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CHAPTER 1

Introduction

Positron Emission Tomography (PET) is an imaging modality used in nuclear
medicine. Many research projects use PET on small animals like mice or rats to test
pharmaceuticals, especially new tracers, or to research the development of special
diseases. As organs of mice and rats are much smaller than those of humans, PET
scanners for small animals have to deliver a high spatial resolution. Scintillation
based detectors represent the vast majority of all PET scanners. A disadvantage
of high resolution small animal scanners, based on scintillation detectors, is that
they are very expensive and that they hardly reach a spatial resolution under one
millimetre.

By the 1970’s a PET scanner based on Multi- Wire Proportional Chamber (MWPC)
technology was built which reached a spatial resolution of approximately one mil-
limetre. Subsequently, the quadHIDAC emerged which is a commercially available
PET scanner produced by Oxford Positron Systems.

The quadHIDAC is not under production anymore. I am part of a group which con-

centrates on the development of a new detector system based on MWPC technology.

The thesis is separated in two parts. The first four chapters focus the theo-
retical background to understand the basics of PET and to illuminate the physics
behind the signal originating processes. It also details the technical construction of
a prototype chamber.

The second part of this thesis details performance measurements of prototype

chambers.






CHAPTER 11

Basic Physical Principles

The first section of this chapter handles the -decay, especially the 31-decay, as it
is the fundamental decay used for PET. The second and third section describe the
principles of interaction between radiation and matter. The section for interaction
of ionised particles with matter focuses especially on electrons and positrons as they

are important particles in PET and for gas detectors.

II.1 [S*-Decay

I1.1.1 Radioactive Radiation

Radioactive radiation is subdivided into three types of radiation: a-, 5- and
~v-radiation and these three types of radiation originate in the nucleus of an atom.
a-radiation are *He nucleus which can be stopped easily with solid matter because
of the high cross section of * He. v-radiation is electromagnetic radiation. 3-radiation
consists of electrons or positrons. Today it is possible to produce synthetic radiation

from many elements which are handled in heavy ion physics.

I1.1.2 (-Decay

The energy spectrum of the a- and y-decay is discrete, as the a-decay is a two particle
decay and the v-decay originates from discrete energy levels of the excited nucleus.

The energy distribution of the [-decay, on the other hand, is continuous which
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stands against a two body decay because the energy conservation law is violated.
Pauli predicted the existence of a new particle in 1931, since the momentum and
angular momentum law were not consistent with a two body decay. The proof of the
existence of the neutrino was done by Cowan and Reines in 1956. The determination
of the exact mass of the neutrino is still the focus of present research projects.
Nowadays the [-decay is described as a three particle decay and is distinguished

into three different cases:

e [~ -decay
Inside of the nuclei a neutron decays into a proton. For charge conservation it
emits an electron e~ and an electron anti-neutrino 7.. The energy equation is
described by
25X —4a Y +e +7.+Q (IL.1)

where X describes the mother nuclei, Y the daughter nuclei, and Q is the
kinetic energy which is shared between the three particles. Also a free neutron
can undergo a f~-decay as the neutron has a slightly higher mass than the

proton.

e St-decay
The S*-decay occurs when a proton decays into a neutron. The proton itself

is stable and can only decay if the mother nuclei is in an exited state.

92X —5  Y4e +u.+Q (I1.2)

e electron capture
If the mother nuclei cannot provide enough energy, it is possible that the nuclei
captures an electron from the K-shell to initialize the conversion of a proton

into a neutron.
X +te —5 Y+ +Q (I1.3)

I1.2 Interaction of Electromagnetic Radiation
with Matter

When electromagnetic radiation penetrates a piece of matter of the length x the

intensity follows the exponential absorption law

I = Ipe (IL.4)
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where i is the attenuation coefficient and I the intensity of the initial radiation. It
can be calculated with the total cross section o with [BWWOI]

N
= pTAJ (IL.5)

where N4 is the Avogadro constant and A the atomic number. The total cross section
consists of different types of interaction o = o,, + 0, + 0peir Where o, stands for
the cross section of the photo electric effect, o, for the cross section of the Compton
effect, and 0,4, for the cross section of the pair production. Because pair production
just occurs at energies over 1022 keV it is not that important for PET and will not
be treated in this thesis.

11.2.1 Photo Electric Effect

In the photo electric effect the whole energy of the photon is transfered to a shell

electron of the atom. The kinetic energy of the liberated electron is then
E. = hv — Eg(e)) (IL.6)

where Eg(e;) represents the binding energy of the electron in the j = K, L, M shell
of the atom. The photo electric effect is not allowed for free electrons because of
momentum conservation so that the recoil energy has to be taken up from the whole
atom. For photon energies higher than the binding energy of the K-shell electrons,
photons are dominantly interacting with electrons from the K-shell.
The cross section for the photo electric effect in the K-shell is given in a non-
relativistic approximation by [BWWOI]
1

ok = (§—3)2a4250%h (IL7)

where e = E, /m.c? is the reduced photon energy and o = 1/137 is the fine structure

constant. The Thomson cross section for elastic scattering is given by

Oy = §7r7“§ (IL.8)
3
The cross sections for the L- and M-shell electrons can also be calculated but are
much more complex.
The ionised atom causes secondary radiation because the hole in the K-shell can
be filled with an electron from the outer shells which causes secondary photons or

Auger electrons.
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I1.2.2 Compton Scattering

The Compton effect is the elastic scattering of photons on quasi free electrons. The
electrons in the atom shell can be treated as quasi free when the binding energy is
negligible against the photon energy. If £, p,, are the energy and the momentum of
the initial photon and E;, p’7 are the energy and the momentum after the collision
the conservation laws can be described as follows

E,+m.*=FE +E,
! 7 (IL.9)
p’Y = pfy + pe

where F.,pe represent the energy and the momentum of the electron. It is assumed

that the electron is not moving in the initial state. The photon momentum can be
described by p, = %n where n is the unit vector for the photon direction. The angle

¥ between the initial and the final photon direction is then given by n-n’ = cos.

By squaring the conservation laws one obtains

(By — E.)? 4+ 2mcc*(E, — E) + mlc* = E° (I1.10)
E? — E,F! cos? + E = p*c? (IT.11)
The subtraction of Equation with Equation delivers
ELE! (1 —cos¥) —mec*(E, — E) =0 (I1.12)
One can solute Equation to obtain the energy of the escaping photon
E =% £y (I1.13)
(1 —cosd) +1
From Equation [[T.12] one can also derive the kinetic energy of the outgoing electron
T.=E.—mc =E,— E, = iE;(l — cos V) (IT.14)
MeC
with and E, = hv this becomes
hw (1 — cos )
T, = hv—< (I1.15)
oz (1 —cos ) + 1

The total cross section per electron has been calculated the first time by Klein and
Nishina [NK29]

IT+eN12(1+¢) 1 1 1+ 3¢
c=om?{ ()| = ZIn(1+22)| + —In(1+26) - ——=1 (IL16
Te = £MTe g2 1+2 ¢ a1+ 2e) +2€ n(l+2) (1+2¢)? ( )

so that one gets the total cross section for Compton scattering for an element with

atomic number Z with
.= Zot (I1.17)
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I1.3 Interaction of Ionised Particles with Matter

Interaction of ionised particles, e.g. protons or electrons, with matter is different to
the interaction of photons with matter. The intensity of a beam of ionised particles
does not follow the absorption law Equation [[I.4] Tonised particles diminish their
kinetic energy discrete via inelastic scattering with the electrons in the atom shell
or via elastic scattering with the nucleus. This is in first approximation true for par-
ticles which interact over the electromagnetic force and are heavier than electrons.
The energy loss per path length x has been derived by Bethe and Bloch from quan-

tum electrodynamics [Leo87]

dFE o g L 2° 2me 20 W s )
- = 21N, rimec pZ@ [ln<T> - 20 } (I1.18)
with
re:  classical electron radius p: density of absorbing material
Z:  atomic number of absorbing ma- z: charge of incident particle in units
terial of e

A:  atomic weight of absorbing mate- W,,,,: maximum energy transfer in a

rial single collision
I: mean excitation potential B = v/c of the incident particle

me: electron mass v=1/y/1-p?

N,: Avogadro’s number
The maximum energy transfer W,,,, occurs at a head-on collision. For an incident

particle of mass M, kinematics give

2m.c?n?
1+2sy/14+n*+s?

where s = m./M and n = . As it is difficult to calculate the mean excitation po-

Wmam =

(11.19)

tential theoretically semi-empirical formulas have been deduced from measurements.

One such formula is

:12—1-16\/' Z <13

I
Z Z
f (11.20)

Z = 9.76 + 58.87 119 ¢V Z>13 .

There are also more types of energy loss than elastic and inelastic scattering. The oc-

currence of emission of Cherenkov radiation, nuclear reactions, and Bremsstrahlung
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also originate an energy loss. However, Cherenkov radiation and Bremsstrahlung
only occurs at relativistic velocities and nuclear reactions require appropriate tar-
gets.
For the energy loss of electrons and positrons the Bethe-Bloch-Formula Equation
has to be modified in the way that the assumption of the incident particle
remaining undeflected during the collision is invalid. The collision is also between
identical particles, so that the calculation must take into account their indistin-
guishability. The energy loss then becomes [Leo87]

dF

—— = QWNarszCQp
dx

Z 1 . (14 2)

e e AR I

where 7 is the kinetic energy of the incoming particle in units of m.c?. F(7) differs

for electrons and positrons:

Z _(2r+1)In2

_ 2, 8 -

F(ry=1-p5"+ T 1) for e
2 14 10 4

F(r) =21 2—-(2 ) for e+

(M =22 -5 B+ 5 o5 T rrop) €

The remaining quantities are as described previously in Equation [[I.18]
Additionally there can be made shell- and density- corrections to the formulas
Equation [[I.1§ and Equation [[I.2T} For detailed information the reader may refer
to [Leo87].
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PET

As PET should be the application for our intended scanner, this chapter gives the
basic issues which are necessary to understand PET. The first section describes
functional imaging modalities which are used in nuclear medicine. After the prin-
ciple of PET will be described, the following sections will give some details on the
radionuclides which can be used in PET and how they influence the limits of spatial
resolution. Other spatial resolution limiting factors in PET are the detection prin-
ciple itself and noncolinearity in the annihilation process. The last section intends

to give first insights in the wide field of image reconstruction in PET.

III.1 Functional Imaging Modalities in Nuclear

Medicine

The aim of functional imaging is to visualize the metabolism of specific molecules
in vivo. To be able to determine where a specific molecule migrates within the or-
ganism, a radioactive atom is added to this molecule. The labeled molecule is called
tracer and should undergo the same metabolism as the unlabeled equivalent. When
the labeled atom within the molecule decays, it is possible to determine its position.
In nuclear medicine there are three different devices available which are able to de-
tect the photons from the radioactive decay. The easiest way to obtain a functional
image is to make a planar scintigram with a gamma camera. The image reconstruc-

tion of planar scintigraphy is closely related to X-ray photography.

15
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Figure III.1: Principle of a gamma camera (a). Sketch of a pinhole camera (b) [WA04]

The single photons from the radioactive decay of the tracer are detected with a
scintillation crystal. The position of the interaction of the photon with the crystal is
commonly determined with an array of photo multiplier tubes. The possible direc-
tions of the photons can be restricted by using a collimator in front of the detector.
The collimator can be realized with various geometric shapes and it is also possible
to construct pin-hole gamma cameras if the imaged object is close to the pinhole.
Figure shows a sketch of a simple gamma camera and the principle of a pin-hole
gamma camera.

The other two devices are summarized to Emission Tomography. The term emyis-
ston tomography is a marriage of two basic principles: imaging through the use of
gamma-ray emission (called the tracer principle) and volumetric imaging of the
body’s interior (called tomography) [WAO4].

In single-photon emission computed tomography (SPECT), one gamma camera is
rotated or several gamma cameras are positioned around the imaged object to ob-
tain two-dimensional slice images or three-dimensional volume images.

SPECT and PET are non competing devices. It depends on the tracer which modal-
ity is used. Where SPECT is in principle able to use every tracer, PET is restricted
to tracers which are labeled with radionuclides which undergo a S -decay.

This means that a PET tracer can be used in a SPECT scanner, but the sensitivity

drops significantly due to the collimator which is not needed in PET scanners.
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An advancement of SPECT scanners is the ability to use different tracers with dif-

ferent decay energies at the same time.

III.2 Principle of PET

A PET examination uses tracers where a radionuclide is added which undergoes
a T-decay. The liberated positron loses energy due to collisions with the ambient
matter. In tissue the positron comes to rest within a few millimetres and within
a nanosecond. Near or at the point at which the positron stops the probability to
combine with a free electron is high. The bounded state called positronium has a
short lifetime and decays most probably into two photons which are emitted back to
back. By measuring these two photons a line is defined where the positronium decay
has taken place. This line is called line of response (LOR). With an appropriate
number of LORs it is possible to reconstruct a PET image of the tracer distribution.
Figure illustrates these processes.

DETECTOR

POSITRON
@ e

RADIONUCLIDE
WITHIN THE TRACER

/511 keV PHOTON

ELECTRON

=
N\

511 keV PHOTON ANNIHILATION

DETECTOR

Figure II1.2: Scheme of the process of positron emission and subsequent positron-electron annihila-
tion. The annihilation results in the emission of two 511 keV photons. These photons
are detected by a PET scanner.
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II1.3 Radionuclides

Many radionuclides are applicable in nuclear medicine. There are several require-
ments for a radionuclide for each application: radioactive half-life, available tech-
niques to add the radionuclide to the tracer molecule, energies of the emitted pho-
tons or positrons and others. The half-life value is very important because on the
one hand it has to be long enough, so that the tracer has enough activity after the
fabrication process. On the other hand it is not good if the half-life value is too long
in order that the acquisition time to take the image should be short.

