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Abstract

Studies of detection of v radiation with use of
organic scintillator detectors in view of positron
emission tomography

Positron emission tomography (PET) is experiencing nowadays a lot
of interest. PET scanner measures density distribution of radiopharma-
ceuticals with radioactive isotopes emitting positrons in human body.
annihilation of positrons with electrons from the body of the patient
results in emission of two gamma quanta, going back to back which are
then measured in detectors surrounding the patient. After applying
reconstruction algorithms density distribution of annihilations is de-
termined. PET modalities can effectively vizualize metabolic processes
inside examined patient, unlike other kind of scans like Computer To-
mography or Nuclear Magnetic Resonance, which tell us only about
anatomy of the patients body.

In recent times even more sophisticated method of scan was intro-
duced - the Time-Of-Flight PET. TOF PET measures time difference
between arrival of gamma quanta in two detectors. Hovewer due to lack
of fast scintillaton materials this method weren’t applied in practice.
Availability of new, faster scintillators and cost-effective photomulti-
pliers, as well as improvements in field of electronics enabled usage
of TOF PET modalities. Resolution of measuring time difference in-
fluences spatial resolution of reconstruction thus making this quantity
most important when designing TOF PET scanner. One of the best
presently available scanner achieved time resolution of about 550 ps.

In this thesis feasibility study of using plastic scintillators in TOF
PET reconstruction is tested. At present TOF PET scanners are based
on crystal scintillators, which compared to plastic scintillators are much
slower and more expensive to manufacture. Measurements of ampli-
tude spectra of polymer scintillators, which were irradiated by gamma
quanta from annihilation, made by dr A. Kochanowski and mgr t..
Kapton in Chemistry Department of Jagiellonian University, allowed
for determining best composition of base, primary and secondary addi-
tive. As a result of the test performed in the framework of this thesis a
PVT+PPO+POPOP was found as the best combination out of eight
examined. Experimental measurement of distrubution of time differ-
ence between signals from both sides of RP422 scintillator strip has
been also performed with result of ~ 680 ps. This result can be further
improved by upgrading electronic components of experimental setup.






Streszczenie

Badanie detekcji promieniowania gamma za
pomoc3 organicznych detektoréw scyntylacyjnych
pod katem ich wykorzystania w pozytonowej
tomografii emisyjnej

Skanery PET pozwalajg na nieinwazyjne obrazowanie rozktadu ges-
tosci farmaceutykow w ciele pacjenta. W tym celu farmaceutyki znakowane
sg radioaktywnymi izotopami emitujacymi pozytony. W wyniku anihi-
lacji pozytonow i elektronéw z ciala pacjenta, emitowane sg dwa kwanty
gamma, poruszajace siec w przeciwnych kierunkach, ktore nastepnie sa
mierzone w detektorach otaczajacych pacjenta. Po zastosowaniu algo-
rytméw rekonstrukeji okreslany jest rozklad gestosci miejsc anihilacji.

W ostatnim czasie zostaly wprowadzone jeszcze bardziej wyrafi-
nowane metoda skanowania. TOF PET (z ang. Time of Flight) mierzy
roznice czasOw pomiedzy pojawieniem sie¢ dwoéch kwantow gamma w
detektorach. Niestety brak szybkich materialéw scyntylacyjnych unie-
mozliwitwykorzystanie tych skaneréw w praktyce. Dostepnos¢ nowych,
szybszych scyntylatoréow oraz postepy w polu elektroniki a takze wiek-
szy wybor optacalnych fotopowielaczy pozwolity powr6t do badan nad
skanerami TOF PET. Doktadno$¢ zmierzenia réznicy czaséw wplywa
na rozdzielczos$¢ przestrzenng rekonstrukeji, sprawiajac, ze jest to naj-
wazniejsza wielkos¢ brana pod uwage przy projektowaniu skanerow
TOF PET. Jeden z najlepszych, obecnie dostepnych skaneréw posiada
rozdzielczosé czasowa okoto 550 ps.

W tej pracy badana jest mozliwos¢ wykorzystania plastikowych
scyntylatorow w budowie skanera TOF PET. Obecne skanery TOF
PET sa zbudowane z krysztalow scyntylacyjnych, ktére w poréwnaniu z
plastikowymi scyntylatorami sa o wiele wolniejsze i drozsze w produkcji.
W ramach tej pracy wykonano pomiary widm amplitud scyntylatoréow
polymerowych naswietlanych kwantami anihilacyjnymi, wykonanych
przez dr A. Kochanowskiego i mgr ¥.. Kaptona na wydziale Chemii Uni-
wersytetu Jagielloriskiego. Wyniki pomiaréw pozwolity na wyznacze-
nie najlepszej mieszanki bazy, pierwszego dodatku i drugiego dodatku,
do wykorzystania w budowie paskéw polymerowych dla paskowego
TOF PET. Wykonany zostal takze pomiar dystrybucji réznicy cza-
sow pomiedzy sygnatami z dwoch stron paska scyntylatora RP422.
Uzyskany wynik to o ~ 680 ps. W przysztosci rozdzielczosé ta bedzie
poprawona poprzez zastosowanie ulepszonych uktadéw elektronicznych.
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Chapter 1

Introduction

Positon emission tomography (PET) is experiencing nowadays a lot of
interest. This examination allows to find spatial and temporal distri-
butions of chosen substances inside human body. In over 30 years since
first tomography ring was used, we have learned that PET modalities
can effectively visualize metabolic processes inside examined patient,
unlike other kind of scans like Computer Tomography or Nuclear Mag-
netic Resonance, which tell us only about anatomy of body. As noted
in [1] PET allows for diagnosis of many diseases in early stage |2, 3].
For example it gives information about concentration of cancer cells,
which have different metabolism than normal cells; cardiac problems,
or changes in brains of people with mental diseases. PET scanner mea-
sures the density distribution of radiopharmaceuticals with radioactive
isotopes emitting positrons. annihilation of positrons with electrons
from the body of the patient results in emission of two gamma quanta,
going back to back which are then measured in detectors surround-
ing the patient. After applying reconstruction algorithms the density
distribution of annihilations is determined.

In recent times even more sophisticated method of scan was intro-
duced - the Time-Of-Flight PET. TOF PET measures time difference
between arrival of gamma quanta in two detectors. The idea to use
TOF was proposed in early stages of PET developement [4] and first
TOF PET scanner was made in 1980s [4]. Those early scanners were
made of CsF or BaF; crystals which could handle high-count-rates in
research of brain and heart by using short lived isotopes [4]. However
those detectors could not match at that time in field of spatial resolu-
tion and sensivity with BGO crystals used in PET scanners. This led
to obviating from this kind of examination.

Availability of new scintillators (like LSO and LYSO) [5,6], as well
as improvements in the field of electronics and more choices of cost-
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effective photomultipliers made studies on TOF PET available again.
In 2005 Siemens TOF PET scanner based on LSO achieved 1.2 ns
timing resolution 8], a first commercial TOF PET was constructed in
2006 by Philips and was based on LYSO crystals, this scanner achieved
650 ps resolution time, later in in 2007 Gemini TF scanner based on
LYSO crystals achieved even better result - 600 ps [4] and finally in
2008 Simens made a prototpye scanner based on LSO crystals that
achieved 550 ps. Spatial resolution of TOF PET scanner is directly
connected with time resolution of detectors used, which makes it the
most important parameter that charaterizes TOF PET scanner. It tells
how well one can locate the point of annihilation using time difference
between two detectors. Time resolution depends on several factors:
type of scintillation material, its shape, type of photomultiplier and
electronics used to analyse signals. At present all TOF PET scanners
use crystal scintillators to detect v quanta [1|. Shorter rise and decay
times of new crystal detector results in better time resolution. Because
of that a lot of effort is concentrated on making crystals with as fast
signals as possible. In 2010 D. Schaart and collaborators achieved 100
ps (FWHM) time resolution using BrilLance380 (LaBr;:Ce) crystal |7].
Still, those results where achieved only for a very small (3 mm x 3 mm
x 5 mm) sample and for a narrow range of amplitudes, smaller than
in typical tomographs, and in addition the efficiency for photoelectric
absorbtion in this crystal is few times smaller than in LSO or BGO
|8]. Information about the time of arrival of gamma quanta in two
detectors allows also to reduce propagation of noise along the line of
propagation of gamma quanta. Reduction of noise results in increase
of sensivity [4]. Further improvement of time resolution from 600 to
100 ps would change sensivity gain by about a factor of 6 [4].

Crystal scintillators, currently used as a base in TOF PET scanner,
have time resolution limited by long decay time of signals. , On the
other hand, plastic scintillators, used for many particle and nuclear
physics experiments have faster signals and offer much better time res-
olutions [9-12]. The aim of this thesis is to perform the first test of
the polymer scintillators in view of their application for TOF PET, as
suggested in references [13-15].

TOF resolution for plastic scintillators can be even better than 100
ps. This, combined with large light attenuation lenght (about 2 me-
ters), would allow to use 1 meter strips of plastic. One of the proposed
solution for TOF PET based on polymer scintillators is a barrel built
out of strips [13|. Scintillation light from both sides of each strip would
be converted into electric signal by photomultipliers. Barrel made from
such strips could allow making a 3D image of the whole body at one
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measurement.

In crystal detectors signals from photoelectric effect are used for re-
construction, but in plastic scintillators probability for this phenomenon
is negligible. Still it is possible to use events related to Compton effect
inside the detector for reconstruction. To compensate for low proba-
bility of interaction in plastic, several layers of material can be placed
around a patient, each made of plastic strips.

