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Abstract

The main aim of this master thesis was to study properties of signals in plastic
scintillator detectors with different shapes. The scintillators with the length
of 500 mm and cross sections of square (14 mm side), hexagonal (9 mm side),
triangular (17 mm side) and circular (16 mm and 10mm dia.) were studied.

A series of measurements were done with Ge radioactive source placed in lead
collimator. 500 mm long scintillator connected to two photomultipliers by optical
gel and reference detector were used to make an experimental setup.
Measurements were performed at 5 positions across each strip. It was observed
that the rise time increases and the fall time decreases with the distance between
the irradiation place and photomultiplier.
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Streszczenie

Glownym celem pracy magisterskiej byty studia wlasnosci sygnalow

w plastikowych detektorach scyntylacyjnych o réznych ksztattach. Przetestowane
zostaly scyntylatory o dtugosci 500 mm i przekrojach: kwadratowym (14 mm bok),
szesciokatnym (9 mm bok), trojkatnym (17 mm bok) i okragltym (16 mm i 10 mm

érednicy). Wykonano szereg pomiaréw przy uzyciu radioaktywnego zrodla ®Ge
umieszczonego w otowianym kolimatorze. Uktad pomiarowy sktadatl sie z 500 mm

paska potaczonego z dwoma fotopowielaczami przy uzyciu zelu optycznego oraz
detektora referencyjnego. Pomiary zostaly wykonane dla 5 pozycji wzdtuz kazdego

z paskow. Zaobserwowano, ze czas narastania rosnie, natomiast czas opadania

maleje, wraz z odlegto$cia pomiedzy miejscem naswietlania a fotopowielaczem.
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1 Introduction

Positron Emission Tomography, called PET, belongs to medicine imaging group
and uses radiology tests to obtain information about body tissues, their condition
and functioning and also physiological processes ongoing inside the human body. To
define various types of disorders, like cancers, heart diseases and neurological abnor-
malities, PET use a small amount of radionuclid emitting positrons which annihilate
with electrons creating two 511-keV + quanta. This v quanta are detected by scan-
ning device composed of ring of crystal detectors connected with photomultipliers
which convert light signals from scintillators to its electrical equivalent. Reconstruc-
tion methods are used to find place of annihilation.

Novel PET system, called J-PET, is currently under development at Jagiellonian
University [1, 2, 3|. The innovative solutions is the use of polymer scintillator strips
instead of crystals. The possibility of using 1 m length scintillators allows to build
large cylindrical diagnostic chamber enabling scan of larger area of patient body.
The main aim of this master thesis is to study changes of signal properties gener-
ated by different shapes of scintillators. In the second section a basic informations
about PET tomography are described. This chapter contains description about g+
decay and interaction of v radiation with matter, radiopharmaceuticals, differences
between inorganic and organic scintillators and also details about light collection
in ogranic scintillators. In next part of this chapter PET and J-PET systems are
described in details.

In experimental part (chapter 3) setup used to meausure properties of signals: rise
and fall time, area under signals and their amplitude, is described. This chapter
includes also details about analysis and comparison of above mentioned parameters
between different scintillators shapes. Histograms and plots for hexagon shape of
scintillator are presented. The spectra for the rest of shapes are shown in Appen-
dices. Results for all shapes are discussed.

Appendix A contains experimental details about different measurements. Rise and
fall time spectra for the rest of scintillators shapes are included in Appendix B
and Appendix C respectively. Appendix D and E contain the spectra of area under
signals and amplitudes.

12
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2 Basics of PET tomography

Positron Emission Tomography (PET) is now one of the most technologically ad-
vanced diagnostic methods. PET provides non-invasive imaging of ongoing physio-
logical processes in the body. Additionally, it makes possible to monitore theraphy
effects which is really important in cardiology, oncology and neurlogy.

Positron Emission Tomography relies on observation how concetration and local-
ization of chemical agent changes in patients body. This special chemical agent
contains radioactive isotope emitting positrons. Positrons from [+ decays annihi-
late with electrons in the body and then as a results pairs of gamma quanta are
emitted. PET systems register this gamma quanta in coincidence by ring of several
thousand detectors. The complete reconstruction of the image is done by computer
using appropriate algorithms [14].

2.1 [+ decay and interaction of 7 radiation with matter

During S+ decay unstable atom (radionuclide) decays by convertion a proton into
a neutron while emitting a positron and an electron neutrino. This process can be
described as:

IX =4 X' ettt (2.1)

where X - initial element, X’ - final element, A - mass number, Z - atomic number,
v, - electron neutrino. Atomic number is reduced by one while mass number is not
changed in newly created nucleus. Positron travels through different tissue inside
patients body. Addittionally, this charged particle loses kinematic energy mainly by
interactions with electrons and may create hydrogen-like system known as positro-
nium when energy dicreases under 10 keV. Unstable positrionium decays by anni-
hilation creating pair of 511-keV gamma quanta which move anti-parallel [8]. Only
less than 2% of positrons annihilate without creating positronium.

The most important mechanisms of v rays interactions with matter are photoelectric
effect and Compton scattering.

In photoelectric effect v rays interact with atom, transfer energy to inner shell and
excite bound electron making atom unstable. Kinetic energy of ejected electon will

be equal to difference between gamma ray energy and electron binding energy:
E.=FE,—Ep (2.2)

If electron is ejected from K-shell, electron from shell with higher energy can fill the
gap to stabilize atom what results in an X-ray emission with energy equal to the
energy difference between this two shells. This X-rays are then quickly absorbed.

13
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14 Basics of PET tomography

The probability of photoelectric effect increases with atomic number of the medium
and descreases with ~ ray energy and it is approximately equal to

P~ Z°/E)} (2.3)

Ejected electron is then fast absorbed in solid or liquid medium.

Incident Photoelectron

Photon

Orbital Electron

X-ray Photon

Figure 2.1: Photoelectric effect. Incident photon is absorbed by an electron bounded
within an atom. As a result photoelectron is ejected from an atom and an X-ray
phonon is created due to drop of electron from higher energy state [19].

The Compton effect, considered as an inelastic scattering, is based on v rays scatter-
ing on free or loosely bound in an outer shell single atomic electrons named quasi-free
electrons. In this effect incindent photon interacts with quasi-free electron, transfers
some part of energy to the electron and ejects it with energy equals to difference
between energy of scattered photon and electrons binding energy in the shell.

Incident
Photon

Figure 2.2: The Compton effect. Incident photon scatters on free or loosely bound

electron under 6 angle [19].

1600770291(14)
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Momentum and energy conservation laws lead to equation for energy of scattered

electrons:

mec?

mec?
i cosb

E, = (24>

where E - energy of incoming photon, m, - mass of the electron, ¢ - speed of light and
6 - scattering angle. Since m.c? is equal to 511 keV and energy of incident photon
in the PET tomography is equal to the same value the equation above reduces to

the following form:
511

Esc ==
2 — cosf

[keV] (2.5)

Maximum energy is transefered from photon to electron when 6 is equal to 180°.
The probability of Compton effect increases with photon energy smaller than 1MeV,
while after 1MeV it decreases with v rays energy.

2.2 Inorganic and organic scintillators

One of the methods of detection ionizing radiation is light production in special type
of transparent materials. Two main types of this materials are inorganic and organic

scintillators. The most important parameters characterizing scintillators are:

e light output - number of photons produced per 1keV deposited energy by -~
quanta in the scintillator,

e decay time - time of luminescence should be as short as possible,
e cnergy resolution - it should be very good.

When ~ quanta deposited energy in the scintillator it emits isotropically light in
visible region of the electromagnetic spectrum. Used scintillator should be composed
with elements with a large atomic number, probability of 511 keV gamma quanta
reaction quanta with scintillation materials depends on density which is related with
atomic number.