The available techniques to add a radionuclide to the desired molecule are limiting
the number of useful radionuclides for each application. Many chemical investiga-
tions are motivated by improving these techniques or finding new techniques.

The energies of the photons for SPECT scanners have to be appropriate to the
object that should be imaged and the applied scanner. On the one hand for low
energy photons the probability to undergo interaction within the body is too high,
therefore, the measured photon is not correlated to the position of the tracer. On
the other hand photons with too much energy cannot be well collimated.

The positron energy is a limiting factor for the reachable spatial resolution of a PET
image. In Figure m (a) the decay scheme of four common [S*-emitters which are
applicable for PET are presented.

The [-energy spectrum is of the form (Wu and Moskowski, 1966):

N(E)dE = gF(Z, E)pE(Epmas — E)*dE (I1L.1)

where N(F) is the number of decays at  energy E, FE,,,, is the maximum energy
in units of mc?, p is the momentum of the B particle in units of mec, ¢ is the
weak coupling constant, F'(Z, E) is the Fermi function, and Z is the atomic number
of the daughter nucleus. In the Fermi function the coulomb interaction of the g
with the daughter nucleus is considered. The coulomb field decelerates electrons
and accelerates positrons. A non-relativistic approximation for F(Z, E), valid for
allowed transitions of lighter elements (Wu 1966; Daniel 1968) is:

Fallowed(za E) = 27”7/(1 - 6_27”7) (IIIQ)

with n = +ZaF /p where « is the fine structure constant. The energy spectras for
the ST -emitters are plotted in Figure [[11.3(Db).
The distance from the position of decay and point of annihilation that the positron

covers is correlated to the energy of the positron.
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Figure II1.3: Decay schemes of common [7*-emitters. Qg+ and Qg represent the total energy

available to positron and electron capture decays, respectively. The maximum avail-

able energy for 81-decay is the full transition energy from parent to daughter minus
twice the electron rest mass (1.022 MeV) (a)[WAO04]. Energy spectra of these positron

emitters (b)[Smi99)
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Figure III.4: Simulations of the positron range in water for different S*-emitters in water|[LH99].
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Levin and Hoffmann made Monte-Carlo simulations of the positron migration with
the common ST -emitters in water [LH99] for 100,000 decays. Figure shows fit
functions from histograms of the x coordinate of the positron end point distribution
from the simulations with the associated FWHMY and FWTME

So far these simulations have not been approved experimentally. Experiments deliver
different mean ranges between one and three millimetres for the different isotopes. A
detailed comparison between the experimental data and the simulations is presented

in the diploma thesis of H.Huenteler [Hu07]. A simulation of the positron range of

Events Events
Entries 200000 Entries 200000
Meanx  0.00081
Meany -0.001169
Mean z_0.000638

Entries

3000 Mean 0.4753
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\\
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Figure IIL.5: Simulations of the positron range in water for **F [Got10].

8F has also been made by [Got10], shown in Figure where the mean range is
475 pm with a RMS| of 377 um. These values fit better to the experimental data
than the simulations by Levin and Hoffmann [[LH99].

As the positron range is a limiting factor for spatial resolution, it would be desir-
able to apply strong magnetic fields to diminish the positron range. In the linear
magnetic field of a MRT the positron range would be diminished in two dimensions
perpendicular to the magnetic field. Recently it has become possible to combine
PET and MRT due to development of avalanche photo diodes (APDs) which re-

IFWHM = Full width at half maximum
2FWTM = Full width at tenth maximum
3RMS = root mean square
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place the photo multiplier tubes (PMTs) within scintillation based scanners. These
PMTSs cannot be used in strong magnetic fields [Sch09].

II11.4 Coincidence Detection
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Figure II1.6: The four main coincidence event types. A: Both annihilation photons escape the body
and are detected. B: One or both of the two annihilation photons interacts in the body
prior to detection. C: A coincidence is generated by two photons originating from two
separate annihilations. D: Three or more photons are detected simultaneously [CD0G].

If a PET scanner detects two signals within a time window, a LOR can be defined.
All coincidences whose LORs cross the point of annihilation are called true coinci-
dences.

There are also types of coincidences whose LORs do not cross the point of annihila-
tion. The annihilation photons can undergo Compton scattering within the imaged
object or the scanner apparatus before being detected. These are called scattered
coincidences. It is possible to reject them due to the fact that the scattered photons
have a lower energy than the unscattered. Typical PET scanners use an energy win-
dow from 350 keV to 650 keV due to limited energy resolution. Hence, only scattered
photons with large scattering angles can be rejected.

As a photon moves with speed of light, it takes around 30 ns for 10 cm.

Therefore, the time window to detect two photons has to be appropriate to the size
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of the scanner and the dedicated field of view (FOV). Detectors are also limited in
time resolution. Scintillation crystals for example have a time resolution in the order
of some nano seconds|CD06]. That is because the distance from the PMT or APD to
the position where the scintillation photons arise is varying and scintillation decay
has statistical fluctuations. Therefore, a time window is necessary to decide if two
signals originate from one annihilation or not. This, of course, causes wrong decisions
especially if a high activity has been administered to the imaged object. There are
two types of accidental coincidences which are correlated to the time window. On
the one hand there are the random coincidences where two photons from different
decays are detected. The detection rate of random coincidences Ny is correlated to

the detection rate of the given detectors N; and N, and the gating time 7 by:
NR = QTNlNQ (IIIS)

On the other hand there are multiple coincidences where more than two photons are
detected. Because there are several LORs possible, these coincidences are rejected by
the detector electronics. Figure [II1.6]illustrates the different types of coincidences.

III.5 Positron Annihilation and Noncolinearity

NON-
COLINEARITY

_—— NON-
—tttil} COLINEARITY

511 keV ‘————”/—;N 511 keV
PHOTON
ERROR DUE / PHOTON
TO NON. ANNIHILATION

COLINEARITY

Figure II1.7: Influence of the noncolinearity to the determination of the LOR, [CDO06].

The processes of positron annihilation is a little more complex as depicted in the
introduction of this chapter. There are some annihilation routes for the positron.
First it is possible for the positron to decay within the flight before reaching thermal
equilibrium. But the fraction of positrons which annihilate in-flight is just around

2% [Heib3].
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All other positrons reach thermal equilibrium. The strong coulomb field of the nu-
cleus permits the positrons to get close to electrons of the inner shells of the atoms.
Therefore, the positrons combine with free electrons, weakly bound electrons of
the outer shells or at places of low electric potential between two atoms within a
molecule.

Depending on the spin configuration, the positron and the electron can form the sin-
gulet 'S configuration called parapositronium or the triplet 3S configuration called
orthopositronium. Parapositronium decays most frequently in two photons due to

angular momentum law. The half-life value is]MRRS85]:
o, = 1.25 x 107'%n% (I11.4)

where n is the main quantum number. Orthopositronium has a spin of one and,
therefore, it decays at least in three photons. It is more stable and the half-life value
is:

T3, = 1.40 x 10" "n%s (I1L.5)
The binding energy of positronium in the ground state is £ = 6,8 eV which is half
the binding energy of the hydrogen ground-state. If the positronium is built up in
an excited state it will decay fast to the ground state. The annihilation of an excited
state is possible but unlikely.

The ratio of the cross sections for building para- or orthopositronium is [MRRS85]:

2 _ 379 (IIL6)
T3y
Hence, parapositronium annihilation is the dominating process.
The centre of mass of the positronium is not exactly at rest, even if the positron
reaches thermal equilibrium. The additional energy from the binding energy and
the moving centre of mass is in the order of £ =~ 10 eV and is responsible for
noncolinearity. Noncolinearity means that the angle between the two photons is not
exactly 180° and the photons do not have an exact energy of 511 keV. This causes
a mispositioned LOR as depicted in Figure [[II.7] The angular deviation from 180°
is about £0.25°[CD06].
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I1I.6 Image Reconstruction

The tracer distribution within the imaged object can be interpreted as a density

function:

f:RY 5 RT N=23 (I1L.7)

The ring geometry of commonly used PET and CT scanners delivers the possibility
of obtaining 2D datasets from a 3D object. Traditionally the 2D data set is stored
in a sinogram matrix s(r, ®) where the Cartesian coordinates are transformed to
polar coordinates r and ®. Therefore, each element within the sinogram represents

one line of response L;. The tracer distribution is correlated to this number by:
/ f(x)dz; =~ s; (I1L.8)
L;

There are two different approaches to reconstruct the sought-after tracer distribu-

tion f out of the measurements s.

I11.6.1 Filtered Back Projection

The first method is rather analytical and is called filtered back projection FBP. It
can be viewed as a numerical implementation of the inverse Radon Transformation.
Prior to the back projection step the data is filtered to suppress artefacts.

A projection in 2D is the integration along all LORs at a fixed angle ® and, therefore,
is represented by one row within the sinogram.

Hence, each point of the back projection b(x,y) is defined by the integral of the

projection of this point over all angles :

b(x,y) = /Oﬂp(r, ®)dd (111.9)

with r = xcos® + ysin®. As the information where the annihilation along the
LOR has taken place is lost by the integration in Equation [[TI.8] the simple back

projection is blurred by the system response function:
1

This blurring artefact can be filtered in Fourier space with a filter function |v,| so

h(z,y) = (I11.10)

that the tracer distribution is given by:

flz,y) = /prF(r, P)dd (IIL.11)
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where the filtered projection is given by:
p"(r,®) = F{|v.| x F{p(r,®)}} (I11.12)

Here we see that FBP is an analytical procedure but as the sinogram delivers binned

data instead of a projection function, following algorithm is used for pixel driven
FBP [CDO6]:

fla,y) = % > s, @) (111.13)

where the filtered projection is given by:
s*(r,®) = F~H|v,| x F{s(r, ®)}} (I11.14)

Here f(z,y) is divided into pixels where for each pixel and each angle the sinogram
coordinate 7 has to be calculated with r = x cos ®,+y cos ®,,. The calculated value of
r will normally not fall exactly to a sinogram element, therefore, linear interpolations
have to be used to determine the pixel content.

For FBP the 3D image reconstruction is also possible, but the mathematics are more

complex.

II1.6.2 Iterative Image Reconstruction

4 N/ A

Irr{age Project Estfmafed
Estimate projections
Measured
New Old projections
Update Compare
Image- Projection-
space +——| Backproject |[€—— space
error error

\ Image space j K Projection space j

Figure I11.8: Flowchart of a generic iterative reconstruction algorithm [WAQ4].

Next to the analytical approaches there are the iterative image reconstruction meth-

ods. First a grid is arranged over the designated field of view (FOV).
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Then the tracer distribution is estimated by filling the pixels(2D) or voxels(3D) of
the gridﬁ with appropriate values f;, where j = 1,..., N signs each pixel (voxel).
Now it is desired to make a projection of this tracer distribution. This is made with
a matrix H which contains the response of each pixel for every possible LOR. H can
be constructed also for complicated imaging systems. Therefore, a discrete number
of projections (i = 1,...., M), of the estimated tracer distribution can be calculated
with

s = Hf . (IT1.15)

The estimated projections can be compared with the measured projections. The
projection-space error which can be created out of the comparison is then back pro-
jected to yield an error in image-space. This error can be used to make a tracer
distribution estimation. A scheme of this procedure is illustrated in Figure [[IL.§]
An established representation of such an iterative algorithm is the expectation maxi-
mization (EM) algorithm. The EM algorithm is derived with the mazimum likelihood
(ML) method and with the consideration that the radioactive decay and the detec-
tion of radiation are Poisson distributed. One possible expression of this algorithm
is given by[WAO04]:

n+1 _ f]n

Si
= hije=——— I11.16
Ji > hir Z I hinf7 ( )
7 k

As described, this algorithm can be implemented to derive 2D or 3D images, even
though the 3D image processing requires substantially greater computation time.
In the past FBP was generally used for image reconstruction because of limitations
in computational performance. Nowadays this is no longer a limitation, but there is
not yet a consensus that iterative reconstructions are always superior to FBP images
or, at least, that the benefits of iterative reconstruction always justify the increased
computational costs; therefore, the two approaches will probably continue to coexist
for some time[WAQ4].

It should be mentioned that this paragraph just maps a few points of the wide field
of image reconstruction. A good introduction to this field is given by [WA04] and

the more advanced reader may be referred to [Nat86].

4If no prior information of the object is given, it is filled with zeros.



CHAPTER 1V

Gas Detectors

Since the first radiation detector has been utilized, numerous principles for detec-
tion with different characteristics have been involved. Because of the vast number
of applications where radiation detectors are used, the aim of research has been
and still is the improvement of individual detector properties and to push the dif-
ferent advantages of each detector principle to their physical limits. These detector
properties could be e.g. energy resolution, spatial resolution, sensitivity, dead time,
saturation or the feature to detect just a special kind of radiation. This chapter fo-
cuses on gaseous detectors, especially on the signal developing processes within the
counter tube, to introduce the basic principles necessary to understand a multi-wire
proportional chamber (MWPC), which will be the topic of the next chapter. The
MWPC is the fundamental detector principle for our intended PET scanner.

IV.1 Ionisation Chamber

A simple way to construct a gas detector is to fill a plate capacitor with gas. Ra-
diation which enters the detector ionises or excites gas molecules. While ionisation
directly creates ion pairs which are needed to produce a signal, excited molecules
can also result in ion pairs, for example if the de-excitation liberates an electron
which is called delta-ray or if the excited molecule ionises a second atom in a col-
lision which is called Penning-effect. A detailed overview of ionisation processes is

given by Leo [Leo87]. A voltage, which has to be high enough to prevent the ion

27
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pairs of recombination, is applied to the capacitor, so that the ion pairs will move

to the electrodes. The moving charges induce a signal in the electrodes.

