (B]. An event is calledrue, if both photons are detected
directly. In ascatteredevent one or both of the photons underwent Compton- or Rgtykiattering before
being detectedRandomsare mostly generated due to two subsequent decays from whielphoton of
both decays is detected. Imaultiple event more than two photons are detected. Because the scame
not decide which is the right combination, such events armaltly rejected during the data acquisition.

of the arriving photon in the detector material. Here, tgflican inner shell electron is
ejected with the kinetic energy

Ekin,e* - Ey— Eb (313)

whereE, is the binding energy of ejected K-shell electron &yd= 511keV the energy
of the arriving annihilation photon. The cross section fag photoelectric effect cannot
be described analytically for afl and energies, but is
Zn
ope0 = (3.14)
EY
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wheren varies between 4 and 5 depending on the photon energyEfFer511keV it is
n= 4.4 [Eva55]. The top-left illustration in Figure 3.7 shows reeliof-response of a true
coincidence.

3.2.3 Scattered Events

In addition to the non-collinearity effects and the positmange, object- and detector
scattering will blur the detector answer. A sketch of seatteevents is shown in the top-
right of Figure 3.7. Compton scattering describes the icteya between a photon and
an electron from the outer shell of an atom. The result ofititeraction is a change of
direction of the incoming photon and the ejection of the ietat Neglecting the binding

energy of the loosely bound electron, the energy of the phatier undergoing Compton
scattering can be written as

e Ey

Y~ E
1+mTéz(1—cos@C)

(3.15)

where@. is the angular difference of the photon momentum directiefote and after

the Compton scattering. In order to limit scattered everity, Betectors use the photon
energy to select these events. A common cut value 360keV, which means that scat-
tering angles larger thass 60° are suppressed. Figure 3.8 shows the energy dependence
of the photons scattering angle and its cross section.

The differential cross section of Compton scattering incides described by the Klein-
Nishima formula [Kno89]

do 1 2 /1+co20 a?(1—cos0)?)
d_Q_2r%(l+a(1—cos®)) ( 2 )(1+(1+co§6)[l+a(1—cos@)])

(3.16)

wherea = hv/myc? = 1 for 511keV annihilation photons amg~ 2.818- 10~ °m is the
classical electron radius. Often neglected is the cohesesitering of photons known
as Rayleigh scattering. Photons scatter here without anygerness at an atom as a
whole, where all electrons of the atom participate in a cehieway. The scattering angle
is obtained by the Rayleigh formuld + cos ©)sin® and the squared Hubbell’s form
factor FF2(q) [H@79], which adds the dependence on the initial photongners

®(E,0) = (1+cog0) x FF%(q) (3.17)

whereq = 2E sin(%) is the momentum transfer [Cul95, WMUO4]. For low initial photo
energies the form factors are isotropic, while at high eiesrthey are forward peaked.
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Material Cross Sectioni’{g—’z] for 511keV Photons PE (%) | PE (%)
0
Photoelectric Effect| Compton scattering Rayleigh scattering

Water 1.78-10°° 9.58.102 215.10* (0.02) | (0.0003
Lead 7.84.1072 6.68-10 2 1.10-102 50.2 252
Gold 7.02.102 6.77-102 1.03-10°2 474 224
BGO 5.56-10 2 7.14.10°2 8.0-10°3 412 17.0
LSO 3.79-10°2 7.28-10°2 6.59-103 323 104

Table 3.2: Cross sections for 511keV photons transversing materipjgeating in PET imaging
taken from the NIST XCOM database [Nat09a]. Bismuth gerr@an®GO) and Cerium-doped
lutetium oxyorthosilicate (LSO) are common used scirttilfamaterials in commercial PET scanners.
PE = 100- opg/(0pe + Ocs+ Ors) IS the ratio between non-scattered and scattered ev@&iEs.is the
true coincidence efficiency.

Table 3.2 shows cross sections for the photoelectric effiaet Compton effect and
Rayleigh scattering of common detector and tissue matdraisversed by the annihila-
tion photons. Due to thE**-dependence of the photoelectric effect described in Gecti
3.2.2, the fraction of true coincidences can be increasedsing highZ materials like
lead, gold or tungsten.
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Figure 3.8: Angular propability distribution and photon energy aftendpton-scattering of 511 keV pho-
tons [B"05].
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3.2.4 Random Events

Randoms are caused by high tracer activities and long c@ncg&ltime windows of the
PET scanner. If two consecutive positron decays occur withe coincidence time win-
dow and produce two photons each, from which one of each gauatpn is detected, the
resulting event is called a random event as shown in Figute 3.

The average rate of randoms per detector adircan be calculated as

<Crap>=2-M¢- % (3.18)

whereAt; is the timing resolution, 2At. the coincidence time window argd,s, are the
rates of the singles on detect@d. For the special case of a MWPC based PET scanner
with 4 detectors as the quadHIDAC or the MSPET device, theagnverate of randoms is

2 1
<CR>:2-2-AtC-(§) = 2Bt (3.19)

where the facto§ considers that only coincidence events on opposite deteate al-
lowed ands is the total number of singles measured. The factor two adsdor the two
pairs of opposite detector blocks. The equation holds foilar singles rates on oppo-
site detectors. In addition the inverse singles rate has tnimll against the coincidence
time window. For the spatial distribution of random eventtedent approaches will be
proposed later in this thesis (see Section 7.1.7).

3.2.5 Multiple Events

The bottom-right picture in Figure 3.7 displays a multiplert. Multiple events imply
the detection of more than two events within the coincidemoe window of the PET
scanner. This can be due to a high activity-to-coinciddimoe-window fraction or less
likely due to a three photon decay of the positronium. In afhthese cases the scanner
cannot decide if and when which pair of hit-points origirsftem the same decay. Hence,
multiple events are usually rejected by the detector edaatr

3.2.6 Parallax effect

The maximum spatial resolution for thick detector elemevitaout depth-of-interaction
capability is achieved in the center of the scanner’s fi¢ldien (FOV). If the source
Is moved off-center, the probability that either more thae or not the nearest detector
to the corresponding LOR will be hit. The point-spread-timt (PSF), which is the
response of the detector to a point-like source, would thezde broadened and degrades



3.2 Physics of Positron Emission Tomography 21

the spatial resolution in the direction of movement. Dejregpon the scanner’s size and
the detector elements used, this effect can reduce thautesoby a factor of 15 during
a movement of 280 mm [SieQ7]. Figure 3.9 illustrates thisalbed parallax effect. It can

-
=

Tangential Resclution

Radial Resolution

Figure 3.9: lllustration of the parallax effect [Phe06]. The point sgaifunction of an off-center source
is broadened due to a penetration of multiple detector elsn& his effect is especially observed in ring
scanners.

be approximated by the expression
r
DNpg=0———c 3.20
VIR (3:20)
which is sensitive to the distancérom the centre, the scanner’s ring radRiand a factor

a, which depends on the thickness and type of the used satotilinaterial. For 30 mm
thick BGO or LSO crystalsy is assumed to be 12mm [DGBO7].



22 Chapter 3: Positron Emission Tomography

3.2.7 Sensitivity and Noise-Equivalent-Count-Rate

The sensitivityS of a PET device is defined as rate of true coincidences mehgae
second for a given source actividy

S= % (3.21)

The sensitivity is a measure for the ability of the tomograpliletect photons. As the
source strength is attenuated by the source volume maitegH| one has to measure the
sensitivity at different source volume diameters in ordesitrapolate to a source volume
with no attenuation.
An additional problem is to discriminate true and scattereehts, especially in cameras
without intrinsic energy resolution. Hence, often the @mdcorrected number of total
coincidences, consisting of tr@ and detector scattered coinciden€Cgss used to define
the absolute sensitivitg,,sof the system as

G +6GCs

Sabs= —p—- (3.22)

However, the sensitivity of a device cannot directly be used measure for image qual-
ity. Noise caused by scattered and also randoms eventsaigitidrate the image contrast.
Therefore, the noise-equivalent count rate (NECR) is useddoribe the system’s imag-
ing performance as

C[Z

NECR_Q+CS+0(kQ (3.23)
where 1< k < 2 depends on the method used for the estimation of randontaskn of
a delayed coincidence time windokvis assumed to be 2 due to the additional statistical
noise measured in the time frame. In case of a noiseless mendalculation, as intro-
duced in Formula (3.18), it ik = 1 [WAO04]. The factora considers the fraction of the
transverse field-of-view (FOV) occupied by the object [WBO0Zhis implies a flat ap-
proximation of the randoms distribution over the whole FOKerefore, it can easily be
seen that neither sensitivity nor NECR of different devicas loe compared in a straight-
forward manner. Different energy resolutions and cutsiedgbr scatter rejection as well
as different randoms estimation methods have to be takeragtount.

3.2.8 Summary

By looking at the physics of PET one can see that there areeliffeffects limiting the
spatial resolution of the PET camera. Here, the range of dsérpn within the object
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examined depending on the energy spectra of the nuclide asddhe non-collinearity
of the annihilation photons has to be pointed out. The systenmage quality is reduced
by scatters, randoms and the parallax effect in case scawnitbout depth-of-interaction
information are used.

3.3 A Short History of (Small Animal) PET

The first approaches to positron emission tomography datetbal 950, when the group
of G. Brownell at the Massachusetts General Hospital plasedsbdium iodide detec-
tors opposite to each other in order to image brain tumouradgsuring the annihilation
radiation of positrons. The results were published in 1954¢51], when also Wrenn,
Good and Handler published their studies on a similar topf¢$1]. Figure 3.10 shows a
picture of the device by Brownell et. al. and the measureneslts of a 2D brain scan.
Since then it took nearly 20 years until reconstruction méshbased on the work of J.

(b)

Figure 3.10:In the right picture the first clinical PET camera in 1953 witts. Brownell (left) and Aronow

is shown. In the left picture the results of the PET scan agegumted, showing a coincidence scan (a) and an
unbalanced scan (b). The unbalanced scan records asyesr@tsingle rates in both detectors, which lets
one determine the existence of a tumour and as well idettéyptain side in which it is located [Bro99].

Radon [Rad17] allowed to produce more detailed tomographag@s. Enormous devel-
opments have increased the sensitivity by a factor 8@l spatial resolution by a factor
of 10. It was not only the development of new scintillator eratls and photo-multipliers
but also the developments of electronics, computers ammhsgiction algorithms which
have let PET become a standard technology for larger héspital medical centres. In
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parallel to the device development, also radio-tracers h&@come a lot more specific so
that manifold diseases can be examined today. Since the E280’s not only clinical
applications but also preclinical research is done using &l preclinical PET devices
dedicated to small animals are available. Due to the inorgademand of PET also in
clinical examinations, research and clinic soon becamesraod more competing for
measuring time so that special devices for preclinical ciediwere developed. This did
not only improve the availability but also the adaption teapl questions in research. Es-
pecially in terms of spatial resolution and sensitivitydbeledicated devices have to meet
demands close to the physical limits. Today various groupsiaveloping small animal
PET scanners using different technologies to adapt theicee to these applications.
Some of these are presented in Section 3.5.

3.4 Small Animal PET

PET in animals as a non-invasive in-vivo imaging techniqua very promising alterna-
tive to classical in-vitro methods like tissue dissectioraoto-radiography. The biggest
advantage of these methods is that using PET the animal cstudied more than once.
Therefore, each animal can act as its own control object¢chvpermits more accurate
results compared to the measurements of variances of tgntngps involving different
animals.

Directly connected to this point is the high cost-efficign®sulting from a lower num-
ber of animals needed for a study. These costs imply genegygenetic manipulation,
breading and special treatments.

Having the same examination methods for humans and animaislale is very ben-
eficial, because results are easy to compare and therefaee sigmificant than using
classical in-vitro methods. There is a growing interestritab animal PET in various
biological and pharmaceutical industries.

The main problems of small animal PET studies are the limatedlability of scanners,
the high infrastructural needs for some special tracerdfatimited resolution and sen-
sitivity of today’s small animal PET devices.

Most notably mice and rats are very interesting to studyabse they are genetically
and also physiologically similar to humans. This holds facereven more than for rats.
80% of their genes match with humans. In addition, there @obs tat hand for genetic
manipulation of these species, so that certain defects difitations can be extensively
investigated. Rats have the advantage that their inner sayamuite large in comparison
to mice. Hence, itis easier to operate on them and also ¢asigerpret the reconstructed
PET images. As a drawback rats are more expensive and tresdsarless genotyped
rat models than mouse models available. Since mice are nmollarsto humans, rats are
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used in fewer studies (mostly neuroscience) in small anREAl today.

In order to compare human PET studies with small animal egjdine small animal scan-
ner needs to provide spatial resolution at the physical iémd a sensitivity, which is as
large as possible. A 30g mouse is about 2000 times lighterdh@uman being. With a
spatial resolution of about 10 mme(I ml in volume) in a human PET scanner, the small
animal complement needs to reachl mm (respectively 1l in volume). In terms of
sensitivity at levels of (8 — 0.6% in one reconstruction plane (2D) and-2% consid-
ering all LORs (3D) an improvement by a factor of 1000 is cheawbt possible. The
workaround here would be to increase the dose of radiogctiviluced in the animals.
However, that is only possible in certain limits, becausealarge dose would change
the biological behaviour of the studied animal. Also the#raconcentration in the blood
Is subject to restrictions. One cannot inject more th&b @l of volume safely into a
mouse. However, the limits can be slightly increased usiacgts (like FDG) which are
naturally present in high concentrations in the studiedoigm. As a result of these con-
siderations, not more than 10Gi! of radioactivity can be given to a mouse. Another
system specific limit is the count rate performance and tteel dene behaviour of the
scanner, which will increase random coincidences.

3.5 PET Scanners

3.5.1 Basic Requirements for (Clinical) PET Scanners

Clinical PET scanners for humans generally consist of meltimgs of scintillation de-
tectors. Because of the large ring diameter of about 900 mrohwdiives a patient port
of about 700 mm, the non-collinearity of the annihilatioropins is a major issue for the
achievable spatial resolution. Following formula 3.12 toofiinearity leads to a uncer-
tainty of Ayc = 2.16 mm. Adding a mean positron range&$gr = 0.6 mm [B+05] for
18F and following formula (3.24), the theoretically possibftial resolution neglecting
detector and reconstruction effects will be in the ordeAgf = 2.24mm. The resolu-
tion of a PET scanner can be obtained by a mathematical aaimolof occuring errors.
Derenzo et. al. [DMHB93] have proposed an empirical appratiom for the calculation
of the reconstructed image resolution in the following way:

d
Dot = a- \/(§)2+b2+Aﬁc+Agr+Aga. (3.24)

Herea is a factor which considers the reconstruction unceresntl< a < 1.3),d is the
size of the basic detector elements (usually: crystal sizdb is an additional factor deal-

11Ci=3.7-10'%Bq
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ing with contributions from detector identification acocyavorsened by e.g. crosstalk
of adjacent detectors. The contributiahig, Apr andApa account for annihilation photon
non-collinearity, positron range and the parallax erraatéed by Equation (3.20). Es-
pecially the optimization of factors andb is subject of many developments. The main
problem here is that the crystals have to be as small as p@skitwever, due to the lim-
ited stopping power of the scintillation materials thera i®wer limit to the size of the
crystals below which signals are induce in more than ondaly®o reduce this problem,
one uses materials with high stopping power and low Comptattescaffinity like bis-
muth germanate (BGO). Another challenge is the dimensioneophoto-detector. Regu-
lar photomultiplier tubes (PMTs) have a diameter of at ld&snhm. In the simplest case
light guides are used, which will attenuate the light sign@ahother often used method
Is to use one PMT to read out multiple scintillation crystalte position is then recon-
structed via a light sharing encoding. Modern systems usared PMTs and scintillation
crystals which are segmented by slits of different depth. &dmte has presented a nice
overview of different light sharing approaches in [Lec09].

Despite the spatial resolution also the sensitivity and measure of the signal-to-noise
ratio the noise-equivalent count rate (see Formula (31283)to be optimized. High sen-
sitivity means necessitates acquisition times, fastersomresnents and therefore a more
economic usage of the (quite expensive) scanner. Thusiddigion dose exposure for
the patient can be achieved. In order to improve the seitgitive easiest (but most-
expensive) way is to increase the scanners field-of-view/(HA8y reducing dead angles
and increasing the number of detector rings. Also the dianadtthe ring should be as
small as possible. The limit here is the size of the patiergdiBated scanners like the
Siemens HRR? brain scanner (see table 3.3) make use of these effects amdhigh
sensitivity and spatial resolution. On the other hand omeishbe aware that additional
detector rings will lead to additional scatters and randblaging.

More recent developments use time-of-flight (TOF) inforimato improve the signal-to-
noise ratio and therefore the effective sensitivity. Theetdifference of both annihilation
photons detections is used to identify not only a line-apnse but also an area on this
line of response where the decay has happened most likelginrArgsignal-to-noise ratio
can be expected, when the localisation of the decay on theik®Raller than the Object
size. For the localisation one can write

AX = % -C-Attor (3.25)

2High ResolutionResearciT omograph
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wherec = 30‘;1—@ is the speed of light anfittor is the difference of the measured detector
arrival times of the two photons. The gain in signal-to-eaiatio is then [Bud83]

SI\lRTOF _ /Dobject' (3.26)
SNRhon-TOF AX

The most challenging part here is the synchronicity and ithe tesolution of the
detector elements. Scanners with LSO and LYSO scintiateach a timing resolution
of ~ 600ps FWHM [K 08, M™06], which results td\x = 9 cm following formula (3.25)
and a gain in SNR of .2 following formula (3.26) and assuming a patient size of#0c
in diameter. The timing resolution might even be improved\terr ~ 300 ps [K"04]
by using lanthanum bromide (LaB€e) scintillators leading to a SNR gain of nearly
3. While these improvements seem promising for whole-bodydm PET scanners,
dedicated systems or small animal systems would requimaiagiresolution of at least
Attor = 100 ps to improve in SNR.
Systematic problems like scatters, randoms and also pareffects (see chapter 3.2)
occuring especially off-center have to be kept as small &sipke. Scatters can be
neglected using detectors with high energy resolution angel cross section for the
photo electric effect. Here BGO would be the material of cbatoncerning the PE
cross-section. With an energy resolution of only 3% at 662kaBr3:Ce on the other
hand offers the best energy resolution but suffers from ablgoluattenuation length
compared with BGO, LYSO or LSO. Therefore, thicker crystas@eeded, which will,
however, increase the parallax effect even more. To cofoethat, the depth of interac-
tion in the crystals has to be measurable. To overcome tkgifferent approaches have
been proposed. Siemens uses broadenings in point spreettbfisy depending on the
DOI of the photon, in their HD-PET technique [PKMCO06, SieOBgpcause of this high
resolution photo-detectors are needed. Other approad®esamdwiched constructions
consisting of different scintillation materials with diffent response times99].
Multimodality is a very prominent feature of commercial PEGanners. Actually so
prominent that there is no standalone whole body human PEfingc available on the
market but only PET/CT combinations. Here the X-ray CT devicemounted in front
of the PET scanner acting as an independent device. In a PESG&T the PET and the
CT measurement have to be performed following each othegdnitolled by the same
data acquisition unit. Using geometric transformatiohs, reconstructed CT image can
be superimposed onto the PET image. Using PET/CT not onlyiflgsndse precision is
enhanced, but also the PET attenuation correction for ication can be done much
faster using CT. While traditional attenuation correctiothwi®’Cs gamma emitters
(Ey = 622keV) or %8GaPeGe positron emitters takes about 20 minutes, a CT scan
(Ey ~ 80keV) can be done within a minute, which is much more costiefit, because
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the patient throughput is higher. Because of the energyrikgree of the attenuation,
the CT attenuation has to be adapted using proper conveigjorithms [K*98].

Ring Diameter - Crystal Size | Transaxial Spatial| Sensitivity@center
Scintillator .
(mm) (mmd) Resolution (mm) (cpsYMBQ)
Ph|||p§ Gemini GLX 885 GSO 4%6x30 5.3 7700
[Phi09, BF07a]
Phlllp.S Gemini TF 003 LYSO 4x4x 22 4.7 7000
[Phi09, S$707]
GE Advance NXi 927 BGO 4% 8x30 4.8 n.a.
[BT03]
GE Discovery STE 886 BGO 4.7%6.3%30 4.9 8800
[T*07]
Siemens HR+ 824 BGO 4x4.4%30 51 6650
[BT03, H"04]
Siemens Accel 824 LSO 6.4 % 6.4% 25 57 6362
[BT03, H'04]
i TruePoint HI-REZ 4x4x2 4.2
Siemens rue_ oint 824 LSO x4 %20 8100
[ET08, BT07a, Sie07, PKMCO06] (HI-REZ) (HD-PET:21)

Siemens HRRT 312 LSO/LYSO 21x21x10 23 29000

[dJt07, vW08] double layer

1 ¢ps: counts per second

Table 3.3: Overview of some of today’s commercial human PET scannguepties. The Philips Gemini
TF uses time-of-flight information. The used LYSO crystdleva a timing resolution of the order of 600 ps
FWHM [KT08, M™06]. Siemens HD-PET uses depth of interaction informatasonstructed from point
spread function width [PKMCO06]. The Siemens HRRT mentioheck is a dedicated brain scanner.

Table 3.3 lists some prominent modern PET scanners. A oldembre complete list of
modern PET scanners can be found in the review article ofrdrilet. al. [HRGO3].
As in all comparisons of PET scanners it has to be clarifietirtbtall of the results are
based on the same measurement methods and technologistilstures. Even though
the National Electric Manufactures Association (NEMA) lpasposed the NU 2 2001
standard for “Performance Measurements of Positron Eamisemographs” [NEMO1],
it cannot be applied to all scanners in the same manner. Edlgdor scanners with small
FOVs like brain, breast or small animal PET scanners somscpbed measurements
need sources that are larger than the FOV. Also differengesnergy cuts are not
considered. A supplementary summary of modern detectbntdogy can be found in
[Lec09].

3.5.2 Small Animal PET Scanners

Small animal PET scanners cannot be considered as smaisomne of whole-body hu-
man scanners. The demands for such devices in terms ofigiysibd spatial resolution
are totally different. Dealing with a scale factor of 1 : 1G naly a very high resolution,
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Man Scale| Mouse
Heart Size | 5—-10cm| 10:1| 5—10mm

Myocardium lcm 10:1 1mm
Heart Rate | 70/min | 1:10| 700/min

Table 3.4: Comparison of scales in mice and men. Difficulties in adaptiinical PET devices to small
animal versions become obvious.

but also good sensitivity and a high NECR is needed in ordensme the small amounts
of radioactivity in a mouse that are at 37 MBq about ten times less than the typical
human dose. Because of the high detection efficiency and goerdyeresolution at fea-
sible costs, scintillation crystal-based PET camerastitatesthe bulk of all commercial
available instruments.

In addition, there are plenty of detector developmentsdasealmost every type of par-
ticle detector currently being pursued. The most promisirggthe semiconductor based
MEDIPIX detectors and Avalanche Photo Diodes (APDs), wipibvide sub-millimetre
resolution and a one-one coupling of detector and readautredl. This would lead to
b= 0in Formula (3.24) and therefore improves spatial resofuti

In the following sections a selection of small animal PETrs@s is presented. It is not
intended to summarise the best devices, but to demondhetditersity of concepts, no
matter wheather they are already commercially availablgtibrunder development. A
special focus is set on MWPC related projects.

The RatCAP project

The RatCAP project was initializsed by a group at BrookhaverioNat Laboratory
(BNL) in Upton, USA. As an offspring of high energy physics exments, RatCAP
is a non-commercial research project. The special feafURatCAP is that it is mounted
directly on the head of arat like a helmet. Therefore, thecwhnearity blurring is mini-
mized in this pure brain scanner concept. The scanner @seffists of 12 detector blocks
comprising 4x 8 LSO crystals of the sizex22 x 5mn? read out by an array of avalanche
photo diodes (APDs). The preliminary spatial resolutioa haen measured a8 mm
using a< 1mm?2Na point source [VWS$04]. As a drawback of the design, the helmet
itself is very heavy (1509) in comparison to the weight of &a(xa300g). So studies are
necessary that prove that the helmet won'’t affect the asimatural behaviour. In order
to inure the rat to the weight, a sleeve which will later catrg detector is mounted to
the skull of the rat soon after birth. Because of the weigl# ti@vice cannot be used to
image a mouse brain.
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The ClearPET project

Another scintillation crystal based PET scanner was pregpdsy the Crystal Clear
Collaboration. Its design is based on dual layer LSO/LuYAyst&is [Z705]. The used
crystals are % 2 x 8mn? in size and are read out by a PMT with an active area of
18.1 x 181 mn?. So 64 crystals are read out with just one PMT. The deteatoy ias

a inner diameter of 120mm. The axial length is 110mm. The nspatial resolution
measured with a 1mrtfF point source has been measured 48 fm. The sensitivity
for an energy window of 356 650keV is 42% and the NECR saturates at 250kcps
for an activity of 55MBqg. The timing resolution of 2ns FWHM ale for efficient
suppression of randoms.

Resistive Plate Chambers

Resistive Plate Chambers are cost efficient, easy to build,pamdde timing resolu-
tion down to 50ps. They consist of high voltage parallel etete plates with small gas
filled gaps in between. The plates are made of some high votesistivity material of
10’ — 102 Qcm. A traversing charged particle ionizes molecules in thalsgas gaps.