In this thesis study of using plastic scintillators in TOF PET recon-
struction is tested. First part of the thesis (chapters 2, 3, 4) contains
explanation of TOF PET scanners operation, phenomena connected
with this kind of examination, calculations concerning efficiency of de-
tection and simulations of shape of energy spectrum of electrons gained
via Compton effect. In second, experimental part (chapters 5 and 6),
setups used to measure amplitude spectra of different polymer scintil-
lators and time resolution of RP442 organic scintillator are described.
Results from measurements of polymer scintillators allow establishing
the best composition of base, primary and secondary additive to be
used in making polymer strips for Strip TOF PET. Measurement of
distribution of time difference between arrival of signals on both sides
RP422 scintillator will give necessary information on time resolution
one can reach for gamma quanta of energies equal to 511 keV, origina-
tion from annihilation.

In the second chapter of this thesis a brief description of operation
of PET detector is posted with more detailed explanation of novel Strip
TOF PET scanner based on plastic scintillators.

In the third chapter ways of interaction of v rays with detectors
matter are discussed with emphasis on Compton effect. That chapter
includes description of operation method of scintillator detectors and
photomultipliers, as well as explanations of differences in light signals
origin between organic (plastic) and inorganic (crystal) detectors. The
explanation of composition of structure of polymer scintillators is also
included.

In the fourth chapter the detector efficiency is calculated as a func-
tion of detector thickness for different thresholds of electron energy.
Influence of energy resolution on energy spectrum measured by plastic
scintillator is also presented. Finally the impact of energy threshold on
measured energy spectrum in case of real examination is discussed.

In the fifth chapter experimental setup used for measuring am-
plitude spectra for different polymer scintillators made in Faculty of
Chemistry of the Jagiellonian University and results of those measure-
ments are shown. The best sample is determined and compared with
NE102A plastic scintillator. Comparison of doped and pure polymer
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scintillators amplitude spectrais also made.

In the sixth chapter studies of time resolution for a strip of RP422
scintillator are presented. Further improvements of obtained time res-
olution are pointed at the end of the chapter.

This thesis is supplemented with Appendixes describing details of
experimental setups and a table with coefficients for photoelectric and
Compton effects for LSO, BGO and polymer scintillators.
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Chapter 2

Principle of Positron Emission
Tomography

Positron emission tomografy (PET) allows measuring spatial distribu-
tion of a chosen chemical substance inside patient’s body, thus provid-
ing information about metabolic processes assiociated with it. Changes
in metabolism allow identification of many diseases (e.g. cancer, Parkin-
son’s) and for widening knowledge about changes in brain activity of
people with mental disorders. Extensive description of possible ap-
plications can be found in [2,3]. Examination consists of injecting a
chemical substance marked with 8% radioactive isotope and detection
of gamma quanta from annihilation of positrons and electrons by a sys-
tem of scintillator detectors. Data from detectors are used for image
reconstruction which gives us information about density distribution of
marked chemical substance inside the body of the examined patient.

2.1 Physical basis

On the quark level 8™ decay may be described as a conversion of u
quark into d quark with emission of W* boson, which decays into
positron and neutrino. Because of three-body nature of this decay (n
— p et v), energy spectrum of positrons is continous in range from zero
to maximum energy, which depends on the type of nucleus. Positron
moves inside patients body loosing its kinetic energy via interaction
with electrons. The ete™ annihilation occurs predominantly when
positron energy decreases to the value of a few keV [16]. One can-
not establish the place where 8% decay occured with better precision
than the distance that positron had travelled. This distance depends
on type of matter through which positron moves and on the kinetic
energy of positron. In case of isotopes used in PET scans positrons
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move few milimeters before annihilation [2] (see also Tab. 2.1). This
factor constitutes a main limitation of spatial resolution of PET de-
tectors. After losing most of its kinetic energy positron collides with
electron forming positronium. This hydrogen-like particle has two sta-
tionary states: parapositronium with spins of electron and positron
aligned anti-parallelly, and ortopositronium with spins aligned paral-
lelly. Decay time of this system depends on its spin aligment. In first
case positronium decays into two v quanta and in the second case into
three. The former occurs in about - 99.7% of cases [17, 18], with ~y
quanta going back to back.

2.2 Radiopharmaceuticals

Radiopharmaceuticals are chemical substances which are composed of
radioactive isotope and a chemical compound used by body in meta-
bolic processes (such as glucose marked with *F). A few of the most
commonly used isotopes are listed in Tab. 2.1. Chemical compound is
just a carrier that transports radioactive marker into tissues. Different
tissues or metabolic processes can be examined by choosing proper
chemical compounds. Production of radioactive isotopes is done by
nuclear reactions with light targets and light projectiles |2, 3].

Table 2.1: List of chosen radioisotopes used in PET scans [1,5]. Shown
isotopes are used in radio-pharmaceuticals which play an important role in
the metabolism of living organisms [15].

Isotope | Half-time Max. energy Max. range | Average range
[min. | of positron [keV] | in tissue [mm| | in water [mm]|
e 20.5 960 4.03 1.7
13N 9.97 1198 5.29 2.0
50 2 1732 8.12 2.7
18 109.7 634 2.3 1.4

2.3 PET detectors

Each PET scanner is built from many scintillator detectors forming
rings around an examined patient as shown in Fig. 2.1. Presently
crystal detectors are used to detect v rays in all PET scanners.
Gamma quanta, are chosen as ones from the same act of anihillation
of positron and electron if they appear in detectors placed opposite to
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Figure 2.1: Different arrangements of scintillation crystals in PET detectors.
Patients lie along lines indicated with arrow. Figure is adapted from [1].

each other in short time (usually 5-10 ns [19]). A single event provides
a line between two detectors (LOR: Line Of Response), along which an
annihillation occurred (see Fig. 2.2). However using this method it is
impossible to find the point of anihillation in the event by event base.
Further on, based on the sample of measured LOR one can determine
the distribution of radionuclide in different parts of the patient body
using advanced reconstruction methods [3].

Figure 2.2: Principle of reconstruction in PET shown in a simplified case
where all lines of response originate from one place.
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2.4 TOF PET

Time Of Flight Positron Emmision Tomography (TOF PET) uses dif-
ference between the time of flight for gamma quanta from the same
annihilation event. The time difference is related to the distance of
annihilation point from detectors. As it is indicated schematically in
Fig. 2.3. If the source was placed in the center of the ring, the differ-
ence of TOFs for detectors A and B would be equal to 0. When the
source is moved closer to one of the detectors, the change in position
can be derived from the value of difference TOF 4 - TOF 5. Accuracy in

Figure 2.3: TOF PET geometrical model. Annihilation takes place in dis-
tance x from the center of the line connecting detectors A and B. TOF 4
is proportional to the distance between annihilation point and detector A,
TOF p is proportional to the distance between annihilation point and detec-
tor B.

determining localisation is thus limited by the time resolution of those
detectors. TOF 4 and TOF g can be expressed as:

rop, =%+ 2 (2.1)
C C
ToF, - L2 2 (2.2)
C &

where L denotes distance between detectors A and B, ¢ stands for the
speed of light and x is the distance between point of annihilation and
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the center of the line connecting detectors. Difference between TOFs
for two detectors equals:

TOF) — TOF, = 2%, (2.3)
C

Localization uncertainty is then expressed as [19]:

Az = C;‘t, (2.4)

where Az is localisation error, and At denotes time resolution of mea-
suring the time difference between detectors A and B.

In the conventional PET, reconstruction of the image is based on
strip across which all volume elements are taken into account, but in
TOF PET the region involved in the reconstruction is reduced to only
those volume elements which are close to a place identified by the time
difference (see Fig. 2.4). Usually a Gaussian distribution is used, which
is centered at v = §(TOFy —TOFg) point with FWHM corresponding
to the time resolution.

a LOR

Figure 2.4: Information available from single event registered with a) non-
TOF and b) TOF PET detectors. Figure is adapted from [19].

First advantage of this method of reconstruction is that it gives the
"true" image faster. Moreover, noise in TOF PET measurements is
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lower than in non TOF examinations, which is caused by not taking
whole lines in reconstruction, but only parts of them, so contribution
from backround is much lower. Visual effect of this difference is shown
in Fig. 2.5. Tt shows a picture taken with GEMINI TF TOF PET
scanner with time resolution of 585 ps [20]. It is worth to stress that
further improvement of the TOF resolution from 550 ps to 100 ps would
enhance signal to noise ratio by as much as a factor of 6 [19].

ToF off

Figure 2.5: Difference in reconstruction with and without TOF. Figure
adapted from [4,21,22].

As mentioned before, time resolution is the most important param-
eter that charaterizes a TOF PET scanner. It tells how well one can
locate the point of annihilation using time difference between two de-
tectors. Spatial uncertainty as a function of time resolution is shown
in Tab. 2.2. Time resolution depends on several factors: type of scin-
tillation material, its shape, type of photomultiplier and electronics
used to analyse signal. At present all TOF PET scanners use crys-
tal scintillators to detect annihilation quanta. Shorter rise and decay
times of scintillators results in better time resolution. Because of that
a lot of effort is concentrated on making crystals with as fast signals
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as possible. In 2010 D. Schaart and collaborators achieved 100 ps
(FWHM) time resolution using BrilLance380 (LaBr3:Ce) crystal |7].
Still, those results where achieved only for a very small (3 mm x 3
mm x 5 mm) sample and for a narrow range of amplitudes, smaller
than in typical tomographs. This crystal has also smaller attenuation
coefficient for photoelectric effect than other crystal scintillators used
in TOF PET [1].

Another important quantity for improving time resolution is the
light output of a material. It is a measure of a number of photons
produced in a scintillator per unit of the deposited energy. Most crystal
scintillators have light outputs of a few tens of thousands photons per
MeV of energy deposited in material.