Present PET systems use inorganic scintillators because of their high atomic number
and good properties described earlier, which gives them a big advantage over organic
scintillators. In this kind of materials scintillation mechanism depends on the energy
states.

Electron has available states with discrete allowed values of energy. Between lower
state, named as valence band, and upper state, called as conduction band, there
is a forbidden band where electrons can not exist in pure crystal without any ac-
tivators. Electrons are bound in the crystal lattice in the valence band. Radiation
exicite electrons which can migrate to conduction band creating holes in the valence

2291461827(15)



16 Basics of PET tomography
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Figure 2.3: Scintillation mechanism in inorganic scintillators [19].

band. In conduction band electrons have enough energy to move across the crys-
tal. Scintillators used in PET have modified energy states structure by impurities,
called activators, which create additional states in the forbidden band. Activators
ionization energy is smaller than normal crystal lattice, so positive holes migrate to
activator location and ionize it. In meantime electrons in conduction band migrates
until it meets enough ionized impurities and go to the an activator state. If upper
activator state is formed as an excitated state, electron can very quickly de-excitate
to the activator ground state by photon emission. For correctly chosen type of an
activator the emitted photon is from the visible part of electromagnetic spectrum.

Organic scintillators are produced in solid and also liquid forms and in various
geometric shape. Scintillation mechanism of organic scintillators depends on fluores-
cence following transitions between different energy levels in a single molecule with

structure known as m-electron structure.

Energy space between singlet states Sy (ground state) and S; is equal to about
3-4 eV, while the distance between vibrational levels is of the order of 0.15 eV.
The incoming radiation transfers electrons to one of vibrational levels of S; band.
Produced in this way system is unstable which forces electrons to radiationless tran-
sition from vibrational S; to ground S; band. Subsequently electrons de-excite from
ground S to ground or vibrational states of Sy emitting photons from ultraviolet
or visible region of electromagnetic spectrum. Energy emitted during fluorescence is
smaller than energy absorbed from incoming radiation because electrons lose some

4600330919(16)
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Figure 2.4: Scintillation mechanism in organic scintillators [19].

part of energy during transition between vibrational and ground level of Sy, so wave-

length of fluorescence photon is bigger than wavelenght of absorbtion photon.

Other possible transition is through levels in a triplet 7} state (as one can see in

Fig. 2.5). Electrons from ground S; state de-excite to more stable 7} vibrational

levels instead of Sy as was described earlier. Electrons are trapped for some period

of time on T} levels and then de-excite first to the 77 state and later to the ground

Sp state which results in emission of light known as phosphorescence after more than

100 ms from the excitation/gamma quantum interaction.

Incident
Radiation

Singlet States Triplet States

--=-=- Inter—state Transitions

E Ts
Sy
e Ty~
"‘-._\h ________
S1—frces — -
A Ty ML Phosphorescence
maxa [::::::::::::::::::::::::::::::g
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Figure 2.5: Singlet and triplet states of organic scintillators [19].
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18 Basics of PET tomography

Comparison between properties of most popular inorganic and organic scintillators
are shown in Tab. 2.1.

Name of Type | Density | Light output Decay Index of
scintillator (g/cm?) | (photons/MeV) | time(ns) | refraction
Sodium iodide crystal 3.67 38000 230 1.85
|Nal(T1)|
Bismuth Germanate | crystal 7.13 8000 300 2.15
|IBGO|
Lutetium
Oxyorthosilicate crystal 7.40 25000 ~ 47 1.82
|ILSO:Ce|
|BC404| plastic | 1.023 10400 1.8 1.58
|RP422| plastic 1.02 8400 1.6 1.58

Table 2.1: Comparison between different type of scintillators [18, 25].

Solid plastic scintillators consists of a base, main organic scintillator and waveshifter.
Organic scintillator like 2,5-Diphenyloxazole (PPO) or p-Terphenyl (PPP) can be
dissolved in solvent and then polymerized. One can use solvent containing polyvinyl-
toulene or polystyrene. The idea of producing plastic scintillators is simple, but in
practice it is not so easy, because to create this kind of scintillator one have to use
very pure form and there should be some period of time between different steps of
production. Waveshifter like as 5-Phenyl-2-[4-(5-phenyl-1,3-oxazol-2-yl)phenyl|-1,3-
oxazole (POPOP) shifts light wavelength to visible region.

Properties of plastic scintillators studied in this thesis are shown in Tab. 2.2. Maxi-
mum wavelength \,,., means the most probable wavelength of emission, FWHM -

width at half maximum of signals amplitude.

Light output | Rise | Fall | FWHM | A, | (Bulk) light
(photons/MeV; | time | time | (ns) (nm) | attenuation
% Anthracene) | (ns) | (ns) length(cm)

9700; 64 05 | 15 | 1.3 | 391 | (110) 140

Table 2.2: Properties of EJ-230 scintillators [27].

Primary polymer of EJ-230 is polyvinyltoluene. Emission spectrum of EJ-230 pro-
vided by Eljen Technology is shown in Fig. 2.7.

3278142704(18)
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Figure 2.6: Working mechanism of plastic scintillator. Incident radiation interacts
with plastic base. Deposited energy is then transfered to the scintillator. The scin-
tillator produced an ultraviolet photons which are shifted to visible ligh region by
the wavelength shifter [19].

Number of hydrogen and carbon atoms per cm?® in EJ-230 is equal to 5.15 x 10?2 and
4.69 x 10?2, respectively. Additionally, the number of electrons in lem?® amounts to
3.33 x 10%3. This kind of scintillator has very good timing properties which makes it
the best choice for new prototype of PET scanner which is being built in Jagiellonian
University in Cracow.

VA
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> 06
2 i \
= |
S 04 \
< \.

0.2 \
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350 400 450 500

WAVELENGTH (nm)

Figure 2.7: Emission spectrum of EJ-230. Figure adopted from [25].
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20 Basics of PET tomography

2.3 Light collection in organic scintillators

In any kind of scintillators two things have influence light collection: scintillator
can absorb emitted photons by itself (self-absorption) and losses them on material
surfaces. In fact, self-absorption plays no significant role in light losses except scin-
tillators with large diameter.

Fraction of light collecte from scintillator has an impact on energy resolution, the
best resolution corresponds to collection of all photons released in the interaction.
Moreover amplitudes of signals change with the position along the scintillator strip
which influences additionally the overall energy resolution.

Light inside the scintillator is emitted isotropically, thus only a fraction of light is
directly hitting the photomultiplier located on one surface of scintillator. Rest of
the light reflects inside scintillator one or more times before reaching the photomul-
tiplier. The total internal reflection occurs when photons incidence angle is bigger
than so called critical angle. For smaller angles photons are transmitted through the
scintillator surface or are reflected.

Surrounding medium (refractive index = n,)

Scintillator (refractive index = ny)

Figure 2.8: Possible light path inside scintillator when ng is greater than n;. In
first case ray sometimes can escape, but in second case one can see total internal
reflection [21].

Desirable total internal reflection should be minimized on surfaces connected with
photomultipliers by using transparent medium (e.g. silicon optical gel) with the same
refraction index as scintillator. Plastic scintillators have refraction index similiar to
the index of photmultipliers glass window. Light collecion can be increased by using
more than one photomultiplier. It could be also enhanced by minimizing number of
reflections.

In Positron Emission Tomography photomultipliers are used to convert incoming
photons resulting from the interaction of v rays with scintillator material to elec-
trical signals. A photocatode is placed on one side of the photomultiplier tube, on
the second end there is an anode and between them dynodes are located. Incident
photons hit photocatode and they are converted by this photosensive element to

9667428893(20)
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low-energy electrons in photoelectric effect. Electromagnetic lens focuses electrons
to the first dynode. On each next dynodes voltage is higher than on previous one.
Electrons from first dynode are accelerated, hit second dynode, knock out more
electrons. This acceleration and multiplication of electrons is continued to the last

dynode where pulse of electrons is formed and attracted to the anode.