At high gas gains above §@he so called streamer mode sets in, where photons created
in the avalanche will extend the gas multiplication so thptesma channel between the
opposite plates developes. The high resistivity of theggl&eeps the plasma channel lo-
cally confined, so that their position can be read out (mostroonly through intersected
cathode strips). The affected area will not be able to ddtether particles until it is
recharged again (this can take up~ols). So the resistivity of the plates will on the
one hand help to keep the discharge locally restricted, emther hand it will limit the
rate capability of the detector to some kHzfcnA more detailed investigation of RPC
detectors can be found in [RLVO3].

The RPC-PET device developed by A. Blanco et. al. [BOG] consists of 17 electrode
plates and 16 gas gaps aBBOnm thickness. It reaches a very high spatial resolution of
0.52mm FWHM using point liké?Na sources. The timing resolution was measured as
< 300ps allowing a coincidence timing window ef1ns. As the system is still under
development, the material of the electrodes, which willdhevact as converters has not
been optimised yet. Also the readout of RPCs has shown to bechalienging as the
high voltage discharges make it hard to get clear signalsowttchannel cross talk and a
passable noise level. The missing energy resolution as gt gaseous detectors may be
another drawback of this detector concept.
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Straw Tube Approach

An interesting and MWPC-related approach has been pursuetbpypfonal Technolo-
gies, Houston, USA [LMAO1]. Their detector is composed afsé packages of straw
tubes. The 2mm thick tubes are surrounded byr2%ead foils sandwiched between two
thin Mylar® foils. The inner foil is copper plated to provide condudipor charge col-
lection. Using a 1fm anode wire, a longitudinal resolution of 1 mm for a singleetu
could be achieved using a 4 GS/s scope readout. In a 20-tadletsie longitudinal reso-
lution with 20um wire is measured asZimm. A sensitivity of 27 % is achieved with two
20-straw arrays placed 50 cm apart. The timing resoluti@g8sas FWHM [SML"02].

Other Detector Techniques

Besides the mentioned PET detectors there are various oba@s for medical imaging
detecting devices. For example the use of liquid xenon hais beplored [CLS02] since
the 1970s. Liquid xenon can be used as a detection medium in @8/ also be read
out via photo-multipliers. The scintillation charactéigs of liquid xenon are comparable
to Nal(TI) detectors. Since it can be used as a detectionumenii MWPCs, the produced
electrons can be extracted locally and thus offer good a@pa@solution. As a drawback,
the xenon has to be cooled down+o—100°C to keep it in its liquid state. It has also
been found that the created charge signals in such a deté@ttioe small and need special
low noise amplification. Electron attachment processeseaxhby small concentrations of
electronegative components will reduce the measurabiekjgulse heights even more.
In order to avoid this, a high purity of xenon is needed.

Gas electron multipliers (GEMs) [Sau97] are thin, coppated insulating sheets etched
with a dense matrix of holes (usually [#® in diameter and 14@m separated from each
other). They can be used in different configurations fortebecmultiplication in gaseous
detectors. The challenge for its application in PET is thelementation of a proper
photon-electron converter. A lead sheet for example carldmeg not closer than 2mm
away from the GEM foil which would degrade the position re$ion to the same order.
GEMs can be read out using a pad matrix similar as in MWPCs orcsgrductor detec-
tors like for example the Medipix chip [BDRO7, BCH"07] or even an optical CCD chip
[TBAT02]. In the field of gas avalanche radiation detectors witkliocs imaging poten-
tial also the MICROMEGAS [CDGRO02], the MicroCAT [SB98] and the Micro-groove
[BBB199] concepts should be mentioned.
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3.5.3 MWPC-based PET Scanners

The RAL Concept

The Mark | Rutherford Laboratory positron camera is not yeallsmall animal PET
device, but perhaps the first device based on MWPCs dedicatmukitvon imaging. It
was developed in the 1980s by a group around J.E. Bateman Butherford Appleton
Laboratory in Chilton, England [Bat80, BC84]. The design of the proposed system
consists of an MWPC with a combined cathode/converter. Tineester here is made
of lead or lead alloy with a pattern of rectangular cells fedvby spark-erosion. The
pattern shall increase the efficiency of the converter byeimsing the surface area. The
detector reached a spatial resolution of 6mm and an effigieh& % [MOB"89]. A
similar approach using simple flat converters has beentigeted by R.A. Reynolds in
1975 [RSO75].

The High Density Avalanche Chamber Concept

The high density avalanche chamber (HIDAC) consists of airnite chamber detector
sandwiched between two solid photon-to-electron conkerescheme of such a detector
is shown in Figure 3.11. The converter consists of altengatiyers of solid conductive
sheets and insulation, perforated with holes. Electroodymed in the material can escape
into a hole. With a high voltage applied between the solicethethe electron will be
accelerated along the field lines towards the MWPC. On its waylliundergo further
avalanche multiplication. In the MWPC the electron cloud whift towards the anode
wire plane, where it is extracted. The moving electrons and will induce charge on the
cathode tracks. Using charge division techniques theiposif the electron avalanche
can be reconstructed.

The first ideas for a hybrid detector for ionising radiati@vé been proposed in 1974 by
Lim et. al. [LCK"75] at Lawrence Berkley Laboratory and in parallel but indegamntly
from each other by Jeavons et. al. [JCS75] at CERN. Lim used a4 legd honeycomb
structured converter, reaching a resolution ef Bmm. Later on they experimented with
lead glass converters and hexagonal detector configusgsBLL " 82]. Jeavons always
relied on drilled holes. He started with a 1 mm coppdri®m Mylar composition with
2mm diameter holes in it. After the potential for positroraiging was proposed, the first
in vitro images of a heart were shown by Jeavons in 1979 [Jedl@ development of the
CERN prototype, especially in the early years of the detecsrideen subject of many
publications [CJSS73, JCS75, JFI6, JC76, JTE78, Man78, Jea79, JKI80, PHJX 75,
TCM*83, JHH"83, TFJ 87, Tow88, J99] and patent descriptions [Jea95, Jea02]. The
latest version quadHIDAC, which is installed at the Univigr$iospital of Munster, is
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0.4-mm holes

Converter A

Y-Cathode tracks
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Electrons

Figure 3.11: Schematic drawing of a HIDAC detector (A) and the photon eotar principle (B) [S 05].
The detector consists of a MWPC sandwiched by two photoretiren converters. Each converter con-
sists of interleaving layers of lead and insulation drileith a dense matrix of small holes. An incoming
511keV photon is converted into an electron via a photosteadr a Compton process in the converter
material. When it reaches one of the holes, it is accelerateahlelectrical field towards the MWPC. On
its way through the holes avalanche multiplication will occ
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Figure 3.12: Sketch of the quadHIDAC's pad-plane and hole matrix geoynefihe plane was digitized
with a scanner in order to obtain the exact dimensions. (Drgly N. Heine.)
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QuadHIDAC at UKM 9

side view
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(b)
Figure 3.13: The quadHIDAC small animal PET scanner (a) and its detectmiute configuration (b). 8
modules comprise a detector block. 4 detector blocks eatlamsgantry.
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comprised of four detector blocks each containing 8 deteautmdules shown in Figure
3.13. The drilled holes are now3mm appart and.@ mm in diameter. Figure 3.12
shows a drawing of a disassembled pad plane. The chambemsaareut with pads of
0.7 mm width, which are grouped in blocks of 12 pads to reducentimber of read-out
channels. The grouping and readout scheme is shown in Fagide A drawback of this

L 3 Block1

| 3 Block?2

L 3 Block3

T

_U
QD
D_‘
w

L]

\ 4
Pad 2

\ 4
Pad 1 *

Figure 3.14: The drawing shows the idea of the quadHIDAC pad groupingreehd he pads are arranged
in blocks of 12. The block number and the pad number withintiloeks are read out seperatly. The
combination of both will give the exact position informatio

grouping is a possible large position error in case of chiagnosstalk or noise. Table 3.5
summarizes detailed technical specifications of the lgiestiHIDAC design. The values
are taken from publications {®5], private communications [Jea05], and measurements
performed on defective modules. Note that the specificatiffer slightly from the ones
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Number of Detector Blocks 4
Number of Modules per Block 8
Rotation Speed 65s for 180°
Size of Module 1 135x 280 mn?
Size of Module 2 155x 280mn?
Size of Module 3 173x 280mn?
Size of Module 4 195x 280 mn?
Size of Module 5 213x 280mn?
Size of Module 6 231x 280mn?t
Size of Module 7 251x 280mn¥
Size of Module 8 271x 280mn?
Field-Of-View max. 1795 x 1795 x 280 mn¥
Gantry Port Cylindrical, 165mm in Diameter
Wire Material Gold-Plated Tungsten
Wire Diameter 20pm
Wire Separation 1.5mm
Anode-to-Cathode Distance 3mm
Typical Anode Potential 2000- 2200V
Filling Gas Ar Bubbled Through Liquid DIME (GH140)
Number of Converters per Module 2
Number of Lead Layers per Module 16
Hole Diameter 0.4mm
Hole Separation 0.5mm
Lead Thickness 60pm
Insulation Thickness 140pm
Entrance Window 200pm Insulation + 5um Lead without Holes
Typical Converter Potential Difference 3000- 3300V
Pad Width 0.7mm
Gap Between Pads 0.3mm
Coincidence Window 40ns
Dead Time After Single Hit 160ns
Dead Time After Coincidence 400ns
Readout Speed 320MB/s via a 128 Bit Bus
Output Format List-Mode Stream, Coincidences Only

Table 3.5: Specification of the quadHIDAC small animal scanner in itedaversion as installed at the
University Hospital of Mlnster.

given in the latest publication of A. Jeavons §8]. The 32-module quadHIDAC reaches
an average spatial resolution o0 mm and a sensitivity of 13cps/kBq in the centre
of the FOV. The count rate saturates at 370kcps with 19 MByiac{iS™05]. Besides
the development efforts of the groups of C.B. Lim and A. Jeavions other groups have
dealt with the HIDAC principle: one located in Dresden at FZ&endorf and another
one in Kingston, Canada at the Queens University. P. Manétasd. tried to explore the
electrical limits of the converter concept [MEB8]. B.T.A. McKee et. al. developed the
Q-PET detector, a camera for small volumes, reaching aadpasolution below 3mm
[MDH +88, MDH94].
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3.5.4 Other Dedicated Scanners

In addition to the presented PET and small animal PET caménase are also other
dedicated cameras for special clinical and preclinicappses available and/or under
development. Especially, the diagnosis of breast canadddxe significantly improved
by the use of PET techniques. Due to similar dimensions, wiotese breast imaging
approaches are based on small animal PET developmentsxdfopke the RatCAP group
Is considering a breast scanner version of their scanndighylg adapting its dimensions.
There are also ideas for a straw tube brain scanner [A®Ibased on the same ideas
as the small animal version presented above. Also ideasrforpebreast scans with
HIDAC techniques have been made [OWEJ06]. The problem heesis all MWPC
based detectors the dead areas in edges of the construegdedfor gas tightness and
stability. In addition, the electric field and thus the gairtdWWPCs is not homogeneous
at the edges of a chamber. Therefore, the most importans afghe breast - near the
body - cannot be imaged. Therefore, MWPCs are unlikely to ekagrgrelevant role in
breast imaging.

3.5.5 Future Prospects

The future of small animal PET is promising for different elgfor technologies. The
most important thing for each approach is to concentrateatiength. If the task is
to construct a commercial allround PET device with a largé/F@d good resolution
and sensitivity, presumably the crystal based cameras agivantage, mainly because of
their development advance gained in 30 years of clinical 8&Elopments. On the other
hand, most of all APD based cameras will find their way, evehey still suffer from a
very small field-of-view. Dedicated applications like exevheart studies should already
be realisable using today’s state of the art APDs.

MWPCs will have to focus on their high resolution and very lafg®/ without suffering
from parallax effects. Also the straw-tube and other niguhmhiques might profit from
their inherent properties to compensate missing energyuisn and low sensitivity. In
conclusion, the choice of scanner will strongly depend smagplication.

For all further developments the capability of multi-matalvill be essential. As in clin-
ical PET also in small animal studies combinations with }-@r, MRI and ultrasound
will be a key feature of future devices. As developments ahiimed devices are very
expensive and stand alone devices of different modaliteskeady available, in a first
step a manual approach is most reasonable, where PET anelcthredsmodality are ap-
plied consecutively to the same frame of reference. Spbelconstructions are under
investigation to fulfil the demands [Sch08].
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3.6 Reconstruction Algorithms

In order to obtain images from coincidence data measuredéydeétector, dedicated
reconstruction algorithms are needed. The easiest waynpa@ simple phantom mea-
surements with simulations is to use parallel projectiotrs.order to do that, the 3D

coordinates of the hit-positions in the detectors have tordresformed into a quadruple
of two angles and two points:

f(X1,¥1,21,%2,¥2,22) — p(®,6,Y,2) (3.27)

In order to keep the memory consumption within reasonabiédj (¢, 8,y,z) need to be
binned. In the later shown measurements and simulatiopsfigles and 18 angles have
been used. Thg z-binning varies between.05mm and 1 mm depending on the needed
precision. The binned data points are then integrated dvangles and-coordinates so
that they can be visualised in a two dimensional histogram:

Paraprofy) = /(p | [p@0.y2idgueaz (3.28)

Figure 3.15 shows an example projection of one single angéallel projections are

Integration along all
LORs at a fixed ¢.

Figure 3.15: 2D Projection obtained by integration of all LORs of a certangle [WAO04]. Doing this for
all 6 andz values and summing over all single projections one attdias3D parallel projection of the
object.

well suited to quantitatively visualise detector respofusetions of simple objects. But
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since they do not return an image, they are not sufficientHeranalysis of preclinical

and clinical questions and complex structures. Hence tiaddl image reconstruction
methods are needed.

The most common one is here the Radon transformation bass@dilback-projection,

which is the standard model in X-ray CT. Details about thishodtcan be found in

[NWO1]. Even though they can also be used in PET, as a drawbagkdo not take the

statistical nature of the data into account. Therefore,enodPET devices use iterative
algorithms. Figure 3.16 shows the basic idea of such iteratigorithms. One begins
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Figure 3.16: Flowchart of a generic iterative reconstruction algoritivA04].

with an estimate of the complex image, which can be assumiee for instance a simple
cylinder. In the next step, projections of this image estaraae performed and compared
with the measured projections. In contrast to the paratlgkgtions explained above, the
measured projections here are not binned. The differenteeastimate and the measure
is back-projected to the image space and then used to imfrevenage estimate. With
the new estimate the algorithm will start its next iteration

Mathematically as a representative of these algorithmes,ettpectation maximization
(EM) algorithm can be written as

kil_ ¢kar 9 1
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wheref : RN — R* is the density function describing the tracer distributigthin the ob-
ject. Alis a matrix containingj-values which are equivalent with the intersection length
of a LORI with a voxelj in the image space. A applied to the images tracer density-dis
bution f will result in the projection space equivalenof f. ﬁ is called the sensitivity
matrix and needs to be applied in order to correct for geaoaffects of the scanner.
Since the standard EM converges only slowly, the input dasalitted into subsets which
are then computed separately, following a divide and congpproach. This common
used method is called the ordered-subset-expectatiommzation algorithm (OSEM).
For details on iterative reconstruction algorithms seerssfce [VSK85] and for the

OSEM algorithm reference [HL94].

3.6.1 Future Prospects

Reconstruction algorithms still have enormous potentiafdather improvement of im-
age quality in PET. Siemens has shown this very impressiylynbdeling the forward
projection matrix between image space and projection spageprecisely through a se-
ries of measurements of point sources at different positadrthe FOV. This technique is
known as HD-PET [PKMCO06].

Another futur aspect will be the implementation of quanitt@aalgorithms. Therefore the
fraction of trues, randoms, and scatters has to be known lhasyeossible in every voxel
of the image space. For crystal based PET scanners this cdaneeby point source
measurements with proper energy cuts, in quite the sameanasrSiemens has shown.
For PET scanners without energy resolution simulationgeaimsed to obtain these quan-
tities.

In PET images of living organisms, movements of the heartthedung blur the im-
ages. Motion corrections using electrocardiography (EGgsjads for cardiac gating and
cameras that register the respiratory movement of a whitshgattached to the patients
abdomen have been done for humans [DBE] but are not clinical standard yet. A simi-
lar method is under development for small animals using lasams instead of cameras.
Another approach is to correct for motion blurring using lisemode stream of the PET
scanner and some assumptions on the activity distributiolelumovement [BDS09].



4. Conceptional Ideas for the Design
of a Novel Small Animal PET
Detector Based on MWPCs

In the previous section the basic advantages and disadyemtd different PET scanner
designs have been discussed.
The 32-module quadHIDAC camera, installed in Minster, has provemutstanding
performance in terms of spatial resolution and cost effayeihe characteristic feature
of the quadHIDAC is its efficient photon-to-electron corteeintroduced in Section 3.5.3.
A disadvantage of this device is the complex converter desigich is quite difficult to
manufacture as it needs drilling of very small holes into tipié sandwiched layers of
lead. More than 200000 holes have to be drilled into eachertery which takes about
a full week of time [Jea05]. The drilling produces a lead filavering the holes, conse-
quently the holes have to be cleaned using adequate acidddition to the challenging
assembly, the detectors have turned out to be very faulteprbittle irregularities at the
edges of the holes cannot be impeded during the manufagtpratess, so that repeated
sparks between the lead layers inside the converter arevelolseln the course of time,
these sparks will erode the material and create condudtaerels between layers of dif-
ferent voltage potentials, which in the end will destroy de¢ector module.
On the user side the major problem of the quadHIDAC is its imgsenergy resolution and
its poor timing resolution, resulting from drift time difiences of electrons produced in
the extended converter and the inhomogeneous electriariiéhe converters. The result
is an increased rate of randoms. An ideal, less error promeecter for an MWPC based
PET detector would most likely not have holes and has to bg @as fast to build. The
use, or at least the intensive machining, of toxic compankke lead should be avoided
using either alternative materials or prefabricated el@merlhe spatial resolution and the
sensitivity should nevertheless be kept on a level compatalthe quadHIDAC detector.
Following these ideas the detector concept of the Minstdr dice, in the following
called MSPET, can be drafted in a straightforward manneke&p the detector sensitivity
on a level comparable with the quadHIDAC, a similar quantitganverter material has
to be used. The abdication of a complex HIDAC-like drilledwemer leads to an increase
in the number of detector modules in order to achieve the sameersion probability. A
first estimate for the number of modules per detector bloeklad for a similar sensitivity
would ben = 64, in order to achieve comparable efficiency to a system &ithHDAC
modules with two converters and 16 layers of lead of which Z&tholes. Itis assumed,
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Figure 4.1: Measured angular distribution of electrons leaving ar@0ead foil irradiated with &3’Cs
source emitting 663keV photons and 1176 keV electror®7]H The leading signs are chosen arbitrarily.
Although the mean value of the fitted gaussian shown here-i86.0°, the data points are compatible with
a mean value of slightly above= 4. As a cross check, comparable Geant4 simulations have baga m
and will be presented in Figure 6.15.

that two flat foil converters are mounted in one module anti boll provide equivalent
conversion rates. The challenge in such a detector is the rarmber of readout channels
needed. With roughly 120 channels per module a total numiegoroximately 30000
channels would be needed for the whole PET device. This i¢etiggng, but not impos-
sible to achieve with the use of modern integrated eleatsonThe number of channels
can also be reduced by appropriate channel grouping scheAigsugh grouping of
channels is unattractive because it entails a loss of irdbaon. Therefore, it is always
prefered to read out every single channel in order to retaindata access to all available
information from the pads.

The spatial resolution of the new scanner is then limitedHgyangle of the electrons
liberated in the converter and entering the gaseous voluntieeodetector. As shown
in Figure 4.1, first measurements by H. HiinteleDfHindicated an average angle of
o =~ 40°. Thus, for sub-millimetre resolution, the chamber shoudd Ime thicker than
2mm in total. The typical electron drift time in such a modw# be inherently faster
than that of the HIDAC and will thereby reduce the randome thtough the use of a
shorter coincidence-time window.

The optimum converter thickness and material has to betigeted and optimized using
proper detector simulations.
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As no multi-wire proportional counter with such extreme dimsions has ever been build
before, the project is also an attempt to test the limits isfdetector concept.






5. Monte Carlo Simulations

Nuclear physics is often faced with very complex problemgsc& analytic calculations
here become difficult, time consuming and unpractical vengldy, Monte Carlo sim-
ulations [MU49] can help to keep things managable. The M@#do method was in-
troduced in 1949 by N. Metropolis and S. Ulam who were ingplyg the city of Monte
Carlo, Monaco with its famous casinos when searching for aenam

Monte Carlo algorithms use random numbers in order to geménptit values for a de-
terministic model. The model returns a unique result forgwgput number. When sam-
pling the random numbers on sensible probability distrdng depending on the model
of the simulation and doing lots of iterations, the resufipraach the exact analytical
solutions. Depending on the complexity of the model and #gmahds on the precision
of the results, the necessary number of iterations and ctatipo time may become very
large. Therefore, the usage of computer clusters and st systems is essential to
generate a reasonable amount of data.

5.1 Geant4

Geant4 [A*03] is a toolkit for Monte Carlo simulations of particles teasing matter.

It was originally designed for high energy experiments at CER{Nthe RD44 project
who came up with the first production release in 1998. Ther&otbased predecessor
Geant3 dates back to 1974. As a result of developments ofagmject with the ESA
since 1999 there are low energy extensions$8] available. These provide cross sec-
tion tables reaching down to at least 250 eV, depending opribeess, and make Geant4
suitable for PET simulations.

Along with these developments, there are also some sogdtisti dedicated tools avail-
able for PET: For example the Geant4-based GATEO® or the independently de-
veloped PET-EGS [€99] (based on EGS4 [N\B5]), SIMSET [SIM09] and PETSIM
[TT92]. Since these codes are dedicated to cylindrical, drpstsed PET only, the quad-
HIDAC PET code was developed from scratch on the basis oféheric Geant4 toolkit
version 90. Most of the simulations have been performed on a clusté86fOpteron

1Geant stands faBeometryand tracking

2European Organization for Nuclear Research, formerly knaaConseilEuropén pour la&Recherche
Nucléaire

SEuropearSpaceAgency
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processors at the Institut fur Kernphysik in Munster. 250iom positron decays could
be tracked within 26 hours using 50 processors.

5.2 Concept of Geant4

In Geant4 one can discriminate classes which are calleddafsimulation run is started

and those needed for the run itself. Initialisation clask#me the experimental setup and
the tools, materials, and physics processes that are torhgated. The basic structure
of Geant4 can be understood as a state machine as shown ire Eidgu In the pre-

Event Processing

Geometry Closed

/run/beamOn

Initialisation Classes

Prelnitialisation State

. Idle State
ializ

Figure 5.1: Basic structure of Geant4.

initialisation state geometries, materials, particled physics can be defined. The pre-
initialisation state is closed by the commaldin/ i niti al i ze. Everything defined by
the initialisation classes is now set and the idle statelisa:an the idle state a simulation
run can be started by the commalindin/ beanOn, which closes the geometry and starts
the event processing state, hence the action classes. fiftambe terminated normally
to the quit state or to the abort state indicating an error.

5.2.1 Initialisation Classes

e Detector Construction
In the detector construction class all volumes, geometaiied materials of the sys-
tem setup have to be defined. It has to be ensured, that no eauerlaps with
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other volumes. Volumes are placed inside other, so callethenovolumes. The
highest order volume is called world volume. Volumes andemals can be de-
fined recursively. Basic volume geometries like cylinde)eses and so on are
provided by Geant4 classes. When defining a geometry, oneolstart with the
definition of a solid. A solid is a basic geometry like for exalena box of certain
dimensions. In the next step a material can be assigned solidevhich makes it a
logical volume. Instances of the logical volume can now laeetl in some mother
volume which makes it a physical volume.

e Physics List
The physics list class defines all the physics processesdded the simulation
task. In addition all particles to be generated have to beeefi Geant4 provides
basic classes for the most relevant physics processes smdlefinitions for ele-
mentary particles. Unwanted processes or particles cawibehed off. The par-
ticle data is implemented using the NISdata [Nat09a]. As Geant4 is originally
dedicated to the simulation of high energy experiments]diveenergy cross sec-
tion tables for physics processes are less precise. Therefgternal groups have
implemented more detailed physics lists even for low enamlications [AF99]
currently reaching down to 10 250eV depending on the process. Some of these
working groups have been affiliated with the Geant4 Collatimmaso that the low
energy packages are certified. There are two basic low epacfages available:
One based on the Livermore Library [PC&1, CHK97, PCS97] and one based on
Penelope [SFVS01]. Both packages provide comparable descriptiortbefel-
evant processes [AGD5]. The differences between both packages are marginal,
with regard to the implemented application. The most premirrawback of both
models is the missing accuracy of multiple scattering pgses in thin foils. There-
fore, the standard Geant4 implementation has to be useddugtiag a small inac-
curacy to the simulation results. Another important valueefine in the physics
list is the production cut. In general, all particles getedlan the simulation are
tracked until they have reached the minimum energy listethénphysics tables.
This energy cut therefore defines the minimum kinetic enefgy particle at the
time of its production.