Table 2.2: Time resolution of the time difference measurement between two
detectors and corresponding spatial uncertainty calculated based on equa-
tion 2.4.

Time resolution [ns| | Ax [cm]
0.03 0.45
0.05 0.75
0.1 1.5
0.2 3.0
0.3 4.5
0.5 7.5
1.0 15.0
1.2 18.0

2.5 Novel TOF PET solution based on polymer scin-
tillators

Crystal scintillators, besides many advantages such as high probability
of photon interaction, high light output and good energy resolution,
are very expensive to produce and many of them are hygroscopic. The
size of crystal detector is also limited because of short light attenuation
lenght. In comparison plastic scintillators are much less expensive and
easy to manufacture into many different shapes. TOF resolution for
plastic scintillators can be even better than 100 ps. This, combined
with large light attenuation lenght (about 2 meters), would allow to
use 1 meter strips of plastic. Moreover, plastic scintillators have still
large light output of typically 10000 photons/MeV. In PET made of
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plastic scintillators, detection chamber would be formed from strips of
detectors as shown in Fig. 2.6 [13]. Scintillation light from both sides

Figure 2.6: Detector arrangement in plastic scintillator PET. Patient would
lie inside the barrel, along scintillator strips [13, 14].

of each strip is converted into electric signal by photomultipliers. In
crystal detectors for reconstruction one uses events from photoelectric
effect inside detector, but in plastic scintillators probability for this
phenomena is negligible. Still it is possible to use events related to
Compton effect inside the detector. The maximum energy deposits of
electrons from the Compton edge is equal to about 340 keV. Thus Strip
PET with low energy threshold of 200 keV will reduce the scattering
of gamma quanta in the body of a patient to the same extent as it is
in the currently used tomographs which typically use the low energy
threshold of 300 or 350 keV [1]. To compensate for low density of plastic
scintillators several layers presented in Fig. 2.6 can be placed around
a patient [13,14]. The total thickness of cylinders of 5 cm results in
efficiency of 20% when requiring signals with energy deposits larger
than 200 keV.

Determination of impact position of v ray in one strip and annihila-
tion position is pictorially explained in Fig. 2.7. Strips of scintillators
are available in large sizes therefore, it is possible to manufacture de-
tection chamber which would allow for measuring gamma quanta from
whole the body at once rather than from a certain parts, significantly
decreasing the time of examination. Due to the large solid angle cov-

21



PM PM

Al

\

A
fﬁlgr

PM PM

Figure 2.7: Schematic illustration of a new PET concept - Strip PET. The hit
position versus the center of the scintillator (Al) is determined based on time
difference measured on both sides of the scintillation strip. Position (A x)
along the LOR is determined from time difference between two modules [15].

ered and superior TOF resolution, the overall detector efficiency will be
increased because of the possibility of effective application of 3D mode
of image reconstruction. Overall sensitivity of a 5 cm thick plastic Strip
PET with image reconstruction in 3D mode could be even larger than
e.g. typical BGO based tomograph with probability for photoelectric
effect of 60% used in the 2D mode.
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Chapter 3

Interaction of v rays with
detector matter

In general there are many ways of interaction of v rays with scintillator
detectors, but three of them have the highest chance to occur. Those
are Compton effect, photoelectric effect and pair creation. In the case
of PET, v quanta posses energies of 511 keV, because they come from
annihilation of positron with electron. The threshold energy for pair
creation is two times the mass of electron (1022 keV) and this means
that for gamma quanta with 511 keV this phenomenon cannot occur.
Therefore in the following only photoelectric and Compton effects will
be described in more details.

3.1 Photoelectric effect

Photoelectric effect involves absorption of v ray by bound electron,
which results in ejecting the electron from a natom (see Fig. 3.1).
Energy conservation law for this reaction can be written as:

E, =T+ T+ B, (3.1)

where the term on the left part of the equation 3.1 is equal to the
energy of v ray, T denotes kinetic energy of electron, B stands for its
bounding energy and T,,,. indicates the recoil energy of nucleus. A free
electron cannot absorb photon fullfilling both energy and momentum
conservation laws. This is why this effect can only occur with bound
electrons, where nucleus takes part of momentum as a recoil momen-
tum. The mass of electron is much lower than the mass of the whole
1

nucleus (in case of hydrogen it is ™¢ & o), thus the recoil momentum
mp " 2000/

is very small and can be neglected.
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Figure 3.1: Scheme of photoelectric effect. Electron is ejected from an atom
after absorption of gamma quantum.
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Figure 3.2: Cross section per atom for photoelectric effect as a function of
energy for a) carbon and b) lead. Data points are taken from [24]. Cross
section for photoelectric effect for energy of v quanta equal to 511 keV is by
more than five orders of magnitude higher for lead than for carbon.

It is difficult to treat photoelectric effect rigorously in theory [23],
but generally cross section is a function of the energy of photons and
the atomic number of nucleus (number of protons in nuclei) as shown in
Fig. 3.2. The dependence of cross section on Z number goes as power of
Z to 4th or 5th [23] and is inversely proportional to the power of energy
of photons [25]. As can be inferred from comparison of Figs. 3.2 a)
and b), with higher energies cross section per atom drops. For certain
energies cross section rapidly grows, which happens when energy of ~
rays is high enough to free an electron from another, more bound, shell.
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From experimental point of view, where one usually cannot change
the energy of v rays, one can try to use material with as high atomic
number as possible. In many crystal detectors doping allows for obtain-
ing higher Z number, which increases the probability of photoelectric
effect. There are also ongoing investigations of polymer scintillators
doped with high Z atoms [26].

3.2 Compton effect

Compton effect is an inelastic scattering of v rays on quasi-free electrons
in matter. Because of the two-body nature of this reaction and axial
symmetry of this process, one only needs one variable to describe it.
Usually one uses the scattering angle of either electron or « ray (see
Fig. 3.3). Differential cross section for scattering of v ray in matter,
where there is one electron per ¢m? in the solid angle d) has been
derived by Klein and Nishima [25]:
e E , E E .9 o

do = 5 (Eo> (E + E sin® )~dS2, (3.2)
where 79 = 2,82 - 107 %em, Ey and E are energies of primary and
dispersed ~ rays, respectively. To obtain cross section for scattering on
the whole atom one must multiply this value by the number of electrons
(Z number) [25]. Energy distributions of electrons from Compton effect

for a few different energies of incoming gamma quanta is shown in
Fig. 3.4.

gamma ray

Figure 3.3: Scheme for Compton effect interaction.

These distributions have been derived from equation 3.2 by expressing
scattering angle of gamma quantum by the kinetic energy of electron.
Connection between these two variables can be expressed as:

Ey(1 — cosy)

T = , (3.3)
% + (1 — cosyp)
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where T and m,. denote electron kinetic energy and its mass, Fjy is the
energy of v quantum before scattering, and ¢ stands for the scattering
angle defined in Fig. 3.3.
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Figure 3.4: Kinetic energy distribution of electrons in Compton effect as a
function of primary energy of v quanta. Enhancement followed by sharp
drop at maximum scattering energy of electron is known as Compton edge.

In the Compton process electrons can be scattered in angular range
from 0 to 90 degrees, and ~ rays in the range from 0 to 180 degrees,
where during backscattering one observes maximum kinetic energy
for electrons. Relation between maximum kinetic energy of electrons
gained through Compton effect and the energy of v quanta can be
described as:

2o
Tmam = Eol_i_mﬁa (34)

Mec?

and in the case of annihilation quanta with Ey = m.c? this equation
reduces further to:

2
Tar = 3 Eo. (3.5)

3.3 Scintillator detectors

As mentioned before, v quantum can interact with matter of PET de-
tectors mostly through Compton and photoelectric effects. In both
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cases electron is produced through one of these interactions. This elec-
tron will collide with atoms or molecules in matter, losing a part of
its energy in each collision. This process leads to excitation of atoms
or molecules to higher energy states or to ionisation. Such interaction
will result in excitation of atoms or molecules which will subsequently
deexcite into lower energy states via emission of photons with energies
equal to the difference between energies of higher and lower energy
states. Hence, as a result of interaction of v rays with scintillator mat-
ter light signal is being produced. Typically few tens of thousands
photons are emitted per one MeV of energy deposited by the electron.

Photocathode - Anode
Incident / SEE Electrical
photon 7 ~ connectors
\f\ Scintillator —
—
R —
I —
—
i _/
Light Focusin
hoton g Dynode
i electrade Photomultiplier tube (PMT)

Figure 3.5: Scheme of photomultiplier. Figure is adapted from [5].

Light pulse from scintillator is then converted by photomultiplier
into electric signal (see Fig. 3.5). Photons from scintillator material
strike the photocatode window, where they produce electrons, via pho-
toelectric effect. Behind the window there is a group of dynodes, each
connected to higher and higher voltage. Because of that, between the
window and first dynode, as well as between another dynodes there is
an electric field. Thus, electrons in this field will be accelerated. While
moving from the first to the second dynode, electron will acquire suf-
ficient energy to release few electrons from the second dynode. This
effect will be multiplied with each collision. In the end one gets elec-
trons which form electric signal at the output of the photomultiplier.
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3.4 Comparison of organic and inorganic scintilla-
tors

One can divide scintillation materials into two main groups: made from
organic and inorganic substances. Results of measurements depend
highly on which type of material one uses. Materials which are made
from inorganic substances are mainly crystals. Their main advantage
is better energy resolution and greater stopping power which results
from higher density and higher atomic number. Main disadvantage
of inorganic scintillators is their hygroscopicity and high production
costs (because growing of pure crystal without unwanted impurities
is very difficult). Light emmision in inorganic scintillators comes from
ionisation of the crystals. As shown in Fig. 3.6 electrons can be excited
by radiation and thus move from the valence band to the conduction
band. This will create an electron-hole pair. Such electrons are no
longer bound to individual molecules and can move freely in crystal
lattice. Emnergy required for such phenomenon is higher than width
of the forbidden gap (usually 5 eV [1]). A part of the excess energy
must be transferred to the crystal via phonons. If a crystal contains
impurities they will add a discrete level across the forbidden gap. A
hole can ionize one of impurity atoms allowing its electron partner
to transit to the excited state and subsequently to the ground state
emitting scintillation light.