PHOTO-
PHOTOCATHODE  ELECTRON

DYNODES e VACUUM
ENTRANCE FOCUSING ENVELOPE
WINDOW / GRID /\ l
\ & , , y
[ * \ ANODE
\ PR
= OUTPUT
SIGNAL
YWYV W l =¢

A

HIGH VOLTAGE

SUPPLY

Figure 2.9: A photomultiplier tube [18|.

Properties of photomultipliers used in experiments described later in this thesis
are shown in Tab. 2.3. Photomultipliers produced by Hammmatsu, model R5320,
serial number BA0202 (named as PM1) and BA0214 (named as F2), have bialkali
photocathode with effective area equal to 20 mm dia., quartz window and also
linear-focused structure of dynodes.

Name | Cathode Luminous | Anode Luminous | Anode Dark | Cathode Blue
Sens. [nA/lm] Sens. [A/lm)| Current [nA] | Sens. Index
PM1 108.0 301.0 2.50 10.9
F2 98.9 356.0 1.20 10.7

Table 2.3: Properties of R5320 photomultipliers [26].

2.4 PET systems

Nowadays PET scanners are built out from block detectors arranged in ring. Typi-
cally, 3 cm thick single block detector constitutes from a crystal partially cut, with
the deepest cuts at the edges, into smaller pieces (mostly, 8 x 8 elements) separated
by reflective material and connected to photomultipliers. Cuts ensure linear division
of scintillation light between all of the photomultipliers. For example, when v quan-
tum hits the edge of crystal scintillator, scintillation light is detected only by one

2158716759(21)



22 Basics of PET tomography

photomultiplier, but when it hits central position of crystal then produced light is
detected by all photomultipliers. This results in a scintillation light distribution.

SEGMENTED BLOCK OF BGO
OR LSO SCINTILLATOR —  * = S

REFLECTOR MATERIAL -\\\ >
FOUR SINGLE CHANNEL
PHOTOMULTIPLIER TUBES
v ‘
Sc
Y Sa

Figure 2.10: Typically block detector scheme [18].

One can calculate hit position of annihilation quanta in X and Y coordinates by
using the following equations (where Sy4, Sp, Sc and Sp means signals from four
photomultiplier tubes) and receive a two-dimensional histogram (called flood his-

togram) as a result.
~ Sa+Sp—Sc—Sp

~ Sa+Sp+5Sc+5Sp
o Sa+Sc—5—5p
n Sa+Sg+ Sc+ Sp
Division of block detector for smaller pieces and its width determines spatial reso-

(2.6)

(2.7)

lution which is equal to 3-5 mm in current PET scanners.

Photomultipliers used in the block detectors are one of the most expensive elements
of modern PET scanners. On the other hand, thousands of detectors ensure good
coverage of solid angle and this is the reason for continuous development of PET
tomographs.

The most popular type of PET scanners is tomograph with large number of block
detectors configured in ring. Typical dimension of crystal face of single unit is equal
to 38 mm x 38 mm with depth equal to 30 mm, eight detector units create one
module and 35 modules form a ring as one can see in Fig. 2.11.

One can measure pairs of gamma quanta originating from annihilation of the positron
and electon with detectors using coincidence measurements. In the ideal case only

true coincidences would be registered. True coincidence are events where one can

3130370404(22)
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Figure 2.11: Standard PET system. Cutted scintillator is connected to the photo-
multiplier. 8 such modules form a photomultiplier matrix. Each block in the ring

consists of one of such matrixes [12].

observe in small time window (e.g. 12 ns) pair of back-to-back photons exactly from
the same radioactive decay and which have not changed direction or lost any en-
ergy before being detected [19]. One can also record multiple, random or scattered
coincidences as it is shown in Fig.2.12.

Scattered coincidence occurs when two v quanta from the same source have changed
direction because of interaction inside the body which results in receiving a bad lo-
cation of an event during measurement. v quanta are registered in a small time
window by detectors which define LOR line (line of response) for a given radiac-
tive decay. In a random coincidence v quanta originating from different sources are
recorded by two opposite detectors in the ring while multiple coincidence happens
when more than two gamma quanta are detected by two opposite detectors in small
time window.

Different kinds of events cause deterioration of the resolution and contrast of image.
By defining LOR which means path of photons originating from the same radioac-
tive source one can reject multiple coincidences. Additionally, small time window
allows partial rejection of random coincidences. Another way to improve resolution
of tomographic image is the use of time of flight (TOF) method. PET TOF scan-
ners use time difference between arrival time of two gamma quanta. Arrival time is
counted as the time from the moment of their emission until their registration. One

can determine the emission point Ad by the following relation:

_Atxc
2

where: At - the difference of arrival times of two v quanta, ¢ - speed of light. However,

Ad (2.8)

this method is not currently used because of its difficulty and costly implement. Even

1425548787(23)
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W77, coincidences: (U0

2
& 5 2
5 =2 S
%é%b i scattered %éb
& G
Dpmss
P ®®®muuﬂﬂoz;g »
N Itipl
§ multiple %
= =
2 IS,
= S
Z S
) &
i

Figure 2.12: Different kinds of events in PET tomography [18].

a timing resolution as fine as 100 ps would only yield a positional resolution of ~1.5
cm. With currently available detector technology, the best timing resolution that
can be achieved is on the order of a few hundred picoseconds [18].

2.5 J-PET: novel PET systems

Organic scintillators have not been used in positron emission tomography because
of their low density and low atomic number of the elements of the material. This
properties imply small probability for gamma quanta detection and for transfer of
the whole energy to electrons by the photoelectric effect. On the other hand they
have long light attenuation length (about 2 meters) which allows for creation of scin-
tillators up to a meter long and sufficient light output (about 10000 photons/MeV)
with comparison to crystal scintillators. Instead of the photoelectric effect which
probability is negligible one can use still the Compton effect. The maximum en-
ergy deposition 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 [23].

In the novel PET system strips of organic scintillators will form a large cylindrical
diagnostic chamber as it is shown in Fig. 2.14. Many layers of scintillator strips with

1806329851 (24)
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Annihilation

Figure 2.13: PET with and without time of flight method. In case of PET without
TOF method the probability of annihilation along the LOR line is homogeneous
while with using TOF method only part of LOR line is taken into account in recon-
struction [29].

total thickness equal to 5 cm will provide an efficiency of 20% with deposited energy
larger than the 200 keV threshold.

Figure 2.14: Strip J-PET [28].

To each strip of scintillator a photomultiplier will be connected. Photomultipliers
will convert light signal to its electrical form. Scheme of two modules is presented
in Fig.2.15.