4Nationall nstitute ofStandards and@ echnology
SPENetration ancEnergyL O ss ofPositrons andElectrons
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5.2.2 Action Classes

e Primary Generator Action
The primary generator class creates primary beam partioeslefines their energy
and direction.

e Run Action

A run in Geant4 is, analogous to real experiments, a set aftewehich share the
same framework conditions. No changes on the geometry aigihiists can be
made while a run is in progress.

The run action class can be viewed as the global controltsireiof the simulation
just below the main class level. It can advise the detectostroction class to build
and return the geometry. The construction of the physitsslassigned and finally
it lets the event action methods produce and process events.

e Event Action
All primary particles are pushed onto a stack at the begmwoihan event. One
particle after another is then popped from the stack andtsahie tracking man-
ager for further processing. The event manager also recenaeuced secondary
particles and processes them in the same manner until tieistampty.

e Stacking Action
Primary events which are not yet processed by the eventedtgs wait on a stack
to be picked up.

e Tracking Action
A track in Geant4 carries information of a particle at therent time. The current
track is deleted, when the particle decays, has lost alliftstic energy or leaves
the world volume. It is in the responsibility of the user torstneeded track infor-
mation in so-called trajectory objects for access at lateed.
Tracks of particles received from the event action classepracessed by the track-
ing manager. Tracks are calculated using the steppingraclasses. Secondary
particles are returned to the event manager for furthergasing.

e Stepping Action
A step is the smallest unit of particle movement in Geant4. i@gnirom
a PreStepPoint the stepping action class calculates the position of the
Post St epPoi nt . It considers the particle energy, direction and cross@eda-
ble for its calculations. A step is completed when the nexyfspls process occurs,
or the volume boundary is reached (which is handled as a gsatself, called
transportation).
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5.3 quadHIDAC Simulation Code

For a better understanding of the behavior of the quadHIDAG@lsanimal PET scanner,
extensive simulations have been performed. The desigreajuadHIDAC, as described

in [J799, Jea95, Jea02] and[85] has therefore been implemented. Furthermore, to
compare the simulation results with measurements, somdasid phantom sources, in-
cluding line-, mouse-, rat- and point sources, have beeteimgnted.

5.3.1 Detector Construction

The quadHIDAC small animal PET scanner was already intredun Section 3.5.3.
Based on publications, patent discriptions and measurempentormed on defective HI-
DAC modules the dimension parameters for the hole distaacdsnaterial thicknesses
were obtained and can be found in Table 3.5.

Based on these values a corresponding simulation setup badroplemented. Figure
5.2 shows a visualisation of @55 x 12.9 mn? piece of a simulated detector module. The
image has been rendered with the DAWN visualisation toolkitq7]. One can see the
outer insulation, the outer lead foil and the stack of 16ralieng lead and insulation lay-
ers drilled with holes. The thickness of a simulated modsi&#39 mm, which is G3mm
less than a real one. The difference is most likely the regulhknown contributions of
glue between the parts of the modules. Log file headers of HJil®C measurements
report a distance of 14 mm between two neighbouring moddiks.first module begins
at X = 89.2mm away from the centre of the FOV. Since the modules in tmeilsition
have been stacked together without any gaps in betweenizitelgave been adapted to
the quadHIDAC’s angular coverage and not to the real dimassidhe size differences
are noted in Table 5.1. In sum a simulated detector bank8imBh shorter than a real
one. Figure 5.3 shows the complete simulation setup inetudihit distribution map of a
point source simulation. To keep the simulation on a managdevel, only two opposite
detector banks have been implemented. Nevertheless isShpe to simulate a virtual
four module quadHIDAC by switching coordinates of the seuralume position and the
detector reference system. The simulation results can bgegéater to get the full quad-
HIDAC simulation. Especially for source volumes positidra&f-centre this method is
recommended. Altogether the setup contains two blocksghit eietector modules com-
prising over 200 million basic elements, most of them witkelon it.

Of course all relevant dimensions and materials can easilshlanged in order to test or
optimize these with respect to different questions.
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electron converter:
16x (140 pm insulation
+ 60 um lead)

entrance window:
UL 200 pm insulation
+ 50 pm lead (without holes)

gas volume

6"7/77

it &

i} 6<(\
Figure 5.2: 5 x 5 x 129 mn? piece of a simulated detector module. One can see the twedens and
the gaseous volume in between. The converters consist afy&éd of alternating lead and insulation. The
entrance window is made of a gas tight insulation foil foléamby a solid lead sheat without holes in it.

Module Number Real qugdHIDAC - Mgdule Size Space Angle| Space Angle

Module Size [mmd] | in the Simulation [mrf] al[°] BI°]

1 135x 280 135x 280 74.23 11499

2 155x 280 153x%x 2765 7381 107.21

3 173x 280 169x 2735 72.86 10013

4 195x 280 189x 2715 7324 9372

5 213x%x 280 205x 2695 7252 87.91

6 231x 280 221x 268 7192 82.66

7 251x 280 239x 267 71.85 779

8 271x 280 257x 266 718 7358

Table 5.1: The modules of the quadHIDAC have been adapted to the angoNarage of the real quad-
HIDAC. The sizes of the individual modules therefore diffesm the real dimensionsa is the angular
opening in the X-Y plane an@d the opening in the X-Z plane.
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Single Detector Hits
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Figure 5.3: Geometry of the HIDAC detector as implemented in the sinmutatode. In this illustration a
wire grid sketch of the geometry setup made with DAWN was sog@ysed with a simulated detector hit
map produced by an 1 mm point source filled Witk in water.
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5.3.2 Physics

Geant4 allows switching physics processes needed forrmgation on and off. For the
presented PET simulations, all relevant particles andge®ses have been switched on,
namely:

e The photon, with the processes photoelectric effect, Comgtattering, Rayleigh
scattering and gamma conversion.

e The electron, undergoing multiple scattering, ionisatiod bremsstrahlung.

e The positron, influenced by multiple scattering, ionisatioremsstrahlung and an-
nihilation,

¢ and with minor influence thg"™ and theu—, that can be used for cosmics tests, with
the processes multiple scattering, ionisation, bremsising and pair production.

For all processes but multiple scattering the low energkaage based on the Livermore
library is used [A"99]. The low energy processes are implemented down to eseodi
at least 250eV. Below this value, the particles are removexh fthe simulation. The
above mentioned processes can occur at rest, along a stestoa gtep. Processes at
rest would be for example particle decay or annihilation.nBstrahlung and ionisation
occur along a step and a decay in flight or during hard scatfes multiple scattering
has not been implemented for the low energy range yet, tmelatd Geant4 multiple
scattering package, which is accurate aboevekeV is used. The lack of precision directly
influences the positron annihilation process. As energiealsr than 10eV would be
needed to describe annihilation photon non-collineatittg, angle between both emitted
photons is always exactly 180Hence resolution loss caused by non-collinear photons
cannot be studied using Geant4 versioh 9

5.3.3 Primary Generator and Source Volumes

The most frequently used small animal PET tracer molecuieeatniversity Hospital of
Miinster is'®F-Flourodeoxyglucose (FDG). Even most of the test and kliin mea-

surements have been done with FDG. Since the beta spectr&?f on be described
quite exactly, positrons sampled on this spectrum are usedriicle source for all simu-
lations presented here.

The Beta Spectrum of'8F

The kinetic energy of the primary positrons in the simulati@as to be sampled using
the energy spectrum of the positron decay of #fenuclide.®F has a mean half life of
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109 min and decays, according to Formula (3.1}2® with a maximum positron energy
of 635keV:

B 1804+et+v4+0Q (5.1)

In general a transition of such a decay can be described blyeimai theory as follows
[MK94]:
21, A dn
N = [(f|A]i) [P 2
(Pdp= IR gy (5.2)

N(p)dp is here the probability per unit time for an electron to betediwith a momen-
tum betweerp and p+dp. The matrix elementf|H|i) contains the Hamilton operator
of the weak force. It has been shown experimentally thatdpesator shows only a very
slight energy dependence for most beta spectra. The shépesgectra is formed mainly
by the terme'T”é which describes the density of the final states per enerdlpwiag Fermi
theory the density of final states per energy interval can lb@written in more detail as:

dn

dT\(; ~ PeWe'(VVO—We)Z'F(ZyW)‘Cn (5.3)
= (W2—1)3W- (Wb —We)2-F(Z,We) -G (5.4)
with
Eli;naX+n~b
_ kin 55
Wo o (5.5)

andEN® = 635keV ,mp = 511keV for a positron escaping from th#& nuclide.n =0
indicates an allowed decay [Sch66]. Because of the neghigibkergy dependence, the
matrix elemenCy can be approximated by a constant.

F(Z,W) is called the Fermi function. It describes the Coulomb irdBoa between the
emitted particle and the daughter nucleus resulting inghsghift of B -spectra towards
higher energies and @ -spectra towards lower energies. The Fermi funckaran now
be written as

F = FoLo (5.6)

whereky is the result of the Dirac equation with a point charge nuslewaluated at its
charge radius. It can be approximated as [Hol92]:

21y

For ————
0T 1 ey

(5.7)
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Entries 1000000
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Figure 5.4: Positron energy spectrum 8iF as it is used in all presented simulations.
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Pe (We2 — 1)% 7
with Z being the charge number of the daughter nucl&us Q for B*-decays and < 0
for B~ -decays).Lg is a correction factor for the finite charge distribution lire thucleus.
It can be written as [Hol92]:
Lo~ }(1+y1) vi=14/(1-02Z2), a=x i (5.8)
2 ’ ’ 137

For our application, random numbers are sampled on thistrspeaising the ROOT
[BRT97] random number generator. The system time in second®éasinitial seed
for the random number generator. Since the time informasaiso part of the output
filenames, two data files obtained with the same seed in the daectory cannot exist.
This is important if more than one instance of the same progsaexecuted sharing the
same data space, e.g. on a computer cluster or a multi-core Elfle 5.4 shows the
sampled spectrum which is used in the presented simulatidfith a mean energy of
251keV it is in good agreement with the canonical valuesdg].

Simulated Source Volumes

It is easily possible to implement nearly every source valgaometry based on simple
shapes like e.g. boxes, spheres, cylinders or cones. Inwrdempare the simulations
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presented in this thesis with appropriate measurememt§libowing standard PET phan-
toms have been implemented:

e Point-like SourceA point-like source is a water sphere with a small diametgr. P
mary positrons are distributed uniformly over the volumehaf sphere using ran-
dom numbers. The coordinates are calculated as follows:

X = R-sin®-cosd (5.9)
R-sin®@-sin® (5.10)
z = R-.-cos© (5.11)

with R=r si% © = arccogl — 2sp) and® = 21153, wheres;, s, andss are random
values in the range .0.1 andr is the radius of the sphere. The random num-
bers are generated again using the ROOT[BR random number generator. The
point source can be compared to a sm&f-water drained spherical sponge used
in quadHIDAC test measurements [Sch08]. Diameters bet®Weem and 32 mm
have been used for different simulations.

e Line SourceThe simulated line source consists of a cylindrical waténwe with a
length of 80 mm and a diameter of 1L mm. Itis surrounded by asgigese of 200mm
length and 3mm diameter which is intended to stop the pastrdhe positrons are
distributed uniformly in the water volume:

X = R-cos® (5.12)
y = R-sin® (5.13)
z = %-(2-53—1) (5.14)

with R=r-,/s1, ® = 215p, Wheres,, s, andsz are random values in the range
0...1 andr is the radius of the cylindeL. is the length of the cylinder.

e Mouse PhantomIn addition to the thin line source, thicker cylinders hawei
simulated. Usually these cylinders are used as mouse phantdhey consist of
a cylindrical water volume with a length of 76 mm and a diamete41 mm. It
is surrounded by a 1 mm thick pipe made of polyethylene, whig$ a length of
150mm and stops nearly all positrons.

e Rat Phantom The rat phantom is quite similar to the mouse phantom exaept f
its dimensions. The water volume here has a diameter of 59ndradength of
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100mm. The surrounding polyethylene pipe has a thicknedsroh and a length
of 150 mm.

5.3.4 Stepping Algorithm and Output Data Format

The stepping algorithm performs the computation of theatets response of every single
particle traversing through the defined geometry. It regumformation on

¢ the event number,

¢ hit-position coordinates,

e layer number,

e converter number,

e energy of liberated electrons entering the gaseous pattie afetector,
¢ the energy of the mother-particle,

¢ the particles creation process,

¢ the mother particle’s creation process,

e the vertex coordinates,

e and original annihilation photon directions.

The output is written to a file containing a ROOT tree [BIY] format.

Determination of Vertex Properties

In a first step the code looks for a photon track created in amhdation process by a
primary positron. The vertex coordinates of the annihilaamd the photons directions
are retained for a possible entry in the ROOT tree later on.

Identification of Scattered Events

Information on production- or interaction-processes d@ng positions are available only
during the computation of that step. This implies that, ieamants to know whether
a scatter process has occurred somewhere on a particle tiaekhas to store this in-
formation at the time, the process occurs. Possible stajtprocesses are here are the
Rayleigh and the Compton process. The information on Rayleigtiesing is written
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into an array, created and initialised by theent Acti on class. The lowest step number
containing a Rayleigh scattering process is stored for etrapk. In the same manner
Compton scattering processes are stored. The Compton antgireothe spatial coordi-
nates of the scattering process, the energy of the photanebife scattering and the step
number of the step at whose endpoint the Compton effect ocaigs the parent track ID
number and a scatter flag, indicating weather the particdeblean scattered during cur-
rent or previous steps is stored. The parent ID nurpaeent | D = 0 indicates, that the
mother particle is created by the primary generator whilet@hs emitted in the positron
annihilation process are assigned ent | D= 1.

Generation of Detector Hits

One major drawback in the current version of Geant4 is itsilita to simulate avalanche
propagation of electrons in electric fields and thus gemeyairoper detector responses
of gaseous detectors.

Hence, in the developed simulation code a hit is obtainegmdn electron crosses the
geometrical border from any volume into one of the gaseots péthe detector. These
are, in case of the HIDAC design, the holes of the convertdrthe wire chamber itself.
The coordinate of the hit is then the vertex point of the etect This is most likely
somewhere in the converter but can be generally anywherenlibe gaseous parts of
the detector. Therefore, every electron entering the gasnais assumed to produce a
measurable signal, while direct conversion of photonseéngis volume is ignored.

If such an electron is identified, the scatter arrays desdrib the previous Subsection are
browsed at the parentID position for the information on treaton process and energy of
the mother particle. The particle type of the mother pagtislobtained from browsing the
stored trajectory object containing the tracks historyethe event number, the particles
vertex position, the kinetic energy of the electron and teector number of the hit is
obtained. The whole event information is then filled into R@OT tree and the next
event can be processed.

Filtering of Coincidences

The presented detector simulation returns a ROOT tree ioamganformation on single
hits. In order to filter for coincidence events, these sirigges need to be processed.
Therefore, a small piece of code looks for single eventsispdhe same event number,
which therefore originate from the same primary particlertfer coincidences are ac-
cepted only, if they occur on opposite detector blocks. nffare cases, more than two
events share the same event number, the electrons withglest&inetic energy are com-
bined.
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Modules | Size in the Simulation [mA]

1-5 135x 280

6—10 154.25x 27865
11-15 17153x%x 2776
16-20 19279x 27681
21-25 21007x 27614
26—-30 227.36x 27561
31-35 24663x% 27516
36—50 26595x 27475

Table 5.2: The modules of the MSPET camera have been adapted to theaacguerage of the quadHI-
DAC camera denoted in Table 5.1. Events exceeding this diiloes are rejected by ti& eppi ng Action
class.

5.4 MSPET Simulation Code

The simulation code for the MSPET device itself is similaithat of the quadHIDAC.
Apart from the different detector geometry, only the stegmlgorithm had to be adapted
to the new geometry. The geometry setup is shown in Figure A MSPET MWPC
module consists of a 2mm thin gas filled volume which is plaodzetween two cathode
planes. The cathodes base plate is made®idn thick FR4, a glass-fibre/epoxy com-
pound material. A thin 3gm copper layer covers the surface of the FR4 on both sides.
The following thin lead, tungsten or gold sheet acts as aqhti-electron converter. As
in the HIDAC simulations there are two detector blocks impémted. Each block con-
tains 50 detector modules. To allow for some flexibility ir tthoice of detector block
dimensions, all modules are initialized with the same sibicivis 280x 280 mnt, the
maximum size simulated here.

The MSPET modules can be cut to the HIDACs space angle covesagmoring par-
ticles that are detected outside of it during a simulatiamniruthe stepping algorithm, or
afterwards during the data analysis. For better compatisdne quadHIDAC detector,
the field-of-view is choosen identically. In order to usesibée values, 8 blocks of same
sized MSPET detector modules have been used for the prdsgntalations. Table 5.2
states the module sizes used for the simulations in thissthes



5.4 MSPET Simulation Code 59

0.5 mm FR4
35 um Copper
Converter

2 mm Counter Gas

(@)

(b)
Figure 5.5: (a) shows a close up view of two stacked MSPET detector medél€ mm thick MWPC is
sandwiched inbetween®mm FR4 sheets plated with BB copper and equipped with a thin photocon-
verter made of either lead, gold or tungsten. 50 layers afethdetectors form a full detector module as

shown in (b).






6. Construction of a Multi-Wire
Proportional Counter for Small
Animal PET

To fulfil the demands of a modern small animal PET device, thenided performance
specifications have to be considered already during itgdesn terms of sensitivity and
spatial resolution the new Minster PET device (MSPET) shbalcomparable with other
modern small animal PET scanners. Here above all the quadiEiliias to be mentioned
as the only commercial, wire chamber based, small animalg$e&iner. The advantages
of MWPCs, which are most of all the large FOV and the good speg&dlution, have to
be exploited as well as possible.

The detector should be easy to build, without the demandxXpemsive special devices.
Therefore, something similar to the drilled converter a¢ tjuadHIDAC cannot be an
option, even if it provides high sensitivity.

To prepare the construction and validate dimensions andfgaions of the new wire
chambers and converters, simulations and test measurererg been performed.

6.1 Multi-Wire Proportional Counters (MWPCSs)

Multi-wire proportional counters (MWPCs) were introducedl®68 by the group of G.
Charpak at CERN [€68]. He was awarded with the Nobel price in 1992 for his inven-
tion. At first glance MWPCs can be seen as an advancement otlogkh proportional
counters. By experimental efforts he proved the commontetieng, that, due to capac-
itive coupling of the wires, it would be impossible to extgmdportional counters into a
second dimension.

Charpak mounted a set of closely spaced anode wires betweecativode plates and
applied a constant high voltage to these wires. Each wiredaa$ an independent pro-
portional counter. Figure 6.1 shows such a MWPC setup. MWPCe e first de-
vices providing position information for large amounts afficles that could be read out
electronically. Allowing fast automatic data processititggy were a great improvement
compared to commonly used cloud or bubble chambers.

61
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Figure 6.1: Schematic setup of a MWPC with pad readout [Sau77].

6.1.1 Principle of Operation

As MWPCs are derived from proportional counters, their pplecof operation is com-
parable. A particle transversing the gas detector willserthe gas volume along its path
and create electrons. These electrons will start to dufatds the anode wires according
to the radial electric field

0= Y 6.0
a

of this wire at a distance Herea s the anode wires radius the distance between anode
wire and cathode and the voltage applied to the wire. As Equation (6.1) descrees
ideal radial field of a proportional counter, for MWPCs it hotddy for areas close to the
wire. An approximation of the electric field in an two dimemsal MWPC was given by
[Ers72] as

Vo \/1+tar?(%)tanr?("§y)
(rh—sln(23)) \/tan?(%) +tanif(%)

E(xy) = (6.2)

wheres indicates the wire separation,the wire radius andb the anode-cathode gap.
Depending on the chamber size, gas and electric field stretigt electrons drift with
T ~ 20ns/mm, following Figure 6.2, towards the wire.

At distances of only a few wire radii to the anode, the eledigld becomes very large
(E ~ 10°V/m atr = 300um).
The accelerated electron will ionise gas molecules and ¢heste additional electrons,
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Figure 6.2: Simulated drift velocity of electrons in (a) P-10 gas andgh)Ar-CQ, (82— 18) mixture. A
chamber with 1 mm anode-cathode- anfirhm wire separation has been used.
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Figure 6.3: Avalanche development close to an anode wire [Sau77]. linitreasing field electrons are
multiplied and a drop-like avalanche develops around thie.\ilihe negative electron cloud is extracted by
the wire within a few nanoseconds, while the ions start tfi thivards the cathode pads.

which form a drop-like avalanche towards the anode wire. étdk of the avalanche
development is presented in Figure 6.3.
For n electrons on a pattir there are

dn=n-a-dr
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electrons createdx is here the first Townsend coefficient (unit: ion pairs/cm). iBg-
gration of this formula one can calculate the total numbeglettrons on a pathas

ar
n=ng-e",

where the multiplication factor, called gas gain, is

n
M= — — gdr (6.3)
No
As for non-uniform electric fieldst is a function of the distance to the anode wire, one
has to integrater from the anode radiug to the critical radius, beyond which no gas

multiplication occurs:

M= exp(/fcx(r)dr) . (6.4)

While the calculated results fdl can get very large, the experimental breakdown limit,
known as the Raether limit is reached\aitz 108 or ar ~ 20. Here, the detector shows
a transition to the so-called Geiger-Mdiller mode shown guFe 6.4, where the electron
avalanche develops along the full wire or even spreads gghbeuring wires, so that the
position information is lost.

For the calculation ofi(r) different analytical ansatzes have been published. Awneofe
the methods is given by Kowalski [Kow85] and Aoyama [Aoy8A]l of these ansatzes
have in common that they deal with radial electric fields. &sMWPCs this would be
only a first approximation, the gas gain has been simulatetduke software package
Garfield that will be introduced in Section 6.2.

6.1.2 Signal Generation and Readout

Electron multiplication will occur at distances of a few wiradii around the anode wire.
The avalanche electrons will be extracted directly and #maining ions will variate
the field of the wire locally, generating a very short elestatically induced pulse with
a duration of the order of 10ns. The major contribution to glgmals measured in the
MWPCs is the movement of the ions, that will start to drift todsathe cathode as already
indicated in Figure 6.3. The ion drift from the wire to theluade plate will takel %% ~
10ps in a MSPET detector.

Using a segmented cathode as shown in Figure 6.1, one caumeeaduced signals
in these segments, called pads, depending on their distartbe avalanche. Since the
ion drift and the following de-charging of the pads limit theunt rate performance of
the detector, a differentiation circuit can be used to sapahe electron- from the ion-
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Figure 6.4: Gain-voltage characteristics for a proportional coungen77].

Figure 6.5: Panel (a) shows a typical pad signal in an MSPET detector taqdaale: 2us per division).
The ion cloud around the wire creates a 10ns short electiostduced pulse on the wire just before the
ions start to drift towards the cathode planes. The blueilingd) displays the output of a differential
amplifier (scale: 10fs per division). The long ion- and RC-decharge tail is heppsessed while the short
ion cloud pulse remains.
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contribution. A sample pulse and its differentiation, gsthe electronics described in
Section 6.5.2, can be seen in Figure 6.5. Crosstalk betwgaoesd pads and wires can
not be avoided and will lead to slightly increased noise aillagion. The cathode charge
distribution can be obtained semi-empirically by the espren of E. Gatti et. al. [Gat79]
discussed by E. Mathieson [Mat88]:

1 —tanit Ko

M) = 2K
() 1 T Katani Ko\

(6.5)

whereA = x/his the distance of the strip to the avalanche position Witking the anode-
cathode separatioi; andK, depend orK3 which itself depends on the wire’s diameter,
separation and the anode-cathode distance:

 KayKs
Ki = 4tarr—1\/K_3 (6.6)
Ky — g<1—§> 6.7)

Figure 6.6 shows the charge distribution for an MSPET chamiith a wire separation
of 1.5mm, an anode-cathode separation of 1mm and a wire diame&9um. The
corresponding values fd€s in parallel and perpendicular direction to the wire haverbee
approximated with th&s-dependency plots shown in [Mat88] K§ = 0.56 andKz =
0.74. One can define the pad response function by integratisighiarge distribution over
the widthw of the pad:

A%

P(\) = /A F(\V)d\. (6.8)

w

2

A formulation based oK1, K»> andKs is given by W. Blum, W. Riegler and L. Rolandi
[WBO08] as

P(\) = Kzz—\lj%g (arctan(\/K_gtanth()\ + VEV)) - arctan<\/K_3tanhK2()\ —~ V%))) . (6.9)

This function indicates the fraction of the charges induicettie pad as a function of the
distance of the avalanche position to the centre of the gaslnbted thatv is here used
in units ofh. The appropriate pad response function for the MSPET dmtedth pad
width of w =3 mm is shown in Figure 6.7. Assuming a good agreement withussian,
the pad response function can be expressed as [WB93]

_ Qi
Qi-1+Q+Qit1

¥
P(x) =A-e 22, (6.10)
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Figure 6.6: Cathode charge distribution for an MSPET chamber parafidl gerpendicular to the wire
direction withA = x/handh=1mm.