Conduction RS 0 QIR R
Band AN
A

Excitation levels of
activator ions

m =400 - 500 nm
Scintillation Light
@ Ground level of

‘@ activator ions

Vi 7 e A Ao Ao
dence Y A

Band
@ ______

Eg=4-5eV

Figure 3.6: The band structure of an inorganic scintillator. The figure is
adapted from [1]
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In case of organic scintillators light comes from transitions of va-
lence electrons of molecules. Penetrating radiation excites both elec-
tron and vibritional levels in molecules [23]. Energy spacing between
electron states is of the order of a few eV, while the difference between
vibrational states is of the order of a few meV and is shown in Fig.
3.7. Transitions from excited singlet states to vibrational states of the

| lonization
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83 ry
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Sy Tmoatoiftioooo
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[72]
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Figure 3.7: The energy levels structure of an organic scintillator molecule.
Singlet states are denoted as S, and triplet states as T. Taken from [27].

ground state have high probability for emmision of scintillation light.
Similar situation occurs in the case of triplet states transitions, but
transitions from triplet to singlet states are usually forbidden by mul-
tipole selection rules. Main advantages of organic scintillators are their
response time of few ns, while most inorganic ones have ~40 ns, low
production costs and possibilty to make almost any desired shape, while
the main disadvantage being low efficiency and negligible probability
for photoelectric process. Different properties of scintillator materials
are gathered in Tabs. 3.1 and 3.2.
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3.5 Polymer scintillators

In this section chemical structure of polymer scintillators which were
studied in this thesis is discussed. All solid polymer detectors con-
sist of three components: base with which incoming photons interact,
primary additive which absorbs photons from excited base and emits
them in energy regime where they cannot be further absorbed by base
molecules and secondary additive - waveshifter, which again absorbs
photons emitted from primary additive and "shifts" them into wave-
length region where quantum efficiency of photomultiplier is higher.
There are many possible choices of mixture of base, primary and sec-
ondary additives, each proper for detection of different particles and
different energy ranges. In this thesis combinations of two kinds of
each component were studied. Their chemical formulas and names
can be found in Tab. 3.3. Scintillator samples were connected to the

Table 3.3: Polymer scintillator components studied in this thesis

Component type Name Abbreviation
Base polyvinyltoluene PVT
Base polystyrene PS

Primary additive 2,5-Diphenyloxazole PPO

Primary additive p-Terphenyl PPP

Waveshifter 5-Phenyl-2-[4-(5-phenyl-1,3-oxazol-2-yl) POPOP
phenyl]-1,3-oxazole
Waveshifter 1,4-Bis(2-methylstyryl)benzene Bis-MSB

Thorn/EMI 9954B photomultipliers. Example signal amplitudes spec-
trum from one of polymer scintillators is shown in Fig. 3.8. Photomul-
tiplier quantum efficiency as a function of scintillation light wavelength
is shown in Fig. 3.9. In the same figure emission spectrum of BC400
scintillator is shown. In this thesis NE102A (an equivalent of BC400)
was used to compare spectras of amplitudes from different samples. In
Fig. 3.10 quantum efficiency and emission spectrum for scintillator and
photomultiplier used in Chapter 6 are shown. Emission wavelength of
used scintillators (about 450 nm) matches with quantum efficiency of
photomultipliers.
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Figure 3.8: Example of amplitude spectrum measured for polymer scintilla-
tor sample.
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Figure 3.9: Quantum efficiency of Thorn/Emi 9954B, 9954QB photomulti-
pliers and spectral response for BC400 scintillator - an equivalent of NE102A.
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Chapter 4

Estimation of the Compton
effect in a patient’s body

Gamma quanta from annihilation of positron and electron, traversing
through patient’s body may be absorbed via photoelectric effect or
scattered via Compton effect. If photoelectric effect takes place, ~
quantum is lost in patient’s body and cannot be detected by PET.
However, this is not the case with Compton effect, where v quanta after
scattering can still reach detectors. Those gamma rays can be discarded
to some extent by applying energy cut on data before reconstruction.
It is important to understand the impact of the value of threshold
set on energy of registered signals, on efficiency of aquiring singals
when making PET scan, and how this value suppresses the smearing
of the reconstruction of the LOR due to the Compton scattering in the
patient’s body.

4.1 Detector efficiency

When measuring signals from 7 rays one must take into account that
the efficiency for measuring Compton effect signals will depend on
threshold set, as well as the detector thickness. To consider first compo-
nent one needs to know cross section for Compton scattering expressed
in kinetic energy of electron. This can be obtained (see Fig. 4.1 d)) by
variables change in equation 3.2.

For the image reconstruction, one takes only this portion of all
signals, for which energy of electron is above the threshold value. Ratio
of area under line in Fig. 4.1 d) calculated from threshold to 340 keV to
the whole area from 0 to 340 keV will be therefore the value of the first
component that determines efficiency of detection. Second component
needs analysis of absorption of v rays in matter which is related to the
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thickness of material. This problem is widely discussed in [25].

What one needs to know is a ratio of number of v rays that did not
interact in the detector to the number of those reaching the detector.
This proportion can be expressed as:

N .
N, e e (4.1)
where x is the thickness of detector, N is the number of v quanta
that passed through without interaction, Ny stands for the number
of v quanta before passing through and p denotes a linear absorption
coefficient. Example of a typical polymer scintillator is BC404, its
linear absorption coefficient is related with cross section for interaction
as:

p=o-D, (4.2)

where D is molecular density and o is cross for Compton effect per
molecule. To get the absorption coefficient one needs to first calculate
cross section per each molecule. As written in chapter 3, cross section
for Compton effect per molecule can be obtained by multiplying cross
section per electron by number of electrons in a molecule. Knowing
H:C ratio for BC404 which is 1.107 [40], one can get chemical formula
for BC404 equal to CioHi;, which means that each molecule has 71
electrons. Cross section for Compton interaction can be derived by
integrating the differential cross section shown in Fig. 4.1 d) from 0
keV to 340 keV. Last number needed is the molecular density for BC404
which can be derived from equation:

L\
D = 4.3
M (43)
where p denotes BC404 density, equal to 1.03 -3 [40], nay stands for

Avogadro number and M denotes molecular mas of BC404 molecule.
After such calculation one obtains the attenuation coefficient value
equal to: 0.0965 cm™!'. What has been derived here is the u coeffi-
cient for reaction in the detector made from BC404.

When one has those two components identified one can plot effi-
ciency of detection as a function of thickness for different energy thresh-
olds. The result is shown in Fig. 4.2.
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4.2 Energy resolution

Result shown in Fig. 4.1 was obtained under assumption that kinetic
energy of electrons is measured by a perfect detector - with no smearing
in energy. If one wants to take into account that we use detectors with
finite resolution the shape of Compton spectrum will change as shown
in Fig. 4.3. What is very interesting in that figure is that, in theory,
the spectrum rises rapidly before 340 and ends exactly at 340 keV - the
maximum energy electron can acquire from inelastic scattering with ~
ray. However, the detector energy resolution is smearing this edge. At
30% smearing the enhancement is no further visible. By comparison of
this Monte Carlo simulation and experimental spectrum it is possible
to estimate detector energy resolution. In simulation the smearing was

] e 5% smearing
C 15% smearing
5000 I 30% smea.ring
C 0% smearing
4000} —
[
3000—
2000—
1000~ R,
- e,
oL C o e e ) e T i
0 100 200 300 400 500 600
Energy [keV]

Figure 4.3: Distribution of kinetic energy of electron assuming different en-
ergy resolution. Simulation was performed for v rays of primary energy equal
to 511 keV. The smearing indicated in the figure denotes fractional resolution
defined as Z£ - 100%

introduced as Gaussian distribution function with standard deviation
of o - E which was varying with energy.

