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1. Introduction

Positron Emission Tomography (PET) is a medical imagingregue 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 oEliiégggest threats like
cancer, cardiac insuf ciency and plaques in cardiac vesthelt may lead to myocardial
infarction.

By expanding PET techniques to small animals like mice or, ritsy can help to
improve research on preclinical questions dealing with elkelution of the serious
diseases mentioned and their treatment. Because a PET ex@amjrunlike 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 takézimefthe animal and the
resulting special requirements for spatial resolution pinoton detection ef ciency into
account. A mouse heart is about 10 times smaller than a huseam dnd beats 10 times
faster. Modern human PET scanners reach a spatial resolotithe order of 4mm.
Improving small animal PET devices to proportionate reohs 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 imagindogsvis sensitivity. Sensi-
tivity is the capacity of a scanner to detect annihilationtpins. 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 shouldabénigh 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 suf cient energy resolution to refeoimpton-scattering induced
image blurring. As a drawback, these devices have a relathadl eld-of-view which
limits the system'’s sensitivity. In addition the spatiadotution degrades with increasing
distance of the object to the centre of the system.

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

personnel that can deal with high voltage calibration arsisggply service. Nevertheless
this approach provides unparalleled spatial resolutiah atarge eld-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 palkits have been measured
and suf cient system sensitivity is obtained. Unforturigtéhe service and support with
spare parts for the detector has become a problem as the antuvef discontinued his
activities including support and maintenance of the quaid.

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 thexdi cation of production
processes and the use of fast modern electronics.

This thesis will propose a design of an optimised, easy tedddUWPC-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 experiti@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 reconstruaigomithms 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- orimail-invasive visual diag-
nosis of internal diseases and malformations have been.rBadee of these use ionising
radiation, others do not. Some are appropriate for bonetsires and hard tissue, others
are made for examination of soft tissues. Even other moaeaging techniques are ap-
propriate for the visualisation of the metabolism of ceri@iugs or nutrients. This allows
to discriminate prevalent morphological and functionahtgiques where the borders be-
tween the two blur with ongoing research:

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

Physiolo Metabolism Drug Molekular
I I
y 9y Distribution Pathways

X-Ray

Ultrasonography fMRI

X-Ray-CT PET PET
PET PET PET
SPECT

MRI SPECT SPECT

| Sensitivity & Specificity (mol/l)
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10 10 10 10 10 10 10

Figure 2.1: The spectrum of medical imaging techniques ordered by #iglity to image decreasing con-
centrations of speci ¢ 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 improme¢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 widedusiaging 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 inverttgd. 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 electromrslizerated 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(CK-, 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 tierauated due to the pho-
toelectric effect and Compton scattering. Therefore, thrergyn(and also the radiation
exposure) needs to be adapted to the tissue under investigaoft 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 attemiahside 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. Todéso X-ray image intensi ers
are available, which provide live images of the patientefised for angiography and
for online control during operations. For a more detailesladigtion 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. Hoursdid who produced
the rst CT-prototypes. For their developments both havenb@earded the Nobel price
for medicine in 1979.

In computed tomography the X-ray attenuation of an objectémsured from different
angles. Using a Radon transformation, which was described Rgdon in 1917, the lost
volume information of the measured single projections aarelsovered. With the help of
computers, tomographic images and also 3D visualisatibtiredoack-projected volume-
information can be calculated. That makes CT a very precid@awerful morphological
imaging technique. The number of CT examinations in the drfiates 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 abeattimes 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 expedRI 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. eaimg who took pro t 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 rst physician, who used US to image emtnicle of the brain.
US is the most frequently used imaging technique in todagslicine.

In contrast to X-ray imaging, sonography is often used faaging of soft tissue, espe-
cially viscera. The acoustic waves applied to the patieatrarected and absorbed by
the tissue. Re ected waves are detected by the device so thimmage 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 thélba burst and release the
drug [TPO4]. The use of acoustic waves is an advantage irstefmadiation exposure as
US has almostno negative in uence on the patient. Itis cheap, fast anditgavailable.
As a drawback, US images are not always easy to interprehagdrte ef ciency 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&fm 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 neurofetisfof prolonged US could not be con rmed
yet [RDO6].
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rience with electromagnetic elds produced by an MRI deviceavidence for harmful
behaviour to the human body has been observed. Due to thertaghetic elds applied
in an MRI scanner, patients should neither have a cardiacpaaE nor wear anything
ferromagnetic inside the examination room. Despite thegdaonf accelerated objects,
any metal will lead to distortions during the measurement.

Magnetic Resonance Imaging is dedicated to the inspectisnfotissue 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 wehtitlear properties of
matter. MRI is based on the observation of nuclear magnetmn@nces which were rst
measured by I. Rabi in 1938. In the following years F. Bloch anBu&cell worked inde-
pendently of each other on magnetic resonance measurerBertiswere rewarded with
the Nobel prize in 1952 for their work on nuclear magneticcgien measurements. It
took until 1972, when P. Lauterbur and P. Mans eld presenked rst 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-vanisbtadygpin and thus a mag-
netic momentum. So does the hydrogen atdHi) (which appears in large quantities in
nearly all parts of the human body. Other important atomsaregen ¢“N), phosphor
(31P), sodium £3Na) and our (°F). Using a high static magnetic eld (in human MRI
scanners typically L 3 Tesla) it is possible to partially align the spins of the ated
nuclei parallel or anti-parallel to the static magneticddéihes. Depending on the strength
of the magnetic eld and the temperature, parallelly aligmeiclei are energetically pre-
ferred compared to anti-parallel ones:

parallel . jeqqr.
anti-parallel ’

with the energy difference between parallel and anti-peiratatesdE ¥4 10 8eV (de-
pending on the applied magnetic eld) and the Boltzmann camtskg ¥4 8;6173¢
10 ®eV/K. Only the fully parallelly aligned nuclei will creatermeasurable signal later
on. Because of the intrinsic angular momentum a spin premewth the Larmor-
frequencyw, = g¢ Bj around the magnetic eld lines occurs Haye uﬁ is the gyro-
magnetic ratio of the particles magnetic momkr.nand its spm‘s The precessmn angle
can now be synchronised and increased up to 180 degreesesfhat to the eld 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 de ned 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 ohdges can be changed
by altering the repetition time, which is the time betwee ®xcitations. The time T1
strongly depends on the density of the observed tissueudisgh higher density has a
shorter relaxation time. Therefore, T1-measurements@eogariate 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 de ngdhe time in which the trans-
verse magnetisation falls down to 37%. By modifying the echmef which is the time
between excitation and signal readout, the contrast of Ej@a can be adjusted. While
in T1 pictures water appears dark, in T2 it appears pale. &€h2 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 measuredalg, a additional gradient
elds are needed. It is orders of magnitude smaller than dngitudinal static magnetic
eld, but it alters the Larmor frequency of the observed astamthe 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 ™ 06].

2.2 Functional Imaging Techniques

2.2.1 Functional Magnetic Resonance Imaging (fMRI)

Advancements of the MRI technology allow to visualise braitivties. 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 fon-invasive. The
so called BOLD (blood oxygen level-dependent imaging) imggdechnique visualises
the blood ow in the brain using different magnetic propestiof oxygenated and deoxy-
genated haemoglobin. Active brain areas show an increagggn metabolism inducing
an increase of the local blood ow in these areas. The higledlow then leads to an
oxygen out ow, which is higher than the oxygen usage of thesrbr Therefore, the veins
contain more diamagnetic oxyhaemaglobin than paramagdetixyhaemaglobin. The
magnetic eld is less distorted than elsewhere in the brdihese eld 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 convealioi$ technique. It uses
the frequency shift of ultrasound waves re ected by moviaggét material. Doppler
US is used to visualise the speed of blood ow and pressurddndovessels. It can
detect blood clots and defective valves of veins and alsbeheart. Because it is non-
invasive and does not produce ionising radiation, it iskdesss 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 gasumtigraphy, 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 emiteys¥™Tc with an photon
energy of 143keV), bound to proper tracer molecules. Whefeapositron range lim-
its the spatial resolution in PET, this is not a problem in SFPEAIso, 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 rst relevant publications dealing with SPECT taicnes was written by
David E. Kuhl and Roy Q. Edwards [KE63] in 1963. They used dakamn from emission
measurements with a scintillator based pinhole gamma @adereloped by Hal Anger
[Ang58, Ang64] in 1953 to produce the rst tomographs.

A SPECT camera typically consists of a gamma detector withlem@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@phic 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 fraerppndicular angles hit the
detector, the collimator has to be thick enough to shieldthiér angles and its structure
has to be as nely segmented as possible to minimise the mmirangle of separation.
Often drilled pinhole designs are used for this purposevitably the collimator leads to a
high reduction of sensitivity compared to PET detectordsh\SPECT a spatial resolution
of about 7mm can be achieved with clinical cameras. Smathahversions can reach
resolutions up to mm [J 94]. For more information on SPECT and SPECT devices
see [WAO04].



3. Positron Emission Tomography

Positron Emission Tomography (PET) is the most sensitia 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-speci ¢
molecules that contain a positron emitter. These cannoisti@guished by the organism
and are treated like normal unlabelled molecules. A few maisafter 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' 19s) mostly into two photons at an angle of
nearly 186. Figure 3.1 shows a schematic sketch of such an annihilptiocess.

These photons will then interact with a position sensitietedtor 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 combinéhwva local electron and form a positronium state
which subsequently decays, predominantly into two photons

patient. Subsequent reconstruction software will usuzdiynect 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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Isotope Production Methods Half-Life Meane® Max. e” &" Range in Water (mm)
Energy (keV) | Energy (keV) | Max. Mean
ic Cyclotron: N(p,a) 20:38min 386 960 4.1 1.1
=\ Cyclotron:*%0(pa) 9:96 min 492 1198 5.1 1.5
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) 1097 min 250 634 2.4 0.6
68Ga Generator 68min 830 1899 8.2 2.9
82Rb Generator 1:27min/@3h | 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 froh(QB].

As Positron Emission Tomography has been explained in noumsepublications 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 goiith respect to later
chapters, and in addition some points neglected in mosatitee will be mentioned.

3.1 Tracersin PET

A tracer is a speci ¢ molecule that has been labeled with #gosdive atom. The labeled
molecule should behave just like its unlabeled counter élrt respect to metabolism.
The idea to use radioactive isotopes as a marker for the eotiathe corresponding sta-
ble isotope is not new. The rst publications reach back t@3,9vhen G. de Hevesy
measured the distribution of radioactive le&t?Pb) in horse-beans [Hev23]. Since then,
tracers have been further developed to highly speci ¢ psobgade 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 radionsciid€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 produceldebgiecay 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 candoed 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 %O 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®xdvtan be given to the
patient. It takes about 50 minutes from the cyclotron to thiemt.

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 [WAO04]. 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- odr-phenylalanine
(*®FDOPA) used as a neurotransmitter tracer in brain imaditfesChlorine for studies
of e.g. prostate cancer &%F- uoroestradiol (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 &* -decay
where a proton in the nucleus is converted into a neutron.n@mticroscopic 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 +ne (3.1)

Figure 3.3 shows a Feynman graph of the positron decay. HeréAf Boson is
an mediator of the weak interaction. It is producediby d! W* and has a mass
of 80:398GeV/é. In comparison the mass of the proton and neutron is fjust
939565MeV/E and mp = 938272 MeVk?. 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 principlBE ¢t , 5. This causes the short range of the weak
interaction.

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

dud

duu

Figure 3.3: Feynman graph of the* decay. A virtual W -boson mediates the conversion of a u-quark
into a d-quark. It decays then into a positron and a neutriftte 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 shomséction 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 emiter
the positron can combine itself with a local electron andarf@ positronium state. For
this formation process one has to take two theories intolatddao76]. The rst 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 moliecu

e"+M! Ps+M" (3.2)
is most likely, when
Im>E>Iui lp (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 IfE)=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 j Ip. These considerations lead directly to a
maximum positronium formation probability of

|
Prax = |_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 andilejéas 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. Mogemsen#974 [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 uids and solids. Interactions of positronium in demmatter 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 1
pos— . 52 1 A= 1-9-Q -+
EP%S= | a mcz—4n2 (a /o Tg7 " 1,2:3;::0) (3.6)

with a ground state binding energy Bfinding= i 6:8eV 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.
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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 avours, depending on the spierdation of its compo-
nents. The singlet is called orthopositronium with the bassor

js= 0;s,= 0i = pl—é(ei. € i e,e) (3.7)

and the triplet state is called parapositronium

js=1s,=1 = ed (3.8)

. . 1, . )

js= 1;s,=0i = p—é(e'. e, +ee) (3.9)
js= L=l = e€,e;: (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 ¥4 1:25¢10' 19s,

Parapositroniom with parallef spin con guratios={) 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 spimeyg@y-momentum- and also
charge conjugation parity preservation

G D*s=(i 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 stag; will annihilate into at least three photons.
Figure 3.5 shows the Feynman graph of the ortho-Ps and gada¢ay. The branching

Figure 3.5: Feynman graphs of possible positronium decays. Sub gursiaws 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 is88]

S29_

372

In contradiction, it was measured 1¥00] that in nearly 9% % of all cases the singlet
case will occur, resulting in the emission of two colline&opns. 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 sggurdy 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 {M8]. This kinetic energy also leads to a
Gaussian variation of the two photon annihilation anglé of 0:54* FWHM [S* 06] re-
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Figure 3.6: Energy spectra of Ps annihilation photons measured in Gapimese by the Weak Interactions
Group at the University of California [V00]. The number of annihilation photons has been identi gd b
application of data cuts.
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sulting in a mean angle of = 17946". For the position blurring this leads to a Gaussian
distributed uncertainty with a FWHM of

Dne = tanfé ¢g ¥,0:00236¢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 eitheriisei¢ 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 calledtaue eventif both of the annihilation photons are mea-
sured in a single detector element without having undergoaétering before reaching
the detector. Neglecting non-collinearity the LOR of a tewent will intersect the positro-
nium annihilation point. The detection process is the itesfid single photoelectric effect
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Figure 3.7: Sketch of possible PET event case’ (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 armatly rejected during the data acquisition.

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

Exine = Egi B (3.13)

whereE, is the binding energy of ejected K-shell electron &iyd= 511keV the energy
of the arriving annihilation photon. The cross section fog photoelectric effect cannot
be described analytically for afl and energies, but is

Zn
Spel 27 (3.14)
Eg
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wheren varies between 4 and 5 depending on the photon energyEfor511keV it is
nY%14:4 [Eva55]. The top-left illustration in Figure 3.7 shows agiof-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

EO _ Eg

- (3.15)
71+ 2%5(15 cosQo)

whereQ. 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 valuwe 360keV, which means that scat-
tering angles larger thark 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]

1

aw~ 0 T3 a(l; cosd) 2 (1+ cof QL+ a(Li cosQ)]
(3.16)

as o 1 "Miicos™ a1 coo)

wherea = hn=myc? = 1 for 511keV annihilation photons amg¥22:818¢10' 1°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 formu(d + co£Q)sinQ and the squared Hubbell's form
factor FF2(q) [H@79], which adds the dependence on the initial photongneis

F(E;Q) = 14 0052Q¢£ FF2(q) (3.17)

i ~C
whereq = 2Esin|% is the momentum transfer [Cul95, WMUO4]. For low initial photo

energies the form factors are isotropic, while at high elesrthey are forward peaked.