IV.2 Counter Tube

Similar to the Ionisation chamber, described before, a counter tube is a gas filled ca-
pacitor, but in this case it is a cylindrical capacitor which creates an inhomogeneous
electric field. The capacitor can be described by two coaxial cylinders Figure
where the inner cylinder is realised as a thin wire in the middle of the capacitor

which is put on a positive potential.

Figure IV.1: Cylindrical capacitor [Nol89]

IV.2.1 Electric Field

The electric field within the capacitor can be obtained by calculating the flux through
the surface of a further coaxial cylinder df = (pdpdz)e, H With cylinder coordinates
r = (p, ¢, z) and the physical Gaussian lawf| one obtains [NoI89]:

1 1Q for Ri<p<R
/ Edf = pE(p)2nh = — | p(r)d*" = @ for Bi<p<h,
S

€ Jv 0 else

'The flux through the face is zero because dE and df are perpendicular.
2The physical Gaussian law says that the flux of the electric field through a surface of a volume

V is equal to the overall charge within V [Nol89].
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So one gets for the electrical field within the capacitor

Q

E =
(x) 2meghp

e, - (IV.1)

The integration with maintaining the boundary conditions yields

Q | Ry
In— . IvV.2
2megh " P ( )

p(r) =

Due to this potential, the voltage between the cylinders is

Q . Ry
U= In — IV.3
27T€0h t Rl ( )
In order to C' = Q/U the capacitance of the counter tube is

2megh
c="9 (IV.4)

In 72

Ry

IV.2.2 Operating Modes

For low electric fields the counter tube works as an ionisation chamber but if the
electric field delivers sufficient energy to the electrons they cause further ionisations.
The electrons from the ionisations are also accelerated by the electric field which
cause further ionisations. This cascade effect results in an avalanche (for details
see next paragraph). The pulse height generated by the avalanches is proportional
to the number of primary ionisations and thus proportional to the energy of the
impinging radiation. Due to this proportionality, this operating mode of the counter
tube is called proportional counter. Figure shows the different operating modes
of the counter tube for a- and (- radiation. Operating modes for voltages beyond
the proportional region will be described in Paragraph
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Figure IV.2: Number of ions collected as function of the applied voltage in a counter tube, showing
the different regions of operation [Mel6G6].

IV.2.3 Avalanche Multiplication

According to Equation the electric field has a 1/p proportionality which denotes
that the electric field is relatively weak for large p, but becomes intense very close
to the surface of the anode wire, so that the electrons which are produced from
the impinging radiation are accelerated to the wire. Far away from the anode the
electrons do not cause secondary ionisation and just drift to the anode, but close to
the wire (a few wire diameters [Leo87]) the electrons gain enough energy to cause
secondary ionisation, so that an avalanche is produced around the wire. Figure
shows the details of the formation process of the avalanche. The multiplication factor
or gas gain is known as the number of created electrons n through the number of

primary electrons ng and for a homogeneous field the gas gain is given by

n
M=—=¢e" (IV.5)
o

where « is known as the first Townsend coefficient, which is the reciprocal of the
mean free path for the electrons for a secondary ionizing collision A, and x is the
path. For the inhomogeneous field of the counter tube Equation the Townsend

coefficient is a function of the path and thus the gas gain becomes [KIe92]
M="0 = cla@ids (IV.6)

o
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C o
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Figure IV.3: Time development of an avalanche in a proportional counter [Cha72]. A single pri-
mary electron proceeds towards the anode, in regions of increasingly higher fields,
experiencing ionizing collisions; due to the lateral diffusion, a drop-like avalanche,
surrounding the wire, develops. Electrons are collected in a very short time (around

one ns) and a cloud of positive ions is left, slowly migrating towards the cathode.

The Townsend coefficient can be calculated with o = 0; /N, where

N = 2.69 x 10! atoms/cm? is the atom density for noble gases. The collision ioni-
sation cross section o; can be obtained by Figure [[V.4] As the cross section grows
with the electron energy Figure (a), one understands that the first Townsend
coefficient grows with an increasing electric field Figure M(b) For lower electric
field intensities « follows an exponential distribution (b), which has been proposed
by Townsend, but for higher electric field intensities this simple approximation is
insufficient Figure [V.4[b). In the case of the lower electric field intensities a is
proportional to the electron energy e (compare Figure (a) and (b))

a =kNe . (IV.7)

As 1/« is the mean free path for ionisation, the average energy € of an electron from
the electric field between collisions is E/a. With Equation one gets

a(p) = VINE = | NV (IV.8)
2meqp

With this expression the integral in Equation can be solved and the gas gain
can be calculated. Experimental data is in excellent agreement with this description

for the counter tube with moderate gains. Detailed solutions for the integrals and

comparisons to experimental data are given by [Sau77, [Kor46].



32 Chapter IV: Gas Detectors

]0‘_ 1 1 1 IIIIII 1 1 LI
C Xe .
L —. 102
(@)]
I
S
100—
N'_| : E 10--
E F =
St 5
< i D14
e =
e o (o)
b & 10t
10" = — =
o 3 =
r 7 3
C N 1021
i ] 10 4
10—2 | IIIIII 1 1 Ll L Lll 104 = = = = = 5 5 5
10’ 10? 0° 2 4 10 2 4 102 2 4 100 2
€ [eV] E/p [V/mm x mm Hg]

Figure IV.4: (a) Collision ionisation cross section o; as function of the electron energy e for noble
gases [AII69]. (b) First Townsend coefficient as a function of the reduced electric field
for noble gases [Bro59].

IV.2.4 Pulse Height of the Signals

To obtain the pulse height of a counter tube signal, we look at the energy conserva-

tion for a moving particle with the charge q within a capacitor first:

1 1 2
5(JU2 = 5CUg — / qE(r)dr (IV.9)
where U is the voltage for the whole system and Uj is the applied voltage. With the
electric field of the counter tube taken from Equation and AU = U — Uy with
the assumption of AU < Uy, we get

1 P2 qUo P2
—CZUAU:—/ E(p)dp = ——L0 1y (22
g 0 L (P)dp =~ R R <p1>
q p2 q p2
AU=——— 9 1, (2)=_ In (22). V.10
C1n(Rs/Ry) n(,)l) omeoh n<p1> (IV.10)

One can assume that all ions are created at the focal point of the avalanche py,

which is close to the anode wire. By estimating that there are N = nM electrons
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and ions (n is the number of primary ionisations and M the gas gain), the pulse

height for the electrons becomes

_ Nq Po
A = — In(=— V.11
u 2mwegh n<R1> (IV.11)
and for the ions N R
AU = — 9 (22) V.12
v 27T€0h < > (V )

Thus, the total maximum voltage is

U=AU"+ AU =

Ngq R, Ngq
In = —— . Iv.1
" 2meoh <R1> C (IV.13)

One can also calculate the ratio of the two contributions

ing—l (%)/m (%) . (IV.14)

If we approximate parameters for the counter tube which fit to our MWPC prototype

with Ry = 1 mm, Ry = 20 um, and pg ~ 22 um we get a contribution of 2.5% for the
electrons. For typical counter tube geometries operating in the proportional mode
the electron contribution is between 1% and 4% [Leo87, [KIe92]F|

IV.2.5 Time Development of the Signal

The main contribution to the time development is due to the ions as the electrons
are collected by the anode wire within one ns. Electrostatic considerations show that
if a charge ¢ is moved by dr, in a system of capacitance C| the induced signal is
g dy
du = —dr
CUO dr
Assuming that there are N positive ions created at the surface of the anode with

constant mobility, integration yields

o Nq . r(t)
U(t)——/o du= 5 LoIn() (IV.15)

With the drift velocity for ions and Equation it follows that
dr + FE o ,quC Uo

dt a P 2meyhPr

3For the ionisation chamber mode the contribution of electrons exceeds the contribution of the

ions.
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and therefore

r + t + 1
/ rdr = £ ¢ / dt  or r(t)= <Rf +£ OU0t>2 : (IV.16)
0

Substituting in Equation one gets:

Nq
U(t) = ~frep 0 (1 +

+
1 t) (IV.17)

meoh P R?
The total drift time 7" can be determined with Equation [IV.16|for »(T) = Ry

meoPh(R3 — R?)

T =
ptCU,

(IV.18)

and it can easily be seen that U(T) = —Nq/C.

Figure m (a) shows the time development of the signal for a typical counter tube
with Ry = 8 mm, R; = 10 um, and an operational voltage of Uy = 3 kV. Figure[[V.5]
(b) shows calculations for a counter tube with parameters similar to the geometry
of a MSPETﬂ chamber with R; = 10pum, Rs = 1 mm, and an operational voltage of
Uy = 1,5 kV. The mobility for positive charged argon ions is
pt =17 s\?%zm [Sau77]. The capacitance C' can be calculated with Equation [[V .4}
Thus, the total drift time of the ions becomes for (a) T = 550 us and for (b)

T =10 ps.

T [ps] T [us]
600 0 100 200

=40 ps

U

Figure IV.5: Time development of a signal (a) from a counter tube with a typical geometry and
(b) from a counter tube with small dimensions.

4The Miinster positron emission tomograph (MSPET) is described in Section
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Due to the long duration of the signal in typical cases, it is normal in practice to ter-
minate the counter with a resistor R, so that the signal is differentiated with a time
constant 7 = RC. When low impedance resistors are chosen it is possible to measure
high fluxes of radiation as the signals become shorter. The differentiation with the
RC' member let the signal follow the blue lines in Figure In Figure [[V.5]a)
there are displayed two voltage curves for 7 = 10 pus and 7 = 100 ps. In Figure [[V.5
(b) 7 was designated to a value around 40 us to fit to the shape of the signal which
has been measured with the MSPET prototype chamber.

Induced Current For further calculations in the next chapter we require the

induced current on the wire. The time development of the charge on the wire can

be calculated with Q(t) = CU(t) where U(t) is given by Equation [[V.17]
meohP R}

Ngq t
) = ———1 (1 —> ith t, = IV.19
Q( ) In (%) n + tO W1 0 M+CUO ( )
As the induced current is the derivation of the charge, we get:
dO(t N 1
1y = QW 1 (IV.20)
dt 21n (R—f) t+ to

IV.2.6 Region of Limited Proportionality and
Geiger-Miiller Counter

When the applied voltage of the counter tube is raised, the volume of the region of
high electric field intensity grows, thus more gas molecules are ionised. Beyond the
region of the proportional counter, the number of slow moving positive charged ions
distorts the electric field at the anode which causes the loss of proportionality. This
means, that for a single signal this has no influence, but for higher rates this space

charge causes a fall of the gas gain which is proportional to the rate [Sau77]

_(_meT
M — M() eXp (47\,260)M0R

(IV.21)

where R is the flux rate and 7' is the total drift time of the positive ions. My denotes
the gas gain without space charge effects.

If the voltage is raised further, the electrons gain enough energy before they interact
with a molecule to produce not only ionised molecules but also excited molecules.
The excited molecules cause photons in the UV range which can liberate elec-

trons from the cathode or ionise gas molecules. The produced electrons also cause
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avalanches with excited molecules which will cause further photons and so on. Thus,
the generated pulse becomes independent from the number of primary ionisations.
We can see this in Figure [[V.3| when the number of collected ions becomes equal for
a- and p-radiation whereas a-radiation ionises much more molecules.

When the applied voltage is high enough almost all molecules within the counter
tube will be ionised and the liberated charge just depends on the applied voltage Uy
and the capacitance C'. A counter tube operating in this region is called a Geiger-
Miiller counter.

When positive ions are neutralized at the cathode or UV photons hit the cathode
electrons can be liberated. These electrons initiate a new avalanche very soon after
the primary one, thus a continuous discharge occurs.

To prohibit these continuous discharges two types of self-quenching counters are
available. One type uses high resistors, thus the applied voltage falls under the
threshold of the Geiger-Miiller region when the positive ions drift to the cathode.
According to the fact that this mechanism take much time to quench the counter,
this counter type cannot operate at high rates.

A second way to quench the counter is to use a polyatomic gas in addition to the
filling gas. This gas can absorb the energy of the drifting positive ions or absorb the
UV photons. The next section focuses on filling gases and this quenching effect will
be discussed in detail. For more details of the mechanisms within the Geiger-Miiller

region see [Kor46].

IV.3 Filling Gases

Of course the counter tube is not the only type of detector which works on the princi-
ple of gas multiplication. Nowadays several gaseous detectors like e.g. the MWPC’s,
the GEM’s or the Micromegas which are used mainly in high energy physics have
been introduced.

Gas multiplication depends basically on the migration of electrons rather than on
negative ions. Thus, the filling gas for gaseous detectors must be chosen from those
types which do not exhibit an appreciable electron attachment coefficient [Kno79].
As air is not one of these, all gaseous detectors must be sealed from ambient air.
The specific experiments have different requirements where low working voltage,
high gain operation, good proportionality, high rate capabilities, long lifetime, fast

recovery, among others, are examples of sometimes conflicting requirements.



IV.3 Filling Gases 37

Polyatomic molecules have many non-ionizing energy dissipation modes. Therefore,
an inert gas should be the main component of the filling gas if one wants to have
a low operational voltage. Xenon and krypton would be the noble gases of choice
with high Z which would deliver large cross sections acccording to Equation [[1.7]
or Equation for photons or energy losses following Equation for parti-
cles. But due to high costs of xenon, argon is used in the most gas detectors as the
main component. A pure argon filled counter is not able to deliver gains in excess
of 10® — 10* without entering into permanent discharge operation. In the avalanche
process, excited argon atoms are produced which can only return into the ground
state through a radiative process with a minimum photon energy of 11.6 eV [Sau77].
This photon energy is well above the ionisation potential of any metal constituting
the cathode (7.7 eV for copper). Thus, the photon can produce a photoelectron at
the cathode which can create a discharge in the same way as described in the chapter
above.