The charge fraction induced on three adjacent pads can bemais

Qi-1 A _ (W2 (6.11)
= -e 20 .
Q-1+Qi+Qit1
Qi 2
= A.e 22 6.12
Q-1+Qi+Qit1 (6.12)
Qi1 Ao a (6.13)
= -e 204 .
Qi-1+Qi + Qi1
one can now use the relations
Qi 2W-+ W2
- — e 202 614
Qi-1 ( )
; 20W-W2
and % = e 27 (6.15)
|

in order to define a weighted function that describes thedcsx from the avalanche to
the centre of the pad with the highest entry as:

B 1 W @2 Qi W o2 Qit1
a2 () (G an () e
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Figure 6.7: Calculated pad response function for different detectenggtries. The wire separation is
s=1.5mm in all cases except fdr= 3 where it iss= 2mm (these dimensions represent the very first
dedicated PET wire chamber prototype build in MiinstedTH. The current MSPET design is highlighted
in red. Due to different values fd€3z one has to discriminate the direction with respect to thewso (a)
shows the PRF in wire direction and (b) for the normal di@ttiespectively. Differences are minor.
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Herea; = Q2 ; anday = Q? , are weighting factors which depend on the measured charge
on the three single pads. Using this formula, the positicoltgion can be increased to
about 1- 2% of the pad width. As will be shown later, it is not alwaysyetsdefine a
uniqueo in measured data. Hence, to be independent fvane can also use the ratios

H 2XW
_8&1 _ X 6.17)
I_
Q? w2
and — = e 6.18
Qi—1Qi+1 (6.18)
in order to obtain
Qi
(2%
Qi+1Qi—1

which does not contain any weighting factors. As a resudt,gbsition resolution here is
expected to be worse than using (6.16), especially whembaantries above the noise
level on less than three adjacent pads.

6.2 Gas Gain Simulations

When developing a wire chamber, one always has to keep thelayewith the solid
detector parts and the gaseous parts in mind. As the detaperties depend on the
geometry and gas, tools are needed that account for both.Gahigeld software was
developed by R. Veenhof at CERN [Vee08]. It can simulate elefigids for user-defined
detector geometries and allows to calculate detector ptiepge.g. drift velocity, wire
sag, electromagnetic and gravitational forces and othkisgn also simulate pathways of
charged particles in the calculated fields and particleiplidations. In order to do that,
Garfield needs to know the gas properties. Therefore it cqoitrfiles, generated by
the programs Magboltz [Bia99] and Heed [Smi05]. While Magbatbmputes electron
transport properties in arbitrary gas-mixtures, Heeduates the ionisation of the defined
gas molecules by traversing particles. Figure 6.8 showg#segain simulation of an
MSPET wire chamber. In these simulations a single elecsqteiced at twelve different
equidistant positions at a radius of 488 around the wire. Since this is outside of the
avalanche area, the full gain at a given wire can be obtair@alfield then lets each
of these electrons drift towards the wire and calculatesattadanche generation and the
resulting secondary electrons. The mean value of secomtiectrons generated by each
of the twelve primaries is the resulting gas gain. This ay@igis necessary due to the
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Figure 6.8: Garfield simulation of the gas gain on different wires in anmES detector module with an
anode-cathode distance of 1mm. The detector has a total wfréd4. The gain and thus the electric field
is homogeneous over the whole chamber. To avoid electrigéntions with the detector walls and an
enhanced wire sag, the first and the last wire are replacddthiitker ones to reduce the local electrical
field.
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different electric field configurations around the wire, s2di by the adjacent wires and
the cathode planes.

A reasonable gain for an operation in proportional mode eftder oVl = 10* — 1P is
reached at aboyp = 1400V for an Argon-C@-isobutane (80- 12.5— 7.5) gas mixture
and a wire diameter of 3@m. The Raether limit is expected to be reachedyat 1800 V.

In good approximation, the electric field is homogeneous twewhole chamber, as the
gain on different wires is constant. To reduce electrasiaitomogeneities at the edges
of the detector, the first wire is replaced by a thicker one.c&s be seen in Figure 6.8,
this reduces the obtained gas gain locally.

6.2.1 Specification of the Wire Gap and Diameter

According to F. Sauli [Sau77], the wire-to-wire distancead?WPC should be normally
three or four times smaller than the gap between pad- andplaree. Furthermore, he
noticed that wire separations of less than 2mm will in pachbe hard to operate, espe-
cially for larger surfaces. Nevertheless P.A. Souder [S8Dad shown previously that
the wire gap can be reduced down t& m if other relevant parameters like the wire di-
ameter are reduced as well. He used a wire diametepuof &1d a gap of 2mm between
anode and cathode planes.
As the foreseen MSPET design has a wire-to-pad distanceiof jam, this would imply
a very small sub-millimetre wire spacing and a wire diametdrelow 25um. Since this
Is neither practical to construct nor to build, some vawiadito the literature values had to
be made:

The wire diameter is specified as |20 because this is the thinnest wire that can be
streched, glued and soldered with reasonable effort.
For the specification of a practical wire gap, another Galfsghulation has been made.
The gas gain as a measure of the electric field is plotted selifferent wire gaps. An an-
ode potential of 1400V and an Ar-G@sobutane (86- 7.5 — 12.5) gas mixture has been
used. The results are shown in Figure 6.9. One can see thgaitheises with increasing
wire separation. This means that adjacent wires become amafenore independent of
each other until there is no overlap of electric fields atAf.the largest separation with
reasonable field properties of the wire plane a valus-efl.5mm has been chosen for
the wire separation.

6.2.2 Gain Variations due to Wire Sag

Due to repulsive electromagnetic forces between adjaceesysagging can be observed.
In addition, especially in very large wire chambers, gauinal forces and, for chambers
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Figure 6.9: Simulation of the gas gain of a central wire under variatibthe wire gap. With increasing
gap the wires become more and more independent from eaah BHeegas used here is Ar-G@sobutane
(80— 7.5—12.5).The electrostatic potential is 1400V.

with multiple heterogeneous wire grids, wire frame defaiorawill cause wire sag. In
the small MSPET wire chambers this is not an issue and candieated. As wire sag
means a shift of the wire position into a certain directiomyill disturb the homogeneity
of the electro-magnetic field. Therefore, it is importantémtrol the extent of this sag and
the resulting gain variations. Gravitational and elecigmetic forces and the resulting
wire sag has again been calculated with Garfield. Figure 8hbvs the results as a
function of the applied anode voltage in x- and y- directitincan be seen that a slight
wire sag can be observed only in x-direction and only on tis¢ Wire, where the forces
in the wire-grid do not compensate. It is also shown that e af a thicker first wire
further reduces the displacement of that wire down to négégwo wire diameters. The
gain variation due to such a displacement is negligible dseishown in the following
section.

6.2.3 Gain Variations due to Wire Displacement

During the assembly of wire chambers it is important to waslkpeecisely as possible.
Most of all, an accurate wire gap regularity is an importactdr. Variations influence the
electric field and therefore the gain of the chamber. In &ditigh local electric fields



6.2 Gas Gain Simulations 73

— 0.16 C : :
E [ Sagin X-Direction
= 0.14F
g E of wire No1, 20 um
%’ 012 o  of wire NOL, 80 pm « i i
0_1} v of wire No35

0.06[+

0.04-

0.02}%

i i i i i i
9060 1200 1400 1600 1800 2000
Anode Voltage [V]

(a)
-9
_ 14720 ‘
E - Sagin Y-Direction
2 12 o of wire No1, 20 um
n |
Q P of wire No1, 80 um
= B
C of wire No35
] o
06} rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
R
02F
o) P S R N T Cd
1000 1200 1400 1600 1800 2000

Anode Voltage [V]

(b)
Figure 6.10: Wire sag in (a) wire-plane and (b) perpendicular directiae tb electro-magnetic and gravi-
tational forces. Due to the small dimension of the studieg whamber the gravitational force has nearly
no influence on the sag. Electromagnetic sag can be obsemiatlyran the first wire (labelled Nol in the
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thicker one. Wire No35 indicates a central wire.
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increase the potential of gas break-through and sparkinchwhill limit the performance
of the whole detector. Nevertheless, the wire placementracy is subject to mechanical
restrictions. For example, as the whole wire grid is gluetbgof the wire frame, there is
an offset of one wire radius towards the upper cathode plianarder to identify critical
configurations and to set reasonable limits for wire gapati@ms, simulations have been
performed. Figures 6.11 and 6.12 show the calculated gaiatims on a wire shifted
in plane direction and on its neighbouring wires. Figure3éshows the influence of a
single wire shifted 10@m towards the pad planes. The influence of the displaced grid
can be observed in Figure 6.14. In conclusion, one can begat slariations in wire
gaps up to the order of a few wire diameters. In particularitt parpendicular to the
wire grid direction seems to have minor influence on the gasaad thus the chambers
performance. The effect of an overall [Ifd displacement of the whole grid towards the
pad plane has practically no influence on the detector pegoces.

6.3 Detector Design and Production

6.3.1 Design of the MSPET Chamber

The MSPET chamber in its latest version consists of two thif®4 frames sandwiched
between two combined pad plane/converters. One of the Faragies the wire grid
while the other one ensures a constant distance to the pae€l. pla

The limiting element for the achievable position resolatis the converter itself. Since
the conversion processes of annihilation photons to mabkielectrons follows the an-
gular distribution shown in Figure 4.1, the exact inforroatiof the incoming photon
direction is lost. As a cross check for these measuremenltses Geant4 simulation
has been performed to determine the angular distributidheofiberated electrons. Fig-
ure 6.15 shows the results of this simulation. The exit amgjdotted for a 5@um lead
converter and also for a converter equipped with grBQayer of gold. In both cases the
mean exit angle is compatible with 45Therefore, it is induced that for every millimetre
the electron moves beyond the flat converter, it will be défldd mm from its creation
point. In order to reach the planned spatial resolution efdrder of 1 mm the distance
between converter and wire grid has to be not more than 1 mm.

According to this, both wire- and spacer frames are milledodd mm thick FR4 sheets
that are plated with copper. The construction drawings oevand spacer frame are
shown in Fig. A.2 and A.3 of the appendix. While the copperiptaon the spacer frame
Is etched off completely, on the wire frame a copper patterrife high voltage feeding
of the wire grid is kept. The film for this pattern is shown ig&ie A.6 of the appendix.
In order to allow for sufficient gas flow, with a diameter of 2 ntine thickest gas pipes
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Figure 6.11: Distortions of the electric field (a) and resulting gain a#ions (b) due to a shift of wire
number 35 by 10m in X-direction towards wire number 36.
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Figure 6.12: Distortions of the electric field (a) and resulting gain a#ions (b) due to a shift of wire
number 35 by 500m in X-direction towards wire number 36.
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Figure 6.13: Distortions of the electric field (a) and resulting gain a#ions (b) due to a shift of wire
number 35 by 100m in Y-direction.
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Figure 6.15: Simulation of the angle of the electrons leaving the comreRanel (a) shows the results for a
stack of 50 detectors with Hfn lead converters. Panel (b) shows the same setup fon 8@ld converters.
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that are possible are used. To install these in the thin fsairaf holes have been drilled
into the wire frame and the spacer frame on both sides, aasrgas inlet and outlet. To
reduce the gas stream pressure, the half holes end up imguiga shaped cut-out. To
ensure the stability of the frame this cut-out is only on oh¢he two stacked frames.
The counterpart has a rectangular cut-out into which thecgasing from the triangle
cut-out escapes and finally reaches the MWPC. A close-uprdgitish of the gas channel
Is shown in Figures A.2 and A.3.

To keep the absorption loss in the active volume of the detechall, the pad planes are
made of 05mm thin FR4 sheets. Especially when stacking multiple cleambka thin
entrance window is essential for good detection efficiemaylaw radiation losses. FR4
was implemented in the simulations as a compound materrghcong 472 % epoxy
(CoH2) and 528% quartz (SiQ). The radiation length of a material is defined as the
distance over which a high energy electron’s energy drofdg ¢mf its initial value due

to bremsstrahlung. Alternatively it is/@ of the mean free path length of a high energy
photon undergoing pair production. It can be approximatddwing [Tsa74] as

_ 7164-A g
o= Z(Z+1)In(%7)[cmz]' (6.20)

The weighted radiation length of FR4 is thiXgs = 39.67% or Xp[mnj = 2133mm
taking the FR4 density to be&ﬁ%. Thus for a single layer of FR4 with a thickness
of 0.5mm the attenuation for a stack of 50 modules is

(£> =0.234% and (é> =117%,
XO n=1 XO n=50

respectively. For verification of these considerations ar®e simulation has been per-
formed. Figure 6.16 displays the result of a simulation af stacks of 50 MSPET de-
tectors each with different FR4 thicknesses. The resulte baen normalised to the ef-
ficiency obtained with a converter with an infinitesimallyairthickness of @001 mm.

A coincidence count rate loss of approximately 20% is obs#nsing (6 mm thick FR4
pad carrier material.

The chamber has outer dimensions of 2800 mnt. The MWPC gas volume measures
100x 100x 2mmn?. To avoid problems resulting from interactions of the eiedield

of the wires with the edges of the FR4 frame, the wire plane doésover the whole
chamber, but a fiducial area of $8< 88.5mn?.
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Figure 6.16: Results of an MSPET count rate simulation using Geant4 sigpwie efficiency loss for
different thicknesses of FR4 as carrier material for the plade. The results have been normalised to the
efficiency obtained with a converter with an infinitesimadiyall thickness of @001 mm. For each data
point 100000 positrons have been simulated.

6.3.2 Combined Pad-Plane/Converter Design

For the small animal PET detector a position resolutiorhslygoelow 1 mm is desirable.
To reach this value, the dimension of the pads has to be clexsmmdingly. Two pad-
planes are arranged perpendicular to each other on bothdidlee wire frame. The pads
themselves have to fulfil two conflicting demands: sub-midire resolution as well as a
small number of readout channels. In addition, a simplegteisi favoured to keep elec-
tronics and reconstruction modalities simple.

The easiest approach is to use rectangular pads, sincesinabe the readout and posi-
tion reconstruction follows simple mathematics. As a firséatz a uniform continuous
distribution can be used to describe electron events oangatar pads. The probability
density function of an electron to hit a pad of widttat a positiorx is given by

x<0
0<x<w (6.21)
X>W

p(x) =

O s» O

The expected value for a random position distributed unifgron this pad is then

E(p) = Vlv/owxdx (6.22)

w
- 5 (6.23)
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The variance is defined as

V(p) = i(pi)v—@(p))z (6.24)
-2 /O R (%) (6.25)
_ % _""Zz (6.26)
= "11; (6.27)

resulting in a standard deviation of
w
O = 1 /V = —. 6.28

These considerations have led to a simple strip design Wifre8s, each 3mm wide with
a gap of 01 mm. With such pads, a position accurac B = 0.866 mm can be reached
without any additional knowledge but the pad number withléngest charge deposit.
As already described in Section 6.1.2 the resolution camithledr improved to a few per-
cent of the pad width exploiting the known pad response fanctFigure 6.7 shows the
pad response function amongst others for the final MSPET gegmwithw = 3mm and
h= 1mm. The signal here is expected to be distributed on tworethads, which is ad-
vantageous for the position reconstruction, that accdontbree pad events (Eg. (6.16)).
Following Figure 6.7 smaller pads of 2mm width could furtiraprove the charge dis-
tribution, but go hand in hand with an increased number al m# channels, which has
to be avoided, especially bearing in mind that the prediotsdlution with 3mm pads is
already sufficient for the foreseen application.

Not only the width of the pads, but also the material needsfuhconsideration as it acts
as photon-to-electron converter for the annihilation atidn of the positrons. Since the
dominant conversion processes, the photoelectric- an@dngpton effect show a strong
Z-dependence (see Eq. (3.14) and (3.16)), materials likgsten £ = 74), gold g = 79)
or lead £ = 82) are favoured. The idea is to use a standard etched copgetiucture
onto which one of the mentioned materials is applied. Sinnggten is very hard to treat
and also quite expensive, it turned out to be rather inap@i@ Nevertheless it has an
even surface and can be purchased in thin plates. Lead hasnieét, that it is compa-
rably cheap and has also the highest atomic number of the.thigng a lead alloy with
small fractions of antimony in it, the lead will become leeft and also loose its tendency
to oxidise. The disadvantage is its toxicity and the chajileg machining. Gold on the
other hand is non-toxic and can be electroplated.

The thickness of the converter now has to be sufficientlydléogcreate a reasonable num-
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ber of electrons, but also thin enough to let these elecsoape into the MWPC, where
they can be detected. In order to optimise the convertekregs for gold and lead, a
Geant4 simulation has been performed. Four stacks conggiti MSPET detectors each
have been irradiated with'&F point source (diameter: 1 mm). The detection efficiencies
for single hits and coincidences have been analysed anchavensn Figure 6.17. The
results indicate an optimal thickness of aboupADfor lead and about 3@n for gold.
The use of a converter on both sides of the MWPC will increasecthincidence effi-
ciency by just 20% in case of a gold converter and 40% in casel@dd converter. But
using such a double converter will also increase the demamdise homogeneity of the
converter-thicknesAick. < 10pum as the efficiency drops quickly to values even below
that for a single sided converter. These considerationdditian to the doubled material
costs suggest the use of a single sided converter.

The realisation of the demands that have been obtained Igirthdation have shown to
be challenging. Especially electroplating of lead has shtwbe difficult, because the
surface grows quite craggy, since this technique is usualyl to metallise thin coatings
(<5um) and small areas. In Germany, only a single company coufdlel that is able
to electroplate ledd which is not a standard request. Attempts to electropkae kt
the Institut fir Kernphysik failed quickly because of untotied growth of the lead and
missing adhesion on the copper surface. After these exmesethe only reasonable way
to obtain a clean lead surface on the pads could be to use grhined lead sheets that
are glued onto the pad planes and cut according to the pad afigtrwards.

Gold on the other hand is not toxic and in principle easy tadk@rElectroplating is also
possible but loses accuracy with increasing coating tlaskn The costs should not be
neglected as well when using gold. Nevertheless one packplas electroplated with
golc?. Unfortunately the thickness of this plating varies betw8@um and 12Qm, mea-
sured at different positions on the same pad plane, whiclrisutside of the tolerances
(see Figure 6.17).

Number of Detector Modules per Stack

In the previous section the expected detection efficiencippaance was discussed. For
a competitive design, it was proposed to install 50 MSPETutexlin each stack. Geant4
simulations have been evaluated in order to study the infiehthe number of modules
on the single photon detection efficiency. Figure 6.18 shibvsesults of these efforts.
To reach half of the efficiency of a 50 module device only 17d&trs are necessary.
Therefore one has to find a trade off between the efficiencgshaad production costs.

1The company OTR Oberflachentechnik GmbH, Rathenow, Germvasyable to provide electroplating
of lead.
2The electroplating of gold was done by the company DrollirgmbH, Birkenfeld, Germany.
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Figure 6.17: Simulated singles (a) and coincidence (b) efficiencies fiber@ént converter foil thicknesses
for lead and gold. Four detector modules with 50 layers easle bheen simulated. The layers have been
adapted to the angular coverage of the quadHIDAC by combifime layers to a block and changing the
sizes of these blocks with respect to the angular coverageh Byer is equipped with the supportive
0.5mm FR4 plates. For each data point 100000 positrons havedireelated.
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Figure 6.18: Normalised photon detection efficiency as a function of thmber of detector modules per
stack. Subfigure (a) displays the results of a Geant4 siionlébr a single sided 3@m gold converter.
Subfigure (b) the appropriate results for gu®lead converter attached on both sides of the MWPC.

Looking at the slope of the curve and the results of scatéetityn simulations, shown in
Figure 7.27, 36- 50 modules per stack seems to be reasonable.

Rejected Construction approaches

Prior to the final version of the MSPET chamber several aditdra approaches have
shown to be problematic or not practicable.

e Thin 25um kapton foil metallized with thin copper, pads etched fokal by con-
verter sheet of tungsten or lead. Problem: stretching ameirngy of kapton foil to
chamber frame. A bagging of the foil is observed. Also theathization of the foils
is very tricky, especially when aiming for a homogeneousimpia Etching of pad
structures in the thin metal layer quickly provokes crackd aregular structures

that result in a large rejection quantity.

e Sealing of the chamber with Teflon tape: uncontrollable gakdge, Teflon tape

hard to handle

e Electroplating pads with lead or lead alloy: Hard to find a pamy in Germany
that can do it. Lead grows quite uncontrollable on the padsltiag in a very
rough surface and interconnected pads.
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6.3.3 Wire Grid Winding

As already discussed in Section 6.2.3, the electric fieldlaackfore the gas gain depends
strongly on the position of the wires. Hence, to avoid gaisttiations, the wires have
to be placed as equidistant as possible. Furthermore tls@tenf each wire should
be strong enough to withstand mechanical and electrodtates leading to wire sag.
As the used gold plated tungsten wires have a diameter of2ihiyn, each wire has to
be handled with special care. The tensile strength of thesesws reached at a force
of 0.8N. To fulfil the demands, the winding machine shown in Figar&9 has been
constructed. An overview sketch is also given in Figure A.&e appendix. It consists

Figure 6.19: A sketch of the wire winding machine build for the MSPET devic

of two threaded rods, one carrying the wire coil and the otimer acting as positioning
unit using a mounted deflexion pulley. The lose end of the vgineow glued onto the
bifid winding frame. In between the two threaded rods a.4§9oad hangs at a second
deflexion pulls in the wire putting it to a tension abIN after friction losses.

The wire grid can now be machined by letting the weight dowriaasas possible by
unrolling the wire coil and then pulling it up again by turgithe wire frame carefully.
The deflexion pulley has to be moved when the wire is on thet stde of the winding
frame so that the displacement is not transmitted onto the grid. After winding and
glueing the wires to the winding frame, the first and the las¢wf a grid is replaced by
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Figure 6.20: Wire tension measured on a winding frame before attachiagviles to the detector frame.
The tension measurement accuracy of the wire test devicel@tasmined adT = +0.027 N [Got05].
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Figure 6.21:Wire separation measured on a winding frame before attg¢hawires to the detector frame.
The position measurement accuracy of the wire test devisedetermined adx = +0.060 mm [Got05].
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hand with a 8Qum thick copper-beryllium wire. For this the double frame éparated
first, so that one gets two wire grids. The old first and lastigale of the grid is marked
with a pen and then cut out with a scalpel. Then the a weighppfaimately 1209 is
knotted at each end of the new copper wire. It is then placethermarked spots and
aligned between the neighbouring wires manually. Aftedsahe new wire is fixed with
some epoxy glue in the frame.

After the glue has cured, the tension and separation of thesvaire controlled using the
wire test device developed in [Got05]. The result of such asueement is presented
in Figures 6.20 and 6.21. Wity = 0.027N for the tension andy = 40um for the
wire gaps it could be shown that the constructed winding nmecis well suited for our
purposes.

After the quality control, the wire grid has to be transfeosto the FR4 wire frame of the
detector. Therefore, the foreseen positions of the firsthadast wire are marked on the
FR4 surface with a scratching tool. Then the winding framdasgd carefully onto the
wire frame, so that the thick copper wires match with the edanarks. To prevent the
winding frame to slip, it is weighted by narrow metal platestlsat it is still possible to
access the glueing areas on the wire frame. The glue (we uedHheeAraldite AW 106
binder with the Araldite Hardener HV 953 U) is applied withpesial gun that has a thin
duct, so that the liquid glue is dispensed with a controlled.flAfter the glue has cured
the wires are soldered and the excess wires still attachi tiwinding frame can be cut
off.

Assembly of the Detector Modules

The assembly of the detector modules has to be done cardfigpecially dust and pol-

lution inside the gas volume and on the wires has to be avadeduch as possible to
reduce chamber conditioning times and high voltage brealth spots. The surface of
the pad planes are polished with very finespun steel-wootkeahed with acetone after-
wards. The wires are cleaned from dust particles using chaimeAs the sealing of the

chamber is done with epoxy resin glue, the adherent surfaesto be roughened with
sandpaper. As an option to reduce conditioning times of teenbers, all components
can be cleaned in an ultra-sonic bath.

After preparing the detector parts as described, in a fiegt, $he wire frame and the dis-
tance frame are glued together (we used here the same gluweabaised for the wire

grids). Glue is applied onto only one of the two frames, pedie on the spacer frame,
because here wires cannot be damaged accidentally. It @riam that the layer of glue

Is as thin as possible. Also the glue streak has to be closetthas gas tightness is as-
sured. The areas around the gas inlet and outlets have tediedrwith special care to
prevent the gas channels from intrusion by glue. 2mm met#s laoe inserted to keep
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the in- and outlet open. Dowel pins in both corners of the tvaones keep them aligned
when pressing them together. In order to obtain a uniforrsqunee on the frames when
hardening, a metal plate which is weighted by approximeddy is placed on top of the
frames.

After the glue is cured, the pad planes have to be glued to$idéds of the wire planes
in the same way. Afterwards a simple underpressure testnis tincheck for gas leaks.
A water column is drawn up in a clear hose attached to the dgisusing a syringe con-
nected to the gas outlet of the chamber. The column shoulfaitatithin some hours
provided the air pressure stays constant.