In the novel solution of PET tomograph the knowledge of position of positron anni-
hillation will be provided by time measurements. The distance between the middle
point of scintillator and position of interaction of gamma quanta with scintillator

3236435444(25)
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Figure 2.15: Two modules of J-PET diagnostic chamber. ¢, (¢,) is a time of 7y quantum
interaction with left (right) scintillator [30].

material Al will be calculated as difference between arrival time of signal on a respec-
tive photomultipliers multiplied by light velocity inside the scintillator and divided
by factor 2. Factor 2 comes from the calculations of Al. One can take the beginning
of the scintillator as 0, the end as L, where L - length of a single scintillator strip,
and the middle as % One 511-keV photon will travel the distance to photomultiplier
equal to %— Al, and secon photon will travel the distance equal to %—FAI. Therefore:

LAl L4+ Al —2Al
bh=Sp— =Sy

(2.9)

<t2 — tl) xV
2
where V - speed of light inside scintillator, equal to about half of the speed of light

Al = (2.10)

in vacuum. In next step point of annhiliation of positron and electon is calculated
in a similar way. One can take whole the line of response as x, then Az will be the
distance from the annihilation point to the middle of the LOR. One of the 511-keV
photons will travel z + Az and the other will travel  — Az. Since the photons travel

at speed of light (c), the difference in time (At) of arrival of the two photons at the
2xAx [7]

C

detectors is
Even though the probability for independent interaction of two gamma quanta with

2975608602(26)
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2.5 cm thick polymer scintillator material is about 16 times smaller with comparison
to the same probability for LSO crystal, in the 3D mode the geometric acceptance
of e.g. one meter long chamber will increase on average by a factor of about five
in the comparison to the present PET detectors [24]. Additionally, the longitudinal
field of view will be five times larger. This properties together give about 25 times
bigger probability for annihilation gamma quanta to be registered by the detector.
As a result the rate of signals on each photomultiplier will be comparable to the rate
in current PET solutions and signal to noise ratio will be about eight times better.
The novel PET system will allow for imaging a much larger part of the patient
body with unchanged radiopharmaceutical dose. It also increases the probability
of detecting of the tumor metastases appearing in the body. The concept of the
new scanners may appoint an entirely new path in the field of positron emission
tomography and increases the availability of PET equipment for patients.

2.6 Radiopharmaceuticals

The PET radiopharmaceuticals are widely used, mostly in oncology to search for
cancerous changes. Their distinguishing feature is beta plus decay of contained ra-
dionuclide and its short half-life which results in a significant reduction in the time
of their synthesis and clinical use.

Radiopharmaceutical is created as combination of radionuclide and ligand. Ligand
is a molecular structure which plays the role of 'vehicle’ for radionuclide and it is
selected with knowlegde about the target site. The ligand molecules can directly
interact with tissue and cels or take part in metabolic processes. Positron emitting
isotopes are produced by bombarding targets with charged projectiles. The most
important radionuclides are shown in Fig. 2.16.

The most often used radionuclide is '8 F because of its long half-life with comparison
to other PET isotopes, high part of 5+ decay in decay modes and also relatively low
energy of emitted positrons . Fluorine-18 (t% = 110 min) is produced by irradiation
of 8O-water with 10-18 MeV protons in a cyclotron and recovered as '® F-sodium
fluoride by passing the irradiated water target mixture through a carbonate type
anion exchange resin column. The water passes through, whereas ¥ F- is retained
on the column, which is recovered by elution with potassium carbonate solution [7].
18 F-sodium fluoride is used for receiving '8 F-Fluorodeoxyglucose (FDG) which is
widely applied in PET. To obtain good image of examined area of the patient body
the activity of injected FDG is recommended on the 6 MBq/kg level.

9240171418(27)
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Basics of PET tomography

Radionuclide
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Figure 2.16: The most important PET radioactive isotopes and methods of their

production. Notation *O(p,n)®F means situation where 80 is a target, p is a

projectile, n is emitted and ¥ F is created. [5]
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3 Experimental studies of scintillator shape influ-

ence on signals

The main aim of this master thesis is to check how the shape of light pulses is
changing in polymer strip scintillators, in other words how the amount of light
reaching photomultiplier is changing according to different shapes of scintillators
and different point of interaction of gamma quanta. For this purpose analysis of rise
and fall time of signals, their amplitude and also signals area according to shape of

the scintillator was performed.

3.1 Experimental setup

A series of measurements with different shapes of scintillators were done with 8Ge
radioactive source placed in a lead collimator. 50 cm long scintillator connected
to two Hamamatsu photomultipliers (model R5320, marked as PM1 and F2) by
optical gel and reference detector consisting of BC-404 scintillator and Thorn EMI
9954B photomultiplier were used to make an experimental setup. To sample and
store data from photomultipliers, Oscilloscope LeCroy 6000A SDA was used. All
photomultipliers were connected to CAEN SY4527 high voltage system.

50 cm long scintillator

|, Y
PM1 F2 )

A
1
1
1
1
:
I
L]

[y

|
v
reference
detector
10dB
attenuator

Figure 3.1: Experimental setup for measurements of different scintillator shapes.

Reference detector was connected to the oscilloscope by 10 dB attenuator. Gain of
PM1 and F2 photomultipliers were matched to obtain the same amplification.
Each scintillator was wrapped in tyvek foil. Distance between the edge of scintillator

29
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100% EC Ge (270.95d)

1.2% B

1.79% EC %Ga (1.130h)

1077.4 keV, 87.68% B"

2 1.57ps  8.940% EC

%Zn (stable)

Figure 3.2: Decay scheme of %Ge [27].

and tyvek wrapping was equal to 0.4 cm on two opposite side of scintillator.

%Ge source was produced in 2013 and its activity was equal to 19200 kBq on April
23, 2013. During the measurements on July activity of radioactive source was equal
to about 15527 kBq. Source was placed inside two aluminium discs and then between
two lead blocks (20 cm x 10 cm x 5 cm each, see Fig. 3.3).

OO

Figure 3.3: Lead collimator with slit between two blocks (20cm x 10cm x 5cm each)

(a), two aluminum discs (b) and pencil-like ®®Ge source (c).

Measurements were done for square, hexagonal, circular and triangular shapes of
scintillator. The dimensions of scintillators are presented in Fig. 3.4.

JQOrATo-

Figure 3.4: Scintillators with cross-section dimensions of measured shapes.

Five positions were measured for each scintillator - center (marked as 25 cm), the
edges (marked as 3.2 cm and 46.8 cm) and between them and center position (14.1

3693739301(30)



31

cm and 35.9 cm). More details and all oscilloscope settings one can find in Appendix
A.

Optical quality of each scintillator strip was checked with ultraviolet lamp. Usage
UV lamp allows one to see all damages of scintillator like scratches and cracks. All

tests proved that strips were in good condition.

triangle
hexagon
small rod
bar

big rod

Figure 3.5: Scintillator strips in UV light [27].

3.2 Offset estimation

Offset was calculated for each signal. To calculate offset value the following procedure
was done: in first step arithmetic mean of first 20 points of singal in amplitude

o

Voltage [mV]
(=]

-200

-300

-400

-500

L L 1 1 \ L 1 1 1 ‘ 1 L L 1 | L L 1 1 ‘ 1 L 1 1 | L 1 1 1
-40 -30 20 -10 0
Time [ns]

&
o
&

Figure 3.6: Sample signal with signed minimum (yellow line).
domain was computed. This result with plus and minus three standard deviation

was treated as a noise. Later, the minimum value of signals was found and program
checked point by point the edge of left side from the minumum.
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Figure 3.7: First 50 points of this signal with mean value of offset (blue line) with
three standard deviation (red line).

When the first point included in noise was found the procedure was canceled and
mean value of points from zero to this point was calculated and this value was
treated as an offset. Program went deep into noise with checking point by point of

signal just to be sure that this tested point is truly in noise range.

3.3 Rise times

For each shape of scintillator signals rise time analysis was performed. Single signal
with 10% and 90% fraction marked is shown in Fig. 3.8.

i

Voltage [mV]

-200

-300

-400

i

500 | | | | |
-sol [ \-50\ Lo |-40| [ \-30\ Lo |-20| L Lo

-1
Time [ns]

Figure 3.8: Signal with marked 10% (blue line) and 90% (red line) fraction.
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Each signal is moved by the offset value. In next step the minimum point of ampli-
tude is located. Minimum of signal has been found because scale is in the negative
values. To find appropriate fraction, 10% and 90% of minimum value is calculated.