The large number of non-radiative excited states (rotational or vibrational) of poly-
atomic molecules can be used to absorb these photons and additionally they also
can take up the energy and the charge of the argon ions. The excited molecules
dissipate the absorbed energy either by elastic collisions or by dissociation into sim-
pler radicals. The neutralisation of the molecules or radicals at the cathode either
produces simpler molecules (dissociation) or forming larger complexes (polymeriza-
tion). Thus, the probability to liberate electrons is very small.

This quenching property is provided by most organic compounds in the hydrocar-
bon and alcohol families and also by some inorganic compounds like freons, C'O,,
BF;, and others. Even small amounts of these quenching gases change the operation
behaviour of the counter and permit higher gains.

The quenching efficiency grows with the number of atoms in the molecule, so isobu-
tane CyH1 is a good gas to yield high gains, but organic gases have the disadvantage
of polymerization. After many ionisations the polymerization process can produce
a layer of insulating material on the cathode. The positively charged ions can only
leak slowly through the insulator layer. Thus, for high rates of radiation the pro-
duction rate of ions exceeds the leakage rate. This causes an electric field which can
be high enough to extract electrons from the cathode through the insulator into the
interior of the gaseous detector where these cause a continuous discharge. Over time
the insulator layer thickens, thus the discharge occurs at lower rates. Thereby the
lifetime of the detector is shortened.

The highest gains can be reached with electronegative gases like freons.
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Additionally to the quenching capability, they can capture free electrons which are
liberated at the cathode, but only small amounts should be added to the filling gas
because it can also capture electrons from primary ionisations which reduces the
efficiency of the detector.

Normally the detectors are connected to an open flow of gas which makes the
detectors unhandy as a gas supply system has to be present. A sealed detector
would change its operational characteristics after the consumption of all polyatomic

molecules or after too much ambient air infiltrates the detector.



CHAPTER V

MWPC and MSPET Prototype Chambers

This chapter uses the basics from the counter tube of the last chapter to derive and
to compare the signal developing processes within a MWPC. Thereby the signals
differ for the cathode and the anode whereas the signal in a counter tube is equal
for the cathode and anode except the sign.

Another topic of this chapter treats the mathematics behind the position recon-
struction out of the induced charge on the cathode pads. The second part of the

chapter details the mechanical construction of MSPET prototype chambers.

V.l MWPC

The multi-wire proportional chamber (MWPC) is a further development of the pro-
portional counter and was invented 1968 by the group of George Charpak. It was
revolutionary for the field of particle detection because the position sensitive MWPC
was the first device that was able to determine particle tracks with a electronic read-
out and it also was capable of measuring much higher rates of particle fluxes than
any device before. The MWPC principle is still the main concept for many particle
detectors in high energy physics.

The MWPC buildup is a gas filled enclosure which has an anode plane consisting of
thin wires and two cathode planes which can be realized either with wires or strips,
latter ones are also called pads. At one of the cathode planes, the strip direction
should be perpendicular to the anode wire direction to be able to determine the

position of the avalanche in two dimensions. A scheme of a MWPC is illustrated in

39
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Figure V.1: Schematic setup of a MWPC with pad readout|[Pie0g].

Figure Commonly a high voltage is applied to the anode wires and the cath-
odes are set to earth potential. This makes it easier to determine the position of the
avalanche by measuring signals on the cathode strips. It is also possible to determine
the position of the avalanche with a read out of the anode wires, but as each anode
wire has to be decoupled from the high voltage, and since there are much more

anode wires than cathode strips, this should be avoided.

V.2 Signal on the Wires

The electric field of the MWPC can be constructed by linear superposition of weight-
ing fields E,(x). The weighting fields are the electric fields where the single elec-
trode n is put on potential V,, and all other electrodes are grounded. For these

calculations the both cathode planes can be treated as a single electrode. Therefore,
the entire electric field becomes [BRROS]:

E(x)=) %En(x) (V.1)

where V,, is the applied voltage at electrode n. The equipotential lines of the electric
field within a MWPC are illustrated in Figure [V.2]
As the surface charge density is given by o = ¢y F, the total charge on electrode n

is given by:

60Vm
Qn =€ i E(x)dA = ; v ﬁ E,.(x)dA (V.2)
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Figure V.2: Equipotential lines of a MWPC with MSPET geometry computed with COMSOL.

where A,, is the surface of electrode n.
In a system of electrodes the charge on the n-th electrode @), is related to the applied
voltage at the electrodes V,,, by the capacitance matrix [Jac75|:

= amVm (V.3)

By comparing Equation and Equation one gets the capacitance matrix
elements with

com = 2 ¢ B, (x)dA (V.4)
Vw A,

These capacitance matrix elements c,,, are different from the more familiar capaci-

tances C,, that are known from electric circuits. They are related by

Cnn = Z Crnm,» Cnm = —Cnm (V5)

m
Setting voltages U, on the wires results in charges ¢, on the electrodes. This is
correlated with the capacitance matrix. In Figure [V.2] one can see that the electric
field is radial close to the wires. As the avalanche occurs near the wire, the electric
field is dominated by the charge on the wire and with Equation the magnitude
of the electric field is:

41
Br) = 2mer  2meqr <2m:cnmUm> (V-6)

Tt is assumed, that the wires are infinitely long, therefore, g, and c,, are given per unit of

wire length so that h drops out in the equation.
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By defining the cathodes as electrode n = 1 and the wire where the avalanche occurs
as electrode n = 2 in the approximation for a radial electric field the current on all
wires can be calculated with [BRROS]

N 1
(1) = Z]n(t> _ _ Dot€o Cia with — — pUCho

V.7
dmeg t+ 1y to a’meg v-7)

This applies if all wires are set to the voltage U. It is to recognize that this formula
is similar to the current induced in the counter tube Equation [[V.20]

It is dependent on the amplifiers behind the electrodes if the approximation of
a radial electric field is appropriate. For fast amplifiers the ions are within the
approximation. For slow amplifiers the approximation is rather worth and the shape
of the induced signal is dependent on the angular distribution of the avalanche ions

around the wire.

V.3 Signal on the Pads

The signal on one whole cathode plane I.1(¢) can be easily obtained if one assumes
that the cathode planes are symmetrically arranged to the wires. As the sum of all
chamber signals is zero and the signal induced on both cathodes I.(t) is equal to the

negative summed wire signals —1I,,(t), the signal on one cathode plane is:

- 1 1] . 1Ntot60 Clg
2 N 2 4:71'60 t+t0

(V.8)

The whole cathode is subdivided into pads. The weighted field of a pad can be
calculated by setting the pad on voltage V,, and all other electrodes on ground
as it has been done in Equation With this method Mathieson gives an exact
expression for the weighting field and the induced signal [MF84].

One can calculate a signal on a pad with infinitesimal width and then obtain the
whole signal by integrating over the strip width W. This procedure defines a so-called
cathode charge distribution I"(A) through

ALy (t) = L(OT(N\)dA / T POy = % (V.9)

where A = x/h is the horizontal distance of the infinitesimal strip to the avalanche

weighted by the cathode anode gap h.
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Figure V.3: The parameter K3 alters for varying MWPC geometries. Figure (a) shows the Kj
values for cathode pads parallel to anode wire direction and figure (b) the K5 values
for cathode pads normal to anode wire direction [Mat88]. The red lines show the K3
parameter for the MSPET chamber geometry.

A single-parameter semi-empirical expression for the cathode charge distribution was
given by Gatti et al. [GLOS79] and discussed by Mathieson and Gordon :

1 — tanh?(K>,)\)

') = V.10
W =K K5 tanh?(K,\) (V.10)
The parameters K; and K, are dependent on K3 with:
KoK VK
K= —2Vas K2:f(1— 3) (V.11)
4 arctan v/ K3 2 2

The parameter K3 is given for different MWPC geometries in Figure [V.3] Here s is
the wire pitch and r, is the wire radius.

The integral of the cathode charge distribution over the pad width W is known as
the pad response function (PRF) Py(\) which is proportional to the induced charge

on the pad [KB09:

/,\J‘r:zv I(A)dA = —m [arctan (\/Etanh (7r(—2 + \/E)%)>
+ arctan (@tanh (w(_Q + \/E)%»] (V.12)

2
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V.4 Avalanche Position Determination

There are several ways to obtain the position of the avalanche within a MWPC, e.g.
the wires can be read out at both ends and the arrival time of the signals determine
the x-position whereas the wire itself determines the y-position or the centre of
gravity of the pad charges can be used to determine the position. In this paragraph
only the method which uses a Gaussian fitting curve to estimate the position of
the avalanche will be described because it is the method which was used in the
experiments of this thesis. The derivation follows the description given by [BR94].
For many chamber geometries the PRF described above can be approximated with
a Gaussian curve ,

Py(z) ~ Ae 22 | (V.13)
As the PRF is proportional to the induced charge, one can calculate the charge on

three adjacent pads with:

22

Q; = Be 2?2
)2
Qi1 = Be "7 (V.14)
_ (e+w)?
Qi1 = Be™ 27

The aim is to invert these equations to z. In the first step we derive an equation

independent from ¢. This is possible with the following charge ratios:

g”l =%t (V.15)
i—1

2 2
ol (V16

By translating Equation to IZ/—; and setting this into Equation the dis-
placement x from the middle of the centre pad to the position of the avalanche

. W In(Qir1/Qi—1)
2 In(Q7/Qi11Qi—1)

This is sufficient to determine the position of the avalanche, but it is possible to

becomes:

(V.17)

improve spatial resolution by determining the displacement with two other charge
ratios. These ratios are given from Equation by

Qi 22 WA+ W2
= e 202
@it (V.18)
Qi1 2eW—W?
= e 202

Qi
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inverting these equations to x gives:

CB:UWan(Q%l)_%
R (V.19)
=t ( 0; )“L?

The advancement of this two inverted ratios is that each displacement is calculated
just with the charges of two pads. If the avalanche is in the middle of a pad, there
will be a signal on three pads, but if the avalanche is between two pads, there will be
a signal on just two pads. In those cases where just two pads give a response, Equa-
tion is not a good expression. Therefore, Equation is used to determine
the o ,which is needed to use Equation by plotting the displacement against
the charge ratio for a given homogeneous data set. Thereafter it is possible to work
with Equation to determine the displacement. The best results are obtained
by combining these two equations to a weighted average with the weights w; and
Wa:
2

. m[wl(gm( Q?_i) Y (T m<@g> ] van)

The square of the charge on the side pads gives a good estimation for these weighting

factors wy = Q7 ; and wy, = Q7 ;. After the displacement has been determined for

both cathode planes, it is easy to reconstruct the position of the avalanche within
the MWPC.

In the following Equation will be called unweighted displacement function and
Equation will be called weighted displacement function.
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V.5 MSPET Prototype

V.5.1 Functional Principle

The main concept of Miinster’s positron emission tomograph (MSPET) consists of
MWPCs which should detect annihilation photons.

As the probability for ionisation of gas molecules within a MWPC is very low for
photons with an energy of £ = 511 keV, the annihilation photons have to be con-
verted into electrons. For these electrons, which can be produced by the photo
electric effect or Compton scattering (Paragraph , the probability to cause gas
ionisation is high. To convert a large amount of photons, the converter should be
made of a material with high Z, as the cross sections for the photo electric effect
and Compton scattering are given by Equation [[I.7] and Equation [[I.17]
Measurements from H. Hiinteler [Hii07] and simulations from H. Gottschlag [Got10]
have shown that the optimal converter thickness is d = 60 pm for lead and d = 35 pm
for gold.

If the converter is thinner, the number of liberated electrons is lower. If in contrary
the converter is thicker, the number of liberated electrons drops because there are
electrons which stuck in the converter. So the photons which originated these stuck
electrons are not detected. When they are detected later in another detector they
changed their direction in the first converter and, therefore, they produce scatter
coincidences. Hence, the converter thickness should be approximately the optimal
converter thickness.

The electrons which are liberated from the converter are not emitted straight for-
ward in the direction of the initial photon. The scatter angles were investigated by
H. Hiinteler [Hii07] and H. Gottschlag [Got10]. Thus, the electrons are emitted from

the converter under a mean exit angle of
Qmean = 45° . (V.21)

The spatial resolution of the MSPET should be better than one millimetre. There-
fore, it was decided that the cathode gap has to be one millimetre, so that the
deviation from the photon electron conversion to the position of the avalanche is
one millimetre in average. Figure shows a sketch for photon-electron conversion
where the electron is emitted under 45°. The electron ionises gas molecules on its
track and the electrons from the ionisation are causing avalanches at the wires.

The anode-cathode gap of common MWPCs is about 2-5 mm. So it is not clear
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Figure V.4: Sketch for photon-electron conversion with a gold converter within a MWPC with
three millimetre pads and a one millimetre anode cathode gap. Inlet shows a zoom of

the conservation in the gold layer.

whether a MWPC with such small dimensions is able to provide stable operation.
It is also a challenge to manufacture such a MWPC, because the positioning of the
wires and the pads have to be very precise.

The production of MSPET prototype chambers has started in 2005 at the Insti-
tute for Nuclear Physic of the Westfdlische Wilhelms University of Miinster. The
first chambers had an anode-cathode gap of three millimetre and a pad width of
9.7 mm and different designs to implement the converter have been investigated.
For a elaborate description of the evolution of the prototypes the reader is referred
to [Gotl10].
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Figure V.5: Engineering drawing of a MSPET prototype chamber.

V.5.2 Details for the Construction of a MSPET Chamber

This section provides some details on the detector geometry and information about
the construction steps for the latest MSPET prototype chamber.

All MSPET prototype chambers, which were produced, have a wire pitch of
s = 1.5 mm. The pad width of the newest chambers is 3 mm. The frame of the
chamber is made of FR4. This is a compound of woven glass and epoxy which is
usually used for printed circuit boards. It is a good insulator, does not outgas, and
the mechanical stability is good.