3.2 Physics of Positron Emission Tomography 19

Material Cross Sectioni’{g—’z] for 511keV Photons PE (%) | PE (%)
0
Photoelectric Effect| Compton scattering Rayleigh scattering

Water 1:78¢10 ° 9:58¢10 2 2:15¢10' 4 (0:02) | (0:0003
Lead 7:84¢10 2 6:68¢10 2 1:10¢10 2 50:2 25:2
Gold 7:02¢10 2 6:77¢10 2 1:03¢10 2 47:4 22:4
BGO 5:56¢101 2 7:14¢101 2 8:0¢10 3 41:2 17:0
LSO 3:79¢10 2 7:28¢10 2 6:59¢10 3 323 10:4

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 scirttiltamaterials in commercial PET scanners.
PE = 100¢spe=(Spe + Scs+* SRr9 is the ratio between non-scattered and scattered ev@&itd.is the
true coincidence ef ciency.

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 increasedsbyg 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 gawatpn is detected, the
resulting event is called a random event as shown in Figute 3.

The average rate of randoms per detector gdircan be calculated as

< CR;a;b >= 20Dt 0s, 05y (3.18)

whereDX; is the timing resolution, 2Dt. 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, theagxerate of randoms is

3

. )
< Cr>= 202¢Dt: ¢ 2 = 20005703 (3.19)

where the factof 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 tnimall 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 coincidemmoe 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 afthese 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 efdaew (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-time (PSF), which is the
response of the detector to a point-like source, would tbezde broadened and degrades
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the spatial resolution in the direction of movement. Dejpregdn 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 thigalbed parallax effect. It can

-
=

Tangential Resclution

Radial Resolution

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

be approximated by the expression
r
Dpa= ap— 3.20
pa= AP (3.20)

which is sensitive to the distancérom the centre, the scanner's ring radiRiand a factor
a, which depends on the thickness and type of the used satotilinaterial. For 30 mm
thick BGO or LSO crystalsa is assumed to be 12mm [DGBO07].
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3.2.7 Sensitivity and Noise-Equivalent-Count-Rate

The sensitivityS of a PET device is de ned as rate of true coincidences medspee
second for a given source actividy
G,

S= A (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 de ne
the absolute sensitivitg,,sof the system as

Sabs= C[-;\CS

: (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 useddgortbe the system's imag-
ing performance as

_ ct

NECR= CrCt akC (3.23)
where 1< k< 2 depends on the method used for the estimation of randontsask of
a delayed coincidence time windokis 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 eld-of-view (FOV) occupied by the object [WBO4fhis implies a at ap-
proximation of the randoms distribution over the whole FOKerefore, it can easily be
seen that neither sensitivity nor NECR of different devicas lse 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



3.3 A Short History of (Small Animal) PET 23

examined depending on the energy spectra of the nuclide asddhe non-collinearity
of the annihilation photons has to be pointed out. The systenage quality is reduced
by scatters, randoms and the parallax effect in case scawnitbiout depth-of-interaction
information are used.

3.3 A Short History of (Small Animal) PET

The rst approaches to positron emission tomography dat& ba1950, 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 measurenesults of a 2D brain scan.
Since then it took nearly 20 years until reconstruction méthbased on the work of J.

(b)

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

is shown. In the left picture the results of the PET scan agegnted, showing a coincidence scan (a) and an
unbalanced scan (b). The unbalanced scan records asymsr@tsingle rates in both detectors, which lets
one determine the existence of a tumour and as well idemé\yotain 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 &f&t@l spatial resolution by a factor
of 10. It was not only the development of new scintillator er&tls 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



24 Chapter 3: Positron Emission Tomography

parallel to the device development, also radio-tracers f@come a lot more speci ¢ so
that manifold diseases can be examined today. Since the E29D'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 siediwere developed. This did
not only improve the availability but also the adaption tedpl 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 technicua 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 cstudhed 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-ef ciencgsulting 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 animaisale is very ben-
e cial, because results are easy to compare and therefore signi cant than using
classical in-vitro methods. There is a growing interestrita 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 tracerdfamtimited 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 @obstat hand for genetic
manipulation of these species, so that certain defects dr cadions 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 nmoilarsto humans, rats are
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used in fewer studies (mostly neuroscience) in small aniREAl today.

In order to compare human PET studies with small animal sgjdine small animal scan-
ner needs to provide spatial resolution at the physical lamd a sensitivity, which is as
large as possible. A 30g mouse is about 2000 times lighter dh@uman being. With a
spatial resolution of about 10 mriz(1 ml in volume) in a human PET scanner, the small
animal complement needs to reachl mm (respectivelyc 1l in volume). In terms of
sensitivity at levels of (B; 0:6% in one reconstruction plane (2D) ang 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 studie@oigm. As a result of these con-
siderations, not more than 10Gi! of radioactivity can be given to a mouse. Another
system speci ¢ limit is the count rate performance and thaddeéme 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 mleltimgs of scintillation de-
tectors. Because of the large ring diameter of about 900 mrohwdives a patient port
of about 700 mm, the non-collinearity of the annihilatiorofns is a major issue for the
achievable spatial resolution. Following formula 3.12 toofiinearity leads to a uncer-
tainty of Dye = 2:16mm. Adding a mean positron range@$gr = 0:6 mm [B" 05] for
18F and following formula (3.24), the theoretically possibfeatial resolution neglecting
detector and reconstruction effects will be in the ordebgf = 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 appraeiom for the calculation
of the reconstructed image resolution in the following way:

r

Dou=ac (5)2+ 12+ Dot D3+ O (3.24)

p

Herea is a factor which considers the reconstruction unceresntl: a- 1:3),dis 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 identi cation accasaworsened by e.g. crosstalk
of adjacent detectors. The contributidig, Dpr andDpa account for annihilation photon
non-collinearity, positron range and the parallax erraatided by Equation (3.20). Es-
pecially the optimization of factord andb is subject of many developments. The main
problem here is that the crystals have to be as small as peskitwever, 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 ondalry®o reduce this problem,
one uses materials with high stopping power and low Comptattescaf nity 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 signahother often used method
Is to use one PMT to read out multiple scintillation crystdl&e 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. Thusiddegion dose exposure for
the patient can be achieved. In order to improve the seitgitive easiest (but most-
expensive) way is to increase the scanners eld-of-view\(JFBy 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 amdnigh
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- ight (TOF) inforimatto 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

Dx = % ¢c ¢Dtror (3.25)

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

r
SNRror _ Dobject_

SNRyon-TOF - Dx

(3.26)

The most challenging part here is the synchronicity and ithe tesolution of the
detector elements. Scanners with LSO and LYSO scintikateach a timing resolution
of » 600ps FWHM [K' 08, M* 06], which results t@x = 9cm 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 improvedteyr » 300ps [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 requiraiadiresolution of at least
Dttor = 100ps to improve in SNR.

Systematic problems like scatters, randoms and also paraffects (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 algauattenuation length
compared with BGO, LYSO or LSO. Therefore, thicker crystaseeded, 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 tksifferent approaches have
been proposed. Siemens uses broadenings in point sprecttbfigy depending on the
DOl of the photon, in their HD-PET technique [PKMCO06, SieOBEcause of this high
resolution photo-detectors are needed. Other approad®esamdwiched constructions
consisting of different scintillation materials with déffent response times{99].
Multimodality is a very prominent feature of commercial PEGanners. Actually so
prominent that there is no standalone whole body human PEiinst 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 onlyilgsndse precision is
enhanced, but also the PET attenuation correction for gqoatibn can be done much
faster using CT. While traditional attenuation correctiothwi®’Cs gamma emitters
(Eq = 622keV) or %8GaPeGe positron emitters takes about 20 minutes, a CT scan
(Eg¥280keV) can be done within a minute, which is much more costieft, 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) (cps/MBaq)
Ph|||p§ Gemini GLX 885 GSO 4£ 6£ 30 53 7700
[Phi09, B 074]
Phlllp.S Gemini TF 003 LYSO 4F 4F 22 4:7 7000
[Phi09, S 07]
GE Advance NXi 927 BGO 4£ 8£ 30 4:8 n.a.
[B* 03]
GE Discovery STE 886 BGO | 47£ 6:3£ 30 49 8800
[T*07]
Siemens HR+ 824 BGO A£ 4:4£ 30 5:1 6650
[B* 03, H' 04]
Slimens Accel 824 LSO 6:4£ 6:4£ 25 5:7 6362
[B* 03, H" 04]
i TruePoint HI-REZ Af AE 2 4.2
+S|emens rue_ oint 824 LSO 0 8100
[E* 08, B' 07a, Sie07, PKMCO06] (HI-REZ) (HD-PET:21)
Siemens HRRT 312 LSO/LYSO 2:1£ 221£ 10 23 29000
[dJ* 07, vwW* 08] double layer

1 ¢ps: counts per second

Table 3.3: Overview of some of today's commercial human PET scannegpgaties. The Philips Gemini
TF uses time-of- ight information. The used LYSO crystallwa a timing resolution of the order of 600 ps
FWHM [K* 08, M* 06]. Siemens HD-PET uses depth of interaction informatesonstructed 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 clari ed tiw all of the results are
based on the same measurement methods and technologistilstires. Even though
the National Electric Manufactures Association (NEMA) lpasposed the NU 2 2001
standard for “Performance Measurements of Positron EamseEsmographs” [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 detectbntdegy can be found in
[Lec09].

3.5.2 Small Animal PET Scanners

Small animal PET scanners cannot be considered as smaigomne of whole-body hu-
man scanners. The demands for such devices in terms ofigiysihd 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. Dif culties in adagtatinical 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 ef ciency and goedhg resolution 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), winisbvide sub-millimetre
resolution and a one-one coupling of detector and readautred. This would lead to
b= 0in Formula (3.24) and therefore improves spatial resotuti

In the following sections a selection of small animal PETrswas is presented. It is not
intended to summarise the best devices, but to demondh&tditersity 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, thecmhnearity blurring is mini-
mized in this pure brain scanner concept. The scanner d@seffists of 12 detector blocks
comprising £ 8 LSO crystals of the size22£ 5mn? read out by an array of avalanche
photo diodes (APDs). The preliminary spatial resolutioa haen measured a8 mm
using a< 1mm??Na point source [VW$04]. As a drawback of the design, the helmet
itself is very heavy (1509) in comparison to the weight of a(¥2300g). 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 weiglt tl@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/LuYA¥st&is [Z 05]. The used
crystals are £ 2£ 8mn? in size and are read out by a PMT with an active area of
181£ 181 mn?. So 64 crystals are read out with just one PMT. The deteahgy ias

a inner diameter of 120mm. The axial length is 110mm. The nspatial resolution
measured with a 1mrtPF point source has been measured @8 fm. The sensitivity
for an energy window of 350 650keV is 42% and the NECR saturates at 250kcps
for an activity of 55MBqg. The timing resolution of 2ns FWHM als for ef cient
suppression of randoms.

Resistive Plate Chambers

Resistive Plate Chambers are cost ef cient, easy to build, @oside timing resolu-
tion down to 50ps. They consist of high voltage parallel etete plates with small gas
lled gaps in between. The plates are made of some high voltgssstivity material of
10’ 10Wem. A traversing charged particle ionizes molecules in thalkgas 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 con ned, so that their position can be read out (moshgwnly 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, erther 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. [BO6] consists of 17 electrode
plates and 16 gas gaps aBB@nm 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 of1ns. As the system is still under
development, the material of the electrodes, which willehevact 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 signalsowitchannel cross talk and a
passable noise level. The missing energy resolution as st 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 pursuetbpyponal 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 condudiiior charge col-
lection. Using a 1fm anode wire, a longitudinal resolution of 1 mm for a singlbetu
could be achieved using a 4 GS/s scope readout. In a 20-tatletsie 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@gas FWHM [SML' 02].

Other Detector Techniques

Besides the mentioned PET detectors there are various okba@s for medical imaging
detecting devices. For example the use of liquid xenon hais beplored [CL$02] 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 detectionumeni MWPCs, the produced
electrons can be extracted locally and thus offer good alpa@solution. As a drawback,
the xenon has to be cooled down>xtq 100*C to keep it in its liquid state. It has also
been found that the created charge signals in such a detéttoe small and need special
low noise ampli cation. Electron attachment processesedilby small concentrations of
electronegative components will reduce the measurablekjgulse 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 con gurations for &i@a multiplication 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 regioin 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
[TBA*02]. Inthe eld of gas avalanche radiation detectors withdinal imaging poten-
tial also the MICROMEGAS [CDGRO02], the MicroCAT [SB98] and the Micro-groove
[BBB™* 99] 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 rst device based on MWPCs dedicatpdgitron 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. Timeerter here is made
of lead or lead alloy with a pattern of rectangular cells fedvby spark-erosion. The
pattern shall increase the ef ciency of the converter by@asing the surface area. The
detector reached a spatial resolution of 6mm and an ef giesfc6% [MOB* 89]. A
similar approach using simple at converters has been tnyated by R.A. Reynolds in
1975 [RSO75].

The High Density Avalanche Chamber Concept

The high density avalanche chamber (HIDAC) consists of ainite chamber detector
sandwiched between two solid photon-to-electron conkerescheme of such a detector
is shown in Figure 3.11. The converter consists of altengatyers 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 eld lines towards the MWPC. On its wawilitundergo 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 theipaosif the electron avalanche
can be reconstructed.