For this results time at fraction is obtained from the following equations:

=ax*xx+0b
N 1 (3.1)
Yo=ax*mz +0b
Solving the equations system one can obtain:
Y1 — Y2
a =
2 (3.2)

b:yg—a*l’g

fraction 10%

11 1 | 1 1 1 | ‘ 1 1 1 1 | 111 1 | 111 1 | 11 1 1 | 1 1 1

34  -335 33  -325 32 315
Time [ns]

Figure 3.9: Part of signal with marked xy,r9, y; and ys. y; is an amplitude value
above fraction and s is an amplitude value below fraction. x is a time corresponding

to amplitude above fraction while x5 corresponds to amplitude below fraction.

To obtain time on the edge for fraction value (z) one can take value of fraction as

y and parameter a and b from above solution of equations system:

y—2>b
a

(3.3)

at fraction = T =

3133629146(33)



34 Experimental studies of influence of scintillator shape

One can receive the time for 10% and 90% fractions and calculate the rise time from
the equation:

rise time = tigy — tooy (3.4)

where t1o9 is time at fraction 10% and tggy is time at fraction 90%.
Rise time histograms for all five positions of hexagonal shape of scintillator are
presented in Fig. 3.10. Histograms of rise time for the rest of scintillators shapes are
presented in Appendix B. For each position there is shown histogram of rise times
for channel C1 (photomultiplier PM1) and C3 (photomultiplier F2).

hexagon 3.2 riseTime hexagon 14.1 riseTime
LD 450F L400F
[ E c -
3400 —C1 3350 —C1
O350 ? ..... C3 O 300 ; ..... c3
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F 200
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G; g, . ! L L L 0: e | ! ! L L
1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
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2.of £ a00f
% 350 ? % g
O300F 03°0F
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Figure 3.10: Histograms of rise time for hexagon shape of scintillator for position
3.2 cm, 14.1 c¢m, 25 cm, 35.9 cm and 46.8 cm.
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As one can see the histogram of rise time for position 3.2 cm (closer to PM1) for

photomultiplier PM1 is narrower than for the photomultiplier F2. Value of rise time

is smaller for signals reaching the closer photomultiplier. This situation turns for

position 46.8 cm. Histograms of rise time for both photmultipliers are similar for

position 25 cm (middle of scintillator strip).

Mean rise time was calculated as the arithmetic mean for each histogram. Mean rise

time versus distance from given photomultiplier with extrapolation to zero is shown

in Fig. 3.11. Plots for the other photomultiplier are presented in Appendix B.
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Figure 3.11: Plots of mean rise time versus distance for hexagon shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data

points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair).
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36 Experimental studies of influence of scintillator shape

For each scintillator shape the parameters (p0) of third order polynomial extrapola-
tion line is shown in Tab. 3.1. Third order polynomial was chosen as the best fit as
one can see in Fig. 3.11. The values of parameters and errors were rounded to two

decimal places.

Shape | Photomultiplier | Parameter p0 |ns| | Uncertainty [ns|
hexagon PM1 1.47 0.01
F2 1.40 0.01
big rod PM1 1.46 0.01
F2 1.37 0.01
small rod PM1 1.42 0.01
F2 1.32 0.01
bar PM1 1.44 0.01
F2 1.38 0.01
triangle PM1 1.44 0.01
F2 1.37 0.01

Table 3.1: Extrapolation fit parameters of polynomial of degree 3 for different shapes
of scintillator.

The last point seen on plots for each photomultiplier behaves strangely (its value is
smaller than the value of point before) and this is the reason to study how the mean
value of rise time changes when the signal area is greater than the half of the area
value on histograms of area etimation . For each position and photomultiplier cuts
were selected in the arithmetic mean of area and changed symmetrically as one can
see in Tab. 3.2. For example, for each deposition of energy inside the scintillator,

signals from photomultipliers had to have area larger than their respective cut values.

Position | Photomultiplier | Value of | Photomultiplier | Value of
cut [pC| cut [pC|
3.2 cm PM1 61 F2 18
14.1 cm PM1 37 F2 20
25 cm PM1 28 F2 28
35.9 cm PM1 20 F2 37
46.8 cm PM1 18 F2 61

Table 3.2: Value of cuts done on area histograms for hexagon shape of scintillator.

Histograms of signals area for hexagon scintillator shape with cuts are shown in
Fig. 3.12. Histograms of area under signals for hexagon scintillator shape before

3401009985(36)
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cuts are shown in Section 3.5. One can see small change in histograms of rise time

in Fig. 3.13 and mean rise times verusus distance from photomultipliers after cuts

in Fig. 3.14.
All histograms and tables for the rest of scintillators shapes one can find in Appendix
B.
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Figure 3.12: Histograms of area after cuts for hexagon scintillator shape for photo-
multiplier PM1 (C1) and F2 (C3) for all five positions.
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of influence of scintillator shape
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Figure 3.13: Histograms of rise time after cuts for hexagon shape of scintillator for

all five positions.
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Figure 3.14: Plots of mean rise time versus distance after cuts for hexagon scintil-
lator shape for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic
polynomial (bottom pair).
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Shape | Photomultiplier | Parameter p0 [ns| | Uncertainty [ns|
hexagon PM1 1.37 0.01
F2 1.34 0.01
big rod PM1 1.34 0.01
F2 1.34 0.01
small rod PM1 1.32 0.01
F2 1.32 0.01
bar PM1 1.35 0.01
F2 1.33 0.01
triangle PM1 1.35 0.01
F2 1.34 0.01

Table 3.3: Extrapolation fit parameters after cuts for different shapes of scintillator.

Shape | Photomultiplier | Parameter p0 | Parameter p0 | Uncertainty [ns|
before cut [ns| | after cut [ns]

hexagon PM1 1.47 1.37 0.01
F2 1.40 1.34 0.01
big rod PM1 1.46 1.34 0.01
F2 1.37 1.34 0.01
small rod PM1 1.42 1.32 0.01
F2 1.32 1.32 0.01
bar PM1 1.44 1.35 0.01
F2 1.38 1.33 0.01
triangle PM1 1.44 1.35 0.01
F2 1.37 1.34 0.01

Table 3.4: Comparison of extrapolation fit parameters before and after cuts for

different shapes of scintillator.

As one can see histograms of rise time for hexagon scintillator after cuts change a
little its shape and also one can noticed that the number of counts is smaller than
before. The same behavior is observed for all shapes of scintillator. The value of
x?%/ndf , where ndf denotes the number of degrees of freedom, is closer to 1 after cuts
in plots of mean rise time versus distance from given photomultiplier with cubic fit.
One can see in Tab. 3.4 that extrapolation fit parameters (p0) of cubic polynomial
is smaller after cut than before it. The finding is that after cuts fit better decribes
points from analysis. On the other hand making the cut do not improve a lot the
value of rise time of signals reaching the photmultpilier. Rise time should depend
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on point of interaction of gamma quanta with scitntillators material and not on the
shape of scintillator. Only this light signals have impact on rise time which directly
hit the photomultiplier window (without any internal reflections).

Rise time of EJ-230 is equal to 0.5 ns and of R5320 Hamamatsu photomultiplier is
equal to 0.7 ns. The results obtained by the analysis shown in Tab. 3.4 can be a
result of the light propagation and its different path inside scintillator and also rise
time imposed by used photomultipliers.

3.4 Fall times

For each scintillator shape analysis of signals fall time was done. Single signal with
10% and 90% fraction marked on the falling slope is shown in Fig. 3.15.
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Figure 3.15: Signal with marked 10% (blue line) and 90% (red line) fraction.

For further calculations each signal is moved to zero with the offset value. All calcula-
tions are similar to those of rise time estimation. The minimum of signal (amplitude)
is found once again.

Time at fraction is obtained from the same equations as it was for rise time estima-
tion. One can calculate the fall time from the equation:

fall time = th% — tgo% (35)

where t1gy is time at fraction 10% and tggy is time at fraction 90%.