4.3 Energy threshold

As shown in Fig. 4.1 there is a direct connection between gamma
quanta scattering angle and energy of electrons scattered in Compton
effect. Thanks to this one can get rid of fraction of gamma quanta scat-
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tered inside a patient’s body by adding a cut on energy they deposit in
detector. Maximum energy of electron gained through Compton effect
is equal to the maximum energy that can be deposited in a detector in
one scattering event. This maximum energy is shown in Fig. 4.4 as a
function of energy of gamma quanta. The smaller energy of v quanta
the smaller maximum energy which they can deposit in material. From
Fig 4.5 in big simplification one can see how setting a threshold on ki-
netic energy of electrons would decrease the angular range of gamma
quanta "background" scattered inside a patient. Gamma quanta un-
scattered inside a patient can deposit most energy through Compton
effect. With higher scattering angle v quanta have smaller energy, thus
deposition of energy via Compton effect in detector will be smaller as
well. For instance if one sets threshold on 200 keV for kinetic energy of
electron that would allow for acqusition of only those gamma quanta
that scattered no more than 60 degrees inside the body as shown in
Fig. 4.5. The angular distribution of v quanta scattered in the pa-
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Figure 4.4: Maximum kinetic energy of electron gained through Compton
effect as a function of energy of v quantum before scattering.

tient will not be isotropic. In the following this distribution will be
determined for the discussed polymer scintillators and detectors based
on Compton effect and it will be compared to the angular distribution
of scattered gamma quanta as used in the commercial PET detectors
based on photoelectric effect. Points on figure were calculated assum-
ing that probability of detection is proportional to the product of three
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Figure 4.5: Maximum kinetic energy of electron which may be gained
through Compton effect in detector as a function of scattering angle of
gamma quantum inside patients body.

components. First related to probability for scattering into given an-
gle, which can be derived from Fig. 4.1 a)., second associated with
probability of depositing by v quanta enough energy in detector mate-
rial to cross energy threshold, which is derived by calculating ratio of
Monte Carlo simulated electrons that met this criterion to all simulated
electrons (see Fig. 4.6), and third equal to probability of interaction
in plastic scintillator of thickness equal to 2 cm, where linear attenua-
tion coefficient was calculated as previously in section 4.1. As one can
see gamma quanta scattered into smaller angles will be still detected,
while those scattered with angles larger than 60 degrees will be cut
by a threshold of 200 keV. This shows that one can effectively choose
which v quanta are to be used in reconstruction by changing threshold.
In novel TOF PET detector based on plastic scintillators this method
would allow choosing of maximum scattering angle in body of v quanta
used in reconstruction by choosing proper threshold. As a comparison
case of detection in LSO crystal has been calculated as well and can
be seen in Fig. 4.8. In this case probabilty of detection is proportional
to probability of scattering into given angle in patient body multiplied
by probability of detection of v quantum inside 2 cm LSO crystal via
photoelectric effect. In the calculations a threshold of 340 keV was
applied, corresponding to the enrgy of gamma quanta scattered in the
patient by 60°. At present most PET scanners use thresholds set on
300 keV [1], which is an energy that v quanta can deposit through pho-
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Figure 4.6: Simulated distribution of energy of electrons gained via Compton
effect for three different primary energies of v quanta. Scattering angles cor-
responding to those energies are written in brackets. Black vertical line illus-
trates energy threshold, only electrons with energy higher than this threshold
are further taken into account. Area under plots divided by number of all
simulated events is equal to second component mentioned in text.

toelectric effect even after scattering inside body by about 75°. Above
calculations are only an approximation, because of not taking into ac-
count energy resolution of detectors. Further studies in this matter will
be done after completion of this thesis.
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Figure 4.7: Angular distribution of v quanta scattered in the patient’s body
as measured by the 2 cm thick plastic scintillator with energy threshold set
to 200 keV.
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Figure 4.8: Angular distribution of v quanta scattered in the patients body
as measured by the 2 cm thick LSO detector with energy threshold of 340
keV. In the calculation only a photoelectric effect was taken into account.
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Chapter 5

Studies of polymer scintillators

As mentioned in chapter 3 each polymer scintillator consists of three
components: base, primary additive and waveshifter. One of the aims
of this work was to check which mixture of those three components
would give the highest amplitude signals as well as a shape of amplitude
spectrum closest to the presently available commercial sample. Samples
made by dr A. Kochanowski and L. Kapton [26] were divided into 3
series which are shown in table 5.1.

Table 5.1: List of polymer scintillator samples with the same labels as in [26].
The abbreviations of chemical substances are explained in Tab. 3.3.

Series | Number Composition of samples
PVT + 1% PPO + 0.02% POPOP
PVT + 1% PPO + 0.02% bis-MSB
PS + 1% PPO + 0.02% POPOP
PS + 1% PPO + 0.02% bis-MSB
PVT + 1% PPP + 0.02% POPOP
PVT + 1% PPP + 0.02% bis-MSB
PS + 1% PPP + 0.02% POPOP
PS + 1% PPP + 0.02% bis-MSB
PVT + 1% PPO + 0.1% POPOP
PVT + 1% PPO + 0.02% bis-MSB
PVT + 1% PPP + 0.02% POPOP
PVT + 1% PPP + 0.02% bis-MSB
PVT+1%PPO+0.1%bis-MSB+0.1%Ce

—_

14

15

16

QU W N ke WN =W

Each sample had a cylindrical shape with a diameter of 1.5 cm and
height of 3 cm. As a reference NE102A sample was used with the same
geometrical shape. As a base of the scintillator material two substances
were tested: polyvinyltoluene and polistyrene. For primary additives
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PPO and PPP were used. Selected waveshifters were: POPOP and
bis-MSB. Combinations of each base, additive and waveshifter were
divided into three series (see table 5.1). Here we use numbers of series
as described in [26]. Samples from the 14th series differ from the 15th
series only by the first additive. In the 14th series a PPO additive was
used and PPP was used in the 15th. In the 16th series the amount of
waveshifter was changed from 0.02 % to 0.1%. In addition the sample
16.5 has 0.1% admixture of Cerium.

5.1 Experimental setup

Experimental setup which was used is shown in Fig. 5.1. Sodium
source was taped to the bottom of neutral particle detector [11], which
was placed above the tested sample. The tested scintillator was con-
nected with optical grease to photomultiplier Thorn/EMI 9954B (see
Tab. A.1). Signal from this photomultiplier was transferred to one of
the channels of digital oscilloscope (LeCroy Waverunner LT374). To
the second channel a cable with signal coming from coincidence unit
was connected. Coincidence signals were required from both sides of
neutral particle detector. Digital oscilloscope recorded amplitude of

Neutral particle detector

Digital
Sodium 22 \pjscriminator oscilloscope
Tested
sample > | ‘
Photomultiplier M Coincidence
Delay

Figure 5.1: Experimental setup used in measuring amplitude spectra of poly-
mer scintillator samples.

the signal from tested sample under condition that it came in a coin-
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cidence window of 50 ns. Oscilloscope had an 8-bit Analog to Digital
converter which allowed for measuring amplitudes of signals from the
tested sample. This experimental setup enables recording only those
signals that appeared in all three photomultipliers within 50 ns. For
measturements 22 Na source was used with activity of about 800 kBq.
In practice two sources of 400 kBq joined together were used. This
BT emitter, allowed making tests with v quanta originating from e*e~
annihilation with energy of 511 kV, exactly as used in the PET. In
Appendix A more specific informations about experimental setup are
gathered.
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Figure 5.2: Example of a measured signal from the tested sample (red)
within coincidence window (blue) of 50 ns width. The picture was taken
with LeCroy Waverunner oscilloscope LT374.

5.2 Energy resolution

In theory one could expect an amplitude spectrum that comes from
Compton effect (see e.g. Fig. 3.4), but what one can see in practice
is a spectrum shown in Fig. 5.3. The difference between theoretical
and measured spectrum can be explained by energy resolution of tested
detector.

The shape of measured spectrum is a convolution of theoretical
shape from Fig. 3.4 and experimental energy resolution. In Fig. 5.4
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Figure 5.3: Examplary distribution of signal amplitudes as determined for
two tested samples.
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Figure 5.4: Comparison of result of experimental measurement with distribu-
tion of kinetic energy of electrons smeared by 30%. For experiment spectrum
the horizontal axis was resized to conform the result of Monte Carlo simula-
tions. Experimental histogram is cut below threshold on amplitude apllied
at oscilloscope.
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energy spectrum simulated assuming 30% energy resolution is com-
pared to experimental result for one of the samples.

The similiar shape of both spectra, indicates that the energy reso-
lution of the tested sample was equal to about 30%.

5.3 Results and comparison with a commercial
sample

To extract the best composition of elements showed in Tab. 5.1, am-
plitude spectra from three hours of measurements per each sample are
compared for mixtures differing in only one of components and the
two other remaining uchanged. Different combinations of samples are
shown in Figs. 5.5, 5.6 and 5.7.

If we consider a sample with signals of higher amplitudes as better,
one can find out from histograms that PVT+PPO+POPOP mixture
is the best combination of base, primary and secondary additives.
Another comparison presented in Fig. 5.8 allows for determining the
influence of higher amount of waveshifter in polymer scintillator on an
amplitude spectrum.

Every sample from the 16th series has higher amplitude signals
than its equivalent from the series 14th or 15th. Which could mean
that more photons are shifted into region more efficient for the used
photomultiplier. Of course one must take into account that all results
were acquired with photomultiplier Thorn/EMI 9954B, and could be
different for another one.

Based on the results presented in Fig. 5.8, a sample 16.1 was chosen
as the best one. Comparison of energy spectrum of this sample with
commercial scintillator NE102A is shown in Fig. 5.9. As the next step
after completion of this thesis further tests will be conducted in order
to find an even better mixture.

As mentioned in the beggining of this chapter, a sample doped with
Cerium was also made [26]. Unfortunately doping did not improve
spectrum, it rather decreased the number of high amplitude signals.
There could be several reasons for this behaviour. The most probable
was the way of inserting Cerium. Doping was done by simply mixing
nanopowder with polymer, which resulted in the non-uniform distribu-
tion of Cerium inside sample [26]. In the near future the investigations
of implementation of Cerium will be continued.