The rstideas for a hybrid detector for ionising radiatioaMe been proposed in 1974 by
Lim et. al. [LCK* 75] at Lawrence Berkley Laboratory and in parallel but indegantly
from each other by Jeavons et. al. [JCS75] at CERN. Lim used a4 legd honeycomb
structured converter, reaching a resolution pf Bmm. Later on they experimented with
lead glass converters and hexagonal detector con gusfidGLL* 82]. Jeavons always
relied on drilled holes. He started with a 1 mm coppdrfm Mylar composition with
2mm diameter holes in it. After the potential for positroraeiging was proposed, the rst
in vitro images of a heart were shown by Jeavons in 1979 [Jed@ development of the
CERN prototype, especially in the early years of the detecisrideen subject of many
publications [CJSS73, JCS75, JFI6, JC76, JTF78, Man78, Jea79, JK180, PHJ 75,
TCM* 83, JHH 83, TFJ 87, Tow88, J99] and patent descriptions [Jea95, Jea02]. The
latest version quadHIDAC, which is installed at the Univigr$ilospital of Munster, is
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Figure 3.11: Schematic drawing of a HIDAC detector (A) and the photon eotar principle (B) [3 05].
The detector consists of a MWPC sandwiched by two photoretren 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 eld 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 geoynetihe plane was digitized
with a scanner in order to obtain the exact dimensions. (Drgly N. Heine.)
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(b)
Figure 3.13: The quadHIDAC small animal PET scanner (a) and its detectwtute con guration (b). 8
modules comprise a detector block. 4 detector blocks eadhmsgantry.
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comprised of four detector blocks each containing 8 detautadules 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 chambersaar®ut 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 chiaegnosstalk or noise. Table 3.5
summarizes detailed technical speci cations of the lagestdHIDAC design. The values
are taken from publications {95], private communications [Jea05], and measurements
performed on defective modules. Note that the speci catidiffer slightly from the ones
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Number of Detector Blocks 4
Number of Modules per Block 8
Rotation Speed 6s for 180
Size of Module 1 135£ 280 mn?
Size of Module 2 155£ 280mn?
Size of Module 3 173£ 280mn?
Size of Module 4 195£ 280 mn?
Size of Module 5 213£ 280mn?
Size of Module 6 231£ 280mn?t
Size of Module 7 251£ 280mnf
Size of Module 8 271£ 280mn?
Field-Of-View max. 1795£ 1795£ 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: Speci cation of the quadHIDAC small animal scanner in ittekt version 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 abZ 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. Jeavians 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. Manétass. tried to explore the
electrical limits of the converter concept [MEBS8]. B.T.A. McKee et. al. developed the
Q-PET detector, a camera for small volumes, reaching aapasgolution 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 caménasge are also other
dedicated cameras for special clinical and preclinicappses available and/or under
development. Especially, the diagnosis of breast canadddxe signi cantly 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@\lbased on the same ideas
as the small animal version presented above. Also ideasrforpebreast scans with
HIDAC techniques have been made [OWEJO06]. The problem heesis all MWPC
based detectors the dead areas in edges of the construegdeafor gas tightness and
stability. In addition, the electric eld and thus the gaihMWPCs 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 8B&Elopments. On the other
hand, most of all APD based cameras will nd their way, evethdy still suffer from a
very small eld-of-view. Dedicated applications like exve heart studies should already
be realisable using today's state of the art APDs.

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

For all further developments the capability of multi-matlalvill be essential. As in clin-
ical PET also in small animal studies combinations with }-@I, 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 rst
step a manual approach is most reasonable, where PET anelcthredsmodality are ap-
plied consecutively to the same frame of reference. Spbedconstructions are under
investigation to ful | the demands [SchO08].
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3.6 Reconstruction Algorithms

In order to obtain images from coincidence data measuredéydetector, 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 todesformed into a quadruple
of two angles and two points:

f(x;y1 2% y2,2) ! p(f;a;y.2) (3.27)

In order to keep the memory consumption within reasonabigdj (f ; g;y; z2) need to be
binned. In the later shown measurements and simulatiohsfigles and 1§ 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:

272727

Paraprafy) = p(f;q;y;2df dgdz (3.28)
f q z

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

Figure 3.15: 2D Projection obtained by integration of all LORs of a certangle [WAOQ4]. Doing this for
all f ,g andz values and summing over all single projections one attdias3D parallel projection of the
object.

well suited to quantitatively visualise detector respofisetions of simple objects. But
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since they do not return an image, they are not suf cient fa& &analysis 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@dtback-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

Figure 3.16: Flowchart of a generic iterative reconstruction algoritiA04].

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 paratiglgtions 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

kel ekaT 9 1 0
ol AT St k= L (3.29)
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wheref: N1 7 jsthe density function describing the tracer distributigthin the ob-
ject. Alis a matrix containingyj-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. A% is called the sensitivity
matrix and needs to be applied in order to correct for geaoaeffects of the scanner.
Since the standard EM converges only slowly, the input dagalitted 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 seeresfce [VSK85] and for the

OSEM algorithm reference [HL94].

3.6.1 Future Prospects

Reconstruction algorithms still have enormous potentiafdother 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@algorithms. 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 (EGgjads 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 33 module quadHIDAC camera, installed in Minster, has provemutstanding
performance in terms of spatial resolution and cost ef cienThe characteristic feature
of the quadHIDAC is its ef cient photon-to-electron conterintroduced in Section 3.5.3.
A disadvantage of this device is the complex converter aewigich is quite dif cult 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 eachexter, which takes about
a full week of time [Jea05]. The drilling produces a lead Iravering 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 detector 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 electrianelde 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@merhe spatial resolution and the
sensitivity should nevertheless be kept on a level compatalthe quadHIDAC detector.
Following these ideas the detector concept of the Minstdr drice, 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
rst estimate for the number of modules per detector blookdweal for a similar sensitivity
would ben = 64, in order to achieve comparable ef ciency to a system BitHIDAC
modules with two converters and 16 layers of lead of which Z0&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 1176keV electror®7]H The leading signs are chosen arbitrarily.
Although the mean value of the tted gaussian shown heeesis36.0*, the data points are compatible with
a mean value of slightly aboe= 40*. As a cross check, comparable Geant4 simulations have baga m
and will be presented in Figure 6.15.

that two at foil converters are mounted in one module anchbaill 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 numiepmroximately 30000
channels would be needed for the whole PET device. This iéetiggng, 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 irdbon. 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 limitedH®yangle of the electrons
liberated in the converter and entering the gaseous voluntlieeodetector. As shown
in Figure 4.1, rst measurements by H. HiintelerQf indicated an average angle of
a Y4 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 dif cult, time consuming and unpractical veuyclly, Monte Carlo sim-
ulations [MUA49] can help to keep things managable. The M@ado method was in-
troduced in 1949 by N. Metropolis and S. Ulam who were insplyg 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 forgugput 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 #@ahds on the precision
of the results, the necessary number of iterations and ctatipa time may become very
large. Therefore, the usage of computer clusters and laistial 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 CERNthe RD44 project
who came up with the rst production release in 1998. The feortbased predecessor
Geant3 dates back to 1974. As a result of developments ofiagmoject with the ESA
since 1999 there are low energy extension$98] 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 [C99] (based on EGS4 [\B5]), SIMSET [SIM09] and PETSIM
[T*92]. 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 clust&é36fOpteron

1Geant stands faBeometryand tracking

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

SEuropearSpaceAgency
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processors at the Institut fir 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 claskese the experimental setup and
the tools, materials, and physics processes that are torhéated. The basic structure
of Geant4 can be understood as a state machine as shown ire BEidu In the pre-

Event Processing

Geometry Closed

Irun/beamOn

Initialisation Classes

Prelnitialisation State

Idle State

/run/initialize

Figure 5.1: Basic structure of Geant4.

initialisation state geometries, materials, particled physics can be de ned. The pre-
initialisation state is closed by the commahnay/initialize . Everything de ned by
the initialisation classes is now set and the idle statelisa:an the idle state a simulation
run can be started by the command/beamOn , which closes the geometry and starts
the event processing state, hence the action classes. fifvambe terminated normally
to the quit state or to the abort state indicating an error.

5.2.1 Initialisation Classes

2 Detector Construction
In the detector construction class all volumes, geometaied materials of the sys-
tem setup have to be de ned. It has to be ensured, that no ehlwarlaps with
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other volumes. Volumes are placed inside other, so calletthenowolumes. The
highest order volume is called world volume. Volumes andemals can be de-
ned recursively. Basic volume geometries like cylindergheres and so on are
provided by Geant4 classes. When de ning a geometry, onechaait with the
de nition of a solid. A solid is a basic geometry like for expta a 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.

2 Physics List
The physics list class de nes all the physics processeseteém the simulation
task. In addition all particles to be generated have to benelé. Geant4 provides
basic classes for the most relevant physics processes smd@hitions for ele-
mentary particles. Unwanted processes or particles cawibehed off. The par-
ticle data is implemented using the NIS@ata [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 enalications [A 99]
currently reaching down to 1,0 250eV depending on the process. Some of these
working groups have been af liated with the Geant4 Collaltioraso that the low
energy packages are certi ed. There are two basic low engagikages 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 useddugtimg a small inac-
curacy to the simulation results. Another important valuee ne 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 de nes the minimum kinetic eneofy particle at the
time of its production.

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



48 Chapter 5: Monte Carlo Simulations

5.2.2 Action Classes

2 Primary Generator Action
The primary generator class creates primary beam partidésle nes their energy
and direction.

2 Run Action

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

The run action class can be viewed as the global controltsiieiof 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 nally
it lets the event action methods produce and process events.

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

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

2 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 allintstic 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.

2 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
PostStepPoint . It considers the particle energy, direction and crossi@eda-
ble for its calculations. A step is completed when the nexyfspis process occurs,
or the volume boundary is reached (which is handled as a gsotself, 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 [J" 99, Jea95, Jea02] and*[85] has therefore been implemented. Furthermore, to
compare the simulation results with measurements, somdast 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 basroplemented. Figure
5.2 shows a visualisation of £5£ 12:9 mn? piece of a simulated detector module. The
image has been rendered with the DAWN visualisation toolkt97]. 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 @ mm
less than a real one. The difference is most likely the regulhknown contributions of
glue between the parts of the modules. Log le headers of HIRAC measurements
report a distance of 14 mm between two neighbouring moddlks. rst 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 betweenizéelsave 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 bank8m#8h 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 isSlpe to simulate a virtual
four module quadHIDAC by switching coordinates of the seuralume position and the
detector reference system. The simulation results can bgetiéater to get the full quad-
HIDAC simulation. Especially for source volumes positidn&f-centre this method is
recommended. Altogether the setup contains two blocksghit eietector modules com-
prising over 200 million basic elements, most of them witkekon it.

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

T entrance window:
200 pm insulation
g J + 50 um lead (without holes)
gas volume ‘:\\\:j
& mm ittt <
LT 66\

Figure 5.2: 5£ 5£ 129mn? 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 fokkmlby a solid lead sheat without holes in it.

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

Module Size [mmd] | in the Simulation [mrf] a[?] b [*]

1 135£ 280 135£ 280 74:23 11499

2 155£ 280 153£ 2765 7381 107:21

3 173£ 280 169£ 2735 72:86 10013

4 195£ 280 189£ 2715 7324 9372

5 213£ 280 205£ 2695 7252 8791

6 231£ 280 221£ 268 7192 82:66

7 251£ 280 239£ 267 71:85 779

8 271£ 280 257£ 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 and the opening in the X-Z plane.
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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 sSog@vsed with a simulated detector hit
map produced by an 1 mm point source lled wi#F in water.
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5.3.2 Physics

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

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

2 The electron, undergoing multiple scattering, ionisatod bremsstrahlung.

2 The positron, in uenced by multiple scattering, ionisatidremsstrahlung and an-
nihilation,

2 and with minor in uence thet* and theyi , 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 &seodi
at least 250eV. Below this value, the particles are removenh 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 ight or during hard scaiterAs multiple scattering
has not been implemented for the low energy range yet, tmelatd Geant4 multiple
scattering package, which is accurate abg\ekeV is used. The lack of precision directly
in uences the positron annihilation process. As energraslker 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 versiob 9

5.3.3 Primary Generator and Source Volumes

The most frequently used small animal PET tracer moleculeeatniversity 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 usedricle source for all simu-
lations presented here.

The Beta Spectrum of'8F

The kinetic energy of the primary positrons in the simulatias 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}8® with a maximum positron energy
of 635keV:

By Bo+e"+n+Q (5.1)

In general a transition of such a decay can be described blyeimai theory as follows
[MK94]:
2p S D dn
N = —jhfjHjiij “— 2
(p)dp= —jhfjHjiij Ve (5.2)

N(p)dp is here the probability per unit time for an electron to betesdiwith a momen-
tum betweerp and p+ dp. The matrix elemenhfjHjii contains the Hamilton operator
of the weak force. It has been shown experimentally thatadpesator shows only a very
slight energy dependence for most beta spectra. The shépesjectra is formed mainly

by the terme'T”é which describes the density of the nal states per energlfowong Fermi
theory the density of nal states per energy interval can ewvritten in more detail as:

dn

avg 7 PVeo(Voi We) 2 ¢F (Z; W) ¢C, (5.3)
= (Wezi 1)%We¢(VV0i We)2¢F(Z;We) G, (5.4)
with
Elr(nax+ rTb
= _Xn___= 55
Wo o (5.5)

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

F(Z;W) is called the Fermi function. It describes the Coulomb irdéoa between the
emitted particle and the daughter nucleus resulting inghsghift ofb* -spectra towards
higher energies and bf -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 nuglewaluated at its
charge radius. It can be approximated as [Hol92]:

2py

1 7 -
Fo /41i o 7y

(5.7)
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Figure 5.4: Positron energy spectrum 8iF as it is used in all presented simulations.
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with Z being the charge number of the daughter nucl&us Q for b* -decays and < 0
for bi -decays).Lg is a correction factor for the nite charge distribution imet nucleus.
It can be written as [Hol92]:

q

1 PPN 1
1/, — . — . 272\ 1 .
Lo /42(1+ a);, & (1j az%); a /4—137. (5.8)

y:

For our application, random numbers are sampled on thistrspeaising the ROOT

[BR* 97] random number generator. The system time in second®é asinitial seed

for the random number generator. Since the time informasaidso part of the output
lenames, two data les obtained with the same seed in theesdirectory 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 Elflte 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. Imwrdempare the simulations
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presented in this thesis with appropriate measurememt$llowing standard PET phan-
toms have been implemented:

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

X = RdsinQdcosk (5.9)
= RdsinQ¢sinF (5.10)
z = R@cosQ (5.11)

with R= r¢sil3, Q= arcco$l| 2sp) andF = 2ps3, wheres;, S, andsg 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.

2 Line SourceThe simulated line source consists of a cylindrical watéuw® with a
length of 80 mm and a diameter of 1L mm. Itis surrounded by asgigese of 100mm
length and 3mm diameter which is intended to stop the pastrdhe positrons are
distributed uniformly in the water volume:

X = RecosF (5.12)
y = RdsinF (5.13)
z = Co2esi 1) (5.14)

with R= r¢p S1, F = 2psp, wheres;, s, andss are random values in the range
0:::1 andr is the radius of the cylindeL. is the length of the cylinder.

2 Mouse PhantomIn addition to the thin line source, thicker cylinders haweb
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, whigé a length of
150mm and stops nearly all positrons.

2 Rat Phantom The rat phantom is quite similar to the mouse phantom exaapt f
its dimensions. The water volume here has a diameter of 59 ndradength 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 de ned geometry. It retuimformation on

2 the event number,

2 hit-position coordinates,

2 layer number,

2 converter number,

2 energy of liberated electrons entering the gaseous patie afetector,
2 the energy of the mother-particle,

2 the particles creation process,

2 the mother particle's creation process,

2 the vertex coordinates,

2 and original annihilation photon directions.

The output is written to a le containing a ROOT tree [BB7] format.