Results of fall times for hexagon scintillator shape and for each position are pre-
sented below in Fig. 3.17. Histograms and plots for the rest of scintillator shapes are
presented in Appendix C.

The shapes of histograms of fall time may be caused by big value of this time. Dur-
ing the time equal to about 5 ns for hexagon scintillator shape the photomultiplier
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Figure 3.16: Part of signal with marked x;,z5, y; and ys. y; is an amplitude below
fraction, y, is an amplitude above fraction when x; and x5 is a time corresponding
to amplitude below and above fraction.

can be reached by more then one light signals and when photomultiplier record one
light signal second reaching PMT can gives some contribution to this signal.

Shape | Photomultiplier | Parameter p0 [ns| | Uncertainty [ns|
hexagon PM1 4.39 0.02
F2 4.99 0.02
big rod PM1 4.74 0.02
F2 5.48 0.02
small rod PM1 4.41 0.02
F2 5.17 0.02
bar PM1 4.38 0.02
F2 5.07 0.02
triangle PM1 4.25 0.02
F2 4.95 0.02

Table 3.5: Extrapolation fit parameters for fall time for different shapes of scintilla-
tor.

Mean fall time versus distance from given photomultiplier with extrapolation to zero
for hexagon shape of scintillator is shown in Fig. 3.18. For each plot 3 different kinds
of fit were done - linear fit, quadratic polynomial and polynomial of third order as
it was for rise time estimation. For each scintillator shape the fit parameters (p0) of
extrapolation line for cubic polynomial rounded to two decimal places is shown is
Tab. 3.5. Plots for the other scintillator shapes are presented in Appendix C.
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Figure 3.17: Histograms of fall time for hexagon shape scintillator for position 3.2
cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.

The first point for each photomultiplier behaves strangely (similar behavior as in
histograms for mean rise time versus position) and this is once again the reason
to study how the histograms of fall time and fall time mean value change when
the area under signal is greater than the half of the area value. For each position
and photomultiplier cuts were the same as in section 3.3. Histograms of area under
signals after cuts for hexagon scintillator shape are shown in section 3.3 in Fig. 3.12
and for the other scintillator shapes in Appendix B.
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Figure 3.18: Plots of mean fall time versus distance for hexagon shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial
(bottom pair).

Histograms of fall time after cuts for hexagon shape of scintillator seen in Fig. 3.19
are narrower in comparison to Fig. 3.17 and changed their shape. The same behavior
is observed for the rest of scintillator shapes and was observed for the rise time.
Plots of mean fall time versus distance after cuts for hexagon shape is shown in
Fig. 3.20. Histograms of fall time and plots of mean fall time versus distance from
given photomultiplier with extrapolation lines one can find in Appendix C.
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Figure 3.19: Histograms of fall time after cuts for hexagon shape scintillator for

position 3.2 ¢m, 14.1 c¢m, 25 cm, 35.9 cm and 46.8 cm.

Dependence between mean fall time and distance to photomultiplier is not linear in

contrast to the predictions (the same behaviour was observed in analysis of mean rise

time versus distance to given photomultiplier) as one can see on plots for hexagon

shape of scintillator in Fig. 3.20. For cubic polynomial fit for different shapes of

scintillator the value of x?/ndf is nearest to 1 after cut than for the rest of fitted

polynomials.
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Figure 3.20: Plots of mean fall time versus distance after cuts for hexagon shape
of scintillator for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions

fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic
polynomial (bottom pair).

For each scintillator shape the fit parameters (p0) of cubic polynomial extrapolation
line after cuts is shown in Tab. 3.6. Cubic polynomial fit was chosen as the best one.
The value of parameters and errors were rounded to two decimal places.

In Tab. 3.7 one can see the comparison between cubic polynomal fit parameter p0
before and after cuts. After cuts the fit parameter p0O is bigger than before and
their difference is also bigger. This is contrary to the behavior of p0 for rise time
estimation. The decay time of EJ-230 scintillator is equal to 1.5 ns, so the mean
value of fall time equal to about from 5 ns to 6 ns for all scintillators can strongly
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depend on geometry of scintillator and internal refraction of light signals.

Shape | Photomultiplier | Parameter p0 [ns| | Uncertainty [ns|
hexagon PM1 4.90 0.03
F2 5.14 0.03
big rod PM1 5.23 0.04
F2 5.67 0.03
small rod PM1 4.92 0.04
F2 5.21 0.03
bar PM1 4.93 0.03
F2 5.24 0.03
triangle PM1 4.65 0.03
F2 5.04 0.03

Table 3.6: Extrapolation fit parameters for fall time after cuts for different shapes

of scintillator.

Shape | Photomultiplier | Parameter p0 | Uncertainty | Parameter pO | Uncertainty
before cut |ns] [ns] after cut [ns| [ns]
hexagon PM1 4.39 0.02 4.90 0.03
F2 4.99 0.02 5.14 0.03
big rod PM1 4.74 0.02 5.23 0.04
F2 5.48 0.02 5.67 0.03
small rod PM1 4.41 0.02 4.92 0.04
F2 5.17 0.02 5.21 0.03
bar PM1 4.38 0.02 4.93 0.03
F2 5.07 0.02 5.24 0.03
triangle PM1 4.25 0.02 4.65 0.03
F2 4.95 0.02 5.04 0.03

Table 3.7: Comparison of extrapolation fit parameters before and after cuts for

different shapes of scintillator.

3.5 Areas

Area analysis was done for each scintillator shape and each position. Area under each

signal is proportional to light reaching to photomultiplier. Each signal was moved to

zero with offser value and then the value of area was calculated. Results for position
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Experimental studies of influence of scintillator shape

3.2 cm, 14.1 cm, 25 cm. 35.9 cm and 46.8 cm without any cuts for hexagon shape of
scintillator are presented in figures in this section. Results for the rest of scintillator

shapes are presented in Appendix D.
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Figure 3.21: Histograms of area under signals for hexagon shape of scintillator for

all five positions.

In the middle position area under signals for both photomultipliers look similarly. It
means that the amplifications of photomultipliers were well chosen and were similar
to each other. For small rod shape of scintillator a peak near zero value of area for
position equal to 25 ¢m can be caused by some external light which probably got
into the experimental setup.

For each scintillator shape value of area on the half on Compton edge was estimated
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for middle position and is presented in Tab. 3.8. The middle point on the Compton
energy corresponds to the maximum energy deposition of gamma quanta. In table
is also presented relative light output for scintillator shapes, where hexagon shape

of scintillator was chosen as reference detector.

Shape | Area value [pC] | Relative light output | cross section area [mm?]
hexagon 44 100% 210.44
big rod 37 84% 201.06
small rod 32 73% 78.54
bar 41 93% 196
triangle 36 82% 125.14

Table 3.8: Comparison between area for different scintillator shapes in position equal
to 25 cm.

The biggest value of area was observed for hexagon shape. When the scintillator
cross section has smaller number of angles then the area is also smaller and this
can be caused by internal reflection of light inside scintillator. The smaller area was
obtained for small rod shape of scintillator. The conclusion is that the scintillator

shape and its cross section area can impact on area under observed signals.

3.6 Amplitudes

Signals amplitude analysis was done for each scintillator shape and each position.
Results for position 3.2 cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm for hexagon shape
of scintillator are presented in figures in this section. Results for the rest scintillator
shape one can find in Appendix E.

Each signal was moved to zero with the offset value. Amplitude was calculated by
finding the minimum point of signal. To plot histograms abosolute value of amplitude
from each signal was taken.

The biggest amplitude values are observed in position nearest to appropriate pho-
tomultiplier, for PM1 the bigest amplitude values is for position 3.2 cm while for F2
in position 46.8 cm.

Similar analysis was done for the amplitude as it was for area etimation. For each
scintillator shape the amplitude value on the half on the edge for position equal to
25 cm was estimated and is presented in Tab. 3.9.