Two layers which were covered with copper on one side were used. These are com-
mercially available and can be used to produce the two cathode layers. A photo
etching process, which is normally used to create the tracks on the circuit boards,
can be applied to remove the copper which is not necessary for the cathode pad
geometry. The whole layer has an area of 20 x 20 cm? and the copper cathodes cover
an area of 10 x 10 cm?.

The wires with a diameter of d = 20 um were arranged first on a large aluminium
frame. Therefore, a hand driven machine was used to hold the wires on a constant
pitch and gave them a defined tension of 0.5 N. Later the wires were glued on a
FRA4 frame which is one millimetre thick and has the same size as the layer for the
cathode planes. A second frame with similar geometry was then glued on the first
one, so that the anode-cathode gap becomes one millimetre on both sides. These two
layers from here on are called the wire layer. Hence, the chamber provides a volume
for the gas mixture of V = 10 x 10 x 0.2 cm?®. Figure shows a drawing where
the different layers combined with an aluminium frame and some screws build the

whole chamber. The converter can be realized as a gold layer on the cathode pads.
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Figure V.6: Photograph of a glued MSPET prototype chamber with three millimetre pads.

One chamber with a gold converter was produced up to now. The gold layer was
electroplated by the company Drollinger.

The two cathode layers can either be glued or screwed to the wire layer. The glued
version has the advantage that the electrodes are arranged very precise in altitude
and that the chamber is very airtight. The disadvantage is that the chamber cannot
be opened again if something went wrong. For screwed chambers gaskets are needed
and it is much more difficult to reach the same precision in electrode positioning

and airtightness. A photograph of a one millimetre prototype chamber is illustrated

in Figure [V.6]






CHAPTER V1

Efficiency to detect Conversion Electrons

Efficiency calculations of a MSPET scanner with 200 detectors were shown by
H. Hiinteler [Hii07]. He implemented the suggestion, that every electron that is lib-
erated from the converter has to produce a measureable avalanche. Therefore, the
efficiency to detect charged particles of a prototype chamber has to be determined.

This chapter presents efficiency measurements performed with cosmic radiation.

V1.1 Measurement Principle

Cosmic radiation consists mainly of protons and a-particles which cause so called
air showers by interacting with molecules when they enter the atmosphere. As a

2 L at sea level with an

result there is a continuous flow of muons I ~ 1 cm™“min~
mean energy of £ &~ 4 GeV |[AT08]. The number of different charged hadrons and
leptons which are created in the air showers is dependent on the altitude. This is
depicted in Figure for particles with £ > 1 GeV.

At sea level there are also electrons and positrons of lower energies. The domi-
nant source of them is the muon decay. The integral vertical intensity of electrons
plus positrons is very approximately 30, 6, and 0.2 m~2s~!str~! above 10, 100, and
1000 MeV respectively [AT08].

Minimum ionizing particles produce 94 ion pairs per cm in argon [Sau77], so that
there are produced at least 18.8 electrons within the two millimetre thick MSPET
chamber when an ionised particle crosses the gas layer perpendicular. The minimal

energy loss in argon is for electrons with energies around 1 MeV [BCZC05].

o1
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Figure VI.1: Vertical fluxes of cosmic rays in the atmosphere with £ > 1 GeV estimated from the
nucleon flux. The coloured data points show measurements of negative muons [AT08].

Therefore, the MSPET chamber should be capable of detecting all high energy
muons or electrons which cross the detector.
To determine when a cosmic muon or electron crosses the detector, two scintillation

detectors has been constructed and the MSPET chamber was positioned between
them, what can be seen in Figure

Photomultiplier

Plasticscintillator

MSPET Prototype

Photomultiplier

(b)

Figure VI.2: Detector alignment for efficiency measurements with cosmic rays.
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The scintillation detectors were constructed with a 15x 1.5x 1 em? large plastic scin-
tillator coupled to a VALVO XP2972/PB photomultiplier tube. They were shielded

from ambient light with insulating tape and heat shrinkable sleeves.

Gas Flux Regulation A gas flux regulation system has been installed to
produce different gas flow ratios. The system consisted of the multi gas controller
(mks MGC 647C) which is able to control four mass-flo controllers (MFC). In the
measurement setup the MGC was connected to three MFCs Type 1179B which
were also from mks. Each MFC handled one gas component.

One MFC has been specially calibrated with argon for a maximal gas flow of ten
liters per hour. This equates to 166.6 sccm |'| The two other MFCs have been
calibrated with nitrogen for a maximal gas flow of 50 sccm.

One of these MFCs operated with carbon dioxide and the other with isobutane.
The gaskets of the MFC which operated with isobutane were made of kalrez which
is a Perfluorelastomer since normal gaskets would be destructed by the gas.

The MGC needs a gas correction factor (GCF) and the maximal gas flow of each
MFC for the calibration gas to adapt the applied gas to the calibration gas of the
MFC. The GCF for carbon dioxide is 0.7 and for isobutane 0.27.

With these GCFs the maximal gas flow for carbon dioxide becomes 35 scecm and
for isobutane 13.5 sccm. The minimal gas flow is 1 % of the maximal gas flow.
From the calibrations made by mks the error of the gas flow of nitrogen (argon) is

< 0.2% of the maximal gas flow.

A problem with the MFC for argon was given. For the operation with argon
the GCF would be one as the MFC has been calibrated with argon. The problem
was that the maximal gas flow could only be set to 150 sccm or 200 sccm at
the MGC but the MFC had a maximal gas flow of 166.6 sccm. To overcome this
problem the maximal gas flow was set to 200 sccm and the GCF was set to 1.2.

Consequently one had to set a flow which is 1.2 times larger than the desired flow.

Iscem = standard cubic centimetre per minute

A measurement of airflow that indicates how many cubic centimetre of air pass by a stationary
point in one minute under standard conditions of temperature, pressure, and humidity. In this case
the standard pressure is 1013 mbar and the standard temperature is 0°C (DIN 1871).
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V1.2 Details on Signal and Data Processing

The whole measurement setup with detailed view on signal processing is depicted
in Figure[VL.3] A sophisticated Labvieuf’] program has been designed which was pri-
mary built to count the coincidences from the two scintillators and the coincidences
from all three detectors. The ratio of these two values gave the efficiency of the
chamber to detect high energy muons and electrons from the cosmic radiation and
thus the efficiency to detect small amounts of electrons within the gas volume. In

% (scin-

order to the small interaction area for triple coincidences which was 2.25 cm
tillation detectors were arranged perpendicular), the rate of coincidences was very

low. Therefore, much time was needed to get enough statistics for the evaluation.

V1.2.1 Problems in Data Acquisition

A significant problem with long time measurements has been that a continuous dis-
charge could occur at any time of the measurement when the applied voltage was
too high. To prevent the detector from damage, the high voltage droped down if the
current exceeds 100 pA.

The Labview program monitored the high voltage. When the high voltage breaked
down it was reseted. Therefore, it was possible to measure over several days.
Nevertheless, long dead times up to one or two minutes were unavoidable due to
the serial connection from the computer to the high voltage module. The serial
connection did not provide a continuous monitoring of the high voltage. Therefore,
the Labview program needed some time to give a response on a voltage drop. The
voltage ramp which followed this response also took some time.

Another big problem was that electronic disturbances arised in the electronic setup
when the voltage was ramped down abrupt which caused additional signals on the
counters.

For moderate gains the probability for continuous discharge was low. Hence, the
current exceeded the 100 pA threshold for voltage drop down just one or two times
a day, but with increasing gain the number of discharges which disturb the mea-

surement went up as well.

2Laboratory Virtual Instrumentation Engineering Workbench is a visual programming lan-

guage from National Instruments for the development of control programs.
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Figure VI.3: Layout of the electronic components of the measurement setup.
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Figure VI.4: Count rate performance of the MSPET Prototype for different gas mixtures. The

main component of the gas mixture was argon.

VI1.2.2 Additional Features

The Labview program counted the signals produced from one scintillator and from
the MSPET chamber. It counted also how many voltage breakdowns had occured.
This data could be used to check if the counters had worked stable during the
measurement, just by looking if they had reasonable values.

The ability to determine the count rate of the MSPET chamber was used before
each efficiency measurement. The results are presented in Figure [VI.4 Each data
point here represents a 15 min. measurement of cosmic radiation. Assuming that

2min~?, the count rate should not exceed

there was a cosmic muon flux of I/ ~ 1 cm™
a value of 1500. Of course, there is also a electron component in cosmic radiation,
but it is not clear which electrons in the energy range of 1-1000 MeV are able
to pass all three detectors. Nevertheless, the electron fraction at sea level is just
about 20% [Gru06]. Thus, we see that the MSPET chamber detected more signals
than could be produced by cosmic radiation at high gains. It seems that secondary

avalanches were produced and detected at higher gains.
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Furthermore, we could not find a plateau where a continuous flux of radiation was

measured.

V1.3 Results

The efficiency measurements have been performed with eight different gas mixtures.
Each data point in Figure represents five hours of measurement time. The main
component of all gas mixtures was argon and a gas flow of 20 scem was used. In
the first three measurements the fraction of the quenching gas C'O, was variated
between 15% to 30%.

The performance with a fraction of 30% quenching gas was the most stable one which
means that less voltage breakdowns were observed for medium gains and it was also
possible to perform measurements with a high fraction of voltage breakdowns.

In following measurements a varying fraction of isobutane CyHyy within 30% fraction
of quenching gas was given. Isobutane has a better quenching ability due to more

atoms within a molecule.
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Figure VL.5: Efficiency of the MSPET Prototype to detect cosmic muons or electrons for different
gas mixtures. The main gas component was argon. Each data point represents a
measurement of five hours. Error corrections due to high voltage breakdowns were

made.
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In Figure one can see that all mixtures with 30% quenching gas reach a value
between 90% and 100%. Due to the errors one cannot determine that any composi-
tion would deliver a higher efficiency, but one can clearly see that there is a tendency
of weaker performance for lower fractions of quenching gas.

The composition with 30% CO, was the only one which was able to work at higher
voltages after reaching the region with efficiencies around 100%.

Therefore, it was decided to use this gas mixture for all upcoming measurements.

VI1.3.1 Errors

For the absolute errors in Figure and Figure the square root of the number
of counts was used following counting statistics. In the calculations of the efficiency
error there was an additional systematic and lower error. The systematic error was
determined with a measurement where the scintillation detectors were placed sepa-
rately from the MSPET prototype. The response of the system gaves an efficiency
of 2.22%, although no coincidence could occur in reality.

The lower error arises from the problems discussed in Paragraph [VI.2.1] In detail,
this denotes that the counter counted up coincidences when a discharge occured al-
though no cosmic muon or electron hits the detectors. In this cases it could happen
that the coincidence counter for the scintillation detectors counted up just one while
the counter for triple coincidences counted up two. Due to this strange behaviour
it was possible that we obtain efficiencies over 100%. Because of this misbehaviour
the relative lower error was calculated with the number of high voltage breakdowns
Ny g, the number of coincidences of the scintillators N,, and the number of triple

coincidences Nj

2Ny B2
_ 2 2 2 VB
Ulow—\/asys+UN2+UN3+( N )
2
where o4, is the systematic error and oy,, oy, are the relative errors of the coinci-

dence measurements.

V1.3.2 Additional Measurements

Efficiency measurements with 20 sccm and 30 sccm gas flow were made. The gas
flow assigns the pressure inside the chamber.
Five measurements with a measurement time of 15 hours and a 80/20 mixture of

Ar/CO, gas were done for the 20 sccm gas flow setting. The high voltage was set to
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1700 V. These measurements are compared to three measurements with a gas flow
of 30 sccm which were performed under the same conditions.

The mean values are
20 scem @ — = (24.43 +4.13)%
30 scem : — = (19.06 + 3.84)%

The error is the product of the systematic error and the standard deviation.
This indicates that a higher gas flow would not improve the efficiency of the detec-
tor. But the big error makes it difficult to determine an optimal gas flow. Further

measurements are necessary to determine the optimal parameters for the chamber.






CHAPTER VI

Spatial Resolution

The inherent spatial resolution of a MSPET prototype chamber is important to
estimate the spatial resolution of the whole MSPET. As it is not trivial to produce
a collimated beam of 511 keV photons, a X-ray source was used to determine the
spatial resolution of the chamber. The first part of this chapter describes the energy
spectrum of the X-ray source and shows the theoretical transmission for the MSPET
chamber. Then the electronics and the instruments of the measurement setup are
described. After the general detector response on uncollimated X-rays is presented,
measurements to determine the spatial resolution are shown. Finally the last section

illustrates some experiments which were not able to determine the spatial resolution.

VII.1 X-ray Source and Transmission

An energy spectrum of the X-ray source was measured by C. Baumann [Bau09].
The X-ray source and the energy spectrum are shown in Figure [VIL.I] One can see
that the X-ray source produces a continuous spectrum between 6 and 10 keV.

It is not possible to inject the X-rays directly into the gas layer of the chamber as
the gas layer is sealed from ambient air by its frame. Therefore, the X-rays have
to pass the 0.5 mm thick FR4 frame and the 35 um copper layer of the cathode
pads before they can ionise molecules in the gas layer. The number of photons that
reach the gas layer is dependent on the mass attenuation coefficient of the material.
The transmission can be calculated with Equation [[I.4] The density of copper is

p = 8.92 5 For simplicity one can approximate that the FR4 frame consists of

cim
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Figure VIIL.1: (a) Photograph of the X-ray source with a zoom on two collimator inlets. (b) Energy

spectrum of the X-ray source.

Carbo and has a density of p ~ 1.7 Crgng. The main component of the gas mixture
g

is argon and the density of gas under atmosphere pressure is p = 0.001784 7.