48



[ne] epnujdwy

"ase( 4s09q o1} SUIPUY I0] SWRIZ0IST JO 19§ GG INSI]

00004 00009

0000S 00001

0000€ 00002
™ T T T

000T

00ST

000¢

00S¢

dOdOd %200 + ddd %T + Sd ‘€GT = = m =

dOdOd %20°0 + ddd %T + LIAd ‘'T'ST  ee——

000€e

00se

S1UNnod JO JIsqunN

000v

[n"e] spmiydwy

00002 00009

| seseqiusiayip 10} JOMOd PUe ddd 10j wnioads spnyjdwy |

0000S 00001 0000€ 00002

- lll -

— ooot

— oost

— oooz

= o -

—oosz =z
“ =
Jooce 2
dOdOd %200 + Odd %T + Sd ‘EVT = m m = - 000€ @
3 =4
—oose 3
dOdOd %20°0 + Odd %T + IAd ‘T'VT  ee—— 3 m
oooy @

| seseqiusiayip 10} JOJOd pue Odd 10} wniioads spnyjdwy |

[ne] epnujdwy

00004

00009

0000S 00001

0000€ 00002
T B e s e —TT

000T

00ST

——
[ = 0002

00S¢

9SIN-S10 %20°0 + ddd %T + Sd 'v'ST = = = =

ASIN-SI0 %200 + ddd %T + LAd ‘TGT  ee——

000€

00Ss€

S1UN09 40 JaquinN

0oov

[n'e] spmiydwy

_ saseq 1UaJIaip 10} gSIN-SI] pue ddd 10} wnioads apnijdwy

00002 00009

0000S 00001 0000€ 00002

ooomﬁ

— e s my 005

L
1 000T
1

00ST

0002

00S¢

000€

00Ss€

GSIN-S10 %200 + Odd %T + SAd VYT m m m = 1 1

GSIN-SI0 %20°0 + Odd %T + IAd ‘YT  ee——

000

00S¥

SI1UN09 JO JaquinN

000S

| seseqiusiallip 1o} ASIN-SIq pue Odd 40} wnioads spnidwy |

49



2AT)Tppe Arewirid 3seq o) SUIPUL I0] SWRIS0}STY JO 184 :9°C 9INTI

[ne] epnijdwy [ne] spnujduy
0000L 00009 00005 0000% 0000€ 00002 ooom._“ 0000L 00009 00005 0000% 0000€ 00002 ooom._”
L B B B I o — I e e S e e e e I LI e e ey =
- 00§ - = —oos
— 000T — 3
1 — ooot
1 00ST —— - =
-= 0002 0ost
1
] 00S¢ 000¢
1
e
I |r ' 000€ W 1 ] 00S¢ W
—= oose 3 ' 3 3
GSIN-SIq %Z0°0 + Odd %T + Sd ‘V'PT  e—————— @ dOdOd %200 + Odd %T + Sd 'C7] =———— ' —] 000 @
000V o ' = o
= L L] - -
oosy S b = —Joose g
ASIN-S19 %200 + ddd %T + Sd ‘P'ST = = = = = dOdOd %20'0 + ddd %T + Sd '€GT ' = = = = = S
Jo00s @ Joooy @
| seanippe 1siyy 1usiayip 10} SIN-SI] + Sd 10} wnijoads spnydwy | | sennippe 1su1y 1usilyip 10} OO + Sd 10} wnivads spnijdwy |
[ne] spnijdwy [ne] spnujduy
0000L 00009 00005 0000% 0000€ 00002 ooom._“ 0000L 00009 00005 0000¥ 0000€ 00002 ooom._”
L B L e B S B B B B - ———Tr-r-r-r-rr-r--r-r-rrrrrrrrrr1 -
“ N = —— - “
—oos —oos
— ooot — ooot
! = =
1 —Joost — 00ST
- = 3
" —] 000z —] 000z
" = 3
' —oosz =z —oosz =z
e | 1 5 5
GSIN-SI0 %20'0 + Odd %T + LINAd ‘T YT  e—— 1 ., oooe & dOdOd %20'0 + Odd %T + LAd 'T'YT  e—— —Joooe §
—f I. 3 =3 e l. = o
, = R —oose g . _ —oose g
ASIN-S10 %20'0 + ddd %T + LAd ‘ZST = = = = 3 = dOdOd %200 + ddd %T + IAd ‘TST = = = = 3 =
Joooy @ Joooy @

| sennippe 1s.13 1usiayyip 1o} ASIN-SIG + 1Ad 10} winnoads spnijdwy | | seanippe 1s11j 1ussapip 1o} dOdOd + 1Ad 1o} wnioads spnyjdwy |

50



"I9YJTUSOARM 1S9 9] SUIPUY 10] SUIRIZOIST JO 19§ :)°G 9INJT]

[ne] spnujdwy [ne] spnyjdwy
0000 00009 00005 00001 0000£ 00002 000gT 0000 00009 00005 0000% 0000€ 00002
T — -
005 —
000T " 3
- — —ooot
=5 00ST s 3
0002 —{oost
- =
| e ~ 0052 — 000z
[ 1 3
LI 000e —Joosz z
c “ c
GSN-SI0 9%20'0 + Odd %T + Sd ‘v'yT = m m = 00sE 3 = g
! 3 GSN-SI0 %20'0 + Odd %T + LA ‘TYT = = m = —joooe @
000y o o
, N 9 00se 8
dOdOd %20'0 + Odd %T + Sd ‘YT  me—— 00sy g2 dOdOd %Z0°0 + Odd %T + LA ‘TH]  ee—mmm c
= 2 ] 2
Jooos @ oooy &
| sieuiysenem 1uaielip 10} Odd + Sd 1o} wnidads apnijdwy | | sieuiysanem jusisyip 10} Odd + LAd 40} wnioads spnyjduy |
[ne] spnujdwy [ne] spnyjdwy
0000L 00009 00005 00001 0000£ 00002 0000T 0000L 00009 00005 00001 0000€ 00002 0000T
T ———— e ——— e ——— - T T -
—
— 005 005
~ % 000T 000T
00ST 00ST
-
b 000z 000z
00sz z 00sz z
5 5
ASIN"SIG %200 + ddd %T + Sd ¥'ST = = = = 000e S ASIN-S10 %20°0 + ddd %T + LA 'TST = = = = oo 2
———y 2 2
=3 =3
) . 00se 8 -y 00se 8
dOdOd %200 + ddd %T + Sd '€'GT e—— c dOdOd %200 + ddd %T + IAd ‘T'GT  e—— c
=} =}
oooy @ oooy @

_ S191J1ysaneM 1UaIaJIp 10} ddd + Sd 40} wniioads apniijdwy _ SIDYIYSBARM JUBIBHIP 10} ddd + LAd 10} wnuydads spnyjdwy

o1



[ne] epnujdwy
00002 00009 00005 0000%

"I9)JTSOARM JO JUNOUIR POSLIIDUT JO 9OUONPUI SUINI0UD 10] sSUIeIZ0IsIy Jo 10§ :Q'G 2In31

d0dOd %20'0 + ddd %T + LAd T'ST

dOdOd %T'0 + ddd %T + LAd €97  se——

0000€ 00002
—T —T T

00§

000T

00ST

0002

00S¢

000€e

00se

000v

S1UNnod JO JIsqunN

_ aINIXIW dOdOd+ddd+1Ad Ul Jayiysanem jo Ainuenb juasayip yum sajdwes 1oy wnnosads apnyijdwy

[n"e] spmiydwy

00002 00009 0000S 00001

d0dOd %200 + Odd %T + LAd T'¥T

dOdOd %T'0 + Odd %T + LAd T'OT  se——

0000€ 00002
—T T T T

-

[

ooomﬁ

00§

000T

00ST

000¢

00S¢

000€e

00se

000¥

Sjunod Jo JaquinN

_ 2IMXIW dOdOd+0dd+1Ad Ul Ja1ysanem Jo Aluenb juaiayip yim sajdwes Joy wniodads spnijdwy

[ne] epnujdwy

00004 00009 0000S 00001 0000€ 00002 ooowﬂ
LA B R AL B R L B A A B -
———

1 00§
000T
00ST
0002
00S¢ =z

c
3
9SIN-SI0 %20°0 + ddd %T + IAd Z'GT = = = = 000€ m
i e
00se g
GSIN-SI0 %T'0 + ddd %T + LA V9T  ee—— m
oooy @
_ aImXIw gSN-S1q+ddd+LAd Ul 18yiysanem jo Ainuenb juaiayip yum sejdwres Joj wnijoads spnijdwy _
[n"e] apnuidwy
00002 00009 0000S 00001 0000€ 00002 ooowﬁ
| BB S B B S S S B S B B B S S S S B N B R R -
— e = 3
00§

— ooot
00ST
000¢

ot
' 00sz z
1 3
GSIN-SIG %20'0 + Odd %T + INd ZVT = = = = ! 000€ m
- 1 o
00se 8
GSN-S1G %T'0 + Odd %T + LINAd T'9T  e—— 3 m
Joooy @
_ QUNIXIW GSW-SIG+Odd+LAd Ul Ja)1ysanem Jo Ainuenb Juasalip ynm sajduwes Joj wnioads apnidwy _

52



4000

16.1 PVT + 1% PPO + 0,1% POPOP

3500

+ — NE102A

3000

Number of counts

2500

2000

1500

1000

500

18

|

=

P |
60000 70000
Amplitude [a.u]

PR PR PR PR
20000 30000 40000 50000

o
o
o

Figure 5.9: Comparison of amplitude distributions measured for 16.1 sample
and commercial NE102A.
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Figure 5.10: Comparison of amplitude spectrum of signals of a sample with
and without Cerium
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Chapter 6

Studies of time resolution for
organic scintillator strip

Fast signals from organic scintillators allow for very precise Time Of
Flight measurements. Quantity that describes accuracy of time mea-
surements is called time resolution, the lower it is the better one can
establish the difference between two signals.