As one can see estimated amplitude of signal also changed with the scintillator
shape. The biggest is for scintillator shape with the bigger number of angles. It was
predicted after analysis of area because area of signal is related with its shape and

amplitude.
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Shape | Amplitude [mV]| | Relative proportion
hexagon 459 100%
big rod 390 85%
small rod 379 83%
bar 456 99%
triangle 430 94%

Table 3.9: Comparison between amplitude value for different scintillator shapes in
position equal to 25 cm.
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Figure 3.22: Histograms of signals amplitude for hexagon shape of scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9cm and 46.8 cm.
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4 Summary and conclusions

The aim of this thesis was to check how signals properties depend on the scintillator
shape. For this purpose rise and fall time, area under signals and amplitude analysis
were performed.

~ quanta originating from %Ge radioactive source placed in lead collimator hit
the scintillator situated between two Hamamatsu photomultipliers. Signals were
recorded by LeCroy Oscilloscope. For each measurement about 10 000 events were
collected. Five positions along each strip were irradiated: the edges, the center and
quarters.

The results for rise time implies that it depends on point of interaction of gamma
quanta with scintillators material and not on the shape of scintillator. For each
photomultiplier and irradiation position cuts on area were performed taking into
account only signals with area larger than half of the maximum area. Making a cut
does not change signals rise time.

Area under signal depend stongly on irradiation position and is the bigest for po-
sition nearest to given photomultiplier. Value of area on the half on Compton edge
was estimated in the middle position for all scintillators shapes. This estimation
has highlighted the relation between value of area and shape and cross sestion of
scintillator. The biggest value was obtained for hexagon shape and the smallest for
small rod shape of scintillator.

In case of amplitude, the same results was observed as for area analysis. Amplitude
reached the biggest value in position nearest to given photomultiplier. Amplitude of
signal also changed with the scintillator shape and was the biggest for shape with
the biggest number of sides.

51
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Appendix A - experimental details about different

shapes measurements

Voltage on PM1 was equal to 2290 and on F2 was equal to 2000V. Voltage on ref-
erence detector was always equal to 1800V. PM1 was connected to channel 1 of the
oscilloscope while F2 and reference detecor were connected respectively to channel
3 and channel 4 of the oscilloscope. Power suply of photomultipliers was guaranteed
by CAEN SY4527 high voltage system. Trigger was always qualified negative after
qualifier C1 has gone below -60mV before 60ns.

Scionixz EJ-230 Plastic Hexagon Shape Scintillator (500mm z 9mm sides)
Scionixz EJ-230 Plastic Bar Shape Scintillator (500mm z 14mm x 14mm)
Scioniz EJ-230 Plastic Equilateral Triangle Shape Scintillator (500mm x 17mm)

All of this shapes had the same oscilloscope settings during measurements of each

positions.
C1 DC5052 C3 DC50f2 Timebase Trigger C4
settings
250mV /div 100mV /div 30.1ns | normal -5.6mV
945mV offset | 378.0mV offset | 5.00ns/div
20GS/s

Table A.1: Oscilloscope settings for position 3.2cm.

C1 DC5052 C3 DC50f2 Timebase Trigger C4
settings
250mV /div 150mV /div 30.1ns | normal -5.6mV
945mV offset | 584.0mV offset | 5.00ns/div
20GS/s

Table A.2: Oscilloscope settings for position 14.1cm.

52
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C1 DC50f2 C3 DC50L2 | Timebase Trigger C4
settings
250mV/div | 250mV/div 30.1ns | normal -5.6mV
945mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.3: Oscilloscope settings for position 25cm.

C1 DC5012 C3 DCH0S2 | Timebase Trigger C4
settings
150mV /div 250mV /div 30.1ns normal -5.6mV
584.0mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.4: Oscilloscope settings for position 35.9cm.

C1 DC50%2 C3 DC502 | Timebase Trigger C4
settings
100mV /div 250mV /div 30.1ns | normal -5.6mV
378.0mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.5: Oscilloscope settings for position 46.8cm.

1720002118(53)
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Scioniz EJ-230 Plastic Rod Shape Scintillator (500mm x 16mm dia)
Scioniz EJ-230 Plastic Rod Shape Scintillator (500mm x 10mm dia)

C1 DC5012 C3 DC50f2 Timebase Trigger C4
settings
250mV /div 50mV /div 30.1ns normal -5.6mV
945mV offset | 189.0mV offset | 5.00ns/div
20GS/s

Table A.6: Oscilloscope settings for position 3.2cm.

C1 DC5012 C3 DC50f2 Timebase Trigger C4
settings
250mV /div 100mV /div 30.1ns normal -5.6mV
945mV offset | 378.0mV offset | 5.00ns/div
20GS/s

Table A.7: Oscilloscope settings for position 14.1cm.

C1 DC50f2 C3 DC5082 | Timebase Trigger C4
settings
250mV /div | 250mV/div 30.1ns normal -5.6mV
945mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.8: Oscilloscope settings for position 25cm.
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C1 DC5082 C3 DC50€2 | Timebase Trigger C4
settings
100mV /div 250mV /div 30.1ns | normal -5.6mV
378.0mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.9: Oscilloscope settings for position 35.9cm.

C1 DC5012 C3 DC5H0S2 | Timebase Trigger C4
settings
50mV /div 250mV /div 30.1ns normal -5.6mV
189.0mV offset | 945mV offset | 5.00ns/div
20GS/s

Table A.10: Oscilloscope settings for position 46.8cm.
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Appendix B - rise time spectra

Rise time spectra for different scintillator shapes
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Figure B.1: Histograms of rise time for bar shape of scintillator for position 3.2 cm,
14.1 cm, 25 c¢m, 35.9 cm and 46.8 cm.
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Figure B.2: Histograms of rise time for big rod shape of scintillator for position 3.2
cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.
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Figure B.3: Histograms of rise time for small rod shape of scintillator for position
3.2 cm, 14.1 c¢m, 25 cm, 35.9 cm and 46.8 cm.
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Figure B.4: Histograms of rise time for triangle shape of scintillator for position 3.2
cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.
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Appendix B - rise time spectra

Estimation of mean rise times versus distance from given photomultiplier
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Figure B.5: Plots of mean rise time versus distance for bar shape of scintillator for
photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: - linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair
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Figure B.6: Plots of mean rise time versus distance for big rod shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: - linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair).
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Figure B.7: Plots of mean rise time versus distance for small rod shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: - linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair).
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Figure B.8: Plots of mean rise time versus distance for triangle shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair).
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Estimation of rise times after cuts

Position | Photomultiplier | Value of | Photomultiplier | Value of
cut [pC| cut [pC|
3.2 cm PM1 62 F2 15
14.1 cm PM1 37 F2 19
25 cm PM1 26 F2 26
395.9 cm PM1 19 F2 37
46.8 cm PM1 15 F2 62

Table B.11: Value of cuts done of area histograms for bar shape of scintillator.

Position | Photomultiplier | Value of | Photomultiplier | Value of
cut [pC| cut [pC|
3.2 cm PM1 68 F2 13
14.1 cm PM1 38 F2 18
25 cm PM1 24 F2 24
35.9 cm PM1 18 F2 38
46.8 cm PM1 13 F2 68

Table B.12: Value of cuts done of area histograms for big rod shape of scintillator.