A parametrization of the total photon mass attenuation coefficient (MAC) has been

investigated by Orlic et al. [OLST93|. They found the semi-empirical formula:
% = exp(p1 + p2(In X) + p3(In N)? + ps(In N)?) + 05 ZN4 /A (VIL.1)

with A = 12.3981/E(keV). o¢ is the Compton cross section for an electron given
by Equation [[I.16] The parameters p1, pa, p3, and py are a set of fitting coefficients.
Each set is valid between two absorption edges and tabulated for all energies between
0.1 - 1000 keV in [OLST93]. With these MACs the transmission was calculated for
the parameters described above and are shown in Figure [VIL2(a).

The jumps in the transmission curves for the copper and gas layer come from the
absorption edges of the materials. The absorption edge for the K-shell for copper is
at an energy of Fx = 8.9789 keV and the absorption edge for the K-shell for argon
is at an energy of Fx = 3.2029 keV. A cross check was performed by calculating the

transmission also with XCOMP| data which is available at [BCZCO05].

!Even if the FR4 consists mainly of carbon, the transmission is properly lower as the heavier
elements in the FR4 cause a much higher attenuation. However, for the experimental evaluation a
rough estimation of the transmission is sufficient as the FR4 layer is steady distributed over the

whole detection volume.
2As the semi-empirical formula from Orlic et al. was derived from XCOM data, it has to provide

the same transmission.
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Figure VII.2: (a) Transmission curves for different photon energies. The jump of transmission in
the copper layer comes from the K absorption edge. The points represent calculations
with XCOM data. (b) Spectra of the X-ray source used in the experiment convolved
with the transmission curves for copper and carbon layers.

These calculations are depicted by the coloured points in Figure|VII.2[a). The energy
spectrum of the X-ray source convolved with the transmission curves for the copper

and carbon layers are shown in Figure [VII.2(b).

VII.2 Measurement Setup

To perform the spatial resolution measurements a setup was designed where the X-
ray source was screwed to a fixed position. To be able to irradiate different positions
on the MSPET prototype chamber a carrier for the chamber was mounted directly
in front of the X-ray source. The carrier could be moved in horizontal and vertical
direction with a precision of o,, ~ 100 pm which was given by the accuracy in
turning the rotating head of the all-thread rod. In Figure a technical drawing
and a photograph of the measurement setup are illustrated.

The X-ray source could be equipped with different collimators, which were made of
brass, to produce different beam shapes. Measurements were made with collimators
which had an inner diameter of one millimetre, 200 pym, 100 gm or 50 gm. Addition-
ally a collimator with four pin-holes where the centre of the holes had a distance of
one millimetre each and each pin-hole had a diameter of 750 ym was produced. The
collimators with an inner diameter under 200 ym and the four pin-hole collimator

were made of a collimator with an inner radius of three millimetres.
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Layout of the electronic components of the setup for the spatial resolution measure-

Figure VII.3

ments.
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Figure VIL.4: (a) Technical Drawing of the measurement setup. (b) Photograph of the measurement
setup with a MSPET prototype chamber.

The inner hole was filled with a one millimetre thick layer of solder and the pin-holes
were drilled into this layer. A zoom on two of these collimator inlets is presented
in Figure [VIL.1(a). The source was also used without a collimator to irradiate the
whole detection area of the chamber.

The signals on the pads of the chamber were amplified by a pre-amplifier (PNG
CATSA) and shaped by a main amplifier (PNG MAS8000). The signals were then
digitized by a peak sensing ADC (CAEN Mod.V785N) and processed with a PC. As
the ADC needed a gate in which it determined the maximum signal height, the sig-
nal on the wires was decoupled from the high voltage and processed electronically to

provide a 10 us long gate. The entire electronic setup is illustrated in Figure [VIL.3|

VII.3 Chamber homogeneously irradiated with
X-Rays

The reconstruction of the position of the avalanche out of the measured data with the
weighted displacement function requires the determination of a PRF-o as described
in Section [V.4l To determine an appropriate PRF-o the chamber was irradiated by
the X-ray source without a collimator.

The gas inside the chamber was not irradiated homogeneously as there is a gap
between the adjacent cathode pads of 0.3 mm. The transmission curves for the dif-
ferent materials shown in Figure [VIL.2|(a) indicate that the amount of radiation that
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passed the FR4 layer between two pads was much larger than the amount of ra-
diation which passed the FR4 and the copper layer. This produces a symmetrical
pattern of reconstructed avalanche positions when the chamber was irradiated ho-
mogeneously.

A homogeneous irradiated MWPC shows also an inherent pattern as every avalanche
occurs very close to a wire. Therefore, the pattern of reconstructed avalanche posi-
tions of the MSPET prototype chamber is a combination of a transmission pattern
and a wire pattern.

A way to determine the PRF-o was described in Section [V.4] The reconstructed
hit maps showed only a rough image of the expected pattern when the PRF-o was
dirived with this method.

As the theoretical patterns are known, a more appropriate PRF-o could be deter-
mined by varying the PRF-o until the reconstructed pattern fit to the expected
pattern.

This method was applied and the results are displayed in Figure As the
transmission pattern is varying just in one dimension, this pattern can be rejected
by projecting the 2D hit map into the other direction.

The cathode pads which cause the transmission pattern were arranged perpendicu-
lar in the both layers. Therefore, it was possible to reject the transmission pattern
in both directions by simply turning the chamber through 180°. Figure [VIL.5(a),(b)
show the 2D hit maps where the transmission and the wire pattern are overlapped.
Figure [VIL5|c) shows the projection of (a) to the y-axis. As the transmission pattern
is rejected and the wire pattern varies just in the x-direction, the histogram should
show a continuous distribution. The peaks are reconstruction artefacts which occur
as the ratio from pad width to anode-cathode gap reaches a limit for reasonable
reconstruction via charge separationﬂ The PRF-0 was optimised in such a way that
the peaks were as low and as thin as possible and the best achievable result that is
shown in the figure was reconstructed with PRF-o,, = 0.119 cm.

Figure [VILF(d) shows the projection of (b) to the x-axis. As the transmission pat-
tern is rejected, only the wire pattern can be seen. The distance between the unique
peaks should be 1.5 mm which is the wire pitch. The PRF-o was optimised in such
a manner that the peak distance was as close to the expected value as possible
and the best achievable result that is shown in the figure was reconstructed with
PRF-0, = 0.128 cm.

3Details are treated in chapter [VIIL.3
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Figure VIL5: (a) 2D hit map. The chamber was irradiated with the uncollimated X-ray source.
The wires were orientated in the y-direction. The radiation had to pass the cathode
layer which was parallel to the wires. (b) 2D hit map. The chamber was reversed.
Hence, the radiation passed the cathode layer which was perpendicular to the wires.
(¢) Projection from (a) to the y-axis. The peaks are reconstruction artefacts. (d)
Projection from (b) to the x-axis. The peaks were produced by the wires.
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Figure VII.6: 2D hit maps. The chamber was irradiated with the X-ray source which was collimated
with the four pin-hole collimator. The chamber was moved in y-direction in 500 pum

steps.

VII. 4 Measurements with the Four Pin-Hole

Collimator

Thirty single measurements with the four pin-hole collimator were performed for
each direction. In each measurement the source irradiated the chamber five minutes
long and was then moved 500 pm forward in one direction. It was assured that
the X-ray source was moved along a pad, so that the transmission pattern had no
influence on the measurement. The 2D hit maps of the first nine measurements
of each direction are shown in Figure and Figure [VIL.7] They illustrate that
the beam shape caused by the four pin-hole collimator stayed constant when the
source was moved in the y-direction and was strongly influenced by the wires if the
source was moved in the x-direction. The images show that the single beams could
be separated, which indicates, that the spatial resolution is below one millimetre as
the pin-holes had a deviation of one millimetre.

A Gaussian fit was applied on each peak and the deviation of the mean values of the
fits defined the distance of the peaks. As the centre of the pin-holes of the collimator

had a distance of one millimetre, the deviation of the reconstructed peak distance
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Figure VIL.7: 2D hit maps. The chamber was irradiated with the X-ray source which was collimated
with the four pin-hole collimator. The chamber was moved in x-direction in 500 pum

steps.

to one millimetre gave more information about the obtainable spatial resolution of
the chamber. Figure shows the deviations from the millimetre for all sixty

measurements. The mean value p of the deviations from one millimetre is

pr =432 pm £ 171 pm  and  p, = 138 pm £ 75 pm (VIL.2)

where the uncertainties are given by the standard deviation.

The position in x-direction is restricted to the position of the wire. Therefore, the
position of the incident radiation can only be determined with an accuracy of half
the wire pitch s to both sides of the wire. It is just known that the incident radiation
was within this interval. The probability of the position is, therefore, given by an
uniform distribution. The probability density function is then f(z) = 1/s within the
interval and zero outside the interval. The variance of such a distribution is given
by:

VIL3
. . (VIL3)

1 /[° 1 /[° 2 1 1 52
2 2 2 2 2
Var(z) = (x*) — (z) _—/0 zédx — <—/O a:da:) ——33 ——43 =35

So the standard deviation becomes o = y/Var(z) =

s = 1.5 mm the theoretical resolution of the chamber in x-direction is p, = 433 um
which fits very good to the mean value of the result from

\/iﬁ. With a wire pitch of



70 Chapter VII: Spatial Resolution

[l DEVIATIONINY

0,400 + [l DEVIATION IN X

0,200

0,000

-0,200 =

DEVIATION FROM 1 MM

-0,400 =

-0,600 =

-0,800

Figure VIIL.8: Deviations from the distance of the two measured peaks from one millimetre. The

distance from the pin-holes centres of the collimator was one millimetre.

VII.5 Spatial Resolution

The spatial resolution of the MSPET prototype chamber was finally determined with
the 200 pm, the 100 pm, and the 50 pm collimators. Six measurements for different
positions were performed with the 200 um collimator and three measurements with
the 100 pm collimator. For the 50 pm collimator the number of photons which
passed the collimator was so low that it was not possible to seperate them from the
background. The results for the 200 pym collimator are shown in Figure and
Figure [VIL.10] The hit maps for the 100 gm collimator measurements are presented
in Figure Gaussian fits were applied to the projections to the wire direction
of this data.
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Figure VII.10: 2D hit maps from a measurement with the 200 pm

projections to the wire direction with Gaussian fits are
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VIL.9: 2D hit maps from a measurement with the 200 pm

Entries 16913
= 3 Mean x  3.009
G1.95F Meany 1.792
> 1 of ’ 200

1'95 180
1.85F 160
140
18 120
1.75 100
E 80
17F 60
1.65F 40
E b 20
1.6B X TR 1 o
29 3 31 32 3.3
x [cm]
Entries 16913
a2 F Mean 3.009
< 1200F
g [ Constant 1213
O 1000 Mean 3.008
800:_ Sigma 0.01402
600F
400F
200F
C' e L L
29 3 31 32 3.3
x [cm]

Entries 8585
'g‘ Mean x 3.108
S Meany 1.791
:2.4- s0
|70
2.2 60
50
2F 20
30
20
10
T ¥ R YT N R
x [ecm]
Entries 8585
& 700 Mean 3.108
§ 600 Constant 381
(@) Mean 3.107
500F )
Sigma 0.02343
400F
300F
200F
100F
0 ) ) ) )
3 32 34 36 38 4
x [ecm]

collimator. The associated pro-

shown in the lower row.

Entries 17892

— Mean x  3.057
IS
G1.95 Meany 1.777
140
1.85F .. 120
100
1.8
g 80
1.75
60
1.7 40
1.65 o
1.6 o SR TP |
29 3 31 32 3.3
x [cm]
Entries 17892
g 1200F Mean 3.058
=] Constant 1068
Q 1000
O Mean 3.055
800~ Sigma 0.01582
600
400
200F
ol . —
29 3 31 32 3.3
x [cm]

collimator. The associated

shown in the lower row.



72 Chapter VII: Spatial Resolution

Entries 5276 Entries 9093 Entries 8033
E‘ Mean x 3.062 g‘ E - Mean x 291 Mean x 2.815
o 2 K Meany 178 O 2F _ Meany 1.789 Meany 1.791
>1.95F : E L
80 50
1.9F 20
1.85F 60 40
1.8F 50 0
1.75F 0
30 20
1.7F o
1.65F 0 1o
1.6 1 1 1
2.7 0 3 31 32 °
X [cm]
Entries 5276 Entries 9093 Entries 8033
1) Mean 3.064 2 sok Mean 2.91 9 450 Mean 2.815
oy oy E c
S 300F Constant 281.2 S S0k Constant  762.1 S 400 Constant  377.8
o o E [e]
O 250k Mean 3.061 O 6005_ Mean 2.909 O 350 Mean 2.816
Sigma  0.0161 E Sigma  0.01183 300 Sigma  0.02234
200F 500F
: 250
150F 400F 200
300F
100 3 150
200F 100
S0F 100F J L 50
ok k 1 1 . 1 L 1 e 1 1 1
99 3 31 32, 33 97758 29 3 31.32 897 28 29 3 31.32
x [cm] x [cm] x [cm]

Figure VII.11: 2D hit maps from a measurement with the 100 pum collimator. The associated

projections to the wire direction with Gaussian fits are shown in the lower row.

The average standard deviation from the six measurements with the 200 pm colli-
mator and the average standard deviation from the three measurements with the
100 pm collimator are given by:
O200um = 161pum £ 36um (VIL4)
O100pm = 167pm £ 53um
As the standard deviation is not increasing with the diameter size of the collimator,
it is shown that the collimator diameters are low enough to treat the beam as a point
source. Therefore, the spatial resolution is the spread around the centre of the peak,
so that the standard deviation is an appropriate value for the spatial resolution in
the direction parallel to the wire direction. The same procedure could not be applied
in the direction perpendicular to the wires. Therefore, the spatial resolution in this
direction cannot be determined exactly, but the measurements with the four pin-hole

collimator let assume that the theoretical resolution of 433 pm can be reached.
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As mentioned in section [V.5] the anode cathode gap was reduced to one millime-
tre, so that the spatial resolution for annihilation photons which cause conversion
electrons with an average exit angle of 45°, is in the order of one millimetre. As
the spatial resolution for low energy X-rays is much smaller than a millimetre, the
detector should be able to determine the position of conversion electrons with an

accuracy of one millimetre.