6.1 Reconstruction of the point of interaction

To measure the time resolution of a detector module which was de-
scribed in section 2.4 one needs to measure a difference of two time
signals originating from reactions of 7 quanta at a fixed point of the
detector (see Fig 6.1). The measured time (t**?) can be expressed as:

o L—=x

tl P = treal + + 017 (61)
Vesf

exp x

t2 = treal + + 027 (62)
Vet

where the second term denotes time that a signal needs to travel from
a place where a particle hit the detector to a photomultiplier, and
a third term indicates time which a signal needs to be analysed and
transported through electronics. If we look at the difference between
the time of arrival of signals from each side of a module we will get a
Gaussian distribution with mean:

AP = (5P P — L-2e (6.3)

Veff
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PM 2 Kooy PM 1

Figure 6.1: Schematic illustration of a single interaction of gamma ray with
scintillator detector. Black dot denotes the hit position, x stands for the
distance from photomultplier 2.

Average of 15" and ¢{™" gives us a value which is equal to real time
of the hit plus a constant:
5P+ 57
2

Uncertainty of determining a real time of the hit is then equal to
an uncertainty of T". If we use law of statistical uncertainty transfer we
get:

T = = trea + C. (6.4)

1 1
0T = SO(57 +157) = 5\ (O157)7 + (15", (6.5)

and assuming that uncertainties of both 7" and t5"” are the same:

1
5T = ﬁét“”. (6.6)

Uncertainty of At®*? is equal to (again assuming that uncertainties
of times of both signals are the same):
S(ALE™P) = §(15™ — t5™P) = \/251°%P . (6.7)

Finally we get that the time resolution of a single module is given
by an equation:

1
0T = S0(AL7), (6.8)

Resolution of measuring TOF difference by two detectors is equal
to:

o(TOF) = 6(Ty=Ty) = /(8(12)) + (3(Th))? = \/2(6T)2 =

1
V2

where T5 and 77 stand for time measured by module 1 and 2 and under
assumption that the time resolutions of two detectors are the same.

5(AL<7)(6.9)
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6.2 Experimental setup

To build the best TOF PET scanner one wants to get the best pos-
sible time resolution, thus it is important to use the fastest organic
scintillator available. In the case of this thesis RP422 organic scintil-
lator was selected, some of its properties are shown in table B.1. This
material provides a very fast signal, but the maximum wavelength of
light comming out was near UV region. Because of that Hamamatsu
R5320 photomultipliers with bialkali photocathode and synthetic silica
window were used. Properties of photomultiplier are gathered in table
B.2.

Left signal
L Fast detector
PM RP422 PM
W LVDS converter
HPTDC
I] Right signal
Na 22 . .
Trigger signal
Neutral particle detector
" Computer
[ Coincidence

Discriminator

Figure 6.2: Experimental setup used in measuring time resolution of de-
tector constructed from RP422 scintillator and R5320 photomultiplier (fast
detector). Neutral particle detector served as a trigger.

To measure time resolution of a strip of RP422 with photomulti-
pliers R5320, connected using optic gel to its both sides, experimental
setup shown in Fig. 6.2 was used. Signals from both sides of RP422
were connected directly to analog to LVDS (low-voltage differencial sig-
naling) converter board through 4 ns Lemo cables. This converter was
supposed to allow measuring of time and amplitude of signals, making
coincidence on the same board and converting them into LVDS stan-
dard [47]. Because of prototype construction of the board only the last
feature worked properly and signals were converted only when the
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Figure 6.3: Example signals from left part of fast detector. Horizontal black
line shows threshold set on signals.
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Figure 6.4: Example of signals from Brillance 380 crystal. Figure is adapted
from [7].
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amplitude was bigger than about 140 mV. More details about the used
settings are gathered in Tab. B.3. Convertion was done from first point
of crossing threshold to the second one. After conversion, signals were
processed by HPTDC (High Performance Time to Digital Converter)
and stored in computer data storage. Coincidence signal from both
sides of the second detector placed on the other side of radioactive
Na 22 source served for the triggering of LVDS converter. This al-
lowed to select only those signals that appeared simultaneously on all
4 photomultipliers. Thus allowing collection of signals comming from
annihilation events.

10

.I..,ﬁ..l....l....l....l....I....I....I....I..

0.8 0.9 1 11 1.2 13 1.4 15 1.6 17

Figure 6.5: Histogram of rise time of signals from Fast detector. Measured
rise time of signals is a consequence of rise times of scintillator (0.35 ns), pho-
tomultiplier (0.7 ns) and oscilloscope LeCroy Waverunner LT374 resolution
of 0.5 ns.

Radioactive source was placed between two lead blocks so that the
gamma quanta comming out of it were collimated (as can be seen
in Fig. 6.2) at a spot of few milimmeters in the middle of RP422
scintillator. It is possible that v quanta from the source could interact
with the scintillator after comming through lead blocks. Nevertheless
considering radiation lenght of gamma rays at energy 511 keV in lead,
which is equal to 0.56 cm and the thickness of collimator of 5 cm, those
events can be neglected.

In Fig. 6.3 example of signals from RP422 are shown and in Fig. 6.5
their distribution of rising times is presented. Rise tine of about 1.2 ns
is almost 8 times smaller than rise time for the fastest crystal detector
LaBrillance 380 shown in Fig. 6.4.

o8



6.3 Results

Distribution of time difference of signals from both sides of the fast
detector is plotted in Fig. 6.6. To the distribution of time differences
Gaussian function was fitted. Standard deviation o ~680 ps of the fit
function corresponds to 6(At**?) from equation 6.8. Therefore the time
resolution of a single module is equal to about 340 ps. Resulting in TOF
resolution of about 480 ps. Consequently one gets spatial resolution
of about 7 cm. Results are gathered in Tab. 6.1. As one can see the
resolution is still very low compared to the result from 7] but there is
still a lot of room for improvement. After completion of this thesis the
threshold on measured signals will be reduced from about 150 mV to 30
mV. This will be possible after improving LVDS converter board [47].
The decrease of the threshold to 30 mV will improve the time resolution
drastically as can be inferred from Fig. 6.7. Time-walk effect will be
also taken into account, which should improve time resolution even
futher.

Table 6.1: Results

Quantity Value Error

Sigma 681.4 ps | 10.9 ps

Time resolution of a single module | 340,7 ps | 5.5 ps
Time resolution of TOF difference | 481,8 ps | 7,7 ps
Spatial resolution 7,2 cm | 0,1 cm
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| hTimeDifferenceXY | X~/ ndf =326.2 /28

Constant 407.1+£9.5
C Mean -0.7969 + 0.0125
500 — Sigma 0.6814 + 0.0109
400{—
300(—
200
100
O_ o ] ] ] [ =
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Figure 6.6: Time difference beetween signals from left and right side of
scintillator RP422. Units on X axis are ns. Parameters of Gaussian fit
are shown in the table in the right-upper side of the figure.
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Figure 6.7: Signals measured with LeCroy Waverunner LT 374. Black line
shows the desired threshold for measuring signals. In the experiment dis-
cussed in this work the threshold was set to about 150 mV.
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Chapter 7

Summary and conclusions

The main aim of this thesis was to test the feasibility of using plastic
scintillators in construction Time-Of-Flight Positron Emmiting Tomo-
graph.

In the first part of the thesis (chapters 2, 3, 4), TOF PET scanners
operation, phenomena connected with this kind of examination, calcu-
lations concerning efficiency of detection and simulations of the shape
of energy spectrum of electrons gained via Compton effect have been
described. In the second, experimental part (chapters 5 and 6), setups
used to measure amplitude spectra of different polymer scintillators
and time resolution of RP442 organic scintillator have been depicted.

Results from measurements of polymer scintillators allowed for de-
termining the best composition of base, primary and secondary additive
to be used in making polymer strips for Strip TOF PET. Each sample
had a cylindrical shape with a diameter of 1.5 cm and a height of 3 cm.
As a reference NE102A sample was used with the same geometrical
shape. As bases of the scintillator material two polymers were tested:
polyvinyltoluene and polistyrene. For primary additives PPO and PPP
were used. Waveshifters selected were: POPOP and bis-MSB. Combi-
nations of each base, additive and waveshifter were divided into three
series.

From comparison of determined amplitude spectra, sample com-
posed of PVT+PPO-+POPOP was chosen as the best one. Compari-
son of this sample with commercial scintillator NE102A revealed that
both spectra have the same shape. As the next step after completion
of this thesis futher tests will be conducted in order to find an even
better mixture.

The shape of these spectra is a convolution of theoretical shape and
experimental energy resolution. Comparison of simulation results with
experimental measurements, indicates that the energy resolution of the
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tested samples was equal to about 30%.

Influence of doping polymer scintillator with Cerium was also made.
Unfortunately doping did not improve spectrum, it decreased the num-
ber of high amplitude signals. There could be several reasons for this
behavior. The most probable was the way of inserting Cerium. Doping
was done by simply mixing nanopowder with polymer, which resulted
in a non-uniform distribution of Cerium inside sample. In the near fu-
ture the investigations of implementation of Cerium will be continued.

Time difference obtained for RP442 scintillator strip is equal to:
(681.4 £ 10.9) ps. After completion of this thesis, to further improve
this result, threshold on measured signals will be reduced from 150 mV
to 30 mV. This will be possible after changing LVDS converter board.
Time-walk effect will be also taken into account, which should reduce
the time resolution even further. It is also possible to change resolution
of HPTDC board form 100 ps to 25 ps which should further improve
results.

Experimental results presented in this thesis show the properties of
organic scintillators manufactured in the Faculty of Chemistry of the
Jagiellonian University are comparable with commercial ones and that
it is possible to use plastic scintillators strips as detectors in novel TOF
PET scanner.
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Appendix A

Settings for experimental setup
from chapter 5

Table A.1: Properties of 9954B Thorn/Emi photomultiplier [48].