Determination of Vertex Properties

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

Identi cation of Scattered Events

Information on production- or interaction-processes d@ng positions are available only
during the computation of that step. This implies that, ifamants to know whether
a scatter process has occurred somewhere on a particle tnagkhas 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



5.3 quadHIDAC Simulation Code 57

into an array, created and initialised by tventAction  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 amtgireothe 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 ag, indicating weather the particke lieen scattered during cur-
rent or previous steps is stored. The parent ID nurpaentiD = 0 indicates, that the
mother particle is created by the primary generator whilet@hs emitted in the positron
annihilation process are assignetentlD = 1.

Generation of Detector Hits

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

Hence, in the developed simulation code a hit is obtainednndn electron crosses the
geometrical border from any volume into one of the gaseous 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 ghsnais assumed to produce a
measurable signal, while direct conversion of photonsengis volume is ignored.

If such an electron is identi ed, the scatter arrays desatiim 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 lled into tROOT 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 Iter for coincidence events, these singkes need to be processed.
Therefore, a small piece of code looks for single eventsispdhe same event number,
which therefore originate from the same primary particlertier 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 withrglest&inetic energy are com-
bined.
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Modules | Size in the Simulation [m#A]
1i 5 135£ 280
6i 10 15425£ 27865
11 15 17153£ 2776
16; 20 19279£ 27681
21; 25 21007£ 27614
26 30 227:36£ 27561
31 35 24663£ 27516
36; 50 26595£ 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 diiloegs are rejected by tfsepping Action
class.

5.4 MSPET Simulation Code

The simulation code for the MSPET device itself is similathat 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 lled volume which is plagetetween two cathode
planes. The cathodes base plate is made®mdn thick FR4, a glass- bre/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 impdémted. Each block con-
tains 50 detector modules. To allow for some exibility inetichoice of detector block
dimensions, all modules are initialized with the same sibicivis 28CE 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 simulatiamiruthe stepping algorithm, or
afterwards during the data analysis. For better compatisdhe quadHIDAC detector,
the eld-of-view is choosen identically. In order to use $dae 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
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0.5 mm FR4
35 Im Copper
Converter

2 mm Counter Gas
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(b)
Figure 5.5: (a) shows a close up view of two stacked MSPET detector medél€2 mm thick MWPC is
sandwiched inbetween®mm FR4 sheets plated with @8 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 ful | the demands of a modern small animal PET device, thtemded performance
speci cations have to be considered already during itsgfedin terms of sensitivity and
spatial resolution the new Minster PET device (MSPET) shbalcomparable with other
modern small animal PET scanners. Here above all the quadiEilias to be mentioned
as the only commercial, wire chamber based, small animal$&imner. 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¢ tfjuadHIDAC cannot be an
option, even if it provides high sensitivity.

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

6.1 Multi-Wire Proportional Counters (MWPCs)

Multi-wire proportional counters (MWPCs) were introducedl®68 by the group of G.
Charpak at CERN [C68]. He was awarded with the Nobel price in 1992 for his inven-
tion. At rst glance MWPCs can be seen as an advancement ofdrydial proportional
counters. By experimental efforts he proved the commonthetieng, that, due to capac-
itive coupling of the wires, it would be impossible to extgmbportional 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 wireda&$ an independent pro-
portional counter. Figure 6.1 shows such a MWPC setup. MWPCe ter rst 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 eld

E(r) = ib v (6.1)
In(3) T
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) descraes
ideal radial eld of a proportional counter, for MWPCs it holdsly for areas close to the
wire. An approximation of the electric eld in an two dimensial MWPC was given by
[Ers72] as

q
Vo R 1+ tar?(2) tant?(2) s
(Pbi sIN(Z) " arp(2X)+ tani(%) 2

E(xy) =

wheres indicates the wire separation,the wire radius andb the anode-cathode gap.
Depending on the chamber size, gas and electric eld sthertge electrons drift with
T ¥420ns/mm, following Figure 6.2, towards the wire.

At distances of only a few wire radii to the anode, the elec&ld becomes very large
(E ¥41PV/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.

Figure 6.3: Avalanche development close to an anode wire [Sau77]. linitreasing eld electrons are
multiplied and a drop-like avalanche develops around thre.Wiihe 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= nd¢a ¢dr
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electrons createda is here the rst Townsend coef cient (unit: ion pairs/cm). Byte-
gration of this formula one can calculate the total numbeglettrons on a pathas

n= no¢e?";

where the multiplication factor, called gas gain, is

M= = e (6.3)
No

As for non-uniform electric eldsa is a function of the distance to the anode wire, one
has to integrata from the anode radiug to the critical radius,, beyond which no gas
multiplication occurs:

IJ.Z r2 l
M= exp a(r)dr : (6.4)
ri
While the calculated results fdl can get very large, the experimental breakdown limit,
known as the Raether limit is reached\ai/s 108 or ar ¥ 20. Here, the detector shows

a transition to the so-called Geiger-Mdller mode shown guFe 6.4, where the electron
avalanche develops along the full wire or even spreads ghbeuring wires, so that the
position information is lost.

For the calculation o&(r) different analytical ansatzes have been published. Awegfe
the methods is given by Kowalski [Kow85] and Aoyama [Aoy8A]l of these ansatzes
have in common that they deal with radial electric elds. As MWPCs this would be
only a rst approximation, the gas gain has been simulatedguthe software package
Gar eld 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 eld 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 %% ¥4
10ps in a MSPET detector.

Using a segmented cathode as shown in Figure 6.1, one caureeaduced 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 counges77].

(a) (b)
Figure 6.5: Panel (a) shows a typical pad signal in an MSPET detector taqduale: 2us per division).
The ion cloud around the wire creates a 10ns short eleciostduced pulse on the wire just before the
ions start to drift towards the cathode planes. The blueiling) displays the output of a differential
ampli er (scale: 10@s 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 espien of E. Gatti et. al. [Gat79]
discussed by E. Mathieson [Mat88]:

1; tantfKol
11+ Katani2Kol

Gl)= 2K (6.5)
wherel = x=his the distance of the strip to the avalanche position vitkeing the anode-
cathode separatioi; andK, depend orK3 which itself depends on the wire's diameter,
separation and the anode-cathode distance:

p__

K1 2 Ks (6.6)
4tari 17 Kj
P

Ky = 5 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€3 in parallel and perpendicular direction to the wire haverbee
approximated with th&s-dependency plots shown in [Mat88] K§ = 0:56 andKé’ =
0:74. One can de ne the pad response function by integratiisgctiarge distribution over
the widthw of the pad:

P(l)= (1 9dl @ (6.8)
-

A formulation based o, K> andKs is given by W. Blum, W. Riegler and L. Rolandi
[WBO08] as
3 3 e 3

2K P_— P _—
P(l)= K—p% arctan  KstanhKy(l + VEV) i arctan  KstanhKy(l j VEV) . (6.9)
2 K3

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 dmt@dth pad
width of w= 3mm is shown in Figure 6.7. Assuming a good agreement withuss&ian,
the pad response function can be expressed as [WB93]

Qi

2
Qi1+ Qi+ Qe1 Ade =% (6.10)

P(x) =
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Figure 6.6: Cathode charge distribution for an MSPET chamber parafidl gerpendicular to the wire
direction withl = x=handh= 1mm.

The charge fraction induced on three adjacent pads can Hemais

Qii 1 i (x+ W)
= A¢e 252 6.11
Qij 1+ Qi+ Qi+1 (6-11)
@ N~ (6.12)
Qi1+ Qi+ Qi+1 '
Qi1 | Lawy?
= ACe 252 : 6.13
Qi1+ Qi+ Qi+1 (6.13)
one can now use the relations
Qi 20W+ W2
- = e 252 614
Qii 1 ( )
. 20 W2
and le = e 22 (6.15)
|

in order to de ne a weighted function that describes theadliseéx from the avalanche to
the centre of the pad with the highest entry as:

b 1
M H g2 H Ois 1

wW
X= a —+ —In — +a —+ —In
amta 2 W Qi 22 W Q@

1.

(6.16)
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Figure 6.7: Calculated pad response function for different detect@ngtries. The wire separation is
s= 1:5mm in all cases except fdr= 3 where it iss= 2mm (these dimensions represent the very rst
dedicated PET wire chamber prototype build in MiinstedTH. The current MSPET design is highlighted
in red. Due to different values fd€3 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; = Qﬁ 1 andap = Qi2+ , 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 alwaysyetsde ne a
uniques in measured data. Hence, to be independent Bane can also use the ratios

= 52 6.17
Qii 1 ¢ ( )

I
and O 101 e (6.18)

in order to obtain
3
Qi+1
w In a7 .
x = 5—3QQ'—.21 (6.19)
In 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 deteperties depend on the
geometry and gas, tools are needed that account for both.G@held software was
developed by R. Veenhof at CERN [Vee08]. It can simulate elealds for user-de ned
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 elds and patrticle iplittations. In order to do that,
Gar eld needs to know the gas properties. Therefore it capoirn les, generated by
the programs Magboltz [Bia99] and Heed [Smi05]. While Magbalbmputes electron
transport properties in arbitrary gas-mixtures, Heeduates the ionisation of the de ned
gas molecules by traversing particles. Figure 6.8 showg#segain simulation of an
MSPET wire chamber. In these simulations a single elecsqtaced 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@al eld then lets each
of these electrons drift towards the wire and calculatesattadganche 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: Gar eld simulation of the gas gain on different wires in an REST detector module with an
anode-cathode distance of 1mm. The detector has a total wiréd4. The gain and thus the electric eld
is homogeneous over the whole chamber. To avoid electrgzéntions with the detector walls and an
enhanced wire sag, the rst and the last wire are replacel thitker ones to reduce the local electrical
eld.
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different electric eld con gurations around the wire, csed by the adjacent wires and
the cathode planes.

A reasonable gain for an operation in proportional mode efttder oVl = 10*; 1Pis
reached at abo¥p = 1400V for an Argon-C@-isobutane (89 12:5; 7:5) gas mixture
and a wire diameter of 3@m. The Raether limit is expected to be reached,at: 1800 V.

In good approximation, the electric eld is homogeneousrdiie whole chamber, as the
gain on different wires is constant. To reduce electrasiatiomogeneities at the edges
of the detector, the rst wire is replaced by a thicker one. cas be seen in Figure 6.8,
this reduces the obtained gas gain locally.

6.2.1 Speci cation 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 pache 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 &d a gap of 2mm between
anode and cathode planes.
As the foreseen MSPET design has a wire-to-pad distancef 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 vaoiadito the literature values had to
be made:

The wire diameter is speci ed as pfh because this is the thinnest wire that can be
streched, glued and soldered with reasonable effort.
For the speci cation of a practical wire gap, another Gad simulation has been made.
The gas gain as a measure of the electric eld is plotted \wedgterent wire gaps. An an-
ode potential of 1400V and an Ar-G@sobutane (89 7:5j 125) 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 amatenore independent of
each other until there is no overlap of electric elds at &l the largest separation with
reasonable eld properties of the wire plane a valuesef 1:5mm 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, guinal 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
(80j 7:5j 125).The electrostatic potential is 1400V.

with multiple heterogeneous wire grids, wire frame defaiiorawill 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 eld. Therefore, it is importantiantrol the extent of this sag and
the resulting gain variations. Gravitational and eleciagmetic forces and the resulting
wire sag has again been calculated with Gar eld. Figure &A0ws 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 rst 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 waskpeecisely as possible.
Most of all, an accurate wire gap regularity is an importactdr. Variations in uence the
electric eld and therefore the gain of the chamber. In addithigh local electric elds
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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 studiegwhamber the gravitational force has nearly
no in uence on the sag. Electromagnetic sag can be obserasayron the rst wire (labelled Nol in the
Figure) and only in wire-plane(X)-direction. It can be redd by the replacement of the rst wire with a
thicker one. Wire No35 indicates a central wire.
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increase the potential of gas break-through and sparkinghwhill 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
con gurations and to set reasonable limits for wire gap atons, 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. Figure3Gshows the in uence of a
single wire shifted 100m towards the pad planes. The in uence 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 in uence on the gaa gad thus the chambers
performance. The effect of an overall Ifd displacement of the whole grid towards the
pad plane has practically no in uence on the detector paréorces.

6.3 Detector Design and Production

6.3.1 Design of the MSPET Chamber

The MSPET chamber in its latest version consists of two hif®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 measurementtses Geant4 simulation
has been performed to determine the angular distributiadheofiberated electrons. Fig-
ure 6.15 shows the results of this simulation. The exit amgfdotted for a 5Qum lead
converter and also for a converter equipped with grBQayer of gold. In both cases the
mean exit angle is compatible with 45T herefore, it is induced that for every millimetre
the electron moves beyond the at converter, it will be deeat 1 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 aokvaind 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 patterrite high voltage feeding
of the wire grid is kept. The Im for this pattern is shown indgtire A.6 of the appendix.
In order to allow for suf cient gas ow, with a diameter of 2mithe thickest gas pipes
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Figure 6.11: Distortions of the electric eld (a) and resulting gain \atons (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 eld (a) and resulting gain \aons (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 eld (a) and resulting gain \atons (b) due to a shift of wire
number 35 by 100m in Y-direction.



78 Chapter 6: Construction of a Multi-Wire Proportional Counter for Small AhiRET

e [
o -
81° 0.3F
0.1—
: Ar-1IsoC4H10-CO2 [90-12.5-7.5]
-0.1— u] DG/G on Wire Nol, Grid displacement: 10 mm
: ® DG/G on Wire No35, Grid displacement: 10 nm
= I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1

1000 1200 1400 1600 1800 2000
Anode Voltage [V]

Figure 6.14: Effect of an overall 1fim displacement of the whole wire grid has only minor in uerare
the gas gain performance of the MWPC.
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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 pfh lead converters. Panel (b) shows the same setup fon 3@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 imgui@a 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 nally reaches the MWPC. A close-up itisin of the gas channel
Is shown in Figures A.2 and A.3.

To keep the absorption loss in the active volume of the deteschall, the pad planes are
made of B mm thin FR4 sheets. Especially when stacking multiple cleamba thin
entrance window is essential for good detection ef cienoy dow radiation losses. FR4
was implemented in the simulations as a compound materrghoong 472 % epoxy
(CoH2) and 528% quartz (SiQ). The radiation length of a material is de ned as the
distance over which a high energy electron's energy drods¢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
= . 620
%o Z(Z+ 1)In(§8—27)[cmz] (6.20)
The weighted radiation length of FR4 is thig = 39:67% or Xo[mnj = 2133 mm
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
Ky T Ky 1
- = 0:234% and — = 117%,
n=1 XO n=50
respectively. For veri cation of these considerations aaf@é 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-
ciency obtained with a converter with an in nitesimally sat thickness of @001 mm.
A coincidence count rate loss of approximately 20% is ob=#nsing @6 mm thick FR4
pad carrier material.
The chamber has outer dimensions of 2@00mn?t. The MWPC gas volume measures
100£ 100£ 2mnP. To avoid problems resulting from interactions of the efeceld
of the wires with the edges of the FR4 frame, the wire plane do¢sover the whole
chamber, but a ducial area of 88 88:5mn?.
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Figure 6.16: Results of an MSPET count rate simulation using Geant4 sitpwhie ef ciency loss for
different thicknesses of FR4 as carrier material for the plade. The results have been normalised to the
ef ciency obtained with a converter with an in nitesimallymall 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 claxsmmdingly. Two pad-
planes are arranged perpendicular to each other on bothdidee wire frame. The pads
themselves have to ful | two con icting demands: sub-nmtietre resolution as well as a
small number of readout channels. In addition, a simplegtheisi 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 rasatz a uniform continuous
distribution can be used to describe electron events oamgatar pads. The probability
density function of an electron to hit a pad of widthat a positiorx is given by

8
30 x<0

p(x) = Bv—lv 0- x- w (6.21)
0 x>w

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

w

xdx (6.22)

E(p)
0

(6.23)

NIk
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The variance is de ned as

V(p) = E@))i (E(R)?, (6.24)
N I (6.25)
W o : 2 |
_ 1, W
= §\,\,2, T (6.26)
_ W
= I (6.27)

resulting in a standard deviation of
P—— w
s= V(p= pTZ: (6.28)

These considerations have led to a simple strip design Wire8s, each 3mm wide with
a gap of 0L mm. With such pads, a position accuracﬁéll@%1 = 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 camitikedr 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 nal MSPET gegpnwithw= 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 ma channels, which has
to be avoided, especially bearing in mind that the prediotsdlution with 3mm pads is
already suf cient for the foreseen application.