6.4 Gas Mixtures for the MSPET Device

6.4.1 Basics about Proportional Counter Gases

The detection of particles in MWPCs is based on the ionisatigas molecules. To keep
the number of energy dissipation modes as small as posegioliep-atomic noble gases
are used as the main component of counter gases. Frequsatlynoble gases are argon
or xenon. Xenon is far more expensive than argon, but offeicetas many ionisation
encounters per unit length as argon [Par98]. During theaachle generation close to the
wire, not only electrons are produced, but also photons.eDejng on their wavelength
these photons are able to ionise further gas moleculesdeut$ithe avalanchs extend.
Therefore the avalanche will be amplified so that the coumigy break down. In detalil,
this will occur, when [WBOS8]:

Npng > 1. (6.29)

That means that the number of photoRg produced in the avalanche multiplied with the
probability g that a photon ionises the gas outside the avalanche area bassmaller
than 1. To avoid a break down, small amounts of so-called cfugases are added to
the main component of the gas. Quench gases are long-chaigadic molecules with
many degrees of freedom. The photon’s energy will therefioost likely excite one of
these degrees of freedom rather than ionise the moleculehaisdavoid the unwanted
process. The choice of a proper quencher is essential, isihas to be sensitive to the
wavelength of the UV-photons created in the primary gas hadurface material of the
detector itself. Therefore the gain and also the breakdamliiage changes under variation
of the quencher. Figure 6.22 represents a Garfield gas gaination for different gas
compositions. More details on wire chamber gases can balfousau77], [Zar89] and
[Va'92].
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Figure 6.22: Garfield simulation of the gas gain under variation of the gagure. The chosen geometry
is the proposed MSPET design with a wire separation®frin and an anode-cathode gap of 1 mm.

6.4.2 The Penning Effect

Gain measurements and simulations are not easy to compargasl mixtures with
amounts of gases with a lower ionisation potential than t@taion energies of the
principal gas, the gas properties are affected by the secc&enning effect. Also for
Ar-isoC4H10-COy and Ar-CQ this can be observed. The argon D-states have a mean ex-
citation energy of 14 eV which is above the ionisation potentials of isobutar@eqZeV)

and CQ (13.773eV). Also the argon S- and P-levels mean excitation éeerye with
11.55eV and 13eV above the ionisation energy @Hg so that the following processes
can occur:

Ar*+CO, — Ar+COj +e, (6.30)
Ar*+isoGHi1p — Ar+isoGH,+e . (6.31)

Especially for argon based gases with isobutane addititnag Penning effects and
therefore an increased gas multiplication factor has toXpeaed. As a side effect,
this increases the energy resolution by decreasing theveeffuctuation in the number
of electrons created by the incident radiation, which charite more ions per energy
unit in a Penning gas. Since the energy transfer rate is mawknit has to be tuned to
adequately measured data. The Penning transfer fractiomasie for each gas mixture
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and not dependent on the electric field applied. To limit erfices of the Penning effect,
small concentrations of Ncan be added to the counting gas [ABB®Y]. Figure 6.23
shows gain variances caused by the Penning effect for @iftéransfer rates in Ar-C
and Ar-isoGH10-CO, mixtures simulated with Garfield. As indicated, the gain ban
increased by a few orders of magnitude depending on thevestancentration in the gas
mixture.

6.4.3 Optimisation of Gas Mixture

As already mentioned above, the choice of a proper gas mixsuessential for the de-
tector performance as it has major influence on ionisatidam@ls, drift velocity, break
down limits, and avalanche formation. In order to optimise filling gas mixture for the
MSPET modules, a gas mixing device has been installed inatheratory. It allows to
produce precise compositions of three different gases.

In detail the device comprises a multi-gas controller uMKS MGC647C) and three
mass-flow meters (MK$nass flo controller179B). One of these flow meters is cali-
brated for argon gas and allows a maximum flow oﬁl(]’ he other two are calibrated
for nitrogen and allow max. :—3 The minimal flow that can be regulated is 1% of the
maximum flow. The accuracy is specified beiad.2% of the maximum flow. When
using other gases than argon or nitrogen, a gas correcitor faas to be used to adapt
the specific gas to the calibration. For isobutagi,%‘}f““lo = 0.27) and carbon dioxide
(deow = 0.7) this reduces the maximum flow to27- 3! and 07- 3. respectively.

Based on canonical values and Garfield simulations, the ieteas been tested with dif-
ferent gas mixtures. Relevant parameters for the validatiermost of all the detection
efficiency, but also the break down limits and chamber stgbil'he efficiency has been
measured with cosmic radiation using the setup as showrgur&i6.24(a). The MWPC
has been placed in-between twox.05 x 150 mn? large plastic scintillators that are read
out with VALVO XP 2972/PB photomultiplier tubes. The scltators allow to trigger
on cosmic particles (mostly muons with a mean energy dfGeV) that will traverse all
three detectors. The efficiency of the MWPC is then

N3co
N2co

EMWPC = (6.32)
wherenyc, is the number of coincidences between the two scintilladmidnzc, is the
number of coincidences measured on all three detectorsceBléis of the measurements
are shown in Figure 6.24(b). Each data point represents thwars of measuring time.
One can see that it is possible to reach a detection efficiencpsmic radiation of above
80% with nearly all of the gas mixtures. Values above 100%largk error bars can
be explained with an exceeded break down voltage limit and #parking of the wire
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Figure 6.24: (a) Efficiency measurement setup. The module has been pleteden two finger-shaped
plastic scintillators which act as a trigger for cosmic editin. (b) Measured detection efficiency of an
MSPET module for different counting gases. Values above?d@de caused by detector sparking which
induces an undefined number of events to the counter elécdrprer10].
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chamber. A spark will influence the sensitive electronica iway that the counter is
increased by a random value between 0 and 20. To correctdrttie number of sparks
is counted and considered in the error bars. The most stpblaton was observed with
a gas mixture containing 70% Ar and 30% &£0

Considering this to be a good mixture, pulse height distidimst with an X-ray device
(Ey=6—10keV) described in [Bau05] and a sodium souige-€ 511keV and 1275keV)
have been measured. The results are shown in Figure 6.2%sénaf the X-ray source
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Figure 6.25:Distribution of pulse-heights summed over ten adjacens padX-radiation (a) and for #Na
source (b) measured with the until then favoured AroGO— 30 mixture. While the X-ray spectra show
a full peak, the spectra fa¥Na seem to be incomplete [Ver10]. The edge at approxima@dp iV is
caused by the read-out trigger level applied on the anodeedights. Entries below 1000mV indicate the
pads bias.

one can see a full peak indicating the measurement of theendrodrgy spectrum of
the high rate X-ray source. Taking the linear attenuatiogffament for X-rays in argon
into account, one can approximate the number of primary @mteos following a single
photon incident:

EJ'°4"  8500eVv

. = 2P EY g3 6.33
Mion."E A7 159 eV (6.33)

on.

The sodium spectrum on the other hand seems to be cut off lilgrisghold level. A peak
cannot be identified since for certain circumstances toodieetrons are produced in the
detector.

The reason for that can be found in the different detectiorcyples of the sources. While
the low energetic X-rays interact directly with the gas neales, the annihilation photons
originating from the?”Na source will be converted to electrons in the detector riadte
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Gas Density |13 | | S [¥&Y] | e -ion pairs 1]
Ar 1.66 2.87 106
Xe 5.50 7.69 312
CO; 1.84 3.95 100
C4H10 2.49 6.69 220
ArCO, 70— 30 1.714 3.17 104
ArC4H10 70— 30 1.909 3.84 140
XeCO, 70— 30 4.398 7.13 248
XeCy4H10 70— 30 4,593 8.20 284

Table 6.1: Stopping powekdE/dx) of Exjn = 280keV electrons in gases and gas mixtures as could be used
in the MSPET detector. The given values have been taken fkdr09]. The total number of electron-ion
pairs has been taken from [ADA8] and account for minimum ionising particles (for eleosahis equates

Exin = 1...1.5MeV). For the gas mixtures, the number of pairs has beeragggul neglecting attachment
effects.

which will then be detected in the gas volume. The mean enefdlgese electrons is
Efecan= 280keV (see Figure 7.12). They possess an angular distribsitown in Figure
6.15. An approximation of the number of produced electraedding on the exit angle
of the primary electron is shown in Fig. 7.13. One has to amhethat only the electrons
with large angles will be detected. This will not only redube detector efficiency, but
also decrease the spatial resolution, that depends mairtlyeoexit angle of the conver-
sion electrons. To increase the detection efficiency fartedas with smaller exit angles,
one has to increase the applied anode voltage or add a gasuochwith large stopping
power.

As a voltage increase is possible only within certain linefore the chamber breaks
down, the second option has been realised. Table 6.1 listslt/dx) values for some
gas compounds. As a first attempt, the carbon dioxide fracifdhe gas was replaced
by isobutane, which promisses a larger number of electvarpairs in the gas. The pulse
height spectrum for this mixture (Ar-isQB@1p) is shown in Figure 6.26. Since the peaks
now show a clear maximum, mixtures with isobutane seem ta&enable over carbon
dioxide mixtures.

After all of these tests it can be concluded that a mixtureble@s found that allows proper
testing and operation of the developed wire chambers. Neless, since seemingly not
all electrons liberated in the converter are detectedgtkgl is the potential to further
improve the mixture. In addition, it has to be concluded tiwtthe converter, but the gas
mixture is the dominant factor that limits the detectioncéfincy unless a proper mixture
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Figure 6.26: Distribution of pulse-heights summed over ten adjacens pada®’Na source measured with
an Ar-isobutane 76- 30 mixture. Electrons liberated in the converter can beatetewith reasonable

efficiency using this gas mixture [Verl0]. The distribusofollow a superposition of Landau functions
accounting for different electron exit angles and energies

is found. More details on efficiency measurements and peadoce evaluation of the
MSPET detector modules can be found in the diploma thesis ¥eihekohl [Verl0].

6.5 Readout Electronics

6.5.1 Modular VME-based Read-out

If a particle traverses a MWPC detector, it will ionise the galsime as already discussed
in Section 6.1.2. The electrons produced in the amplificadealanche close to the wire
will be instantly extracted, while the larger and slowergamill alter the field of the wire
before they start to drift towards the cathode pads. So ax&agitive signal can be mea-
sured on the anode wires, which can be used as an event triggers used to open a
gate that enables the ADC acquisition in order to measuretthgges on pad signals.
Forward biased diodes (type 1N4148) mounted directly orMidéPC between pad and
ground level will act as a fuse for the subsequent electsoimccase of high-voltage
sparks. Figure 6.27 shows the schematic signal path frondektector to the PC. The
signals are amplified with a charge sensitive pre-ampliffMG@ CATSA) and an ap-
propriate main amplifier (PNG MA8000). For digitisation dktpad charge signals 16
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channel peak sensing ADC modules (CAEN V785N) mounted in a ¥MBte are used.
When a gate signal is applied, the event number counter ienmemted by one and the
ADC starts to acquire the peak voltage of the input signalsgua sample and hold cir-
cuit. After the gate is switched off, the data is multiplexgdgroups of four channels and
subsequently digitized by the 12-bit ADC. Afterwards, thergvs written to the multiple
event buffer which can hold up to 32 events consisting of up4avords, 32-bit each.
A word contains a header, the data word and an end-of-bl@tkreent. A word stores
information on the geographic address, crate number, nuaflm®nverted channels, the
12-bit converted value and the event counter. After an elgantitten, a write pointer is
set to the next free slot in the buffer.

The PC now constantly polls the event counter, when incréaderthe buffered data is
read out and the read pointer is moved to the next buffer enhig indicates that the read
buffer can be cleared and refilled with fresh data.

The limiting factor for the data acquisition appears at fight the optical gigabit link
between the PC (SIS1100 PCI) and the VME interface (SIS310&ENNhe nominal
transfer rate is here 125MB/s which leads to a maximum adgpnsiate of approxi-
mately Nb.ofAZD%7modu|eJ‘Hz- For practical reasons this value will be smaller, beeahe
IDE Bus of the used hard drive is limited to a maximum of 100 MBram in UDMA-100
mode which lowers the acquisition rate to not more tﬁ%fADZgWJMZ. For a test
setup with one or two detector modules these rates are fulficient, but for a full PET
device alternative approaches have to be found.

6.5.2 Dedicated Low-Cost Amplifier with Commercial ADC

As the used VME ADCs and commercial pre-amplifiers are veryensswe when han-
dling large numbers of channels, new low-cost charge sems#ad-out electronics are
currently under development. The circuit sketch is showhiin 6.28. A FET (V1) is
used to release the input signal by a (theoretically) irdingsistance. R3 specifies the
working point of the FET. The input signal is fed into the diféntiator (C2) which is
unloaded into the amplifier V2 with its gain defining resist®5/R4. The following inte-
grator (R7,C3) sums up the incoming charges and forwards théme tAD8000 amplifier
(V3). The amplifiers are biased via R6 and R9 in order to loweixGdevel so that the
amplification range can be exploited more completely. C1 dsaseC4 and C5 are used
to reject possible DC-offsets produced by the amplifiers badriput signal respectively.
The second amplifier V3 has a quite small amplification faetwd is used to decouple
the output of the first amplifier in order to reduce noise. Teght of the output pulse is

3TheVersaM oduleEurocard is a data bus system that provides a bus width oft64-bi
4Field-Effect Transistor
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Figure 6.28: Charge sensitive amplifier developed for MSPET prototyperajon. The plots above show
a simulation of a test signal propagation through the difgayout and SPICE simulation by R. Berendes).
After the integration, the short 10 ns electrostatic induftaction vanishes nearly completely.
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proportional to the charge deposition.

It is foreseen to pass the output to a commercial ADC (AgilgédB31A) which offers
16-bit resolution on 64 channels that can be sampled witlo BMS/s. With a price of
~1600< this is about 10% of the cost of a similar number of VME ADC ahe@ls. The
pre-amplifiers have material costs of about five Euro/chieaune are therefore very cost
efficient.

First measurements have shown that this amplifier is lesyloan the commercial PNG
amplifiers, so that similar or even better signal-to-no&es are expected.

6.5.3 Development of an Integrated Readout Chip

A 50-module quadMSPET device will need approximately 306@hode pads. In order
to avoid problems that have shown up in the analysis of quadiBldata due to missing
raw data preservation, it is foreseen to equip each cathadlevjth an individual read-out
channel. It is obvious that a VME-based read-out schemeesepted in the previous
sections is not only too expensive but also just not feasdsléhat many channels. Fur-
thermore, the cable length and signal attenuation in cdoreevill limit the detector
performance. Highly integrated electronics allow to halerge number of readout chan-
nels in a very compact package. Therefore, it can be placedclese to the detector
modules without suffering a large signal loss and noiseypckThe development of a
prototype read-out system based on a pre-production ved$ithe n-XYTEF chip was
topic of the diploma thesis of J.-F. Pietschmann [Pie08].

The n-XYTER Chip

The n-XYTER was developed within the European DET Ntoject for the read-out of
silicon-micro-strip detectors, GEMs and, with a alterndésign, micro-strip gas cham-
bers used for the detection of thermal neutrons.

The n-XYTER is an highly integrated ASICchip. It contains 128 independent data
driven, self triggered readout channels. Each recordedtesdurnished with a time-
stamp providing 2ns resolution [BBM6]. The channel pitch is just M.

Figure 6.29 shows the architecture of the chip. It is congprisf an analogue front-end
and a digital back-end. The front end contains a chargetsenpre-amplifier followed
by two shapers, a fast one (30 ns peaking time) and a slow @B Elpeaking time). The
signal coming from the pre-amplifier is split up and transfdrto both shapers. The fast

5n-XYTER = neutronX,Y , Time andEnergyRead-out.
SDETNI = Detectors forNeutronl nstrumentation
’ASIC = ApplicationSpecific | ntegratedCircuit
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Nb. of readout channels: 128
Charge sensitive pre-amplifier and peak detector
Timing resolution: 2ns
10bit storage for peak information
Self triggered, purely data driven, de-randomising hiedebn
Time stamp resolution: 1ns
Token ring readout frequency: 32 MHz
Dynamic Range: 12000 e (might differ in later versions)

Table 6.2: Key specifications of the n-XYTER chip.

shaper is followed by a time-walk compensator, providingm@plitude independent time-
stamp generation, and a comparator which acts as a triggersldéw shaper is followed
by a sample and hold peak detection circuit which determtinesctual pulse height of
the signal. The trigger output and the analogue pulse hefimation is transferred to
the digital part. The trigger signal is used to create a tata@np which is then stored in
a FIFG® memory. The pulse height information from the slow shapanbh is stored in
an analogue memory. Both the time-stamp and the pulse haidhitther processed by
a token ring read out. A token is generated if at least one ®HiirOs contains data.
The token is then passed asynchronously from channel tmehand returns to the token
manager afterwards. For the channels containing data aweadinitiated at the arrival
of the token. The data will be sent to the data bus. The analdgta is converted to a
differential standard, the digital data to the LvD&andard. The main characteristics of
the chip are summarized in Table 6.2

With its characteristics the n-XYTER not only fulfils the dands of the DETNI detec-
tors but is also predestined for the read-out of MWPCs and thesMSPET positron
camera.

Since the production version of the n-XYTER as well as a dsdit test readout board
is still under development, it was unfortunately not polesib test it with MSPET cham-
bers yet. For a more detailed description of the foreseenBI3ad-out system and a
prototype readout board see [Pie08].
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Number of Detector Blocks 4
Number of Modules per Block 50
Rotation speed no rotation foreseen
Size of Modules as indicated in Table 5.2
Size of Prototype 100x 100 mn?
Wire material gold-plated tungsten
Wire diameter 20pum
Wire separation 1.5mm
Anode-to-Cathode distance 1mm
Typical anode potential 1400- 1600V
Filling gas Ar-isoC4H19
Number of Converters per Module 1
Number of Converters per Module 1
Lead Thickness 40pum
or Gold Thickness 30pm
Entrance Window 500um FR4
Pad Width 3.03mm
Gap between Pads 0.3mm

Table 6.3: Key specifications of the MSPET small animal PET scanner.

6.6 Outlook

A summary of the current MSPET design specifications is gimefable 6.3. The most
important task for the future of this project will be to prdeienough readout channels.
On a short time scale, simple and affordable mass produatapiifiers combined with
an Agilent ADC module can be used to implement a cost effia@at compact readout
scheme for an MSPET prototype system consisting of a hamdfdétectors. A major
problem with the VME and also this prototype readout is th@rg behaviour. As the
dead times should be not larger than some hundred nanosgcmtdhe ion drift contri-
bution, but the electrostatic induced signal created bydhecloud around the wire has
to be recorded. This requires a fast ADC or at least a FIFO mgthat will retain the
charge information until it is read out.

On a medium time scale the solution here will be to use a rdduamard containing the
n-XYTER chip. This would not only be the most elegant solatwth sufficient timing
resolution, but offers also the opportunity to contribudethie development of a proper
readout board by providing the first MWPC signals ever reabndi¢h this multivalent
electronics.

As the electroplating of the readout pads has been shown podidematic, alternative
methods have to be investigated. The usage of pre-mantgddiead sheets which are
glued on top of the copper pads seems to be promising. Theullijfis here to cut out

8FIFO =First In First Out
SLVDS=L ow VoltageDifferential Signaling
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the pad structure, so that the edges of the pads remain smooth
The choice of the converter material for a production versiof the MSPET will be
mainly affected its machining properties.



7. Results and Outlook

7.1 quadHIDAC Simulations

The development of quantitative methods is in special fafusdays PET research. In
order to push current PET techniques into this directioa,davelopment of improved
hardware as well as the implementation of new reconstmuetigorithms is needed. Mod-
ern crystal scanners already offer good energy resolutidriav noise that allow the dis-
crimination of trues and scatters up to some extend. HowtheguadHIDAC PET small
animal PET camera, described in Section 3.5.3 has not bgaowed during the last ten
years. Its count rate and noise behavior has not been stadiadjuantitative level. This
is also true for its response to scatter due to the absenceeafyeinformation.

In order to evaluate the quantification potential of this esamextensive simulations have
been performed. The results of these simulations have #emiised to interpret first test
measurements quantitatively.

7.1.1 \Verification of Suggested Dead Time Models

For the understanding of the count rate behavior of the qi2d8, a valid dead time
model is needed. Unfortunately, the dead time specificatidrihe quadHIDAC are not
published in detail. The bequeathed values are a coincgdemziow of 40 ns, a dead time
after a single hit of 160ns and a dead time after coincideatd80ns [Jea05]. It is not
published whether the dead times apply to single modules detector stack, opposite
detector stacks or the whole quadHIDAC. To overcome thislpropdifferent dead time
assumptions were tested and compared to measured data.

Simple Analytic Ansatz for the Dead Time

In the simplest case a non-paralysable dead time model gestegd. That means that
there is no prolongation of dead times in case of an eventewthi2 detector is dead.
Taken into account is here a coincidence window of 40 ns arehd time of 160ns after
each single hit for the whole system. For the singles couatrane gets

s=¢y(a)-a-l (7.1)

105
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whereg(a) is the detection probability of a single photaris the activity and” = 1.934
the number of photons emitted per positronium decay. Thiegiitity that the detector is
inactive at a certain time is

: 1
Pead=S-T ,valid fort <« < (7.2)

with the time interval following a hit in which the detector is not active £ 160ns).
The probability for the detection of a single photon, takilegd time effects into account,
is now

= & (1-g-a 1) (7.4)
0
€
= — X (7.5)
l+a-g -1

with s?, being the photon detection efficiency at low count rates witerad time effects
can be neglected. The singles rate can now be written as

s = a-l-g (7.6)
a-r-el
- v (7.7)
1+a-€)-I-t

For the coincidence count rate (trues and scatters, negjaeindoms) it is
crs=a-£2(1—Piead (7.8)

with €2 being the coincidence detection efficiency at low countsraféor the randoms
count rate, following Equation (3.19), one can write:

1
CR:2~AtC~52~§ (7.9)

only counting randoms in opposite detector modulesAtg = 40ns is the length of the
coincidence time window. The total coincidence count ratgow

C=Crs+Cr. (7.10)
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Improved Analytic Ansatz for the Dead Time

In order to get a more precise dead time model, one has tohakdifferent dead times
after single hits and measured coincidences into accowfibwing that idea, the ansatz
for an advanced dead time model is

Pdead= (S—2C) - T1+C- T2 (7.11)

with a dead time of; = 160ns after a single hit ard = 400 ns after a coincidence. With

&y = £ (1—Piead (7.12)
_g)(1+2ct;—c1p) (7.13)
N 1+aredty '

and Equation (7.1) we get a singles rate of

areV. (14 2cty—cr
o ey - 2) (7.14)

The coincidence count rate of trues and scatters can bessquras

crs = agd(1—Piead (7.15)
are)(1+ 2cty —CTp)

0
= 1- — -2 7.1
agg ( Clo—T1 ( c+ 1tareyn )) (7.16)

whereel is the efficiency for coincidences without any dead timea&eThe count rates
for the separated trues and scattefsand cs can be written equivalently by replacing
2 with the coincidence efficiencies at low activitigsandel. The randoms count rate,
considering randoms in detectors opposite to each othgrn®nhlculated as follows:

1
CR = 2~Atc~sz~§ (7.17)

a’tel (9 + 2ce0T1 — CePT2)?

= . 7.18
4-(1+arefry)? (7.18)
The total count rate is derived from Equation (7.10) as
a(1+2cty —cr2- (4€2 (1+aredts) +a(ed)2Atcl 2 (1+ 2c11 — CT2)) (7.19)
c= . .

4(1+aredty)?

Solving Equation (7.19) finally yields the total count rate.
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Detailed Monte Carlo Ansatz for the Dead Time

As shown in the previous section, an analytical model of thadiHIDAC dead time
quickly yields to complex expressions, which are difficolsblve. In addition, not even
all scenarios are considered in the presented analytisatzes. As proclaimed by V. Uh-
lendorff [UhIO5], the dead time for coincidences influenttesswhole quadHIDAC, while
the singles dead time only affects the detector block theblean hit. Furthermore, events
with more than two photons detected will cause a dead tingedikalid coincidence, but
will be rejected by the coincidence counter.