Type Head-on type
Spectral response 290 to 680 nm
Dynode Structure Linear-focused
Dynode Stages 12
Gain Typ. 106
Rise time [ns| 2
Transit Time Typ. [ns] 41
Transit Time Spread [ns| 3

Table A.2: Settings of experimental setup.

High voltage on "Neutral left" | 2100 V
High voltage on "Neutral right" | 2050 V
High voltage on "Sample" 1800 V
Thresholds on discriminators 50 mV
Threshold on test signals 150 mV

Trigger window 50 ns

Delay 32 ns

ADC 8 bit
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Appendix B

Settings for experimental setup
from chapter 6

Table B.1: Properties of RP422 organic scintillator.

Dimensions used in this work [mm] | 14x14x100
Rise time [ns] 0.35
Decay time [ns] 1.6
Pulse width [ns] 1.3
Wavelength of max. emission [nm)| 370

Table B.2: Properties of R5320 Hamamatsu photomultiplier.

Type Head-on
Spectral response 160 to 650 nm
Dynode Structure Linear-focused
Dynode Stages 10
Gain Typ. 5.7 -10°
Rise time [ns| 0.7
Transit Time Typ. [ns] 10
Transit Time spread |ns| 0.16
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Table B.3: Settings of experimental setup.

Voltage on "Fast left" 2100 V
Voltage on "Fast right" 2050 V
Voltage on "Neutron left" 2000 V
Voltage on "Neutron right" 1900 V
Thresholds on discriminators 50 mV
Threshold on fast signals 146 mV (L)/ 188 mV (R)
Trigger window 2000 ns
HPTRB resolution mode 100 ps
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Appendix C

Attenuation coeflicients

Table C.1: Attenuation coefficients for photoelectric and Compton effects
for plastic scintillator. Data taken from [24].
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Photon Energy [MeV] | Compton effect [cm?/g| | Photoelctric effect [cm?/g]
1.000E-03 1.582E-02 2.023E+03
1.500E-03 3.129E-02 6.405E+02
2.000E-03 4.787E-02 2.762E+02
3.000E-03 7.796E-02 8.209E+-01
4.000E-03 1.009E-01 3.410E+01
5.000E-03 1.173E-01 1.708E+01
6.000E-03 1.289E-01 9.654E+-00
8.000E-03 1.441E-01 3.883E+-00
1.000E-02 1.541E-01 1.901E-+00
1.500E-02 1.690E-01 5.114E-01
2.000E-02 1.767E-01 1.993E-01
3.000E-02 1.814E-01 5.224E-02
4.000E-02 1.804E-01 2.008E-02
5.000E-02 1.774E-01 9.544E-03
6.000E-02 1.738E-01 0.192E-03
8.000E-02 1.663E-01 1.986E-03
1.000E-01 1.591E-01 9.443E-04
1.500E-01 1.439E-01 2.478E-04
2.000E-01 1.321E-01 9.736E-05
3.000E-01 1.151E-01 2.729E-05
4.000E-01 1.032E-01 1.164E-05
5.000E-01 9.425E-02 6.261E-06
6.000E-01 8.718E-02 3.894E-06
8.000E-01 7.659E-02 1.963E-06
1.000E+00 6.888E-02 1.221E-06



Table C.2: Attenuation coefficients for photoelectric and Compton effects
for LSO scintillator. Data taken from [24].
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Photon Energy [MeV] | Compton effect [cm?/g| | Photoelctric effect [cm?/g]
1.000E-03 5.918E-03 3.324E+03
1.500E-03 1.063E-02 1.383E+03
1.588E-03 1.149E-02 1.217E+03
1.588E-03 1.149E-02 1.450E+03
1.614E-03 1.174E-02 2.008E+03
1.639E-03 1.199E-02 2.831E+03
1.639E-03 1.199E-02 3.211E+03
1.736E-03 1.293E-02 3.073E+03
1.839E-03 1.392E-02 2.942E+-03
1.839E-03 1.392E-02 3.119E+03
2.000E-03 1.549E-02 2.921E+03
2.024E-03 1.572E-02 2.837TE+03
2.024E-03 1.572E-02 3.247E+03
2.140E-03 1.685E-02 2.837TE+03
2.263E-03 1.805E-02 2.476E+03
2.263E-03 1.805E-02 2.618E+03
2.375E-03 1.913E-02 2.341E+03
2.491E-03 2.026E-02 2.092E+03
2.491E-03 2.026E-02 2.176E+03
3.000E-03 2.502E-02 1.397E+03
4.000E-03 3.366E-02 6.915E+02
5.000E-03 4.124E-02 3.948E+-02
6.000E-03 4.780E-02 2.478E+02
8.000E-03 5.842E-02 1.175E+02
9.244E-03 6.378E-02 8.041E+01



Table C.3: Attenuation coefficients for photoelectric and Compton effects
for LSO scintillator. Data taken from [24].
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Photon Energy [MeV] | Compton effect [cm?/g| | Photoelctric effect [cm?/g]
9.244E-03 6.378E-02 2.068E+02
1.000E-02 6.671E-02 1.686E+02
1.035E-02 6.799E-02 1.538E+02
1.035E-02 6.799E-02 2.102E+02
1.061E-02 6.891E-02 1.980E+02
1.087E-02 6.983E-02 1.865E+02
1.087E-02 6.983E-02 2.152E+02
1.500E-02 8.182E-02 9.399E+-01
2.000E-02 9.227E-02 4.377E+01
3.000E-02 1.049E-01 1.462E+01
4.000E-02 1.112E-01 6.632E+-00
5.000E-02 1.142E-01 3.572E+00
6.000E-02 1.155E-01 2.148E+00
6.331E-02 1.156E-01 1.848E+00
6.331E-02 1.156E-01 9.626E+00
8.000E-02 1.152E-01 5.206E-+00
1.000E-01 1.133E-01 2.874E+-00
1.500E-01 1.065E-01 9.570E-01
2.000E-01 9.960E-02 4.362E-01
3.000E-01 8.839E-02 1.465E-01
4.000E-01 7.998E-02 6.950E-02
5.000E-01 7.345E-02 3.996E-02
6.000E-01 6.821E-02 2.593E-02
8.000E-01 6.015E-02 1.362E-02
1.000E+00 5.419E-02 8.552E-03



Table C.4: Attenuation coefficients for photoelectric and Compton effects
for BGO scintillator. Data taken from [24].
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Photon Energy [MeV] | Compton effect [cm?/g| | Photoelctric effect [cm?/g]
1.000E-03 4.741E-03 4.680E+03
1.103E-03 5.573E-03 3.813E+03
1.217E-03 6.540E-03 3.109E+03
1.217E-03 6.540E-03 3.663E+03
1.232E-03 6.674E-03 3.640E+03
1.248E-03 6.811E-03 3.623E+03
1.248E-03 6.811E-03 3.917E+03
1.328E-03 7.526E-03 3.483E+03
1.414E-03 8.301E-03 3.099E+03
1.414E-03 8.301E-03 3.227E+03
1.500E-03 9.082E-03 2.843E+03
2.000E-03 1.370E-02 1.477E+03
2.580E-03 1.901E-02 8.092E+-02
2.580E-03 1.901E-02 1.487E+03
2.633E-03 1.949E-02 1.496E+03
2.688E-03 1.998E-02 1.506E+03
2.688E-03 1.998E-02 1.993E+03
3.000E-03 2.271E-02 1.571E+03
3.177E-03 2.420E-02 1.355E+03
3.177E-03 2.420E-02 1.539E+03
3.427E-03 2.629E-02 1.275E+03
3.696E-03 2.842E-02 1.067E+03
3.696E-03 2.842E-02 1.113E+03
3.845E-03 2.953E-02 1.012E+03
3.999E-03 3.075E-02 9.201E+02
3.999E-03 3.075E-02 9.564E+-02
4.000E-03 3.076E-02 9.558E+02
5.000E-03 3.781E-02 5.529E+-02
6.000E-03 4.402E-02 3.509E+02



Table C.5: Attenuation coefficients for photoelectric and Compton effects
for BGO scintillator. Data taken from [24].

Photon Energy [MeV] | Compton effect [cm?/g| | Photoelctric effect [cm?/g]

8.000E-03
1.000E-02
1.110E-02
1.110E-02
1.221E-02
1.342E-02
1.342E-02
1.500E-02
1.571E-02
1.571E-02
1.605E-02
1.639E-02
1.639E-02
2.000E-02
3.000E-02
4.000E-02
5.000E-02
6.000E-02
8.000E-02
9.053E-02
9.053E-02
1.000E-01
1.500E-01
2.000E-01
3.000E-01
4.000E-01
5.000E-01
6.000E-01
8.000E-01
1.000E+00

0.448E-02
6.292E-02
6.687E-02
6.687E-02
7.042E-02
7.394E-02
7.394E-02
7.805E-02
7.972E-02
7.972E-02
8.047E-02
8.122E-02
8.122E-02
8.804E-02
1.004E-01
1.070E-01
1.103E-01
1.117E-01
1.118E-01
1.111E-01
1.111E-01
1.102E-01
1.039E-01
9.742E-02
8.659E-02
7.842E-02
7.206E-02
6.693E-02
5.906E-02
5.322E-02
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1.689E+02
9.493E+01
7.222E4-01
1.020E+02
7.982E+-01
6.245E+-01
1.236E+02
9.156E+01
8.089E+-01
1.070E+02
1.017E+02
9.662E+4-01
1.097E+02
6.576E+01
2.251E+401
1.037E+01
5.646E+-00
3.422E+00
1.546E+00
1.098E+00
4.804E+00
3.705E+-00
1.281E-+00
5.983E-01
2.073E-01
1.004E-01
2.852E-02
3.833E-02
2.037E-02
1.284E-02
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