Not only the width of the pads, but also the material needsfubconsideration 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 = 79)
or lead £ = 82) are favoured. The idea is to use a standard etched copgetiucture
onto which one of the mentioned materials is applied. Siooggten 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 hasiled, that it is compa-
rably cheap and has also the highest atomic number of the.thiging 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 suf cientlyée@create a reasonable num-
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ber of electrons, but also thin enough to let these electsoape into the MWPC, where
they can be detected. In order to optimise the convertekriegs for gold and lead, a
Geant4 simulation has been performed. Four stacks conggiti MSPET detectors each
have been irradiated with'&F point source (diameter: 1mm). The detection ef ciencies
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 increasecthncidence ef -
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-thicknesBick. < 10um as the ef ciency 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 ksirthdation have shown to
be challenging. Especially electroplating of lead has shtwbe dif cult, 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 coufdlr&l that is able
to electroplate ledd which is not a standard request. Attempts to electropkae kt
the Institut fir Kernphysik failed quickly because of untoiied growth of the lead and
missing adhesion on the copper surface. After these exesethe only reasonable way
to obtain a clean lead surface on the pads could be to use achined 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 tadkarElectroplating is also
possible but loses accuracy with increasing coating tlaskn The costs should not be
neglected as well when using gold. Nevertheless one padkplas electroplated with
golc?. Unfortunately the thickness of this plating varies betw8éum and 12Qm, mea-
sured at different positions on the same pad plane, whiclrisdtside of the tolerances
(see Figure 6.17).

Number of Detector Modules per Stack

In the previous section the expected detection ef cienayggemance was discussed. For
a competitive design, it was proposed to install 50 MSPET utrexdin each stack. Geant4
simulations have been evaluated in order to study the inceesf the number of modules
on the single photon detection ef ciency. Figure 6.18 shtwesresults of these efforts.
To reach half of the ef ciency of a 50 module device only 17et#brs are necessary.
Therefore one has to nd a trade off between the ef ciencydseand production costs.

1The company OTR Ober &chentechnik GmbH, Rathenow, Germaas/able to provide electroplating
of lead.
2The electroplating of gold was done by the company Drollir@mbH, Birkenfeld, Germany.
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Figure 6.17: Simulated singles (a) and coincidence (b) ef ciencies fiffiedent 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 combpimia 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 havedimelated.
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Figure 6.18: Normalised photon detection ef ciency as a function of thenier of detector modules per
stack. Sub gure (a) displays the results of a Geant4 sinuridor a single sided 3dm gold converter.
Sub gure (b) the appropriate results for aj48 lead converter attached on both sides of the MWPC.

Looking at the slope of the curve and the results of scatéetifyn simulations, shown in
Figure 7.27, 3Q 50 modules per stack seems to be reasonable.

Rejected Construction approaches

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

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

that result in a large rejection quantity.

2 Sealing of the chamber with Te on tape: uncontrollable geskbhge, Te on tape

hard to handle

2 Electroplating pads with lead or lead alloy: Hard to nd a qmny 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 eld #uedefore the gas gain depends
strongly on the position of the wires. Hence, to avoid gaistuations, the wires have
to be placed as equidistant as possible. Furthermore tlsotenf 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 of2)yn, each wire has to
be handled with special care. The tensile strength of themesws reached at a force
of 0:8N. To ful | the demands, the winding machine shown in Fig@d9 has been
constructed. An overview sketch is also given in Figure A.&he 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 de exion pulley. The lose end of the iear@ow glued onto the
bi d winding frame. In between the two threaded rods a #IPload hangs at a second
de exion pulls in the wire putting it to a tension of ®N 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 de exion pulley has to be moved when the wire is on the tside 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 rst and the lagtewof a grid is replaced by
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Figure 6.20: Wire tension measured on a winding frame before attachiagvires 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 attgehawires 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
rst, so that one gets two wire grids. The old rst and lastd@Vire 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 placethemrmarked spots and
aligned between the neighbouring wires manually. Aftedsdhe new wire is xed 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 andyx = 40um for the
wire gaps it could be shown that the constructed winding nmacis 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 rsttedast wire are marked on the
FR4 surface with a scratching tool. Then the winding framedasgd 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 platestisat it is still possible to
access the glueing areas on the wire frame. The glue (we usedHheeAraldite 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. After the glue has cured
the wires are soldered and the excess wires still attachie twinding 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 nespun steel-wooldedned 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 surfapesto be roughened with
sandpaper. As an option to reduce conditioning times of tanbers, all components
can be cleaned in an ultra-sonic bath.

After preparing the detector parts as described, in a b sthe wire frame and the dis-
tance frame are glued together (we used here the same ghwabaised for the wire

grids). Glue is applied onto only one of the two frames, pediée 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 closetihas 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 tvaonies 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 approxime®édy is placed on top of the
frames.

After the glue is cured, the pad planes have to be glued to$idds of the wire planes
in the same way. Afterwards a simple underpressure testne 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 shoul@aitatithin 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 possgilolep-atomic noble gases
are used as the main component of counter gases. Frequsatynoble gases are argon
or xenon. Xenon is far more expensive than argon, but offeietas 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 ampli ed so that the countay break down. In detalil,
this will occur, when [WBO0S8]:

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 ciugases are added to
the main component of the gas. Quench gases are long-chatigadic molecules with
many degrees of freedom. The photon's energy will therefoost 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 breakdamiage changes under variation
of the quencher. Figure 6.22 represents a Gar eld gas genlation for different gas
compositions. More details on wire chamber gases can belfoufsau77], [Zar89] and
[Va'92].
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Figure 6.22: Gar eld simulation of the gas gain under variation of the gaigture. 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-CO, and Ar-CQ this can be observed. The argon D-states have a mean ex-
citation energy of 10 eV which is above the ionisation potentials of isobutarieqZeV)

and CQ (13:773eV). Also the argon S- and P-levels mean excitation eéeerye with
11:55eV and 13eV above the ionisation energy @Hg so that the following processes
can occur:

Ar"+CO, ! Ar+CO; + € ; (6.30)
Ar®+isoGHip ! Ar+isoGyHjy+ e : (6.31)

Especially for argon based gases with isobutane additibnag Penning effects and
therefore an increased gas multiplication factor has toXpeaed. As a side effect,
this increases the energy resolution by decreasing theveelactuation 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 fractiamasie for each gas mixture
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and not dependent on the electric eld applied. To limit iences 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 @iftdransfer rates in Ar-C
and Ar-isoGH10-CO, mixtures simulated with Gar eld. As indicated, the gain daa
increased by a few orders of magnitude depending on theveslancentration 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 in uence on ionisatiotepbals, drift velocity, break
down limits, and avalanche formation. In order to optimise 1ling 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- ow meters (MKSmass o controller1173B). One of these ow meters is cali-
brated for argon gas and allows a maximum ow of'510T he other two are calibrated
for nitrogen and allow max. :—3 The minimal ow that can be regulated is 1% of the
maximum ow. The accuracy is speci ed being 0:2% of the maximum ow. When
using other gases than argon or nitrogen, a gas corrector faas to be used to adapt
the speci c gas to the calibration. For isobutargé?@“lo = 0:27) and carbon dioxide
(deow = 0:7) this reduces the maximum ow ta®7¢3! and 07 ¢3/. respectively.

Based on canonical values and Gar eld simulations, the tietéas been tested with dif-
ferent gas mixtures. Relevant parameters for the validatiermost of all the detection
ef ciency, but also the break down limits and chamber stgbilThe ef ciency has been
measured with cosmic radiation using the setup as showrgur&i6.24(a). The MWPC
has been placed in-between twofl@5£ 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 energyhdfGeV) that will traverse all
three detectors. The ef ciency of the MWPC is then

n
euwpc = —2 (6.32)
N2co

wherenyc, is the number of coincidences between the two scintilladmdnzc, is the
number of coincidences measured on all three detectorsteBléis 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 ef ciéoroyosmic 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



6.4 Gas Mixtures for the MSPET Device 93

Photom ultiplier

Plasticscintill ator

MSPH Rototype

lasticscintill ator

Photom ultiplier

@)

(b)
Figure 6.24: (a) Ef ciency measurement setup. The module has been plaegdeen two nger-shaped
plastic scintillators which act as a trigger for cosmic adigin. (b) Measured detection ef ciency of an
MSPET module for different counting gases. Values aboveXd@de caused by detector sparking which
induces an unde ned number of events to the counter eleics¢wer10].
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chamber. A spark will in uence the sensitive electronicsairway 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 distitimst with an X-ray device
(Eg= 6j 10keV) described in [Bau05] and a sodium soukEg« 511keV and 1275keV)
have been measured. The results are shown in Figure 6.2%asénaf the X-ray source
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one can see a full peak indicating the measurement of theendrodrgy spectrum of
the high rate X-ray source. Taking the linear attenuaticef cent for X-rays in argon
into account, one can approximate the number of primary @meos following a single
photon incident:

EG°®"  8500eV _

on 2 = 2oL = 535 6.33
o EAT~ 159 eV (6:33)

on:

The sodium spectrum on the other hand seems to be cut off lilgrieghold level. A peak
cannot be identi ed since for certain circumstances too éésctrons are produced in the
detector.

The reason for that can be found in the different detectiorcles of the sources. While
the low energetic X-rays interact directly with the gas ncales, the annihilation photons
originating from the?”Na source will be converted to electrons in the detector riadte
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h | -

Gas Density =3 | & L"C%/H e -ion pairs [L]
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 1:714 317 104
ArC4H1070; 30 1:909 3.84 140
XeCQO, 70 30 4:398 7:13 248
XeC4H1070; 30 4:593 8:20 284

Table 6.1: Stopping powehdE=dxi of Eyj, = 280keV electrons in gases and gas mixtures as could be used
in the MSPET detector. The given values have been taken fkbr09]. The total number of electron-ion
pairs has been taken from [ADA8] and account for minimum ionising particles (for eleosahis equates

Exin ¥2 1:::1:5MeV). For the gas mixtures, the number of pairs has beeragggal 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 distibsitown in Figure
6.15. An approximation of the number of produced electrapedding on the exit angle
of the primary electron is shown in Fig. 7.13. One has to amhekhat only the electrons
with large angles will be detected. This will not only redube detector ef ciency, but
also decrease the spatial resolution, that depends mairtlyeoexit angle of the conver-
sion electrons. To increase the detection ef ciency focttns 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 liniefore the chamber breaks
down, the second option has been realised. Table 6.1 listeift=dx values for some
gas compounds. As a rst attempt, the carbon dioxide fractibthe 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 tadeable 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 detectionaéncy 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 79 30 mixture. Electrons liberated in the converter can bealetewith reasonable

ef ciency using this gas mixture [Verl0]. The distribut®riollow a superposition of Landau functions
accounting for different electron exit angles and energies

is found. More details on ef ciency measurements and perforce 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 ampli catwalanche close to the wire
will be instantly extracted, while the larger and slowersanill alter the eld of the wire
before they start to drift towards the cathode pads. So ax&agtive 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 measuretthrges on pad signals.
Forward biased diodes (type 1N4148) mounted directly orMidé¢PC between pad and
ground level will act as a fuse for the subsequent electsoimiccase of high-voltage
sparks. Figure 6.27 shows the schematic signal path frondekector to the PC. The
signals are ampli ed with a charge sensitive pre-ampli &\NG CATSA) and an ap-
propriate main ampli er (PNG MAS8000). For digitisation dii¢ pad 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 isnmemted 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@tkrsent. 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 re lled with fresh data.

The limiting factor for the data acquisition appears at sgjht 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 adopnsiate of approxi-
mately Nb.ofA2D8(::7moduIe4(HZ' For practical reasons this value will be smaller, beeahe
IDE Bus of the used hard drive is limited to a maximum of 100 MBrsm in UDMA-100
mode which lowers the acquisition rate to not more tﬁ%fAng’WJMZ. For a test
setup with one or two detector modules these rates are fulllgisnt, but for a full PET
device alternative approaches have to be found.

6.5.2 Dedicated Low-Cost Ampli er with Commercial ADC

As the used VME ADCs and commercial pre-ampli ers are veryengive when han-
dling large numbers of channels, new low-cost charge semsiad-out electronics are
currently under development. The circuit sketch is showRiin 6.28. A FET (V1) is
used to release the input signal by a (theoretically) ireni¢sistance. R3 speci es the
working point of the FET. The input signal is fed into the dintiator (C2) which is
unloaded into the ampli er V2 with its gain de ning resis®R5/R4. The following inte-
grator (R7,C3) sums up the incoming charges and forwards théme tAD8000 ampli er
(V3). The ampli ers are biased via R6 and R9 in order to loweriti& level so that the
ampli cation range can be exploited more completely. C1 ab ageC4 and C5 are used
to reject possible DC-offsets produced by the ampli ers dredihput signal respectively.
The second ampli er V3 has a quite small ampli cation factord is used to decouple
the output of the rst ampli er in order to reduce noise. Theigiht 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 ampli er developed for MSPET prototyperagion. The plots above show
a simulation of a test signal propagation through the digayout 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 (AgilgdB31A) which offers
16-bit resolution on 64 channels that can be sampled witlo §MS/s. With a price of
¥51600e this is about 10% of the cost of a similar number of VME ADC chels. The
pre-ampli ers have material costs of about ve Euro/chareed are therefore very cost
ef cient.