To describe this complex behavior, a Monte Carlo simulatibthe count rate perfor-

Singles efficiency) 14.75%
Coincidence efficiencg? 2.38%
Trues efficiency X9%
Scatters efficiency 076%
Coincidence window &t 40ns
Dead time after single; 160ns
Dead time after coincidenae 400ns

Table 7.1: Measured efficiencies for a 80mm line source (S] and communicated dead time values
[Jea05] for the quadHIDAC. The scatter fraction has beeainbtl using NEMA[NEMO1] methods on
the measured data.

mance of the quadHIDAC was implemented. The idea is to uspuhished values for
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dead times and detection efficiencies of singles, coincegntrues and scatters, sum-
marised in Table 7.1, in order to create a matrix of the follmxform:

time of decay hitin detector 1 hitin detector 2 hit in dete@o hit in detector%
0.0101872 0 0 1
0.0110534
0.0143854
0.0163364
0.0167463
0.0188938
0.0200904
0.0244439
0.0258464
0.0399541
0.0428088

O O OO 0O 0O O O O B
O OFr O 0O O FrR B P O
B O O FRr P OO OO FrR O
O R P OOR R LR OO

The time until the next decay is drawn from the probabilitytdbution

dp_(t) =A- e_A't
dt
in the range ot = 0...10/A, whereA is the activity of the source. Using the known
detection efficiencies for single hits and coincidences,dn single or opposite detectors
are diced. If a detector hit occurs, a 1 is noted in the matrckthe appropriate time of the
decay is added. In a second step the matrix is analysed facidences and single hits and
the dead times are applied. After a single hit all lines witthie single dead time window
of 160 ns are identified and the column in which the hit ocaliseset to zero here. After a
coincidence lines within a time window of 400 ns are set t@z&hen for the randoms, a
search is started for two events producing single hits eie coincidence time window
of 40ns. Since this indicates a time frame of 20ns before &#erdasingle event and the
first occuring event is known due to the algorithm, it is shactfor a second single hit
occuring within 20 ns after the first identified single hit. fiese events the coincidence
dead time is applied in addition. Both the coincidence coat& and randoms count rate
is increased if there is no third hit inside the current cmance time window. In case
there is, the event is ignored. In the following all hits anensned up for a single count
rate. Real coincidences are counted and it is again dicechethi¢ts a true or a scatter.
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Figure 7.1 shows the comparison of the three presented dmadntodels. It can be
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Figure 7.1: Validation of the proposed dead time models: Simple aradijtimproved analytical and Monte
Carlo count rate simulation in comparison to real data shiowjg™05]. An 80mm long line source de-
scribed in Section 5.3.3 was used. The width of the MC-modstdbes an estimated error ©10% in
efficiencies.

seen that most importantly, the measured randoms countalatepresented in [D5],
does not fit the simulated and calculated ones. The missatgrfaf two between Monte
Carlo and measurement gives a hint towards an possible erttoe guadHIDACs random
count rate calculation. It seems reasonable, that the flermsed by the quadHIDAC
misinterpretsiAt; in Formula (7.9) as coincidence time window and thus oveneges
the randoms by a factor of two. A first analysis of the decayemed total count rate
propagation in time of the quadHIDAC output has confirmedabsgumption.

Further it can be seen, that the analytical models cannatibeshe Monte Carlo count
rates for activities above 6 MBq. The denominator in Equafit®) induces a linear
propagation of the randoms count rates from here on, so thation (7.6), and thus the
analytic models, holds only for inverse single rates thatsanall againstSTr, and as
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already indicated in Equation (7.2) small agansAs a result of this, also the total count
rates does not fit with MC and measurement from 6 MBq on. The M@ermther hand
is able to fit the total count rate in good agreement, despitieeodifference in randoms
count rates. The difference between MC and measured trodssaatters rates is not
worrisome. The imprecise determination following [NEMQ&hds to slighty different
fractions for each data point, while the simulation usesrstant fraction, obtained in a
low activity measurement, for the whole activity range. Width of the Monte Carlo
model reflects the inaccuracy resulting from an uncertamthe published values for
single, true and scatter sensitivities, so that a 10% dewiatf the named sensitivities
seems to be reasonable.

Misleading Dead Time Information

As shown in Figure 7.1, the measured count rate saturatgglglbelow 400kHz. With
a dead time of 400 ns one would expect a count rate saturdtairoae 2 MHz.

In order to find a reason for this behavior raw pulses on thelamid of a HIDAC

module have been recorded and analysed. A typical pulseosrsin Figure 7.2. The
pulse measured directly on the wire is indicated in yellowileithe same pulse after the
amplifier is shown in blue. The raw pulse has a steady risevi@tl by a long tail, so that
the total length of a pulse is easily some §80ong. The differentiating amplifier rejects
the long tails so that a pulse of 2.5ps length remains after the amplifier. The threshold
for the event trigger was measured 90mV above the basetiocanlbe assumed that the
rise time of the differentiated signal is of the order of 480 8ince the pulse length and
the count rate saturation %S = 400kHz appear suspiciously connected, it cannot be
completely verified that the delivered dead time model as&dyin the previous sections
is correct.
Nevertheless it is very important to know the exact dead trmleaviour for quantita-
tion purposes. Since neither the electronics nor the softwhthe quadHIDAC is doc-
umented, reverse engineering, or more likely, the devedopirof new modern read out
electronics and software is essential.

7.1.2 Noise Equivalent Count Rate

The noise equivalent count rate (NECR) is a measure of the imaagidy. Its definition
is given by Formula (3.23). Because of the noiseless randetesrdinatiork was set to
1. Using the count rate simulations presented in Sectiori,7the NECR can be easily
obtained. One can see in Figure 7.3 that the NECR reaches anomaxat 19 MBq,
indicating that the scanner is expected to show the bestdmgaglity at an rather large
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Figure 7.2: Mere pulses at the anode wiresof the quadHIDA. Thevyrve sured before
the amplifier. The blue curve after the differentiating aifigsl The pulse length after the amplifier is
approximately Bps, which most likely causes the count rate to saturate 400kHz. The oscillations
might originate from the HIDAC’s power supply or disturbasmn the power supply line. Panel (a) shows

a regular pulse while Panel (b) was triggered on the mentioogse.
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Figure 7.3: Monte Carlo simulation of the noise equivalent count ratthefquadHIDAC.

source activity. The variation of the NECR is less theh% for activities between 15
and 20 MBg.

7.1.3 Validation of Geant4 Simulations
Positron Range in Water

The positron range of the PET tracer depends on its primaeyggn It leads to a reduc-
tion of the ideally achievable spatial resolution. The posiresolution for'®F has been
calculated, measured, and also simulated before. In cod=ymhpare the presented sim-
ulations with the previous results, the positron range lehlbetermined with Geant4.
In order to do that, positrons with energies sampled on‘tRespectrum, shown in Sec-
tion 5.3.3 are placed in the exact centre of a 100 mm waters e emitted in random
directions. The distance from the annihilation vertex ® t¢lentre of the sphere was cal-
culated. Figure 7.4 shows the results of that simulatiore Miean range is.87 mm and
the maximum range.2mm. The results here differ slightly from the literaturenexe it
has to be noted that the positron ranges vary dramaticatlyesa different references.
Not only the numbers vary, but also the methods. The congan$the obtained value
with literature turns out to be difficult, as the they varyweén 0102 mm [LH99] derived
by a Monte Carlo simulation and measure@2Imm [CCE 75] in FWHM, Mean values
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vary between @ mm [BT05] and 14 mm [HRGO03]. Nevertheless a value a#nm in
Geant4 simulations seems to be reasonable.

Positron Range and Spatial Resolution Measurements

The positron range is a major factor influencing the resotubdf a PET image. Since
the achievable resolution is an important performanceipa&ion, it is measured for al-
most every scanner. For the quadHIDAC, K. P. Schéafers et. @hsored values between
1.00mm and 1096 mm after the reconstruction of a spongious point-likerse in the
centre of the FOV. The most recent measurement for the quAEihas been performed
by D. L. Hastings et. al. [HRI07]. They used a glass pipe, filled with &F liquid as
positron source. The inner diameter of this glass pipe wsts50um. They measured a
spatial resolution between8b mm and 109 mm depending on the position of the source
in the FOV. A source like this with an inner radius of "2 mm osg& is also proposed
by NEMA [NEMO1]. Figures 7.5 and 7.6 display the simulategipon ranges in the
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Figure 7.5: Geant4 simulation of th&’F positron range in glass. Shown are the annihilation estand
their distance to the positrons origin.

common source volume jacket materials glass and polyathyléne can see, that in
glass the range is with a mean value di®mm less than half of the value in water. Us-
ing a glass pipe with a diameter below 480 will therefore delude a spatial resolution
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that can never be reached in clinical work and is thus onlyjhebtetical interest. The
resolution in this case is dominated by the scanner itseliyd®hylene on the other hand
seems to be a more adequate replacement for water and sues tidfering a comparable
positron range of ®B1 mm. As a result of the presented simulations, the use gefuo}-
lene jackets for spatial resolution measurements of thgénrasmall animal PET has to
be recommended. In case one wants to measure the effeceidayushe scanner only,
glass jackets are preferable.

Simulated quadHIDAC Hit-Distributions

The straight forward way to check the quality of a simulatisnto compare simulated
raw data with measured raw data. This has been done for a p@itdrsource with a di-
ameter of  mm enclosed by a thin 1 mm thick water hull. The correspandieasured
source was a small sponge like sphere drained wBb WBq of al®F fluid. As the exact
dimension of the source was unknown, parallel projectidndifterent sized simulated
point sources have been compared with the projection of #ssored data. In order to
reduce the number of free parameters, only two detectorsbanét a measurement with
no rotation has been taken into account.

For the comparison the hit-positions of half-coincidenedsich are single photon inci-

dences belonging to coincidence events, have been recdfgrole 7.7 shows the results
of the comparison. The oscillation of the measured datauseaxh by the wire gap of
1.5mm which limits the position resolution in Z-Direction. @Bimulation here is in very
good agreement with the measurement.
Another consistency check was performed by comparing th&beu of hits per module.
Using the same measurement as above, the relative fracifomeasured half coinci-
dences are shown in Table 7.2. It has to be noted that the tteatde modules on the
back of detector bank B and module number 6 of bank A were theéeduring the mea-
surement. Therefore, we also did not take data from theseall@®ahto account in the
simulation.

As can be seen, there is a slight trend in the measuremenwé&rhare hits in the
backward modules than expected from the simulation. THfisrdnce has to be explained
by variances of detector efficiencies, due to different anawld converter voltages. As
a result of this, electronic noise and thus the rate of randoimcidences could vary be-
tween the modules. In addition, the multiplexed readouesehcould produce hits on
apparently wrong detector modules, even if they are turifiied o
Figure 7.8 shows the simulated hit distribution of hits tle¢edtor modules with all mod-
ules turned on. As expected, the back modules have only snflaiénce on the total
count rates.
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Figure 7.7: Comparison of simulated and measured half-coincidenedistitibutions in Y- and Z- direc-
tion. Because of defective modules, only the first six moslale taken into account.

Measured Half | Simulated Half
Module Nb. . o
Coincidences [%] Coincidences [%]
1 24.80+0.02 26.65+0.23
2 20.84+0.02 21.84+0.21
3 17.00+£0.01 17.29+0.18
4 1461+0.01 1372+0.16
5 1137+0.01 10.64+0.14
6 4.68+0.01 4.154+0.09
7 3.64+0.01 3.18+0.08
8 3.04+0.01 2.52+0.07

Table 7.2: Comparison of measured and simulated hit-distributiont@nrmodules of 2 detector banks.
Modules 6 of bank A and modules 7 and 8 of bank B have been sdtefi in measurement and simulation
because of a hardware failure.



7.1 quadHIDAC Simulations 119

Constant -1.148 -3.421e-07

¥ 025— Slope -0.2387 - 6.546e-08
£
0.2 —
0.15 —
01—
0.05 —
_fIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 2 3 4 5 6 7 8
Detector Number

Figure 7.8: Simulated hit-distribution on all quadHIDAC detector méski Despite different module di-
mensions the attenuation shows a nearly perfect expohéaitiaff.
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Absolute Detection Efficiency

Geant4 in its current version®is not capable of calculating gas gain and avalanche
evolution. Hence, the simulation program lists an evenhattime an electron enters
the gaseous parts of the detector, which are the holes adMdWC volume itself. The
coordinates of the events, which describe the endpointseoliie-of-responses are here
the vertex coordinates of the produced electrons. Up topihiist it cannot be decided,

if the liberated electron interacts with the gas and creatggnal in the detector or not.
Therefore, an efficiency factor is proposed, later on cahed-factor. It is defined as the
ratio of electrons entering the gas over the total number edsured signals and scales
the simulated efficiency values to the measured ones:

Measured Coincidence Efficiency /| 0.02
= \/Simulated Coincidence Efficiency 0.0604 0-575 (7.20)
The measured value is here taken from data presented DbjSwhich is also shown in
Figure 7.1 at low activity values. Here the source was a 80imeaslource with a diameter
of 1mm enclosed by a glass tube. Théactor was obtained using the coincidence effi-
ciency values and not to the ones for singles because theytedae more reliable as the
quadHIDAC provides no raw data of singles hits but only fancalences. For singles it

returns a total count rate only, which is subject to electrowise. As a cross-check the
simulated singles efficien&;@'m- = 19.93% was converted using tHefactor to

gy=¢€3™ f =0.1147 (7.21)

A comparable singles measurement can be found in(#] with £77°#%= 5.79 % for a 16
module quadHIDAC or extrapolated to 32 modules this would¥&°>= 11.58 % which
is in good agreement with the simulation.

As a first result, looking at the large fraction of undeteatéettrons, it is proposed to
revisit the used argon-di-isopropyl-ether gas compasitmoorder to find a better suited
mixture offering a larger ionisation cross section. In thkoiwing the f-factor has to be
applied to all statements on absolute detection efficieli¢g.expected that thé-factor
will change with the detector geometry. Especially for dmtions in which the geometry
Is varied this has to be taken into account. As it is not pésgibidentify the variation
without having built adequate prototype detectors, in thikoWing a linear dependence
on the detector gas volume is assumed.
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Sensitivity for a Line Source

K. Schéfers et. al. have measured the absulute sensitiite @uadHIDAC for different
line source length [805]. Since here only the true coincidences are taken intaraco
the necessary scatter-correction has been done accooddgMA methods [NEMO1].
Assuming a constant scatter fraction and a certain eledgtaction efficiency described
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Figure 7.9: Sensitivity measurement and Geant4 simulation using neces of different length.

by the f-factor, the results of an appropriate Geant4 sitraridnave been compared with

these measurements. Figure 7.9 shows fairly good agreemignthe measurements.

Nevertheless, a slightly different curvature of the datmfpprogression can be observed.
The statistical errors of the simulation data are smallen tine marker size and therefore
not visible. The most probable reason for this differenae @ncertainties during the

realisation of the measurement or their analysis includoagter correction.

7.1.4 Analysis of quadHIDAC System Properties
Intrinsic Energy Cut

Most competing PET scanners provide an energy informatibiciwallows scatter re-
jection by application of energy cuts. The lower cut valuses between 250keV and



122 Chapter 7: Results and Outlook

400keV in most of the commercial scanners. Since MWPC-basathscs do not pro-
vide energy information, it is not possible to set such a sutgithese devices. Neverthe-
less it is claimed that the quadHIDAC is not sensitive to gamadiation below 200 keV
[M*04]. The Manchester group has tried to recheck the intriostoof the 16 module
qguadHIDAC [HRJ 07]. They claim an intrinsic energy cut of 250keV at which siregle
efficiency drops to half the value of 511 keV. Unfortunatblgcause of a lack of adequate
sources, they had to extrapolate their result from just tea ghoints below 511keV. In
order to get a more precise understanding of the energy depeag, a simulation of the
singles efficiency of both the quadHIDAC and also the MSPEanabers with different
converter materials have been performed. Here, an infimtdgoint source of A um
has been placed in the centre of the field of view. Photonsdisitrete energies are ran-
domly emitted into all directions. For the MSPET device adddr stack consisting of 50
individual chambers has been used. Figure 7.10 displaygs$dts of the simulations. To
be comparable with the quadHIDAC, the efficiencies are ndeedlto the efficiency ob-
tained at 511 keV. One finds that at 200 keV the efficiency dbghswv 20% of the value at
511 keV and the 50% value is compatible to the measured valsdering the obvious
measurement difficulties due to the missing energy infaiomat

For the MSPET device the intrinsic energy cut is shifted ad®@0keV towards lower
energies. This can be understood by the fact that the eféectinverter thickness is thin-
ner than in the holes of the HIDAC, where additional insulatisaterial limits the range
of low energy electrons. While there is a poorer trend of msic scatter suppression,
the MSPET may provide some SPECY {40keV) or even X-ray CT~ 50— 100keV)
capabilities, although with poor efficiency.

7.1.5 Energy Information in MWPCs with Converters

Energy information in PET is often used to discriminate kew trues and scatters. A
major drawback of the quadHIDAC and other MWPC-based PET casneith electron
converters is the missing energy information. This is nyaditie to the photon to electron
converter itself. An electron that is liberated by a photacident on the converter will
undergo multiple scattering before it will transverse tbewerter’s surface and is mea-
sured in the MWPC. Thus the energy of the measured electron$yisveakly correlated
with the original photon energy. Figure 7.11 shows the aaergf electrons entering the
gaseous part of the detector. Trues and scatters spectnaranalised to the count rate
of the true spectra. The original singles count rates arechiot the statistics box. Here,
the full-energy photo peak caused by photoelectric effebld keV photons is shifted to
an energy of 423keV due to the 88keV binding energy of K-shlelttrons in lead. En-
tries between 423keV and 511keV are caused by photoeleffeicts in L- and M-shells
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Figure 7.11: Energy spectra of electrons liberated in the HIDAC conwsrtEor better visual comparison,
the number of entries in the scatters spectrum has been limechto the trues count rate.

with lower cross sections. Binding energies are here-13.8keV for the L-shell and
2.5—3.8keV for the M-shell respectively. The compton edge is foanhd

EL(18C°) = Z—E‘? = 3407keV. (7.22)
€ © Mmec?+2E, ’ '
with E;(180°) being the energy of a liberated electron caused by Comptdtesog with
an scattering angle of 180E, = 511keV is the incident photon’s energy. Below this en-
ergy the Compton continuum begins. Due to multiple scatesirthe liberated electrons
on their way to the surface, the gap between Compton edge dreh&rgy peaks disa-
pears. It can be seen that both, trues and scatters prodiateoak with a broad spectum
down to low energies. Therefore, it is hard to apply an enetgyn order to discriminate
trues and scatters. Nevertheless one can use these speestartate energy dependent
scatter probabilities in reconstruction algorithms. Feid.12 shows the corresponding
plots for MSPET geometries with a single-sided gold and ebtseided lead converter.
The difference of trues and scatters is a little more pronedrthan in the HIDAC geom-
etry.
The major problem of scatter suppression in flat-convdréessed MWPCs like the
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Figure 7.12:Energy spectra of electrons liberated in the MSPET consgerkor a better visual comparison,
the number of entries in the scatters spectrum has been limethto the trues count rate. Panel (a) displays
the results for a single-sided @th gold converter, while in (b) a double-sided|#0 lead converter is used.
The differences are caused by different electron bindirggggas in lead and gold.
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MSPET is shown in Figure 7.13. It can be seen that the numbéeefelectrons in
the detector shows a stronger dependence on the exit ange electron leaving the
converter than to the particles energy. Since the angustnilalition of these electrons is
broad (see Figure 6.15), the measured pulse heights ddleyriformation of the original
photon energy.

For the quadHIDAC the converter itself rather than the axgla will impede any energy
information. The pulse height here depends mainly on theratdield in the holes of the
converter and the position of the primary ionisation in thieh As this field is quite irreg-
ular and the avalanche size undefined, no information oficpgenergies can be derived.
In conclusion, this kind of detectors cannot be used to mlisoate trues and scatters by
measuring the deposited energies. Also advanced PET appiis like Compton cam-
eras are not realisable using HIDAC or MSPET technologies.

Nevertheless, the converters of both, MSPET and quadHIDé&Cbe optimised in order
to reach the best efficiency at 511keV by variation of the nlt¢hickness and hole
design. Lower photon energies, and thus scatters are Sggoréhen.

7.1.6 Quantitative PET with the quadHIDAC

For a quantitative description of PET images it is necesgaigentify the contributions
of trues, scatters, randoms and detector noise (see S&#pnThe quantity as well as
the spatial distribution of these constituents has to bevkna great detail.

The goal is the separation of the true, unscattered evettigwie blurring background.
First approaches usually aim towards a scatter discrimimdty the measurement of the
particle energy. However in case of MWPC-based detectors sualid converters this
is not an option, as already discussed in the previous stibsed he approach to solve
this problem is now to make use of proper detector simulatidn the simulations it is
comparably easy to identify the needed components in the date the particle ener-
gies as well as possible scatter processes can be retaidezhalysed. Figure 7.14
shows the dependence of the module number on the fractiaratiésed events simulated
for the quadHIDAC. Simulations show that the mean scattephodpability is 454 % for
all modules. As shown in Figure 7.14, hits detected in therontodules show a higher
scattering propability, as expected. A correction for teratg can now include the quan-
titative knowledge of the spatial distribution of scatteevents. Therefore, the obtained
simulation output has been visualised using an adequapdigreendition: parallel pro-
jections. The results of such a Geant4 quadHIDAC detectaulsition are shown in
Figures 7.15 and 7.17. One can see the parallel projectibadine source, a mouse
phantom and a rat phantom which have been placed in the adrttre FOV of the sim-
ulated quadHIDAC scanner. The total hit distribution, neathn black, can be split up
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Figure 7.13: Panel (a) shows the energy dependence O%Emariation for electrons in argon gas [M. 09].
Since the energy loss is directly connected to the numbeasfigeraction encounters, it influences the
number of primary electrons in the gas. For relevant engrigggween 100keV and 500keV changes of
~ 60% are observable. Panel (b) shows the variation in fredreles depending on the exit angle of the
primary electron out of the converter with the approximataf the electron being a minimum ionising
particle. The value of 18 free electrons/mm counts for m.i.p.3y(= 3) and was published by the Particle
Data Group [Par98].
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Figure 7.15: Parallel projection of the results of a Geant4 simulatiom ¢ihe source with an activity of
20MBq in the quadHIDAC. As can be seen in Panel (b), the brasulilsition of the randoms can be
approximated with a constant in the relevant areas.



130 Chapter 7: Results and Outlook

—_

Count Ratio
0.05 mm

I
[

Activity: 20 MBq
—— Totals/Totals
—— Trues/Totals
—— Scatters/Totals
—— Randoms/Totals

0.6

04

0.2

TRV ORISR Mtk b

ILl I —— I - —
0 -80 -60 -40 -20 0 20 40 60 80

Radial Distance from Maximum Pixel [mm]

@)

—_

B Activity: 20 MBq
—— Totals/Totals
—— Trues/Totals

- —— Scatters/Totals
—— Randoms/Totals

Count Ratio
0.05 mm
I

o
o

0.6

04

0.2

IIIJIIII]IIIIIIIIIIUIIIIIIIIIIIIIIIL[J]

-20  -15 -10 -5 0 5 10 15 20
Radial Distance from Maximum Pixel [mm]

(b)
Figure 7.16: A different representation of Figure 7.15. Shown are thiesaif trues, scatters and randoms
to the overall distribution of a line source. For a more dethview panel (b) shows a zoomed view.
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Figure 7.17: Parallel projection of the results of a Geant4 simulatioraghouse phantom (a) and a rat
phantom (b) source. The number of randoms was again adapgeddurce activity of 20MBg. Note the
linear scale used here.
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Figure 7.18: A different representation of Figure 7.17. Shown are thiesaif trues, scatters and randoms
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into its components. One can identify the trues within therese volume, while scatters
are peaked, but broader in their distribution. Random cdamtes have been scaled to
an activity of 20MBq, which is typical for a real measuremetiere a coincidence win-
dow of 40ns and the measured efficiencies displayed in Tablbate been considered.
Figures 7.16 and 7.18 show the fractions of trues, scattetsammdoms to the overall dis-
tributions. It can be seen, that randoms dominate the om@isaf the distributions. In
case of a mouse- or rat phantom source, randoms dominatereverhole distribution.
An slight increase of scatters can be observed in the gldbksfithe line source and the
polyethylene hull sourounding the other two sources rasmhz

For the scattered events, it is conspicuous that most ofathets are still found inside the
source volume. That means that a large fraction of the gsaiteurs at small scattering
angles. This is interesting, because the common methodsatés discrimination pub-
lished by NEMA [NEMO1] assume a linear extrapolation of tihewslders of the totals
distribution.

Therefore one has to conclude that the NEMA method underesss the scatter fraction
in the central peak region. On the other hand one can diskasa¢aning of &rue event
in the context of PET, meaning perhaps not necessarily asnattered-, but an event
whose LOR is still close to the original one, allowing smalatiering angles. Never-
theless such a question does not arise for practical agiplisadue to the limited energy
resolution of common detectors.

In this thesis a scattered event is cakedtteredif one or both of the participant particles
have undergone a physical scattering process before beitegtdd, no matter whether
the scattering angle was small or large.

7.1.7 Different Methods for the Estimation of Randoms

Depending on the activity of the used tracer and the coimcedime window of the
device, the fraction of random events can become very |&gethe case of the quadHI-
DAC this fraction can reach 35% of all counts for an activity20 MBq, as indicated in
Figure 7.1.

Therefore a quantitative analysis of PET images requirésmly the information on the
total number of random events, but also their spatial tstion depending on the shape
and position of the source volume.

A good method to describe this distribution is to measurepesdent single photon in-
cidences and then combine them to coincidences. Some PHJedgwovide intrinsic
random subtraction based on the so-called delay line metHedk a positron emitter is
measured while a time delay of more than the nominal coimcieeime window is ap-
plied to one of the two opposite detectors. The problem withmethod is the quite poor
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count rate and the additional statistical noise in the tirmenk. The quadHIDAC neither
provides raw data of single events, as it stores only coémad events, nor is a delay line
foreseen to determine random distributions.