VI1I.6 Difficulties in Determining the Spatial
Resolution with other Methods

Several methods to determine the spatial resolution of the MSPET prototype cham-
ber have been investigated. Out of these only the methods described above provide
reasonable results. This section is designated to give some reasons whereas the other

methods are not appropriate to determine the spatial resolution.

e A first attempt was to use a ?2Na source which was collimated with a three
centimetre thick lead block with a one millimetre thin pin-hole. With this
setup it was not possible to produce a defined beam of photons with an energy
of E =511 keV.

The collimator was also used in a one millimetre thick slit setup. It was possible
to reproduce a rough image of the slit in three different directions with the
MSPET prototype chamber, but these measurements were not good enough

to give information about the spatial resolution.

e Another attempt was to use a *Fe source which produces gamma rays with a
mean energy of £/ = 5.9 keV. The measurements were not successful which is
not a big surprise if one looks at the transmission curve for the copper layer
in Figure [VIL.2] As the transmission for the gamma rays of the iron source is

very low, measurements with the iron source are not reasonable.

e [t was also tried to make measurements with the one millimetre pin-hole colli-
mator of the X-ray source described in section The spatial resolution of
the chamber was determined by moving the beam in stages over the chamber.
Thereby the reconstructed distance between two beam positions was compared

to the applied displacement. The average deviation should then be an indica-
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tor for the spatial resolution. The average deviations from fifty measurements
are:

pr =113 pm £83 yum  and  p, = 188 pym £ 119 pum

Perpendicular to the wire direction the resolution is much lower than the
theoretical prediction. This arises from the step-size of the detector movement.
The detector was moved in 500 pm steps in both directions at the same time in
this measurement. Therefore, the chamber was always irradiated at positions
which had alternating the same distance to a wire. Thereby the measurement
was not appropriate to determine the spatial resolution.

Assuming, that if the detector is moved in smaller step-sizes of e.g. 50 pym over
the beam, the results would be adequate to determine the spatial resolution.
But as the uncertainty of the chamber position is around o, , ~ 100 pm such

a measurement was not possible with this measurement setup.



CHAPTER VI1II

Measurements and Simulations

The detector response to annihilation photons and on low energy X-rays is different.
This chapter shows and explains differences.

The second part of this chapter shows that the detector response to homogeneous
distributed annihilation radiation shows an unexpected pattern. Simulations were

performed which reveal the origin of this pattern.

VIII.1 Gas Gain

The avalanche multiplication factor called gas gain was treated theoretical in Sec-
tion and is an inherent attribute of a gaseous detector. A direct measurement
of the gas gain is only possible if the number of primary ion pairs which are pro-
duced through the ionisation within the gas layer is known. For the MSPET proto-
type chamber and the radiation sources which were available, the exact number of
primary ion pairs was not known. Therefore, it was more reasonable to determine
only the pulse height distribution of the detector as the pulse height of the signal
is proportional to the gas gain. The same measurement setup that was used to de-
termine the spatial resolution, Section [VII.2] could be used to determine the overall
charge induced on the pads by an avalanche.

The MSPET prototype chamber was irradiated with the X-ray source without the
collimator inlet which was shown in Figure The high voltage was raised in

10 V steps and in each step the chamber was irradiated three minutes long.

75
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Measurements and Simulations

Figure VIII.1:
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In both figures the histograms of the pulse height distribution of the signals for

four different voltages are presented. In figure (a) the signals were produced by the

X-ray source whereas figure (b) presents the signals induced by a *?Na source. In

both measurements a gas mixture with 70% Ar and 30% CO, was used.

The measurements were performed for three different gas mixtures. The same mea-

surement was also performed with a 2?Na source. The source was mounted directly

in the front of the chamber. This was performed only for one gas mixture.

The pulse heights of each cathode pad were summed up for each cathode plane in

every event and filled in a histogram.

With this histogram the average pulse height for each voltage step was determined.
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The results are shown in Figure [VIII.I] The average pulse height is plotted in a
logarithmical scale, so that the exponential dependence on the voltage for the X-ray
source which is suggested theoretical and by simulations with Garfield [Got09], can
be validated.

Figure compares four histograms of the pulse height distribution between the
22Na and the X-ray source. The distributions for the X-ray source in (a) represent
the energy spectrum of photons for different gains and the curve progression is as
expected. In (b) the avalanches are produced by conversion electrons with energies
with a distribution around approximately 280 keV. It seems that it was not possible
to obtain the full spectrum of the conversion electrons. Therefore, more measure-
ments with different gas mixtures are needed to investigate, if it is possible to detect

the full conversion electron spectrum with the MSPET prototypes.

VIII.2 MSPET Prototype Chamber Response

on Annihilation Radiation

The response of the MSPET prototype chamber to annihilation radiation differs to
the response to X-rays which was shown in Figure [VIL5 A difference is that the
511 keV annihilation photons are not absorbed by the detector frame or the cathode
pads and, therefore, the gas layer is irradiated homogeneously. Another difference is
that the electrons which are liberated from the cathode pads or which are produced
by interaction in the gas layer have a larger scattering angle and a higher energy.
Therefore, it is possible that the avalanche occurs at one, two or even at three or
more wires at the same time. For the X-ray photons in contrast the avalanche will

occur mainly on one wire. Sketches of the different ionisation processes are illustrated

in Figure
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Figure VIII.4: 2D reconstruction of avalanche positions within the MSPET prototype chamber.
The chamber was irradiated with a 22Na source which was mounted five centimetre

in front of the chamber, so that the chamber was homogeneously irradiated.
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Figure VIII.3: Comparisons of the ionisation processes within a MSPET prototype for low energy

X-ray photons (a) and annihilation radiation (b).

The reconstruction of the avalanche positions in two dimensions for a MSPET
prototype chamber which was irradiated with a 2?Na source is shown in Fig-
ure The avalanche positions were reconstructed with the unweighted
displacement function Equation The associated projections on the y- and
x-axis are illustrated in Figure [VIIL5 Subfigure (a) shows the reconstruction in
the direction perpendicular to the wires. Therefore, the distribution should be
homogeneously. The peak structure within the distribution indicates that errors
originate in position reconstruction so that hits pile up in the middle of each pad.
The reasons for this problem will be topic of the next section. The projection to
the axis in Subfigure |VIIL.5(b) shows peaks at the wire positions which is expected.

By comparing the projection with the measurement with the X-ray source in
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Figure VIIL5: Projection on the y-axis (a) and x-axis (b) from the avalanche positions of the
chamber, which was irradiated with a ?2Na source. The associated 2D plot is shown
in Figure (a) shows that a reconstruction with the unweighted displacement
function leads to an inhomogeneous distribution. In Figure (b) the wire arrangement
dominates the position of the avalanches.

Figure one sees that there are much more continuously distributed avalanche
positions when the chamber is irradiated with the ?2Na source. This comes up as a

conversion electron can produce avalanches on multiple wires at the same time.

A common way to determine the PRF-o for the weighted displacement func-
tion Equation is to plot the reconstructed displacement from the centre of
the pad with maximum charge against the ratio of the charge on one pad of the
three participating pads to the overall charge into a two dimensional histogram. In
the following this plot will be called pad response function plot (PRF-plot). The
PRF-plots for measurements with the ??Na source and the X-ray source are shown
in Figure [VIILG] The theoretical distribution of the PRF can be calculated with
Equation and is plotted as pink curve into the two dimensional histograms.
The measured data follows the theoretical distribution, but the deviations around
this distribution are relatively large which occurs due to the small dimensions of
the prototype chamber. By comparing the two plots in Figure [VIIL.6| one sees that
the hits disperse stronger for the ??Na source. The charge ratio reaches values up
to 0.3, which means, that the charge on all three pads was the same.

This comes up when the signal was induced on multiple wires.
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One has to recognize that the theoretical PRF function is derived for avalanches

occuring on only one wire.
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Figure VIIL.6: Displacement from the centre of the pad which carries the maximum charge against
the charge ratio. Figure (a) shows the distribution for the ?2Na source. The data
points disperse around the ideal distribution, which is given by equation and
plotted as pink curve. The same distribution for the X-ray source is displayed in
Figure (b). One sees that the deviations are much larger for the ??Na source than
for the X-ray source.

VIII.3 PRF-Simulations

In Figure and Figure it was shown that the reconstruction of avalanche
positions contains unexpected artefacts. Therefore, it was decided to perform PRF-
simulations to investigate if the chosen geometry for the MSPET prototype chamber
is able to provide appropriate avalanche position reconstruction. The simulation was
realised by a two dimensional grid which equated the cathode layer. The charge
induced on the copper layer by the avalanche was simulated as a two dimensional
Gaussian distribution. The average value of the Gaussian distribution was created
randomly. The random values also followed a two dimensional Gaussian distribution
in order to simulate a beam. For each event the grid was splitted into nine pads with
the geometry of the pads from the MSPET prototype chamber and all pixels within
a pad were summed up and built the charge value of the pad. In Figure and
Figure the result of the simulation is presented.
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Figure VIIL.7: PRF plot from simulated data. The black cycles show that the theoretical prediction

from the Gatti formula follows the progression of the simulated data. The pink points
represent a Gaussian fit to this data. The fit describes just a rough estimation of

the real curve progression.
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Figure VIII.8: Reconstruction from the simulated data of Figure [VIIL.7| Figure (a) illustrates that

the reconstruction with the unweighted displacement function shows a deformed
image of the input distribution. A reconstruction with the weighted displacement
function where the PRF-0 was taken from the Gaussian fit in Figure [VIIL7] in
contrast, is able to deliver an appropriate image of the input distribution which is

shown in figure (b).

The o for the Gaussian distribution which simulated the charge on the whole cath-

ode layer was chosen to be o = 0.9 mm. Figure [VITL.7] shows that this was an

appropriate value as the theoretical distribution, represented as black cycles, has
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the same progression as the simulated data.A Gaussian fit was applied on this data
and the progression is displayed as pink dots in the plot. One should realize that
the data does not follow a Gaussian distribution anymore.

Position reconstruction for this simulated data are presented in Figure [VIIL8|a) and
(b). Where in (a) the reconstruction was performed with the unweighted displace-
ment function and in Figure (b) with the weighted displacement function where the
PRF-0 was determined with the Gaussian fit in [VIIL.7, The progression in Figure
(b) represents the Gaussian distribution of the beam shape which was simulated
with only tiny artefacts. The reconstruction in (a) with the unweighted displace-
ment function in contrast produces undesired artefacts.

To be able to distinguish simulations with measured data, it is necessary to analyse
in how far and in which form the measured data differs from the theoretical values.
For the analysis of this behaviour two datasets, one from the 22Na source measure-
ments and one from the X-ray source measurements, have been studied. For each
event the charges of the three most significant adjacent pads were plotted and a
Gaussian fit was performed to this three data points. The o of the fit was then filled
in a histogram. The results for both datasets are shown in Figure [VIIT.9] In Figure
(a) the o distribution for the *Na is presented. The progression can be described

by a landau distribution which is plotted in red.
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Figure VIIL.9: The plots show PRF-o-distributions where each PRF-o was derived from a Gaussian
fit on the charge values of three adjacent pads from a single event. In Figure (a)
the MSPET prototype chamber was irradiated with a ?2Na source. The landau
distribution shown in red is appropriate to describe the curve progression. In Figure

(b) the chamber was irradiated with the X-ray source.
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The progression of a landau distribution comes up from large exit angles of
conversion electrons. The probability for large exit angles is low, but when they
occur they produce large PRF-o’s. The distribution shown in Figure [VIIL9(b) was
obtained from the X-ray data and is not landau distributed.

As the dispersive behaviour of the PRF-0 was known then, it could be implemented
in the simulations. The simulation of the ?2Na source response was performed by
assigning the PRF-o to the two dimensional Gaussian distribution which simulated
the charge induced on the cathode layer as random values which were landau
distributed.

A comparison of simulated with measured data is illustrated in Figure [VIII.10] The
parameters for the random landau distribution were set to ¢ = 0.077 and
MPV=0.9 [[] In Figure [VIIL10|(a) and (b) the PRF plot and the position recon-
struction for simulated data are presented. The beam width was made very broad
to compare the data with measurements where the source irradiated the chamber
homogeneously. In figure (¢) and (d) the associated measured data which was also
shown before is presented. The histogram in (d) is thereby zoomed to the first nine
pads, so that the plots can be compared directly. The PRF plots show that the
simulation is appropriate and we obtain similar artefacts in the simulation and the
measurement. However, it is pointed out that the peak pattern is more pronounced
in the measured data. A possible reason could be that the simulation did not
consider any noise in the data.

The position reconstruction was performed with the unweighted displacement
function. Reconstructions with the weighted displacement functions showed images

with more artefacts disregarding which value for the PRF-0 was designated.

The deviation from the theoretical PRF to a Gaussian distribution shown in
Figure can be reduced by downsizing the pad width or enlarging the
anode-cathode gap. Figure shows the simulated response for a MSPET
prototype chamber, where the pad width is reduced to 2.1 mm or the anode-cathode
gap is enlarged to 1.3 mm, on annihilation radiation. One can see that the recon-
struction artefacts are minimized. The simulation of such geometries showed better
reconstruction results but these geometries have unsatisfying drawbacks. A larger
anode-cathode gap would diminish the spatial resolution due to the correlation to

the exit angle of the conversion electrons.