First measurements have shown that this ampli er is lessynibian the commercial PNG
ampli ers, so that similar or even better signal-to-noiagas 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 quadgldata due to missing
raw data preservation, it is foreseen to equip each cathadlevfth 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 feasdyléhat 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 placedclkese 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 coneprisf an analogue front-end
and a digital back-end. The front end contains a charge tsenpre-ampli er followed
by two shapers, a fast one (30 ns peaking time) and a slow @B lpeaking time). The
signal coming from the pre-ampli er is split up and transéat to both shapers. The fast

5n-XYTER = neutronX,Y , Time andEnergyRead-out.
SDETNI = Detectors forNeutronl nstrumentation
’ASIC = ApplicationSpeci ¢ I ntegratedCircuit
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Figure 6.29: The n-XYTER's chip architecture. On the top layer one of t28 independent . The sketch
was taken from [Pie08] which is based onf[@7c].
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Nb. of readout channels: 128
Charge sensitive pre-ampli er 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 speci cations 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 triggersidéw shaper is followed
by a sample and hold peak detection circuit which deternmtinesctual pulse height of
the signal. The trigger output and the analogue pulse hefrimation 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 tamehand 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 ful Is the dexnds of the DETNI detec-
tors but is also predestined for the read-out of MWPCs and tihesMSPET 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 foreseenBA3ead-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 100£ 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 speci cations of the MSPET small animal PET scanner.

6.6 Outlook

A summary of the current MSPET design speci cations is giweiable 6.3. The most
important task for the future of this project will be to prdei enough readout channels.
On a short time scale, simple and affordable mass produatiguii ers combined with
an Agilent ADC module can be used to implement a cost ef ceamd compact readout
scheme for an MSPET prototype system consisting of a hamdfdétectors. A major
problem with the VME and also this prototype readout is thartg behaviour. As the
dead times should be not larger than some hundred nanosgcmidhe ion drift contri-
bution, but the electrostatic induced signal created byidhecloud 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 rddatmard containing the
nN-XYTER chip. This would not only be the most elegant solatwith suf cient timing
resolution, but offers also the opportunity to contribuiethie development of a proper
readout board by providing the rst MWPC signals ever recdrdéth this multivalent
electronics.

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

8FIFO =First In First Out
9LVDS=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 reconstmetigorithms is needed. Mod-
ern crystal scanners already offer good energy resolutidrii@av noise that allow the dis-
crimination of trues and scatters up to some extend. HowteguadHIDAC 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 stodiadjuantitative level. This
is also true for its response to scatter due to the absenaceedafyeinformation.

In order to evaluate the quanti cation potential of this e extensive simulations have
been performed. The results of these simulations have tbemlsed to interpret rst test
measurements quantitatively.

7.1.1 \Veri cation of Suggested Dead Time Models

For the understanding of the count rate behavior of the qiad8, a valid dead time
model is needed. Unfortunately, the dead time speci catiohthe quadHIDAC are not
published in detail. The bequeathed values are a coincgdeimziow 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 160 ns after
each single hit for the whole system. For the singles couatsrane gets

s= gy(a) tatG (7.2)

105
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wheregy(a) is the detection probability of a single photearis the activity ands= 1:934
the number of photons emitted per positronium decay. Thiegiitity that the detector is
inactive at a certain time is

: 1
Pgeag= s@ , valid fort ¢, < (7.2)

with the time intervak 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

&g = €®1i Puead (7.3)

= Y1j eytatGa) (7.4)
€5

T 1+ acdeGHt (79

with eg being the photon detection ef ciency at low count rates veh@ead time effects
can be neglected. The singles rate can now be written as

s = alGley (7.6)
_ atGoe] 7.7
1+ ated ¢Gat '

For the coincidence count rate (trues and scatters, negjaeindoms) it is

Crs= a¢98(li Pdead (7.8)

with €2 being the coincidence detection ef ciency at low count sat€or the randoms
count rate, following Equation (3.19), one can write:

1
CR= 2¢Dtc¢s2¢é (7.9)

only counting randoms in opposite detector module¢Dig= 40ns is the length of the
coincidence time window. The total coincidence count rateow

C= Crs* CRr: (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 to hekdifferent dead times
after single hits and measured coincidences into accowfibwing that idea, the ansatz
for an advanced dead time model is

Pgeag=(Si 2c) ¢+ clt, (7.11)

with a dead time of 1 = 160ns after a single hit anid = 400 ns after a coincidence. With

& = €)®1i Puead (7.12)
e8(1+ 2ctqj cto)
I+ 2640 (7.13)

and Equation (7.1) we get a singles rate of

aGe¢(1+ 2ct1j cty)

s= 1+ 2ot (7.14)

The coincidence count rate of trues and scatters can bessqoras
crs = ae@i Peead ’ (7.15)
= aed 1j ctpj t; j 2+ aGg(1+ 2ct1i cty) (7.16)

1+ aGeft

whereel is the ef ciency for coincidences without any dead time efée The count rates
for the separated trues and scattefsand cs can be written equivalently by replacing
&2 with the coincidence ef ciencies at low activitie® andel. The randoms count rate,
considering randoms in detectors opposite to each othgr®nhlculated as follows:

1
CR = 2¢Dtc¢s2¢é (7.17)
2y (2(0 O . ~c0t )2
acDicG(eg+ 2ceqt1i cegt
<G (&g egt1i cegta)” (7.18)
4¢(1+ aGet1)?
The total count rate is derived from Equation (7.10) as
. i 0] ¢ O\ 2ry (2 . ¢
a(l+ 2ctyj ctz¢ 4e) 1+ aGgty + a(e))?DtcG?(1+ 2ct1j cty) (7.19)
c= : :

4(1+ aGelt1)2

Solving Equation (7.19) nally 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 dif cut$olve. In addition, not even
all scenarios are considered in the presented analytisatzes. As proclaimed by V. Uh-
lendorff [UhIO5], the dead time for coincidences in uendhe whole 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 ef ciencyej 14:75%
Coincidence ef ciencyel 2:38%
Trues ef ciency 149%
Scatters ef ciency D76%
Coincidence window 2. 40ns
Dead time after singley 160ns
Dead time after coincidende 400ns

Table 7.1: Measured ef ciencies for a 80mm line source* [¥5] 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 uspubéshed values for
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dead times and detection ef ciencies of singles, coincigsn trues and scatters, sum-
marised in Table 7.1, in order to create a matrix of the follmyform:

0 1
time of decay hitin detector 1 hitin detector 2 hit in dete@o hit in detector 4

0:0101872 0 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 0O OO0 O O o O -
O OFrPr OO0 O Fr P P O
P O O FP P OO O O P
O r P OOFPFR PP PFPR OO

The time until the next decay is drawn from the probabilitytdbution

dr(t) _

A¢ei At
dt

in the range ot = 0:::10=A, whereA is the activity of the source. Using the known
detection ef ciencies for single hits and coincidencess bin 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 watthie single dead time window

of 160ns are identi ed and the column in which the hit occdriseset 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

rst occuring event is known due to the algorithm, it is sded for a second single hit

occuring within 20 ns after the rst identi ed single hit. Tinese 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 cmaoce 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 dicechethiéts 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 araitimproved analytical and Monte
Carlo count rate simulation in comparison to real data shiows* 05]. An 80mm long line source de-
scribed in Section 5.3.3 was used. The width of the MC-modstdbes an estimated error 1.0% in
ef ciencies.

seen that most importantly, the measured randoms countalatepresented in [95],
does not t the simulated and calculated ones. The missiofaf two between Monte
Carlo and measurement gives a hint towards an possible erttoe guadHIDACs random
count rate calculation. It seems reasonable, that the flarmmsed by the quadHIDAC
misinterpretsDt; in Formula (7.9) as coincidence time window and thus ovaneges
the randoms by a factor of two. A rst analysis of the decayreoted total count rate
propagation in time of the quadHIDAC output has con rmed dssumption.

Further it can be seen, that the analytical models cannatideshe Monte Carlo count
rates for activities above 6 MBg. The denominator in Equafit®) induces a linear
propagation of the randoms count rates from here on, so tha&tion (7.6), and thus the
analytic models, holds only for inverse single rates thatsanall againseth, and as
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already indicated in Equation (7.2) small againsAs a result of this, also the total count
rates does not t with MC and measurement from 6 MBq on. The MGhanother hand
is able to t the total count rate in good agreement, despithe difference in randoms
count rates. The difference between MC and measured traessaatters 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 re ects the inaccuracy resulting from an uncertaintghe published values for
single, true and scatter sensitivities, so that a 10% dewiaif 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 saturdtadyoae 2 MHz.

In order to nd a reason for this behavior raw pulses on thedangrid 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 yellohileithe same pulse after the
ampli er is shown in blue. The raw pulse has a steady ris@fedld by a long tail, so that
the total length of a pulse is easily some 180ong. The differentiating ampli er rejects
the long tails so that a pulse ¥ 2:5us length remains after the ampli er. 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 %%Ts = 400kHz appear suspiciously connected, it cannot be
completely veri ed that the delivered dead time model asafyin the previous sections
is correct.
Nevertheless it is very important to know the exact dead tlaviour for quantita-
tion purposes. Since neither the electronics nor the soétwhthe quadHIDAC is doc-
umented, reverse engineering, or more likely, the devedoyirof 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 impagiéy. Its de nition
is given by Formula (3.23). Because of the noiseless randetesrdinatiork was set to
1. Using the count rate simulations presented in Sectior,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 bestdamgaglity at an rather large
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Figure 7.2: Measured pulses at the anode wires of the quadHIDAC. Thewellirve was measured before
the ampli er. The blue curve after the differentiating aimgal The pulse length after the ampli er is
approximately BHps, which most likely causes the count rate to saturaté 400kHz. The oscillations
might originate from the HIDAC's power supply or disturb&smn the power supply line. Panel (a) shows
a regular pulse while Panel (b) was triggered on the mentioogse.



7.1 quadHIDAC Simulations 113

80000

DDDDDDDDDD
m]

70000 oot

60000
50000
40000

30000

Noise Equivalent Count Rate [cps]

20000

10000

IE,I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
[m}

P R R AP AP AR AR AR PR PR BT i (0
2 4 6 8 10 12 14 16 18 20

Activity [Bq]

O

Figure 7.3: Monte Carlo simulation of the noise equivalent count ratthefquadHIDAC.

source activity. The variation of the NECR is less ti&h% 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 fosiresolution for'®F has been
calculated, measured, and also simulated before. In cod=yrhpare the presented sim-
ulations with the previous results, the positron range e letermined 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 ® ¢kentre 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 literaturehexe 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 dif cult, as the they vary iveten 0102 mm [LH99] derived
by a Monte Carlo simulation and measure82mm [CCE 75] in FWHM, Mean values
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Figure 7.4: Geant4 simulation of th&F positron range in water. Shown are the annihilation vestiand
their distance to the positrons origin.
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vary between ®mm [B" 05] and 14 mm [HRGO03]. Nevertheless a value a#®m in
Geant4 simulations seems to be reasonable.

Positron Range and Spatial Resolution Measurements

The positron range is a major factor in uencing the resaolatof a PET image. Since
the achievable resolution is an important performanceig@adion, 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. [HRJ07]. They used a glass pipe, lled with dfF 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 vestand
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 400 will therefore delude a spatial resolution
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Figure 7.6: Geant4 simulation of th®F positron range in polyethylene. Shown are the annihitatartices
and their distance to the positrons origin.
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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 1 mm. As a result of the presented simulations, the use gefo}-
lene jackets for spatial resolution measurements of thgénrasmall animal PET has to
be recommended. In case one wants to measure the effeceddayshe 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@tersource 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 uid. 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 recdridgale 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 the&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 theseail@®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. Tiffisrdnce has to be explained
by variances of detector ef ciencies, due to different amaehd 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 readouesah could produce hits on
apparently wrong detector modules, even if they are turified 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 smadince 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 rst six modidee taken into account.

Measured Half | Simulated Half
Module Nb. . -
Coincidences [%] Coincidences [%]
1 24:808 0:02 26:658 0:23
2 20:848 0:02 21:848 0:21
3 17.008 0:01 17:298 0:18
4 14:618 0:01 13728 0:16
5 11:378 0:01 10:648 0:14
6 4:688 0:01 4:158 0:09
7 3:648 0:.01 3:188 0:08
8 3:048 0:01 2:528 0:07

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

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 aMdWC 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 creatgignal in the detector or not.
Therefore, an ef ciency factor is proposed, later on catleelf-factor. It is de ned as the
ratio of electrons entering the gas over the total number @dsured signals and scales
the simulated ef ciency values to the measured ones:
S r
Measured Coincidence Ef ciency 0:02
Simulated Coincidence Efciency  0:0604

Y, 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 80imeslource with a diameter
of 1mm enclosed by a glass tube. Théactor was obtained using the coincidence ef -
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 fancaences. For singles it
returns a total count rate only, which is subject to electrowise. As a cross-check the
simulated singles ef ciency%im- = 19:93% was converted using tHefactor to

g = ™ ¢f = 0:1147 (7.21)

A comparable singles measurement can be found (A with €)'*#%= 5:79 % for a 16
module quadHIDAC or extrapolated to 32 modules this wouldJ§€°>= 11:58 % which
is in good agreement with the simulation.

As a rst result, looking at the large fraction of undetectgdctrons, it is proposed to
revisit the used argon-di-isopropyl-ether gas compasitioorder to nd a better suited
mixture offering a larger ionisation cross section. In thkoiwving the f-factor has to be
applied to all statements on absolute detection ef cienitis expected that thé-factor
will change with the detector geometry. Especially for dimtions 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 sensitiie@uadHIDAC for different
line source length [S05]. 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 eledetaction ef ciency described

" e
'g 15 - ° ® K. Schafers et al.
=< C o O  Simulation
8_ | m}
o 14—
> - [
= N
5 13
c L
[0} L
» - °
L 12 o
5 L
B —
3 - .
< 11—

Z |

10—
L °
9 __I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ? 1
0 5 10 15 20 25

Line source length [cm]

Figure 7.9: Sensitivity measurement and Geant4 simulation using eces 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 agreemi#gnthe measurements.

Nevertheless, a slightly different curvature of the datamfpprogression 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
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400keV in most of the commercial scanners. Since MWPC-basathscs do not pro-
vide energy information, it is not possible to set such a singithese 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 intriastoof the 16 module
qguadHIDAC [HRJ 07]. They claim an intrinsic energy cut of 250keV at which siegle
ef ciency drops to half the value of 511 keV. Unfortunatdhgcause 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 depea, a simulation of the
singles ef ciency of both the quadHIDAC and also the MSPE&mibers with different
converter materials have been performed. Here, an in mitakpoint source of A um
has been placed in the centre of the eld of view. Photons whticrete energies are ran-
domly emitted into all directions. For the MSPET device adédr stack consisting of 50
individual chambers has been used. Figure 7.10 displaye$dts of the simulations. To
be comparable with the quadHIDAC, the ef ciencies are norsed to the ef ciency ob-
tained at 511 keV. One nds that at 200keV the ef ciency driyesow 20% of the value at
511 keV and the 50% value is compatible to the measured valugidering the obvious
measurement dif culties due to the missing energy infoiorat

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 insulatioaterial limits the range
of low energy electrons. While there is a poorer trend of msic scatter suppression,
the MSPET may provide some SPECA {40keV) or even X-ray CT%50; 100keV)
capabilities, although with poor ef ciency.