A method proposed by A. Divoli et. al. [DEDD4] uses a distribution of shuffled half-
coincidences to generate pseudo-random events. Infamati the singles is not needed.
The method was developed for a large area PET detector ¢l@&RRA, which is com-
prised of Bak crystal detectors and MWPCs [DFB5]. In order to validate the applica-
bility of this method for the quadHIDAC scanner, simulasasf point-like sources with

1 mm diameter in different positions of the FOV of the quadA@have been performed.
For a later comparison of these simulations with measuresnarfull four block quad-
HIDAC has been emulated by switching the coordinate systeame of two simulation
runs and merging the two simulated data sets as describezttin 5.3.1. The raw sin-
gle data of these simulations have been used to produce langistrandom coincidence
distribution. In addition, the filtered coincidences ofdbalata sets have been shuffled
and combined to random coincidences following the methodl. @ivoli et. al..

To get a full picture of the situation, adequate random ddemce measurements have
been done using a single photon emittii¢Cs source, placed in corresponding positions
in the FOV. Figure 7.19 now shows the results of the analySise can clearly see that
the simulated randoms distribution produced from the smghta fit well at all positions
with the measured®’Cs source. The method of Divoli et. al. on the other hand fails,
when the source is not placed in the centre of the FOV. Whilefgstal scanners with
a quite small FOV this is not really a problem, the method setnbe inapplicable for
guantitative statements in off-centre positions in thgeafOV of the quadHIDAC.

In clinical practice often up to four mice are imaged at themsdime with the quadHI-
DAC, where none of them is placed in the centre of the scanrmra l§uantitative ran-
doms correction using the shuffled half-coincidence mettiebe mice placed off-centre
are not convenient because of the inconsistent estimakeehhdoms fraction.

7.1.8 Discrepancy of Measured and Simulated Randoms

The number of random coincidence background is providedheygtiadHIDAC. Based
on the number of measured single events, the quadHIDAC geeva calculated num-
ber of randoms based on the system dead time and the coineigdg@ndow. Since this
number relies on the correct determination of the singlemtity, the results from these
calculations can be questioned when looking at the pulggesh&ingle pulses measured
on the anodes of a quadHIDAC module are shown in Figure 7 Redially panel (b) in-
dicates that the trigger level for single event registratioes not discriminate efficiently
between noise and real events. Even oscillations, seeyrgagked by the quadHIDAC'’s
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Figure 7.19:Comparison of different randoms distribution estimatiagtihods for point-like sources placed
in different positions of the FOV. While th&’Cs measurements and the simulations produce comparable
results, the method proposed by A. Divoli et. al. fails fonses off-centre shifted.
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Figure 7.20:Differences between observed, calculated and systenctgemndoms fractions in the quad-
HIDAC. For the fitted values, randoms have been added to dadim, until the tails of the parallel projec-
tions fitted to the corresponding measurement. Monte Carldoms have been obtained following Section
7.1.1. HIDAC expected is the number of randoms that is outguhe quadHIDACs DAQ itself.
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power supply or other devices sharing the same electrigityit lead to frequent trig-
gers. In addition, detector aging is a problem in the quadx@DHeavy deposits caused
by polymerisation in the gas has been observed on the witkgdhe holes of defective
modules (see Figure 7.21). As this influences the electtit diethe MWPC, error prone
measurements and increased sparking will lead to incresasgle rates.

An alternative ansatz for randoms quantification can be niade simulations as they

Figure 7.21: Polymerisation crystals grow on wires (a) and in convertges$ (b) and lead to detector
defects.

are shown for example in Figure 7.15. In areas far away frarcéntre of the FOV, the
parallel projections are dominated by randoms. Hence, tdaatgy of randoms can be
obtained by fitting a known randoms distribution to thesegaithe measured totals dis-
tribution. The randoms distribution can be taken frod? Zs measurement, an adequate
simulation or a shuffled half coincidence distribution ofemtred point-source measure-
ment.

The randoms count rate is given by the data aquisision systéne quadHIDAC, which
calculates its quantity on the basis of singles count ratedependently, and under the
assumption that the dead time model is known, the numbemnafras can also be simu-
lated using the Monte Carlo code described in Section 7.1sla third method, one can
use parallel projections of a measurement and a compatiahléasion containing no ran-
doms at all. A randoms distribution is then added to the saimh until the projections
fit each other.

Using a point source with a very low initial activity af= 1.3 MBq these three methods
have been applied for different subsets of the measuredrthtating different activities.
The results are shown in Figure 7.20.

One can see that the quadHIDAC overestimates the numbendbmas expected by the
simulation (as already mentioned in Section 7.1.1), bueuestimates the number that
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is based on the parallel projection fit method. As a resulhisf observation, it is con-
cluded on the one hand, that the number of singles is too hilgich leads to an increased
number calculated by the HIDAC. This is reasonable, lookintg@anode signals shown
in Figure 7.2. On the other hand, the parallel projectiorsiafiuenced by a distribu-
tion shaped like a randoms distribution. The origin of thgribution is most likely not
caused by classical randoms but by detector noise.

7.1.9 quadHIDAC Detector Noise

As a possible reason for the randoms discrepancy in the st pletector noise is consid-
ered. In order to verify this suggestion, a quadHIDAC measent without any radiation
source has been performed. The result should be a good apteon of a randoms dis-
tribution. During 48 hours of data taking, 7890 coincidences have been recorded. The
parallel projections of this measurement data is showngaréi 7.22. One can see that the
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Figure 7.22: Noise measurement of 48 hours compared with the shape ofhaatised randoms distribu-
tion. It can be concluded that detector noise can be descbypa randoms distribution.

measured distribution is in good agreement with a simulededoms distribution. This
indicates that electronic noise cannot be separated fradoras and therefore might be
a possible explanation for the quadHIDACSs hit distributioHswever, the total quantity
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of the recorded events corresponds to a 15 minute measueanens therefore orders
of magnitude too small to explain the observed difference.

A possible reason might be that the noise itself dependseapplied radiation activity
in the scanner. Another possibility for the random like mlgttion are misinterpreted real
coincidence events. Due to the channel-grouping read twnse of the quadHIDAC,
explained by Figure 3.14, it is possible that small distades in the clock cycle of the
multiplexed read out can shift the measured positions pearldomly across the FOV.
As an indication for a problem here, it has already been obsethat depending on the
clock timing, counts are measured by the DAQ-PC even on nesdilat are switched
off. Unfortunally it is not possible to test this theory watht detailed knowledge on the
quadHIDACSs read out electronics. Since this informatioroisavailable, massive reverse
engineering efforts or, more likely, new detector read detteonics for the quadHIDAC
modules are needed at this point.

7.1.10 Quantification of a Point Source Measurement

As a demonstration of the capabilities offered by the Geamulations, a point source
measurement with the quadHIDAC has been quantified usingdaquate simulation.
The measurement was done with a small point source withailyitunknown diameter
that was placed in the centre of the FOV. The sponge sourceraased with FDG. The
exact position of the source was determined by comparistnretonstructed images as
(X,¥,2) = (—0.65mm 3.25mm 0.65mm). The diameter has been determined by compar-
ing parallel projections of simulations to the measurenast = 3.2mm. For the best
agreement, the active source volume has been encapsulddnmahick water jacket in
the simulation. Figure 7.23 shows the parallel projectibbaih the simulation and the
measurement. The double peak structure can be explainée Biight off-centre position
of the point source. It would be possible to correct for thahie projection algorithm, but
since this would lead to an asymmetrical distribution orhtsitles of the central peak,
this operation has been omitted. The simulation has bedadsta the integral of the
measurements count rate. One can see that the green cumsesticg of simulated true
and scattered events does not fit to the measurement exdotyly in the areas far away
from the centre of the FOV a lack of count rate is observed. fesalt of this, the double
peak of the simulation appears nearly 20% too high. In theipue section it has been
shown that noise or noise-like true coincidences blur thasueed distribution. Hence, a
noise distribution shown in Figure 7.22 has been added teithelated data, so that the
resulting distribution now contains 138% of noise. With nearly perfect agreement, the
violet curve now fits to the measured distribution. Henceart be concluded that a mea-
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Figure 7.23: Comparison of a point-source measurement with an apptegimulation. The double peak
is a result of a slightly off-centre positioned source. As thitial activity of the source was very low
(a= 1.3MBQq), the random events are negligible.

sured distribution of a known source can be split up by theafisglequate simulations
into its constituents trues, scatters, randoms and noise.

7.1.11 Advanced quadHIDAC Converter Design

As already described above, the quadHIDAC converter hasyasaphisticated design
and provides good photon conversion efficiency. It was shivanhthis efficiency cannot
be matched by a reasonable number of conventional MWPCs wiiihlesimetal foil con-
verters. But even though its specifications are already preniin the field of MWPC-
based PET devices, the design of the quadHIDAC has stilhpiatdor improvements. It
would be important to replace all hard-to-machine matebglmaterials which are easier
to handle and less toxic in order to simplify machining anseasbly. First of all, the
lead converters should be replaced by converters corgistia more stable lead alloy,
a not too hard tungsten alloy or even gold. Neverthelessnidierial choice should not
decrease the performance of the device. Presumably ggowaeiations are needed to
optimise the design for the changed materials. In orderdapgse an improved converter
design, simulations for different materials and convedesigns have been performed.
Figure 7.24 and Table 7.3 shows the influence of certain patexsiof the quadHIDAC
design on the efficiency of the detector. Listed are the satedl efficiencies, which may
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Figure 7.24:Simulation of the detection efficiencies for (a) single litsl (b) coincidences as a function of
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vary from the real efficiency because the electron detegtiobability, already described
in Section 7.1.3 and not considered within these results.
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Table 7.3: Simulated efficiencies with different material fogurations in a quadHIDAC
design.

Simulated Simulated

ConverterDesign . . . .
Singles Efficiency [%] | Coinc. Efficiency [%]

16 Layers
60um Lead
140pm Insulation
Hole Diameter: G4 mm 2119+0.15 6.31+0.11
Hole Separation: @mm
Entrance Foil: 5m
(Standard quadHIDAC design
24 Layers
25pm Gold
140pm Insulation
Hole Diameter: G4 mm
Hole Separation: @mm
Entrance Foil: 3gm
32 Layers
25pm Gold
140um Insulation
Hole Diameter: 4mm
Hole Separation: @mm
Entrance Foil: 3(im
32 Layers
25um Gold
25pm Insulation (Kapton Foil)
Hole Diameter: G4 mm
Hole Separation: @mm
Entrance Foil: 3im
32 Layers
25pum Gold
25pm Insulation (Kapton Foil)
Hole Diameter: Gl mm
Hole Separation: A25mm
Entrance Foil: 3gim
32 Layers
25pm Gold
140pm Insulation
Hole Diameter: Gl mm
Hole Separation: A25mm
Entrance Foil: 3@im
32 Layers
25um Tungsten
140um Insulation
Hole Diameter: Gl mm
Hole Separation: A25mm
Entrance Foil: 4pm

2217+0.15 7.18+0.12

2341+0.16 8.11+0.13

1551+0.13 3.23£0.08

38.37+0.20 19.15+0.20

39.51+0.20 2292+0.21

37.95+0.20 21.21+0.21
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Table 7.3: Simulated efficiencies with different material foagurations in a quadHIDAC
design.

Simulated Simulated

ConverterDesign . . . .
Singles Efficiency [%] | Coinc. Efficiency [%]

32 Layers
60um Lead
140pm Insulation
Hole Diameter: L mm
Hole Separation: A25mm
Entrance Foil: 5m

43.56+0.21 27.88+0.24

An interesting aspect of these results is that not only tlektiess of the high-Z con-
verter material, but also the thickness of the interspenssalation sheets plays an im-
portant role when optimising for efficiency. It seems as d titberated electrons escape
more easily through the low-Z insulation as through the eoter material itself.

In conclusion, an optimised HIDAC converter would have amréased number of alter-
nating insulation/converter material layers. Lead id 8i# first choice material, but due
to its difficult machining properties, gold is also a gooceaittive. The hole diameter
and separation should be smaller, where the ratio of diaraateéseparation needs to also
consider the spatial resolution, as will be shown in the segtion.

In reality some of these suggestions will be challenging#dise. Most of all, the produc-
tion of small equidistant holes in a multilayer construntie not easy, especially when
using lead as converter material. Lead in the holes has tigetey to smear during
drilling and therefore to produce shortcuts between themiht layers which would im-
mediately destroy a converter. In addition, sharp edgessturthances in the drilling
channels will disturb the electric field in the holes and éfiere reduce the electron effi-
ciency. Since these disturbances will get worse with irgirgghole depth, an increase of
conversion/insulation layers may be challenging.

7.1.12 Spatial Resolution

The determination of the spatial resolution using simulatata is non trivial since the
exact signal generation process in the quadHIDAC has not inwestigated yet. In an
classical MWPC the signal is usually created on a single wit@ch means that the
wire separation is the limiting factor for the position regmn perpendicular to the wire
direction. Since in the quadHIDAC avalanches of electraescaeated already in the
converter, it seems feasible that multiple wires partigpso that the centre of charges
might be detected even in between the wires.

The simulation itself does not allow to determine the irgienspatial resolution of the
detector, as it outputs the creation point of the electrdrrerg the gaseous parts of the
detector without any signal generation processes includeatder to obtain a value, one



7.1 quadHIDAC Simulations 145

has to make certain assumptions in order to modify the owtilte simulation.

The real quadHIDAC returns not only the number of the modualevhich a hit has

occurred, but also the converter. This information is gaibg comparing the pulse
heights on the pad planes on both sides of the wires. A prageratue is implemented
in the HIDAC electronics or software 199]. Following this knowledge, all simulated
hit positions have been shifted to the centre of the convantevhich they have been
generated.

As non-collinearity of annihilation photons, describedBgyuation (3.12), is not imple-
mented in the Geant4 version used, all hit positions have Bagared to account for
this effect.

Expected | True Coinc. Spatial Spatial
Separation| Diameter | Sensitivity Fraction Resolution Resolution
Smeared to Hole§ Smeared to Wires
[mm] [mm] [%] [%] [mm] [mm]
0.5 0.4 2.06 549 1.27+0.003 1.506+0.003
1.0 0.8 0.81 57.6 1.396+0.004 1.648+0.002
0.5 0.45 2.70 545 - -
0.5 0.2 0.24 525 - -
0.25 0.2 4.23 511 1.2774+0.002 1.5654+0.002
0.25 0.1 0.80 514 - -
0.125 0.1 6.75 44.7 1.3454+0.002 1.648+0.002
0.125 0.08 4.87 46.1 - -
0.14' 0.07 2.65 47.7 1.295+0.002 1.597+0.003

1 GEM-like dimensions
Table 7.4: Simulation results of a quadHIDAC with changed hole diamsetad
separations. Needed efficiency factors are estimated bypaong the gas vol-
umes.

Now there are two different possible limits of the positieselution. In the case of single
wire events, the wire separation is the limiting factor, daese only on the wires signals
can be generated. Hence, the simulated hit positions hawesbifted onto the next wire
position in order to account for this effect. In the case oftiwire events, the limiting
factor is most likely the separation of the holes in the catereln this case, the simulated
hit positions have to be shifted onto the coordinates of th hole.

Table 7.4 lists the determined spatial resolution for défe hole-distance combinations
of a HIDAC converter referring to simulation results. Théues indicate the FWHM of
a Gaussian fit to the parallel projection of the smeared sitionl data. Simulated was
a infinitesimal point source covered by a 4mm diameter wagibere, which accounts
for the positron range. As a result, the minimal obtainabbolution is 127 mm for the
current quadHIDAC dimensions. Because of an increasedcesdedttion, smaller holes
cannot improve the spatial resolution.
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The difference to the published values~efl mm [J"99, SF05, HRJ 07] arise from

(@) (b)
Figure 7.25: OSEM reconstruction of a simulation of two infinitesimal pisources that are placed 1 mm
apart from each other. A HIDAC detector with a hole diamefed.d mm and a separation of®imm has
been used. In Panel (a) the hit positions are shifted ontmélaeest wire position, in Panel (b) into the
coordinates of the closest hole, indicating multi-wirergge The reconstruction algorithm was written by
T. Kosters.

the different determination schemes. The use of glass piiesvery small inner diam-
eters decrease the positron range, and the use of filteredsteactions will improve the
resolution to smaller, but more subjective values. Undesé¢hconsiderations the simu-
lation results are compatible with the measured valuesurgi@.25 shows the results of
an OSEM reconstruction of two infinitesimal point sourcezcpd 1 mm apart from each
other. The detector geometry was set to the current HIDAGeg&lOne can see that even
though the FWHM of the parallel projection is wider than thenpsource separation,
it is possible to distinguish both point sources. When sigftihe hit positions onto the
next wires coordinates, the two sources appear as one. [higéensifies the hints for a
multi-wire interaction of the converter avalanches. Thesltole separation seems to be
a reasonable limit for the theoretical resolution captiédiof the quadHIDAC. So as a
further result, the spatial resolution is strongly depenas the reconstruction strategy.
This again underlines the difficulties when comparing défeé devices or even the results
of different working groups with each other.
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7.1.13 Outlook

The presented simulations have shown that it is not feasdl@prove all performance
parameters of the quadHIDAC at the same time. One has to makeleoff between
resolution, detection efficiency, and not least realisapotential. The use of smaller
holes will, for example, increase the detection efficiemMgvertheless, due to the thinner
wall thicknesses in the converter, the position resolutioght decrease at the same time.
Also the optimisation of the thickness of the insulationetkeshould not be neglected.
The improvements easiest to realise would concern the eladithe gas. Since detector
aging is an issue within the HIDAC modules, the polymer@atprone di-isomethyl-
ether quencher should be replaced by the non-organicd€@t least a smaller organic
molecule. A next step then concerns the material choicedardo simplify the machining
and manageability of the detector modules. Not only the ledlde converters should be
replaced, but also the insulation materials and the glud-saaling technique could be
reassessed. Since the rotation of the device has showndogqaovear, especially for the
cables, a cylindrical design might solve this problem anglynan increase in detection
efficiency by increasing the acceptance angle.

In terms of quantification, the results of the presentedtddia source simulations will
be used as an input for an advanced reconstruction algorittima fractions of randoms
and scatter can then be subtracted according to their sieufint-spread function at
the desired position in the FOV.

7.2 MSPET Simulations

A detailed, simulation-based evaluation of the detectiiniency with different convert-
ers has already been shown in Chapter 6. In addition to theakgethe MSPET concept
has been evaluated for its quantification potential, esfigaen the face of the established
quadHIDAC scanner. For this, the two most promising comrezbnfigurations, a single
sided 3(um gold converter and a double sidedi#0 lead converter, have been investi-
gated.

7.2.1 Distribution of Detector Hits

Due to attenuation and module sizes, detector modulesgiadke front of the stack will
see more hits than the rear modules. The absolute fractitimediits depending on the
module number has been simulated with Geant4. Figure 7 @®ssthe hit distribution
depending on the module number. The module sizes have biiafisaed according to
Table 5.2. The source volume was a 1 mm diameter water fill@ut-pke volume. The
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Figure 7.26: Fractional hit-distribution on all MSPET detector moduiemlemented with a single-sided
30um gold converter (a) and a double-sidedms®lead converter (b). The size of the modules has been
adapted to the opening angle of the quadHIDAC. The 50 modatk $s arranged into eight subdetector
blocks consisting of equal sized detector modules. Thesekblare responsible for the discontinuities in
the distributions.

energy distribution of the created positrons was sampledrding to the*®F spectrum.
One can see that the increasing module sizes, especialthddiirst 15 modules, can
compensate the efficiency decrease to some extent. The &tgeuation for the double
sided lead converters in comparison to the single sided gmiglerter leads to a sharper
decline of the hits quantity in rear modules. In conclusithe gradient of detection
efficiency increase gets smaller with increasing number ofluites. At some point a
trade off between module costs and efficiency gain has to loema

7.2.2 Distribution of Detector Scatter

With increasing material thickness the probability to detehit that has undergone scat-
tering before being detected increases. Figure 7.27 shewmswuation of the scatter frac-
tion of all detected hits with respect to the position of tletedtor module in the stack.
The mean fraction of scattered events within all detectehtsvis 557 % for a single
sided gold converter and @1% for a double sided lead converter. Hence, the scatter frac
tion for a 50 module MSPET device is expected to be approxiynd0 % larger than for
the quadHIDAC (see Section 7.1.6). For the modules in th& haxan exceed 70 % but
seems to reach a saturation level here in case of a doubtlsiae converter. For a scat-
tering fraction of below 57 %, as reached by the quadHIDACMISET scanner should
not consist of more than 25 detector modules in case of aessigéd gold converter and
not more than 15 modules in case of a double sided lead cenvert
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Figure 7.27: Scatter fraction on all 50 MSPET detector modules impleentith a single-sided 30n
gold converter (a) and a double-sidedu® lead converter (b) respectivly. The size of the modules has
been adapted to the space angle of the quadHIDAC. The 50 metidk is arranged into eight subdetector

blocks consisting of equal sized detector modules.

7.2.3 Count Rate Performance and NEC Rates

Equivalent to the Monte Carlo count rate simulations for tobadHIDAC, presented in
Section 7.1.3, MSPET count rate simulations have been peeit. Since no real mea-
sured data is available, the corresponding values foreseugdi coincidence efficiencies as
well as the trues- and scatters fractions have been takemtfre simulations. The dead
times after single and coincidence events as well as theidaince time window is cho-
sen identically to the quadHIDACSs values. An electron detectfficiency, equivalent to
the f-factor for the quadHIDAC has not been applied. Sineestiucture of the MSPET
converter is simpler and less structured, it is assumeadtigafactor is closer to 1. The
limiting factor is here, as already discussed in Section36e choice of a gas mixture
that needs to provide a large interaction cross sectionhi@iliberated electrons. The
anticipated count rate performance of a 50 module MSPETIsmahal PET scanner is
shown in Figure 7.28. Itis striking that the count rate inecaka two sided lead converter
Is large in comparison to a single sided gold converter. Nke&ess, the additional count
rate consists mostly of scattered events.

Using the obtained count rates the noise-equivalent cates ican be easily calculated.
They are shown in Figure 7.29 for both, the single sided golaverter and the dou-
ble sided lead converter. The NECR reaches for none of thgrkeai maximum below
20MBg. The different converter thicknesses have only mitfil@ces on the slope of the
curve, indicating that the image quality is comparable. Butne larger scatter fraction,
the count rate gain of the lead converter will not lead to aprowed image quality.
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Figure 7.28: Simulated count rate performance for a fully equipped MSEEfEctor. Panel (a) shows the
results for a single sided 381 gold converter. Panel (b) has a double sidegmQdead converter. The
efficiencies for singles, trues and scatters have been fatenGeant4 simulations presented in Figure
6.17 and Section 7.2.2. The dead times have been choseitaligrb the ones for the quadHIDAC.
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Figure 7.29:NEC rates for the MSPET scanner determined with the valuesrsim Figure 7.28.

In comparison to the quadHIDAC (see Figure 7.3) the NECR tawdo be rather poor,
reaching only one fourth of its level.

7.2.4 Comparison of MSPET and quadHIDAC

It has been shown that the presented Geant4 simulationg alttetailed description of
the detector properties of the quadHIDAC and the MSPET @ewiwler arbitrary design
variations. The imaging capabilities of the quadHIDAC amel MSPET device can there-
fore be compared with each other using simulations. Foralpsint-like source with a
diameter of 1mm has been placed in the simulated quadHIDACatso the 50 module
MSPET device. The source volume is made of water. The enésgybdition of the emit-
ted positrons follows th&F spectra.

To be on the one hand independent from reconstruction sftedtlters, and on the other
hand have a quantitative analysis, the obtained simulattadlths been visualised using
parallel projections. Figure 7.30 shows the results ovemthole FOV. The main differ-
ence is found in the tails of the distribution. The largenttrang fraction of the MSPET
lead to a broader distribution in comparison to the quadHIDAIso in the gas volume
of the MSPET comparably large pathways transverse to tlggnatibeam direction can
occur. The hole structure of the quadHIDAC leads to smabertions from the origi-
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nal photons direction in case of scattering. It was showhelgtronic noise leads to an
increased count rate in these tails of the distribution. s fraction was not considered
in this illustration, the comparison here holds for the agstion of a similar large noise
emergence in the MSPET device. Since the use of modern reéadeatronics promises
a low noise level, the MSPET and the quadHIDACSs distributiaghtheven end up on a
similar level in the tails. Panel (b) of Figure 7.30 showsaselup view of the same sim-
ulation, allowing a better investigation of the distrilmrts peak. The MSPET produces
here sharper edges that let the image appear less blurrezkpfamation of this behavior
goes one on one with the tail enhancement. Due to the low-Z@ase in forward di-
rection, scattered events tend to depart further away fhentrtie peak in the MSPET. So
the trues peak remains sharp. This can be verified when Ig@kithe distribution of the
double sided lead converter MSPET in comparison to the gmigerter. The single sided
converter produces sharper edges, because scatterethphpigearing in the backward
plane can be converted in the next lead layer, separatebyjulse 05 mm thin FR4 plate,
without passing through the gas layer, where larger deviatare possible. Figure 7.31
shows another representation of Figure 7.30 indicatingdhe of the MSPET distribu-
tions in comparison to the quadHIDAC distribution. It candbearly seen, that the tails
of the MSPET distribution is enhanced, while the centrahareffers from lower count
rate.

What is not considered at this point, is the restriction intigpaesolution caused by the
exit angle of the liberated electrons in the MSPET and theexer design in general and
the hole separation in special for the quadHIDAC.