IMPV= Most probable value
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Figure VIII.10: Comparison of simulated and measured data. Figures (a) and (b) show simulated
data where the simulation shown in Figure [VIIL7 was smeared with the PRF-
o distribution shown in Figure [VIIL.9(a). Figures (c) and (d) show the measured
data of a ?2Na source. In Figure (a) and (c) the PRF plots are compared. In Figure
(b) and (d) the associated position reconstructions are compared. The same peak
pattern is given in the simulation and in the measurement. However, the peak

structure in the measurement is more pronounced.
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On the other hand a reduction of the pad width implies the need for more read out
channels and the construction of the converter pads becomes more complicated.
Therefore, it was decided to retain the old geometry as the error due to the

reconstruction is smaller than the desired spatial resolution for the tomograph.
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Figure VIII.11: Simulations for a MSPET prototype chamber with smaller pads or larger anode-
cathode gap. They show that the peak pattern in the position reconstruction can
be reduced, so that the pattern disappears almost entirely.






CHAPTER I X

Gold Converter and PET Measurements

This chapter shows measurements which were performed with a MSPET prototype
chamber which was upgraded with a gold converter. It presents also first PET mea-
surements. From the event numbers of these measurements it is possible to calculate

the efficiency to detect annihilation radiation in two different ways.

IX.1 Measurements with a Prototype that had a
Gold Converter

A printed circuit board with copper pad structure was sent to the company
Drollinger. They electroplated the copper pads with a gold layer. A gold layer with
a thickness of thirty micrometres was ordered. A determination of the weight of
the circuit board, before and after the electroplating process, resulted in an average
thickness of sixty micrometres. Measurements with a 3D probe head showed that
the thickness was varying from 30 to 120 micrometres for different positions on the
pads.

Nevertheless, a MSPET prototype chamber was constructed with this gold converter
layer. The gold prototype provided stable operation, although the cathode pads
had an unsteady gold layer.

The prototype chambers showed a unsteady pattern for reconstructed avalanche

positions when they were irradiated homogeneously with a ??Na source. This was

treated in Chapter [VIII.2| and an example hit map was shown in Figure [VIII.4|

87
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Similar images were obtained with the gold prototype. We did not obtain an
unsteady production of conversion electrons which was expected due to varying

converter thicknesses and the reconstruction artefacts were still present.

Count rate measurements were also performed with the ?Na source for the
gold converter prototype chamber and for the prototype chamber without gold
converter. In both measurements the chambers were irradiated with the 22Na source
for five minutes where the source was mounted directly in front of the chambers.
The results are presented in Figure One can see that the count rate obtained
with the gold converter chamber is approximately 30% higher at the maximal

applicable voltage than the count rate of the chamber without gold converter.
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Figure IX.1: Count rate performance of two different MSPET prototype chambers irradiated with
a 22Na source. The cathode layer of one chamber was covered with a gold layer which
acts as converter. The chamber with gold converter could be irradiated from two
different sides as just one cathode layer was electroplated with gold. The red rhombs
were from a measurement where the gold converter was on the outer cathode layer
so that the photons penetrated the converter after passing the gas layer. The yellow
triangles were from a measurement where the gold converter was on the inner cathode
layer so that the photons penetrated the converter directly. In this case the photons
did not had to pass the gas layer.

GEANT4 simulations for a MSPET scanner were performed by
H. Gottschlag [Gotl(0]. They were made for a MSPET scanner that consisted

of 200 detectors which were subdivided into four stacks. These stacks were arranged
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Figure IX.2: Simulations of the singles efficiency in a MSPET scanner. The simulated scanner
consisted of four stacks with 50 detectors each. The singles efficiency to detect 511 keV

photons was simulated with varying gold converter thicknesses [Got10].

symmetrically around the centre of the FOV. The simulations were made with
varying converter thicknesses and performed for gold and lead converters. The single
electron efficiency for a scanner which contains detectors with a gold converter on
the inner pad plane is shown in Figure [[X.2]

One sees that the optimal converter thickness for a gold converter is around thirty
micrometres. For this converter thickness the singles efficiency is doubled if one
compares it with the singles efficiency of a gold converter with a thickness of zero.
As the gold converter had an average thickness of sixty micrometres in the measure-
ments, one would expect that the count rate would be increased by approximately
80% following these simulations.

A difference between the simulations and the measurements is that the simulation
provides an ideal source where the number of emitted photons is exactly known.
The 22Na source which was used in the experiment produces, additionally to the
annihilation radiation, a 1275 keV photon in each decay. It is also possible that
Bremsstrahlung occurs in the ??Na source as a thin stainless steal foil is in front
of the source. When the positron from the S*-decay is decelerated in this stainless
steal foil, it is possible that Bremsstrahlung is generated.

The observation that the simulations and the measurements cannot be directly
compared can also be seen in Figure The chamber with gold converter can
be irradiated from two different sides as just one cathode layer was electroplated
with gold. The red rhombs in Figure were from a measurement where the
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gold converter was on the outer cathode layer so that the photons penetrated the
converter after passing the gas layer.

The yellow triangles were from a measurement where the inner cathode layer had
the gold covering so that the photons penetrated the converter directly. In this case
the photons did not had to pass the gas layer.

We observed that the count rate is approximately 10% higher for the red rhombs.
From simulations it is known that the count rate should be lower for the red
rhombs.

Therefore, it is necessary to repeat these measurements with a different source
which is not collimated with high Z material. Such a source would not produce
Bremsstrahlung. On the other hand more prototype chambers with a converting

material of precise thickness are needed to obtain correct and comparable results.



I1X.2 PET Measurements 91

I1X.2 PET Measurements

I1X.2.1 Measurement Setup

The first real PET measurements were made with a prototype chamber without gold
converter and a prototype chamber with gold converter. For these measurements
only 44 pre-amplifiers (PNG CATSA) and main amplifiers (PNG MAS8000) were
available. Therefore, each chamber had only eleven active read out channels for
each direction. With a pad width of three millimetre, a gap of 0.3 mm, and the
disadvantage that the two end pads did not contribute to the active detection
areaﬂ it was only possible to obtain an active detection area of 2.97 x 2.97 cm? per
detector.

For the PET measurements the chamber carrier which was used for the spatial
resolution measurements was upgraded. This time the carrier was used as a
source holder. The two chambers were arranged face to face in a distance of nine
centimetres on two new fixed chamber carriers. Therefore, the source could be
moved precisely in the plane parallel to the detectors and was fixed in the direction
perpendicular to the detector surface. Thus, the source was always three centimetres
away from detector one and six centimetres away from detector two. In Figure

a sketch of the measurement setup from two perspectives is shown.

Figure IX.3: Technical drawings from the setup of the PET measurements from two perspectives

done by W. Verhoeven. The blue cylinder illustrates the sodium source.

The electronic setup for the read out was closely related to the electronic setup

which was used in the spatial resolution measurements shown in Figure [VIL.3]

I'With the charge dividing read out method three adjacent pads are needed. The two end pads
have only one neighbour each. Therefore, they cannot contribute to the active read out area.
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The number of readout channels for one chamber was reduced from 32 to 22 and
the gate for the ADCs was then generated from the wire signals of both chambers.
This means that the wires of each chamber were connected to two separated pre-
amplifiers’. A logic OR gateE] was used to combine the two signals after the P/S
delay generator. Therefore, the ADCs digitised the signals on all channels when a
signal was induced on the wires of at least one chamber. The high voltage of each
chamber was produced by two ISEG high voltage power supplies which were moni-
tored by two separate PCs.

The data from the peak sensitive ADCs was read out and stored as ASCII files by
a C program. The data was later converted into a ROOT-file [BRI7]. A ROOT-
macro filtered the coincidences out of this data and stored the coordinates of the
reconstructed positions of the avalanches in both chambers in a binary-file.

The image reconstruction was then performed by an expectation maximisation -
mazimum likelihood (EM-ML) algorithm which has been implemented in a C pro-
gram by T. Késters [K609).

IX.2.2 Image Reconstruction of a Sodium Source

The reconstructed images of three single measurements using a sodium source are
shown in Figure [[X.4] The sagittal slice shows the plane in which the source was

moved. One can see that the source was placed at three different positions.

wansverse1 . coronal 11 sagittal 1 3

T

Figure IX.4: EM-ML reconstruction of the 2?Na source. The source was moved to three differ-
ent positions in the FOV. The LORs were measured with two MSPET prototype
chambers. The reconstructed image positions of the source matched to the applied
displacements of the source. The shape of the reconstructed image of the source does

not correspond to the expectation.

1One pre-amplifier and the logic OR gate were constructed by the IKP workshop. The pre-
amplifier was needed to be able to trigger on both chambers at the same time. It was necessary to

built one as no second ORTEC Model 124 pre-amplifier was available.
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Measurement No. Measurement time [h] No. of valid coincidences

1 111 523
2 137 8257
3 68 10108

Table IX.1: Measurement time and number of valid coincidences for three measurements with a
22Na source at three different positions. The measurement number corresponds to the
labels in Figure[[X:4] The number of valid coincidences increased strongly as the source

was moved more and more to the centre of the FOV.

The applied displacements of the source match to the reconstructed displacements.
The numbers at the reconstructed sources in Figure [X.4] indicate the associated
measurements. The measurement time and the number of measured coincidences
are shown in Table [X 1]

Unfortunately, it was not possible to obtain the shape of the sodium source which
has the form of a coin with a diameter of three millimetre and a height of one
millimetre. This can be caused by the small solid angle which was covered by the
two detectors and the low statistics of the data. Therefore, the given measurement
setup was not able to determine the spatial resolution for the intended MSPET
scanner.

In order to be able to determine the spatial resolution more readout electronics, a
smaller source with a higher activity, and maybe a stack of several detectors are
needed.

Nevertheless, these first PET measurements showed that the detectors are able to

provide PET images where the position of the source can be reconstructed.

I1X.2.3 Efficiency to detect Annihilation Radiation

There are two ways to determine the efficiency to detect photons with an energy of
E =511 keV with a PET measurement where the source is placed in the middle of
the field of view. Figure shows a measurement where it was possible to place
the source approximately in the centre of the FOV. The number of events in this
measurement are noted in Table [X.2l In this case valid coincidence means that in

both detectors was a signal with a pulse height between two thresholds.
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Figure IX.5: Reconstruction of a PET measurement where the sodium source was placed in the
centre of the FOV.

No. of valid coincidences 4500
No. of valid singles detector 1 961060
No. of valid singles detector 2 1289803

Table IX.2: Number of events in a PET measurement with a 22Na source in the centre of the
field of view. Detector one is the chamber with gold converter and detector two is the

chamber without gold converter.

The whole measurement took 68 hours. As one assumes that every single signal
induced in one detector is originated by a 511 keV photon and the source was
exactly in the centre of the both detectors one can calculate the efficiency of one
detector by dividing the number of valid coincidences by the number of valid singles
of the other detector:

4500
Neo/Najz = ——— = 0.349 % 0.005%
1289803 X 1
Neo/ Ny = 4500 1 468 + 0.007% (-
Col Vsl T 961060 R

Another way to obtain the efficiency of the detector is to divide the number of mea-
sured signals by the number of photons which crossed the detector. The ??Na source
had an activity of 47 kBq. Since the source was not calibrated the manufacturer
gave an uncertainty of 40 %.

To calculate the solid angle which was covered by the detector one can assume in
first approximation that the active detection area of the detector was on a surface
of a sphere. As the surface of the whole sphere is given by 47, one can calculate the
proportion on the whole solid angle with:

Q A (2.97)2
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As the measurement took 68 h = 244800 s and each decay results in two photonﬂ,

the number of photons which cross the active detection area becomes:
N, = 2-47000 - 244800 - 0.0347 = 7.98 - 10° (IX.3)

Therefore, the efficiency of the both chambers is given by:

961060
Nyi/N, = o = 0.12 £ 0.05%
7.98 - 108 (IX.4)
1289803 ’

By comparing the results from with the results from one obtains a dis-
crepancy by a factor of around three.

For a large amount of random coincidences the results would be in better agreement,
but with a coincidence window of ten microseconds and Equation one would
expect only eight random coincidences in the whole measurement. So the random
coincidences can be neglected.

If one would reject an expected amount of signals which could be produced by
1275 keV photons, Bremsstrahlung or sparking of the chamber, the discrepancy be-
tween the results would grow further.

Therefore, the discrepancy has to come up from data processing or misarrangement
of the source. At this point further measurements will be needed to determine the

efficiency to detect annihilation radiation.

2The decay of 2?Na results in the emission of three photons, but the probability to detect the
1275 keV photon with the prototype chamber is very low.






CHAPTER X

Conclusion

The MSPET prototype chambers were able to detect over 80% of the cosmic muons
with differently applied gas mixtures. Therefore, the detectors should be able to
detect the majority of conversion electrons which are caused from annihilation
radiation.

The spatial resolution for low energy X-ray photons was measured to 161 + 36 pum
in wire direction and 432 4+ 171 pm in the direction perpendicular to the wires
which is in accordance with the theoretical expectations. Therefore, the prediction
for the spatial resolution for annihilation radiation of one millimetre seems to be
adequate.

The PET measurements have presented the ability of the chamber to detect
annihilation radiation in a reasonable way and gave first approaches to calculate
the efficiency. Unfortunately, it was not possible to determine the spatial resolution
for annihilation radiation out of these PET measurements.

The first usage of a converting material showed that the detector response stays the
same in such way that measured events had the same pattern when reconstructed
and inhibited the same pulse height distributions. It was presented that the number

of conversions is enlarged by using a converting material.

The next steps should be to build up more prototype chambers with con-
verting materials of precise thickness and to produce adapted read out electronics.
With more adapted readout electronics it will be possible to measure with sources

which have a higher activity. This will open the opportunity to determine the

97
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spatial resolution of the detectors to detect annihilation photons and to determine
the efficiency correctly.

Also further measurements with different gas mixtures with consideration of
pressure and flow should be established to determine the conditions which provide

the most advanced detector performances.
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