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 nyadiie 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 electrom$yisveakly correlated
with the original photon energy. Figure 7.11 shows the @eergf 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 effebild 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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energies up to 511keV. There is no clear energy cut off \@siBt the published intrinsic cut off at 200 keV
[M™* 04] the ef ciency drops below 20% of the ef ciency at 511 kélhe MSPET detector is more sensitive
to lower energies, so that a larger scatter fraction is exge®©n the other hand this offers the capability to
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Figure 7.11: Energy spectra of electrons liberated in the HIDAC convsrtEor 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 herg 13:8keV for the L-shell and
2:5j 3:8keV for the M-shell respectively. The compton edge is foahd

EX180%) = Z—Eé = 3407keV; (7.22)
€ meC? + 2E4 ’ '
with EQ(180F) being the energy of a liberated electron caused by Comptdtesog with
an scattering angle of 180E5= 511keV is the incident photon's energy. Below this en-
ergy the Compton continuum begins. Due to multiple scattesirthe 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 prodateoak 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 ebteseided 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 at-conveb@sed 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|#8 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 antgje 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 caleyriformation 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 theréteeld in the holes of the
converter and the position of the primary ionisation in tb&eh As this eld is quite irreg-
ular and the avalanche size unde ned, no information ongarénergies can be derived.
In conclusion, this kind of detectors cannot be used to miisoate 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 quadHIDéxChe optimised in order
to reach the best ef ciency at 511keV by variation of the matethickness and hole
design. Lower photon energies, and thus scatters are Sgggréhen.

7.1.6 Quantitative PET with the quadHIDAC

For a quantitative description of PET images it is necesgargentify 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 ddate 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 therntodules show a higher
scattering propability, as expected. A correction for teratg can now include the quan-
titative knowledge of the spatial distribution of scatteeyents. 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 adrttve FOV of the sim-
ulated quadHIDAC scanner. The total hit distribution, neatkn black, can be split up
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Figure 7.13: Panel (a) shows the energy dependence o%&eariation for electrons in argon gas [M. 09].
Since the energy loss is directly connected to the numbeasfigteraction encounters, it in uences 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 fregreles 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.sg%4 3) and was published by the Particle
Data Group [Par98].
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(b)
Figure 7.15: Parallel projection of the results of a Geant4 simulatiora ¢ihe source with an activity of
20MBq in the quadHIDAC. As can be seen in Panel (b), the brasdlilsltion of the randoms can be
approximated with a constant in the relevant areas.
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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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(b)
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
to the overall distribution of a mouse phantom (a) and a ranhpym (b).
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into its components. One can identify the trues within therse 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 measuremetiére a coincidence win-
dow of 40ns and the measured ef ciencies displayed in Taldléh@ve been considered.
Figures 7.16 and 7.18 show the fractions of trues, scattetsamdoms 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 dominatereverole distribution.
An slight increase of scatters can be observed in the gldbkeftthe line source and the
polyethylene hull sourounding the other two sources rasfeiyz

For the scattered events, it is conspicuous that most oftthets 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 methodsates discrimination pub-
lished by NEMA [NEMO1] assume a linear extrapolation of thewslders of the totals
distribution.

Therefore one has to conclude that the NEMA method underests 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 l&gethe case of the quadHI-
DAC this fraction can reach 35% of all counts for an activify20 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 distion 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 metHede a positron emitter is
measured while a time delay of more than the nominal coimcedeime 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 timenk. The quadHIDAC neither
provides raw data of single events, as it stores only coerad events, nor is a delay line
foreseen to determine random distributions.

A method proposed by A. Divoli et. al. [DED4] uses a distribution of shuf ed half-
coincidences to generate pseudo-random events. Infamai the singles is not needed.
The method was developed for a large area PET detector ¢3l@&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 describezttio 5.3.1. The raw sin-
gle data of these simulations have been used to produce laengictrandom coincidence
distribution. In addition, the ltered coincidences of #eedata sets have been shuf ed
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 simghta t 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 setarbe 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 shuf ed half-coincidence mettibdse mice placed off-centre
are not convenient because of the inconsistent estimakeeihdoms fraction.

7.1.8 Discrepancy of Measured and Simulated Randoms

The number of random coincidence background is providedhbygtiadHIDAC. Based
on the number of measured single events, the quadHIDAC geeva calculated num-
ber of randoms based on the system dead time and the coineis®@ndow. Since this
number relies on the correct determination of the singlestity, 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 ef ciently
between noise and real events. Even oscillations, seeyrtagked 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 fouses off-centre shifted.
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Figure 7.20:Differences between observed, calculated and systenctegemndoms fractions in the quad-
HIDAC. For the tted values, randoms have been added to alsitiom, until the tails of the parallel projec-
tions tted to the corresponding measurement. Monte Canfmloms 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 wiksdhe holes of defective
modules (see Figure 7.21). As this in uences the electrid & the MWPC, error prone
measurements and increased sparking will lead to incresasglt rates.

An alternative ansatz for randoms quanti cation can be magieg 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 francéntre of the FOV, the
parallel projections are dominated by randoms. Hence, tdaatgy of randoms can be
obtained by tting a known randoms distribution to thesetp@af the measured totals dis-
tribution. The randoms distribution can be taken frod? Zs measurement, an adequate
simulation or a shuf ed half coincidence distribution of entred point-source measure-
ment.

The randoms count rate is given by the data aquisision systé¢ne quadHIDAC, which
calculates its quantity on the basis of singles count ratedependently, and under the
assumption that the dead time model is known, the numbemnairas 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 compatiabiéasion containing no ran-
doms at all. A randoms distribution is then added to the samuh until the projections

t each other.

Using a point source with a very low initial activity af= 1:3MBq these three methods
have been applied for different subsets of the measuredrithtating 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 t method. As a resultho$ tobservation, 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, looking@anode signals shown
in Figure 7.2. On the other hand, the parallel projectiomsiamuenced by a distribu-
tion shaped like a randoms distribution. The origin of thigribution 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 laspdetector 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 apateon 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

v by b by b b by gy

Figure 7.22: Noise measurement of 48 hours compared with the shape ohsatised randoms distribu-
tion. It can be concluded that detector noise can be descbpa 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 measutieanens 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 ¢wense of the quadHIDAC,
explained by Figure 3.14, it is possible that small distadas 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 nesdiiat 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 Quanti cation of a Point Source Measurement

As a demonstration of the capabilities offered by the Geamulations, a point source
measurement with the quadHIDAC has been quanti ed usingdeg@ate simulation.
The measurement was done with a small point source withallyitunknown 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
(Xy;2=(j 0:65mm3:25mm 0:65mmn). The diameter has been determined by compar-
ing parallel projections of simulations to the measurenasd = 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 cumgesticg of simulated true
and scattered events does not t to the measurement exitiibstly 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 1% of noise. With nearly perfect agreement, the
violet curve now ts to the measured distribution. Hencesah be concluded that a mea-
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Figure 7.23: Comparison of a point-source measurement with an apptemiaulation. 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 thedfisglequate 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 ef ciency. It was shthat this ef ciency cannot
be matched by a reasonable number of conventional MWPCs wiighiesimetal foil con-
verters. But even though its speci cations are already pnemi in the eld of MWPC-
based PET devices, the design of the quadHIDAC has stilhpiatdor improvements. It
would be important to replace all hard-to-machine matebiglmaterials 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 geowagiations are needed to
optimise the design for the changed materials. In orderdpgse an improved converter
design, simulations for different materials and convedesigns have been performed.
Figure 7.24 and Table 7.3 shows the in uence of certain patams of the quadHIDAC
design on the ef ciency of the detector. Listed are the sated ef ciencies, which may
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Figure 7.24:Simulation of the detection ef ciencies for (a) single héisd (b) coincidences as a function of
the converter material and thickness. The hole diametelseparations has been kept at®m=0:5mm.
A line source was used as source volume.
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vary from the real ef ciency because the electron detegtiabability, already described
in Section 7.1.3 and not considered within these results.
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Table 7.3: Simulated ef ciencies with different material ogurations in a quadHIDAC
design.

Simulated Simulated

ConverterDesign ) ) ) )
Singles Ef ciency [%] | Coinc. Ef ciency [%)]

16 Layers
60um Lead
140pm Insulation
Hole Diameter: @4 mm 21:198 0:15 6:318 0:11
Hole Separation: @ mm
Entrance Foil: 5im
(Standard quadHIDAC design
24 Layers
25pm Gold
140pm Insulation
Hole Diameter: 8 mm
Hole Separation: @ mm
Entrance Foil: 3pm
32 Layers
25pm Gold
140um Insulation
Hole Diameter: @4 mm
Hole Separation: @ mm
Entrance Foil: 3(im
32 Layers
25um Gold
25pm Insulation (Kapton Foil)
Hole Diameter: & mm
Hole Separation: @ mm
Entrance Foil: 3im
32 Layers
25pum Gold
25pm Insulation (Kapton Foil)
Hole Diameter: @ mm
Hole Separation: :025mm
Entrance Foil: 3gim
32 Layers
25pm Gold
140pm Insulation
Hole Diameter: @l mm
Hole Separation: :025mm
Entrance Foil: 3@m
32 Layers
25um Tungsten
140um Insulation
Hole Diameter: @ mm
Hole Separation: :025mm
Entrance Foil: 4pm

22178 0:15 7:188 0:12

23418 0:16 8:118 0:13

15518 0:13 3:238 0:.08

38:378 0:20 19:158 0:20

39:518 0:20 22:928 0:21

37:958 0:20 21:218 0:21
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Table 7.3: Simulated ef ciencies with different material ogurations in a quadHIDAC
design.

Simulated Simulated

ConverterDesign ) ) ) )
Singles Ef ciency [%] | Coinc. Ef ciency [%)]

32 Layers
60um Lead
140pm Insulation
Hole Diameter: @ mm
Hole Separation: :025mm
Entrance Foil: 5m

43568 0:21 27:888 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 interspenssdation sheets plays an im-
portant role when optimising for ef ciency. It seems as iétliberated 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 8t#¢ rst choice material, but due
to its dif cult machining properties, gold is also a goodeatiative. 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 sextion.

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 eld in the holes and #fere reduce the electron ef -
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 nat owestigated 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 incluldeatder to obtain a value, one
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has to make certain assumptions in order to modify the owtfilte 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 conwvantevhich they have been
generated.

As non-collinearity of annihilation photons, describedByuation (3.12), is not imple-
mented in the Geant4 version used, all hit positions have Bageared 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 1:278 0:003 1:5068 0:003
1.0 0:8 0:81 57:6 1:3968 0:004 1:6488 0:002
0.5 0:45 2:70 54:5 - -
0:5 0:2 0:24 525 - -
0:25 0:2 4:23 511 1:2778 0:002 1:565§ 0:002
0:25 01 0:80 51:4 - -
0:125 0:1 6:75 447 1:3458 0:002 1:6488 0:002
0:125 0:08 4.87 461 - -
0:14* 0.07* 2:65 477 1:2958 0:002 1:597§ 0:003

1 GEM-like dimensions
Table 7.4: Simulation results of a quadHIDAC with changed hole diamsetad
separations. Needed ef ciency factors are estimated bypesimg 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 ha bifted 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 t to the parallel projection of the smeared satioh data. Simulated was
a in nitesimal point source covered by a 4mm diameter wafdrese, which accounts
for the positron range. As a result, the minimal obtainabbolution is 127 mm for the
current quadHIDAC dimensions. Because of an increasecesdedttion, smaller holes
cannot improve the spatial resolution.
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The difference to the published valuesfl mm [J 99, S 05, HRJ 07] arise from

(@) (b)
Figure 7.25: OSEM reconstruction of a simulation of two in nitesimal pbisources that are placed 1 mm
apart from each other. A HIDAC detector with a hole diamefed:d mm and a separation of®mm 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-wirerdgge 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 Itereshséictions will improve the
resolution to smaller, but more subjective values. Undes¢hconsiderations the simu-
lation results are compatible with the measured valuesurgi@.25 shows the results of
an OSEM reconstruction of two in nitesimal point sourceaqgagd 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. [higéensi es the hints for a
multi-wire interaction of the converter avalanches. Thsliole separation seems to be
a reasonable limit for the theoretical resolution captédiof the quadHIDAC. So as a
further result, the spatial resolution is strongly depenas the reconstruction strategy.
This again underlines the dif culties when comparing diéfet 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 feasil@prove all performance
parameters of the quadHIDAC at the same time. One has to makeleoff between
resolution, detection ef ciency, and not least realisatmotential. The use of smaller
holes will, for example, increase the detection ef ciensgvertheless, due to the thinner
wall thicknesses in the converter, the position resolutight decrease at the same time.
Also the optimisation of the thickness of the insulationetbeshould 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-organic €@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 iedle 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
ef ciency by increasing the acceptance angle.

In terms of quanti cation, the results of the presented ptike source simulations will
be used as an input for an advanced reconstruction algoriitima fractions of randoms
and scatter can then be subtracted according to their si@ufmint-spread function at
the desired position in the FOV.

7.2 MSPET Simulations

A detailed, simulation-based evaluation of the detectiarniency with different convert-
ers has already been shown in Chapter 6. In addition to theatsethe MSPET concept
has been evaluated for its quanti cation potential, esgcin the face of the established
quadHIDAC scanner. For this, the two most promising comrerbn gurations, a single
sided 3(Qum 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 bi#afisad according to
Table 5.2. The source volume was a 1 mm diameter water llddtdike 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-sidedu®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, especialthdorst 15 modules, can
compensate the ef ciency decrease to some extent. Therlatgmuation 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 conclusithre gradient of detection
ef ciency increase gets smaller with increasing number @idoies. At some point a
trade off between module costs and ef ciency gain has to béema

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 detectehisvis 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 approxnd % 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 doubtIsiaie 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 tbadHIDAC, presented in
Section 7.1.3, MSPET count rate simulations have been peei@. Since no real mea-
sured data is available, the corresponding values foresigdl coincidence ef ciencies as
well as the trues- and scatters fractions have been takemtfre simulations. The dead
times after single and coincidence events as well as theidance time window is cho-
sen identically to the quadHIDACSs values. An electron detectf ciency, equivalent to
the f-factor for the quadHIDAC has not been applied. Sineestinucture of the MSPET
converter is simpler and less structured, it is assumeahigafactor is closer to 1. The
limiting factor is here, as already discussed in Section36de choice of a gas mixture
that needs to provide a large interaction cross sectionhi@ifiberated 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. Nhetess, the additional count
rate consists mostly of scattered events.