7.3 Measurements with the MSPET Wire Chambers

The basic performance parameters have been measured usiotyjpe chambers, in or-
der to determine the capabilities of the MSPET concept. Mbshese measurements
were done with detectors without converters.

7.3.1 Pad Response Functions

A theoretical description of the pad response function ffexent detector geometries
has already been presented in Section 6.1.2.

To verify the expected pad response function shown in Figufea corresponding mea-
surement has been performed. Here, one of the MSPET detdet®been irradiated with
the X-ray source introduced in Section 6.4.3. The measuratye ratio of the pad with
the maximum charge deposition and the sum of this pad andaseighbors is calcu-
lated and plotted in Figure 7.32. The theoretical curve &wirin black. It can be seen,
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Figure 7.30: Comparison of the simulated detector responses of the di#dHand the MSPET concepts
to a point-like source volume with a diameter of 1mm. Randeenés and detector noise are neglected.
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Figure 7.31: Different representation of Figure 7.30. Shown is the rafithe MSPET distributions in

comparison to the quadHIDACS distribution.
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Figure 7.32: Pad response function for an MSPET chamber irradiated withys. The black curve indi-
cates the theoretical expected curve [Ver10].
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that the theory curve is in good agreement with the measureme

In a second test, the chamber was irradiated by a sodiumesofigain, the pad response
function was measured. The results can be seen in Figure [h&®ntrast to the X-ray
measurements this one appears heavily washed out. Theitweban be explained with
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Figure 7.33: Pad response function for an MSPET chamber irradiated wiiNa positron emitter. The
black curve indicates the same theoretical expected cgrsb@wvn in Figure 7.32 [Ver10].

the different detection principles of X-rays and convemstectrons. Since the low ener-
getic X-rays directly interact with the gas, the ionisatercounters are straight forward
peaked. In case of a positron emitter, the annihilationqiare converted into electrons
via Compton- and photoelectric effect in the solid parts efdletector. The angular dis-
tribution of these electrons is shown in Figures 4.1 (measent) and 6.15 (simulation).
The mean exit angle of the electrons leaving the converterdetermined as 45 For
these angles the pad response function is not well definethantimited validity here.
The large angles cause a broader signal in the detectoasthécharge-ratio gets widely
smeared. As a result, this means that the theoretical PRE annmique measure of the
position of the avalanche, but nevertheless the most ptebab account for this blurring
in the position reconstruction of positron incidence, oas to use the measured PRF as
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probability distribution rather than using the formalisesdribed in Section 6.1.2 that is
based on the theoretical function.

7.3.2 Count Rate Performance

In order to test the effectiveness of the gold plated coevgtthe count rate performance
has been quantified by measurements.
These have been done with a detector containing a gold piatacerter and also with a
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Figure 7.34: Count rate performance of an MSPET detector with and wittzogbld converter (mean
thickness~ 60um) as a function of the anode voltagsideindicates the entry side of the X-radiation

[Ver10].

detector with a pure copper pad plane without any coating ifthe gold thickness was
measured depending on the location agr86-120um with a mean of roughly 6am (see
Section 6.3.2). The filling gas was Ar-G@70-30). The chambers have been irradiated
with a 47kBqg?2Na-source. During a measuring time of 5minute the wire sgyhave
been counted. The results of these measurements are égpalfigure 7.34. Referring
to simulations shown in Figure 6.17 one would expect a coatet increase of approxi-
mately 80% in case of the usage of a regulap®0gold converter. The measurements
now show an increase of approximately-355% depending on the anode voltage. The
difference can be explained by the already mentioned, veeyen gold converter and
also by the use of two different chambers, since both chasnéwer unique prototypes
with slightly different characteristics.



158 Chapter 7: Results and Outlook

7.3.3 Spatial Resolution

Beside the detection efficiency, the limit of the detectioagesses spatial resolution is
the most important performance parameter of a small anifg&l$eanner. In the case of
the MSPET concept, this resolution is subject to limitagi@niginating from the photon
converter and the wire chamber. Electrons liberated in tmwarter have a broad angu-
lar distribution with a mean value af = 45°, as has been shown in Figure 6.15. The
mean position deviation from the photon-to-electron cosiea point in such an MWPC
with anode to cathode gap of 1mm is therefdbg,ean= tan(45°)mm. With a stan-
dard deviation ofo = 28 the position is measured on a circle with an inner diameter
of tan(45° — 28°) mm= 0.31mm and an outer diameter of {d8° + 28°) mm= 3.27mm
around the conversion point. The probability distributadfnra measured patrticle hitting
the converter at positio(x,y) = 0,0 can be described analytically as a Gaussian shaped
circle:

2 1 \2\ o 2
f(x,y) —}<((X +Y) —tan4s ))> ) (7.23)

1
~ tan(28)v2n eXp( 2 tan28)

Figure 7.35 shows a plot of this distribution. It can be sdeat the distribution has
a minimum at the original conversion point. An area corresjiog to an Gaussiad-
environment and thus covering .@86 of all entries is reached at integration limits of
Ax =~ +1.0454mm. Nevertheless, the knowledge of the exact distobutan be used as
input for the implementation of proper reconstruction aifpons which might replace the
common lines-of-response laylinders-of-responsand therefore account for this special
detector characteristic.

In addition to the uncertainty coming from the converteg, itifluence of the wire cham-
ber itself has been investigated. Since X-radiation preduneasurable charges promi-
nently within the gaseous volume and not in the convertereasurement setup shown
in Figure 7.36 has been installed. The X-ray source is egdpyth different sized, ex-
changeable collimators. In a first attempt to test the séiparaapabilities of the wire
chamber, a collimator containing four holes each with a @mof 75Qum and a centre-
of-hole distance of 1 mm have been drilled into an solder g@aigbrass pipe. The colli-
mator is also shown in Figure 7.36. A detector module fillethwdir-CO, (70— 30) has
been irradiated with this collimated beam. The detectquorse has been measured for
multiple source positions, 5Q0n apart from each other. The results of these measure-
ments are shown in Figure 7.37. For each measurement appatety 10000 events have
been recorded, which took about 10 min per position. Thetipodias been reconstructed
using weighted charge distribution methods explained tti®e 6.1.2. The holes can be
easily separated most notably in wire direction. Perperdido the wire direction the
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Figure 7.35: Propability distribution of the measured position of ancien that is produced at position
(0,0) in the converter, caused by the conversion process andmewditattering in the converter.
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Figure 7.36: Setup of the spatial resolution measurements (a). The Xaayce is placed directly in front
of an MSPET detector. Collimators with different shapesh@je been manufactured.
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Figure 7.37:Detector response to collimated X-radiation. The collion&tas four openings with a diameter
of 750um and a centre-of-hole separation of 1 mm. The subfiguresatela source shift of 5Qdn in (a)
wire direction and (b) perpendicular to the wire directidef10].
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wire-gap limits the separation capabilities, as the mesketectron avalanches always
occur close to the wires. The expected resolution in thisatiion is therefore jus\/tlT2 ‘S
wheres = 1.5mm.

As a result of these measurements, it has been shown thagheasion capability of the

MSPET modules is below 1 mm in both directions with respethéowires.

In order to further quantify the spatial resolution of the M@/Pneasurements with very
small collimators have been done. Figure 7.38 shows thenstaation of the detector
answer to a 20(m diameter collimator. Figure 7.39 indicates an equivaleeasurement
with a 10Qum collimator. Since the hit distribution does not get shafpe the thinner
collimator, the 20Qum collimator can be interpreted as a delta shaped beam. Wsmg
collimator the distributions of six measurements perfarnaé different positions have
been projected to the axis representing the wire directaifited with a Gaussian func-
tion. The mean value of the standard deviations of these sEaufits was determined
as

ghar-to-wire _ 167 m. (7.24)

mean

The resolution perpendicular to the wire direction is gii®nthe wire separatios =
1.5mm as

orth—to—wire _ 1.5mm

omean \/1_2

More details on the accomplishment of these and all othesareanents can be found in
the diploma thesis of D. Vernekohl [Ver10].

For the total resolution one has to fold the uncertaintyrithigtion caused by the converter
with the MWPC resolution:

— 433um. (7.25)

Olot = \/ Oconv.+ Ohean® """ = \/ tan(28°)2 + 0.1622mm (7.26)
— 0.556mm (7.27)
Ot = \/ Oconv.+ Oftehn ® e = \/ tan(28°)2 +0.43¥mm (7.28)
= 0.686mm (7.29)

By inserting these values into (7.23) one gains differentfioms for both directions
shown in Figure 7.40. As a conclusion, the total spatialltgsm is mainly dependent on
the interaction processes in the converter. If one agairistarguantify the area in which
68.3% of all hits are measured, one gatg ~ +-1.045mm and\x; ~ +1.049mm.

In terms of spatial resolution it can be concluded, that tf&P¥T in its presented design
is fully capable for small animal PET applications. Usingger reconstruction algo-
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Figure 7.38: Detector response to collimated X-radiation on differeasippons of the pad plane. The
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Figure 7.39: Detector response to collimated X-radiation differentifiass of the pad plane. The diameter
of the collimator is 10¢um [Ver10].

rithms that account for the special shaped hit distribytisrshould even be possible to
reach sub-millimetre resolution for PET images.

7.3.4 PET Measurements

Finally, first PET measurements have been performed usiogM@&PET detector mod-
ules. The setup is shown in Figure 7.41. A 47kiBta source has been placed in the
middle of the two detectors, which are placed 90 mm apart feach other. Due to the
lack of ADCs, only 20 pads were read out in each of the two chasnfdiis results in an
active detection area of 2ZBmn? per chamber.

To demonstrate the principle, the sodit@P source has been measured at three differ-
ent positions in the FOV of the readout area. Figure 7.42 sttbe superposition of the
OSEM reconstructions of these three measurements (iedics - 3). The wire sig-
nals of one of the two chambers has been used to open an gicquisite of 1Qs on all
channels. The valid coincidences have been reconstruéfiedo The measuring time
was 111 h and 137h for source positions 1 and 2. During thie 828 coincidences for
Pos. 1 and 8257 coincidences for Pos. 2 were recorded. Fondhe central position

3 10108 coincidences were measured with 68h. The ratesnaitedi by the activity of
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noMWPC(x)

orthogonal(x) -------
parallel(x) =====---
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position [mm]
Figure 7.40: Hit-distribution functions with respect to both the corteer and MWPC-caused deviations.
Plotted is the distribution parallel and orthogonal witkpect to the wire direction. The red curve just
accounts for errors resulting from the converter (cf. Fi§5].

Figure 7.41: PET measurement setup. (Drawing by W. Verhoeven.)



7.3 Measurements with the MSPET Wire Chambers 165

the source, the efficiency of the detectors and, most oftelyery small active detection
area. They are even more reduced at the edges of the FOV, wigeless likely to find

valid coincidences, as the solid angle in which valid calecices could appear, disap-
pears. One can clearly separate three spots in the sagita,plepresenting the three

transverse 1
7

y=y
Kl | J

Figure 7.42:PET reconstruction of a Napositron source. Three measurements at different positiane
been superimposed [Verl0].

source positions. A shift of 6mm in Y-direction between piosi 1 and 2 and a shift of
6 mm in Z- and an accidentally tilt resulting in a Y-directishift is visible in the image.
Further interpretations about the shape and size of theeagkements inside the source
cannot be made. The reason for that can most probably foutiekifow statistics and,
again, the very small detection area. Nevertheless it cbeldhown that it is possible
to produce PET images with the new detectors that offer ipositiscrimination, though
only on a basic level so far.

7.3.5 Outlook

The biggest benefit of the new MSPET small animal PET scameomparison to the
quadHIDAC is its easy and fast to build design. Further oe,dingles raw data is fully
accessible in the MSPET. Using proper read out electromdsnaass storage it will be
ensured that this data is retained and accessible for latdysas and interpretation. The
gquantification potential and the detector characteriraiging test measurements would
be eased having these raw data.

While the expected position resolution is on a comparabl leith the quadHIDAC, the
detection efficiency is legging behind. An improvement ddug realised using spherical
MWPCs that reduce the dead angles. First simulations resuali@dingles efficiency of
12.26% and a coincidence efficiency a9 % using a single sided gold converter and 50
detector layers. This equals a count rate increase of appataly 30% in comparison to
a flat detector design. For the realisation of such a deteetsign most of all a solution
for the the problematic wire winding procedure has to be tbun

Another, technically more complex approach for an advaudesign, would be the use of
liquid xenon instead of a filling gas mixture. Without an @éten-to-photon converter in
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Figure 7.43:Design and simulated hit-map using an advanced, cylindd&PET design.

such a detector also energy information would be possitderalg scatter discrimination
and Compton camera capabilities. On the other hand the gpalid thermal insulation
as well as the read out are amitious. Low-noise amplifiersinted closely to the detector
modules are needed. Currently, also the ease of use for rhsthifan clinical practice
seems questionable, since such a device would need freggemte. The relevance of
the argument of cost advantage in comparison to scintilld@sed scanners may vanish.
Nevertheless from the technological standpoint, a liq@don MWPC for small animal
PET remains interesting.



Summary

This thesis treated the simulation, design, constructesting and performance evalua-
tion of multi-wire proportional counter (MWPC) based smaliraal PET scanners.

The design of a PET scanner for small animals is driven by #mahd for high spatial
resolution and good detection efficiency for 511 keV photofis an adequate detector
modality for this application, multi-wire proportional goters offer large detection areas
and sub-millimetre position resolution at reasonableoS§ince the interaction cross
section of the annihilation photons with the gaseous mediaé such a detector is rather
low, the multi-wire chamber has to be combined with a densgghito-electron con-
verter.

A sophisticated converter design has been developed inuhdH|DAC small animal
PET scanner by Oxford Positron Systems. It uses a convestesisting of alternating
layers of lead and insulation that is drilled with a denserixatf small holes. Liberated
electrons that escape into these holes are transporte@ td\W¥WPC where they can be
detected. With this scanner a spatial resolution in therastié mm and reasonable effi-
ciency can be achieved, limited by hole spacing and matiigtness.

Due to the difficult production, handling and error-pron&narrising from the complex
HIDAC design, a detector with a simpler converter geomesing flat sheets of gold or
lead has been suggested within this thesis. In the case bfasualternative approach,
the spatial resolution is limited by the angular spread efliberated electrons entering
the multi-wire chamber. In order to find an optimal geometwythis detector extensive
simulations, mostly based on Geant4, have been performeatder to gain a better un-
derstanding of its characteristics, also the quadHIDACH®®s simulated in great detail.
As a result of these efforts, the MSPET small animal PET seahas been introduced.
It consists of 200 wire chambers with an anode-to-cathodeispg of 1mm and a flat,
combined pad-plane-converter electroplated witpr8®f gold or 4Qum of lead respec-
tively. The modules are arranged in four blocks surrounthegfield-of-view, containing
50 modules each.

Prototype MSPET modules with and without converters, a$ aghppropriate read-out
electronics, have been designed, built and tested. It wasrsthat the intended spatial

167



168 Chapter 7: Results and Outlook

resolution of 1mm for annihilation photons can be reached.aAlrawback, the count
rate performance currently suffers from the small gaseolswe of the MWPC. More
sophisticated gas mixtures or even other media like ligaitbx may be used in the future
to improve the detection efficiency.

It has been shown that the results obtained with the devdlgpadHIDAC simulation
programm are in good agreement with real measurements. athsunts for hit dis-
tributions, efficiencies and spatial resolution. For the@dtion of efficiency values, a
proportionality factor depending on the system’s propsrhas been introduced in order
to account for effects that cannot be considered in the sitiouls.

The simulations also allowed to investigate influences efabsitron range on the spatial
resolution of a PET scanner in order to gain a better undedstg of dedicated spatial
resolution measurements and their interpretation.

As a drawback of all MWPC detectors with converters, no enamgyrmation is pro-
vided, as it is lost during the detection process. Nevesglit has been shown that a
guantitative analysis of trues-, scatters- and randomeid&nce contributions to the PET
image is possible using the simulation program. A meanescatiction of 454 % for
the quadHIDAC and 55 % for an 200 module MSPET device with flat gold convert-
ers was obtained. The spatial distributions of these dmiestis have been evaluated and
used for the quantification of a test measurement, in caseeofjtadHIDAC. Thereby,
it was shown that an additional count rate contribution, nikely caused by source ac-
tivity dependent detector noise cannot be neglected in dHiittAC measurement. For
small activities below 1 MBq, the noise contribution is thtemees larger than the mea-
sured random-coincidence contribution and more than 1égiarger than the theoretical
random-coincidence rate. Therefore noise provides a nfiapbor to the blurring of the
count distribution. The source of this noise could not bectyddentified, but some
prominent candidates have been isolated. These are a sy gupply, affecting the
single hit quantity and hence the random-coincidence eaté,an undocumented multi-
plexed read out. In interaction with a grouped pad read cwrse, the read out can shift
real coincidences to random positions. In addition, detesparking caused by soiled
wires and holes leads to increased singles- and therebgmachtes.

In a next step, the design of the quadHIDAC was evaluated atichised in terms of
spatial resolution and detection efficiency. Differentgaeters for hole diameters, hole
separation and material thickness have been investigdfdde the efficiency increases
with smaller hole size and separation, the spatial resmiuttaches its best value at the
current geometry with . @ mm holes and @ mm separation. At smaller values, liberated
electrons can traverse the thin walls.

The results of the presented simulations will now be usechpstiparameters for
advanced, quantitative reconstruction algorithms.
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The work initiated by this thesis, especially the detectewaliopment efforts, have
lead to the regular project B6 being part of the Sonderfonsghlereich 656 "Molecular
Cardiovascular Imaging”, where it will be continued.






Zusammenfassung

Diese Dissertation behandelte Simulation, Entwicklungn#truktion, Test und Charak-
terisierung von Vieldrahtproportionalzahler basiertdaii-Tier PET Kameras.

Das Designziel bei der Entwicklung solcher Geréte ist esg éiohe rdumlichen
Auflésung und Detektionseffizienz fur 511 keV Photonen zudglmhen. Eine Detektor-
modalitat mit gro3em Potential sind hier Vieldrahtpropmralzahler, die bei geringem
Kostenaufwand eine Auflosung unter einem Millimeter erngbgdin und eine grol3e
Detektorflache bieten. Da die Nachweiswahrscheinlichk@itAnnihilationsphotonen
im Gasvolumen eines solchen Detektors recht gering istsraimseffizienter Photonen-
zu-Elektronen Konverter aus einem dichten Material hohednOGngszahl mit dem
eigentlichen Detektor kombiniert werden.

Ein ausgereiftes Konverterprinzip wurde in der quadHIDA®iKtier PET Kamera
von Oxford Positron Systems realisiert. Der Konverter éatshier aus abwechselnden
dinnen Lagen aus Blei und Isolationsmaterial, welche mierefeinen Lochmatrix
versehen wurden. Im Konverter ausgeltste Elektronen kbimdiese Locher entkom-
men. Ein angelegtes elektrisches Feld transportiert diktiEinen zum angeschlossenen
Vieldrahtproportionalzéhler, wo sie detektiert werdembén. Mit diesem Detektor ist,
beschrankt durch Loch- und Materialgeometrie, eine AufigsMon etwa 1mm bei
zufriedenstellender Nachweiswahrscheinlichkeit ehiege.

Aufgrund der komplexen Struktur des quadHIDAC-Konvertatsr problematischen
Herstellungsverfahren und auch seiner Fehleranféalligkeide im Rahmen dieser Arbeit
ein vereinfachtes Konverterprinzip ohne Lécher, bestdreus Gold- oder Bleifolien,
vorgeschlagen. Bei einem solchen Ansatz wird die rAumliché&ung des Systems
hauptséachlich durch die Winkelverteilung der aus dem Kdevaustretenden Elektronen
beschréankt. Um eine optimale Geometrie fur einen solchaekba zu finden, wurden
umfangreiche, meist auf Geant4 basierende Simulationerhgefiihrt. Um ein besseres
Verstandnis der Funktionsweise und der Eigenschaften dadH|DACs zu erhalten,
wurde auch dieser detailgetreu simuliert.

Als ein Ergebnis dieser Simulationen wurde die MSPET Kleir{amera vorgeschlagen.
Sie besteht aus 200 einzelnen Drahtkammermodulen mit eAreoaden-zu-Kathoden
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Abstand von 1mm und einem flachen Konverter, der galvanigtdia Auslesepads der
Kathode aufgebracht werden kann. Als optimale Konvert&edivurden 3@m im Falle
eines Gold- und 40m im Falle eines Bleikonverters ermittelt. Die Module sindviar
Blocken zu je 50 um das Sichtfeld der Kamera angebracht.

Prototypen dieser Detektoren, sowohl mit als auch ohne &wex und entsprechender
Ausleseelektronik wurden entwickelt, gebaut und getegistist gezeigt worden, dass
die angestrebte Auflosung von 1 mm fur Annihilationsphotoeereicht werden kann.
Als ein Nachteil dieses Konzeptes hat sich das kleine Gaswah der dinnen Module
herausgestellt, welches die Nachweiswahrscheinlichkesichrankt. Besser geeignete
Gasmischungen oder andere Fullstoffe wie flissiges Xenantkd in Zukunft genutzt
werden, um die Effizienz der neuen Detektoren zu verbessern.

Es wurde gezeigt, dass die Ergebnisse der quadHIDAC Siioméat gut mit den Ergeb-
nissen aus Messungen Ubereinstimmen. Dies gilt sowohl reifeFverteilung als auch
fur Effizienz und Ortsauflésung. Um die simulierten Effizienan die realen anzupassen
wurde ein Proportionalitatsfaktor eingeftihrt, welchemvden Detektoreigenschaften
abhangt. Dieser bericksichtigt Effekte, die nicht von danufation erfasst werden
konnen.

Desweiteren ermdglichten die gezeigten Simulationen digetduchung des Einflusses
der Positronenreichweite auf die Ortsauflosung einer PEmd€a. Hierdurch konnten
Erkenntnisse fur das Verstandnis und die Interpretatiam ®@otsauflésungsmessungen
mit PET Detektoren gewonnen werden.

Ein Nachteil aller Vieldrahtproportionalkammer basiar@etektoren mit Konverter ist
der Verlust der Energieinformation wahrend des Detekpomeesses. Trotzdem konnte
gezeigt werden, dass eine quantitative Analyse von walyestreuten und zufélligen
Koinzidenzbeitragen durch den Einsatz von Simulationemglitid ist. So wurde ein
mittlerer Streuanteil von 48% fir den quadHIDAC und 53% fir ein 200 Modul
MSPET Gerat mit flachem Goldkonverter bestimmt. Die raundicV/erteilung der
Koinzidenzbeitrage wurde genutzt um eine quadHIDAC Tessueg zu quantifizieren.
Hierbei wurde ein zusatzlicher, nicht vernachlassigbarsger Koinzidenzbeitrag ge-
funden, der wahrscheinlich auf aktivitatsabhangiges Reteauschen zurickzufiihren
ist. Bei kleinen Aktivitdten unter 1 MBq ist der Rauschanteiéidral grol3er als der
vom quadHIDAC bestimmte Anteil der Zufallskoinzidenzenduh5-mal grof3er als
der theoretisch bestimmte Wert der zufélligen Ereignifs®. Rauschanteil tragt daher
entscheidend zur Verschmierung der raumlichen Treffégilang bei. Die exakte
Ursache des Rauschens konnte nicht exakt bestimmt werdemrm@agliche Erklarung
hierfur liegt in der verrauschten Stromversorgung, weldieeEinzeltrefferrate und somit
die Rate der zufélligen Koinzidenzen erhoht. Aul3erdem lémni Multiplex-Auslese
im Zusammenspiel mit in Gruppen angeordneten Auslesepaisfidhren, dass gultige
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Koinzidenzen auf zuféllige Positionen verschoben und sdaech gemessen werden.
Hinzu kommt ein haufiger Funkentiberschlag in den Detektaveicher durch gealterte
und verschmutzte Drahte und Konverterlocher hervorgarwiéd. Auch hierdurch
entsteht eine hohere Einzeltreffer- und Zufallskoinzitate.

In einem nachsten Schritt wurde die Konstruktion des quBdidl im Hinblick auf
Detektionseffizienz und Auflésungsvermégen untersucht apitimiert. Verschiedene
Lochabstande und Materialstarken wurden hierzu simulféhrend die Detekti-
onseffizienz mit kleiner werdendem Lochabstand und -duedse@r ansteigt, erreicht
die Ortsauflésung ihren optimalen Wert bei der aktuell sgatien Geometrie mit
Lochdurchmessern von &mm und Lochabstanden von3mm. Bei kleineren Werten
konnen die freigesetzten Elektronen durch die diinnen Waadevn.

Die Ergebnisse der gezeigten Simulationen werden als Bepgaameter fur verbes-
serte, quantitative Rekonstruktionsalgorithmen Verwegdinden.
Die Arbeiten die im Rahmen dieser Dissertation begonnen &vosgind, im Speziellen
die Detektorentwicklungen, fihrten zum eigenstandigeilpi@ekt B6 des Sonderfor-
schungsbereichs 656 "Molekulare Kardiovaskulare BildgeBuwo sie fortgesetzt wer-
den.
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Figure A.1: Overview drawing of an MSPET detector module.
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Figure A.6: Etching film for the high voltage supply of the wire grid. Driamg by N. Heine.
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Figure A.7: Etching film for the pad plane. Drawing by N. Heine.
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