Using the obtained count rates the noise-equivalent caies ican be easily calculated.
They are shown in Figure 7.29 for both, the single sided goldverter and the dou-
ble sided lead converter. The NECR reaches for none of thgrmkesi maximum below
20MBg. The different converter thicknesses have only mitfi@ces on the slope of the
curve, indicating that the image quality is comparable. Buthe 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 sidegmdead converter. The
ef ciencies for singles, trues and scatters have been téken Geant4 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 tawtdo 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 quadHIDACaéso 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 sféectters, and on the other
hand have a quantitative analysis, the obtained simuladtadlths 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 smaber@tions from the origi-
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nal photons direction in case of scattering. It was showhefetronic 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 distritmrts peak. The MSPET produces
here sharper edges that let the image appear less blurrezkptamation of this behavior
goes one on one with the tail enhancement. Due to the low-Z@asne 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 veri ed when lgpétrihe distribution of the
double sided lead converter MSPET in comparison to the gmigerter. The single sided
converter produces sharper edges, because scatterethplapizearing in the backward
plane can be converted in the next lead layer, separatebyjalse Q5 mm thin FR4 plate,
without passing through the gas layer, where larger deratare 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 centrabareffers 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 det&ea®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.
Panel (b) shows a zoomed view. The count rates have been lisgdit the same value.
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Figure 7.31: Different representation of Figure 7.30. Shown is the rafithe MSPET distributions in
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Figure 7.32: Pad response function for an MSPET chamber irradiated witays. 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 sodiumesoigain, 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 csrsb@wvn in Figure 7.32 [Ver10].

the different detection principles of X-rays and convemsétectrons. 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 annihilationqimare converted into electrons
via Compton- and photoelectric effect in the solid parts efdetector. 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 convertsrdegsermined as 45 For
these angles the pad response function is not well de nedchasdimited validity here.
The large angles cause a broader signal in the detectomsihécharge-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 pteb@b 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 coevgtthie count rate performance
has been quanti ed by measurements.
These have been done with a detector containing a gold ptatackrter and also with a
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Figure 7.34: Count rate performance of an MSPET detector with and wittzogbld converter (mean
thicknessyz 60um) as a function of the anode voltagisideindicates 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 agr8p 120um with a mean of roughly 6am (see
Section 6.3.2). The lling gas was Ar-C{Q70-30). The chambers have been irradiated
with a 47kBg?2Na-source. During a measuring time of 5minute the wire s$ghave
been counted. The results of these measurements are égphalfigure 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 approximatelyj355% 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 chasndwer unique prototypes
with slightly different characteristics.
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7.3.3 Spatial Resolution

Beside the detection ef ciency, the limit of the detectior@esses spatial resolution is
the most important performance parameter of a small anifa&l$eanner. In the case of
the MSPET concept, this resolution is subject to limitasi@niginating from the photon
converter and the wire chamber. Electrons liberated in tmwerter have a broad angu-
lar distribution with a mean value @& = 45, as has been shown in Figure 6.15. The
mean position deviation from the photon-to-electron cosie& point in such an MWPC
with anode to cathode gap of 1mm is theref@enean= tan(45) mm. With a stan-
dard deviation ofs = 28* the position is measured on a circle with an inner diameter
of tan(45%j 28%) mm= 0:31 mm and an outer diameter of (@8 + 28%) mm= 3:27mm
around the conversion point. The probability distributafnra measured patrticle hitting
the converter at positiofx;y) = 0;0 can be described analytically as a Gaussian shaped
circle:

~

A |

Hoo oy, T2
AN — 1 17 ((x*+y9)i tan(45Y) :
f(xy) = mc;exp i 5 an28) ;

(7.23)

Figure 7.35 shows a plot of this distribution. It can be sdat the distribution has
a minimum at the original conversion point. An area corr@siiog to an Gaussias-
environment and thus covering :@86 of all entries is reached at integration limits of
Dx %2 8§ 1:0454 mm. Nevertheless, the knowledge of the exact distobutan be used as
input for the implementation of proper reconstruction aiifpons 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, ithuence 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 eqaipyth different sized, ex-
changeable collimators. In a rst attempt to test the sefp@mracapabilities 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 giuaigbrass pipe. The colli-
mator is also shown in Figure 7.36. A detector module lledhwAr-CO, (70 30) has
been irradiated with this collimated beam. The detectqvorse 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. Thetipodnas 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 ancalen that is produced at position
(0;0) in the converter, caused by the conversion process andaewitattering 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@gje 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 1mm. The sub gurescatdia 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 jusﬂlT2 ¢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 equivatleeasurement
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 perfatna¢ different positions have
been projected to the axis representing the wire directioh thed with a Gaussian func-
tion. The mean value of the standard deviations of these $kaugs was determined
as

shari toi wire — 157 m: (7.24)

mean

The resolution perpendicular to the wire direction is gikwnthe wire separatios =
1:5mm as

o i 1:5mm
sQrthy toi wire — —|9i = 433um: (7.25)
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:

9 — q
SIt(ot = Sconvt Shean "= tan(285)2+ 0:1622mm (7.26)
= 8:556 mm q (7.27)
Sit = Sconv.t SHUH 0 WIe = tan(28t)2+ 0:43Pmm (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 gBg ¥ 8§ 1:045mm andx, ¥ § 1:049 mm.

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 7.39: 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, rst PET measurements have been performed usirgM8PET detector mod-
ules. The setup is shown in Figure 7.41. A 47kBtja 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 chasnfdis results in an
active detection area of 2ZBmn? per chamber.

To demonstrate the principle, the sodiu€2 source has been measured at three differ-
ent positions in the FOV of the readout area. Figure 7.42 stibe superposition of the
OSEM reconstructions of these three measurements (iedicsg 3 3). The wire sig-
nals of one of the two chambers has been used to open an gicquigite of 1Qs on all
channels. The valid coincidences have been reconstru€iad.oThe 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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Figure 7.40: Hit-distribution functions with respect to both the coreer 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$57.

Figure 7.41: PET measurement setup. (Drawing by W. Verhoeven.)
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the source, the ef ciency of the detectors and, most of aé,tery small active detection
area. They are even more reduced at the edges of the FOV, wieeless likely to nd

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

e

—1

3

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 bene t of the new MSPET small animal PET scanme&omparison to the
quadHIDAC is its easy and fast to build design. Further oa,dimgles 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
guanti cation potential and the detector characterisatising test measurements would
be eased having these raw data.

While the expected position resolution is on a comparabl leith the quadHIDAC, the
detection ef ciency is legging behind. An improvement abbk realised using spherical
MWPCs that reduce the dead angles. First simulations resual@gingles ef ciency of
12:26 % and a coincidence ef ciency of29 % using a single sided gold converter and 50
detector layers. This equals a count rate increase of appately 30% in comparison to
a at detector design. For the realisation of such a deted#¢sign most of all a solution
for the the problematic wire winding procedure has to be tbun

Another, technically more complex approach for an advanestgn, would be the use of
liquid xenon instead of a lling gas mixture. Without an efen-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 possitde/aig scatter discrimination
and Compton camera capabilities. On the other hand the gpalid thermal insulation
as well as the read out are amitious. Low-noise ampli ersyunted 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 scintildésed 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 ef ciency for 511keV photods an adequate detector
modality for this application, multi-wire proportional goters offer large detection areas
and sub-millimetre position resolution at reasonable oS8ince 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 densggito-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\WPC where they can be
detected. With this scanner a spatial resolution in therasfléd mm and reasonable ef -
ciency can be achieved, limited by hole spacing and matiginess.

Due to the dif cult production, handling and error-proneserrising from the complex
HIDAC design, a detector with a simpler converter geomesing at 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 nd an optimal geometoy this 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-cathodeisg of 1mm and a at,
combined pad-plane-converter electroplated witpr8®f gold or 4Qum of lead respec-
tively. The modules are arranged in four blocks surrountieg eld-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 1 mm 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 ef ciency.

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, ef ciencies and spatial resolution. For theapthtion of ef ciency values, a
proportionality factor depending on the system's progsrhas been introduced in order
to account for effects that cannot be considered in the sitiouls.

The simulations also allowed to investigate in uences @f plositron 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 meanesctiction of 454 % for
the quadHIDAC and 55 % for an 200 module MSPET device with at gold convert-
ers was obtained. The spatial distributions of these dmestis have been evaluated and
used for the quanti cation of a test measurement, in casé@fquadHIDAC. Thereby,
it was shown that an additional count rate contribution, nikely caused by source ac-
tivity dependent detector noise cannot be neglected in dHlAC 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 bectyadenti ed, but some
prominent candidates have been isolated. These are a sy gupply, affecting the
single hit quantity and hence the random-coincidence eateé,an undocumented multi-
plexed read out. In interaction with a grouped pad read cherse, the read out can shift
real coincidences to random positions. In addition, detesparking caused by soiled
wires and holes leads to increased singles- and therebgpmachtes.

In a next step, the design of the quadHIDAC was evaluated atichised in terms of
spatial resolution and detection ef ciency. Different pareters for hole diameters, hole
separation and material thickness have been investigsli&de the ef ciency 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 detectewalopment efforts, have
lead to the regular project B6 being part of the Sonderfonsghibereich 656 "Molecular
Cardiovascular Imaging”, where it will be continued.






Zusammenfassung

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

Das Designziel bei der Entwicklung solcher Geréte ist esg éiohe rdumlichen
Au 6sung und Detektionsef zienz fir 511 keV Photonen zu égfichen. Eine Detektor-
modalitat mit grof3em Potential sind hier Vieldrahtpropmralzahler, die bei geringem
Kostenaufwand eine Au dsung unter einem Millimeter ermdélgén und eine grol3e
Detektor &che bieten. Da die NachweiswahrscheinlichKéit Annihilationsphotonen
im Gasvolumen eines solchen Detektors recht gering istsraimsef zienter 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 &lgshier aus abwechselnden
dinnen Lagen aus Blei und Isolationsmaterial, welche mierefeinen Lochmatrix
versehen wurden. Im Konverter ausgeloste 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 Auriigswon etwa 1mm bei
zufriedenstellender Nachweiswahrscheinlichkeit ehiege.

Aufgrund der komplexen Struktur des quadHIDAC-Konvertatsr problematischen
Herstellungsverfahren und auch seiner Fehleranfélligkeide im Rahmen dieser Arbeit
ein vereinfachtes Konverterprinzip ohne Lécher, bestdreus Gold- oder Bleifolien,
vorgeschlagen. Bei einem solchen Ansatz wird die rAumlichégung des Systems
hauptséachlich durch die Winkelverteilung der aus dem Kdevaustretenden Elektronen
beschréankt. Um eine optimale Geometrie flir einen solcheekba zu nden, wurden
umfangreiche, meist auf Geant4 basierende Simulationsrhgefiihrt. Um ein besseres
Verstandnis der Funktionsweise und der Eigenschaften dadHjDACs zu erhalten,
wurde auch dieser detailgetreu simuliert.

Als ein Ergebnis dieser Simulationen wurde die MSPET Klemamera vorgeschlagen.
Sie besteht aus 200 einzelnen Drahtkammermodulen mit eAeoden-zu-Kathoden
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Abstand von 1mm und einem achen Konverter, der galvanisdtdae 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 &dex und entsprechender
Ausleseelektronik wurden entwickelt, gebaut und getegistist gezeigt worden, dass
die angestrebte Au 6sung von 1 mm fur Annihilationsphotorexreicht werden kann.
Als ein Nachteil dieses Konzeptes hat sich das kleine Gaswah der diinnen Module
herausgestellt, welches die Nachweiswahrscheinlichkesichrankt. Besser geeignete
Gasmischungen oder andere Fillstoffe wie Ussiges Xenomtgn in Zukunft genutzt
werden, um die Ef zienz der neuen Detektoren zu verbessern.

Es wurde gezeigt, dass die Ergebnisse der quadHIDAC Siioéat gut mit den Ergeb-
nissen aus Messungen Ubereinstimmen. Dies gilt sowohl igifeFverteilung als auch
fur Ef zienz und Ortsau dsung. Um die simulierten Ef ziemn an die realen anzupassen
wurde ein Proportionalitatsfaktor eingefuhrt, welchemven Detektoreigenschaften
abhangt. Dieser bericksichtigt Effekte, die nicht von danufation erfasst werden
konnen.

Desweiteren ermdglichten die gezeigten Simulationen ditetduchung des Ein usses
der Positronenreichweite auf die Ortsau 6sung einer PET&&a. Hierdurch konnten
Erkenntnisse fur das Verstandnis und die Interpretatiaom @otsau 6sungsmessungen
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 zufalligen
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 achem Goldkonverter bestimmt. Die raummdéicVerteilung der
Koinzidenzbeitrage wurde genutzt um eine quadHIDAC Tessueg zu quanti zieren.
Hierbei wurde ein zusatzlicher, nicht vernachlassigbarsger Koinzidenzbeitrag ge-
funden, der wahrscheinlich auf aktivitatsabhangiges Reteauschen zurickzufiihren
ist. Bei kleinen Aktivitdten unter 1MBq ist der Rauschanteikidral grol3er als der
vom quadHIDAC bestimmte Anteil der Zufallskoinzidenzenduh5-mal grof3er als
der theoretisch bestimmte Wert der zuféalligen Ereigni§s. Rauschanteil tragt daher
entscheidend zur Verschmierung der raumlichen Treffégilang bei. Die exakte
Ursache des Rauschens konnte nicht exakt bestimmt werdemrmagliche Erklarung
hierfir liegt in der verrauschten Stromversorgung, weldieeEinzeltrefferrate und somit
die Rate der zufélligen Koinzidenzen erhoht. Aul3erdem lémie Multiplex-Auslese
im Zusammenspiel mit in Gruppen angeordneten Auslesepaisfihren, dass gultige
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Koinzidenzen auf zuféllige Positionen verschoben und sdaéch gemessen werden.
Hinzu kommt ein hau ger Funkeniberschlag in den Detektpovexicher durch gealterte
und verschmutzte Drahte und Konverterlocher hervorgarwiéd. Auch hierdurch
entsteht eine hohere Einzeltreffer- und Zufallskoinzidate.

In einem nachsten Schritt wurde die Konstruktion des quBddl im Hinblick auf
Detektionsef zienz und Au dsungsvermdgen untersucht ustimiert. Verschiedene
Lochabstande und Materialstarken wurden hierzu simulidféhrend die Detekti-
onsef zienz mit kleiner werdendem Lochabstand und -durebser ansteigt, erreicht
die Ortsau 6sung ihren optimalen Wert bei der aktuell rei@liten Geometrie mit
Lochdurchmessern vort @mm und Lochabstanden von3mm. Bei kleineren Werten
konnen die freigesetzten Elektronen durch die dinnen Waiadeevn.

Die Ergebnisse der gezeigten Simulationen werden als Bepgaameter fur verbes-
serte, quantitative Rekonstruktionsalgorithmen Verwegdaden.
Die Arbeiten die im Rahmen dieser Dissertation begonnen &vogind, im Speziellen
die Detektorentwicklungen, fihrten zum eigenstandigeilpi@ekt B6 des Sonderfor-
schungsbereichs 656 "Molekulare Kardiovaskulare Bildgeuwo sie fortgesetzt wer-
den.
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Figure A.1: Overview drawing of an MSPET detector module.
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FR4 (1 mm stark)

Figure A.2: Wire frame drawing.
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FR4 (1 mm stark)

Figure A.3: Distance frame drawing.
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