Position | Photomultiplier | Value of | Photomultiplier | Value of
cut [pC| cut [pC|
3.2 cm PM1 67 F2 10
14.1 cm PM1 34 F2 16
25 cm PM1 21 F2 21
35.9 cm PM1 16 F2 34
46.8 cm PM1 10 F2 67

Table B.13: Value of cuts done of area histograms for small rod shape of scintillator.
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Position | Photomultiplier | Value of | Photomultiplier | Value of
cut [pC]| cut [pC]
3.2 cm PM1 62 F2 13
14.1 cm PM1 31 F2 15
25 cm PM1 22 F2 22
35.9 cm PM1 15 F2 31
46.8 cm PM1 13 F2 62

Table B.14: Value of cuts done of area histograms for triangle shape of scintillator.
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Figure B.9: Histograms of area after cuts for bar scintillator shape for photomulti-
plier PM1 (C1) and F2 (C3) for all five positions.
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Figure B.10: Histograms of area after cuts for big rod scintillator shape for photo-
multiplier PM1 (C1) and F2 (C3) for positions 3.2 cm (left top corner), 25 cm (right
top corner) and 46.8 cm (bottom).
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Figure B.11: Histograms of area after cuts for small rod scintillator shape for pho-
tomultiplier PM1 (C1) and F2 (C3) for all five positions.
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Appendix B - rise time spectra
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Figure B.12: Histograms of area after cuts for triangle scintillator shape for photo-
multiplier PM1 (C1) and F2 (C3) for all five positions.
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Figure B.13: Histograms of rise time after cuts for bar shape scintillator for all five
positions.
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Appendix B - rise time spectra

big_rod_cut_3.2_riseTime

big_rod_cut_14.1_riseTime

@ r §2} F
% 1601 § 1801 —c1
O 140F oo g | c3
120F- 1408
100F 1209
gof 100F
F 80F
60 ? 60;*
40F 40F
20F 20F .
0: | | 0: '#""“w o | | |
0 8 9 10 0 4 5 6 7 8 9 10
Time [ns] Time [ns]
_ big_rod cut 35.9 riseTime
£2180F £220F
5 160 3 200F —C1
O140 - 0180 S c3
120F 160
E 140F
1001 120F
80| 100f
60~ 80F
3 60
40; 40
20F 20F
0 L. | | | | 0 E L | | |
0 1 2 3 4 5 6 7 8 9 10 5 6 7 8 9 10
Time [ns] Time [ns]
300 big_rod_cut _46.8 riseTime
g F i
3250 cl
Q : H f' ..... C3
200F :
150
100
50
L | | |
% 7

8 9 10
Time [ns]

Figure B.14: Histograms of rise time after cuts for big rod shape scintillator for all

five positions.
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Figure B.15: Histograms of rise time after cuts for small rod shape scintillator for

all five positions.
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Appendix B - rise time spectra
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Figure B.16: Histograms of rise time after cuts for triangle shape scintillator for all

five positions.
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Estimation of mean rise times versus distance from given photomultiplier

after cuts
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Figure B.17: Plots of mean rise time versus distance after cuts for bar scintillator
shape for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to
data points: linear (top pair), quadratic polynomial (central pair) and cubic poly-

nomial (bottom pair).

1911163342(73)



74 Appendix B - rise time spectra
big_rod_C1_MeanRiseTimeVsPos big_rod_C3_MeanRiseTimeVsPos
2-5F 251
ST S r
@ r <) r
E Y E %
=T =T
(O] L (0] L
Q15F X2/ ndf 4529/3 || 2151 X2 I ndf 376.1/3
% N Prob 0 % r Prob 0
Q 1 L 1
S 7 po 1.402 + 0.005903 st pO 1.388 + 0.004903
r pl 0.02003 * 0.0002855 C pl 0.02306 + 0.0002961
0.5F 0.5
0:\\\\\\\\\\\\\\\\\\\\\\\\ O:“““““‘ TN R R |
0 10 20 30 .40 50 0 10 20 30 .40 50
Distance [cm] Distance [cm]
big_rod_C1_MeanRiseTimeVsPos big_rod_C3_MeanRiseTimeVsPos
257 251
S I . S r .
O L O
E % E 7
=T =T
[J] L (0] L
L2151 X2/ ndf 364472 || 2151 X2/ ndf 25.8/2
S t Prob 1.223¢-08 S F Prob 2.501e-06
2 po 1202x000798 | S I PO 1.307 + 0.006557
- pl 0.04017 + 0.001027 - pL 0.04093 + 0.0009996
0.5 p2 -0.000458 + 2.244e-05 0.5 p2 -0.000442 + 2.361e-05
0:\\\\\\\\\\\\\\\\\\\\\\\\ C:\\\\\\\\\\\ | R R S S R N RN |
0 10 20 30 40 50 0 10 20 30 40 50
Distance [cm] Distance [cm]
big_rod_C1_MeanRiseTimeVsPos big_rod_C3_MeanRiseTimeVsPos
251 251
ST S r
Q - Q r
E Y E 4
— B — -
o . f o
2151 05653/1 || -2 1.5 X2/ ndf 0.01793/1
S f Prob 04521 || S F Prob 0.8935
g - po 1.341+0.01137 % - pO 1.344 £ 0.009914
C pl 0.02456 + 0.002802 C pl 0.02793 + 0.002749
0.5 p2 0.0004326 + 0.0001504 0.5~ p2 0.0003286 + 0.0001536
C p3 -1.269e-05 + 2.118e-06 C p3 -1.129e-05 + 2.224e-06
GO 10 20 30 GO 10 20 30

40 50
Distance [cm]

40 50
Distance [cm]

Figure B.18: Plots of mean rise time versus distance after cuts for big rod scintil-
lator shape for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic

polynomial (bottom pair).
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Figure B.19: Plots of mean rise time versus distance after cuts for small rod scin-
tillator shape for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic
polynomial (bottom pair).
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Figure B.20: Plots of mean rise time versus distance after cuts for triangle scintil-
lator shape for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic

polynomial (bottom pair).
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Appendix C - fall time spectra

Fall time spectra for different scintillator shapes

bar_3.2_fallTime bar_14.1 fallTime

Q r
c 250~
> L
o L
O 200F
150F
100f
Og_- ‘ : S T DT L.
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time [ns] Time [ns]
bar_25_fallTime
P 250 . e F
= R — £ 2000
S200f- S8
Y T C3 160?
C 140F
150; 120f
C 100F
1001 80F
} 60F
50 : : 3'.. 40?
o X, 20f i
O:‘-‘ v b b b b b by 0" 1 Lo b b b by by 1|
0 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Time [ns] Time [ns]
92505 bar_46.8_fallTime
c I &
3 T
(O 200~
150F
100F
50
G: el
0 1 2 3 4 5 6 7 8 9 10
Time [ns]

Figure C.1: Histograms of fall time for bar shape scintillator for position 3.2 cm,
14.1 cm, 25 c¢m, 35.9 cm and 46.8 cm.
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Figure C.2: Histograms of fall time for big rod shape scintillator for position 3.2 cm,
14.1 cm, 25 c¢m, 35.9 cm and 46.8 cm.
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Figure C.3: Histograms of fall time for small rod shape scintillator for position 3.2
cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.
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Appendix C - fall time spectra
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Figure C.4: Histograms of fall time for triangle shape scintillator for position 3.2
cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.
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Estimation of mean fall times versus distance from given photomultiplier
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Figure C.5: Plots of mean fall time versus distance for bar shape of scintillator for
photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial
(bottom pair).
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Appendix C - fall time

spectra
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Figure C.6: Plots of mean fall time versus distance for big rod shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pai
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Figure C.7: Plots of mean fall time versus distance for small rod shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial
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Appendix C - fall time spectra
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Figure C.8: Plots of mean fall time versus distance for triangle shape of scintillator
for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions fitted to data
points: linear (top pair), quadratic polynomial (central pair) and cubic polynomial

(bottom pair).
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Estimation of fall times after cuts

bar_cut_3.2_fallTime

bar_cut_14.1_fallTime

a f @ f
S120f 51001
S. | 8
100 so- 4 KT
80:* 60}
60 C
r 401~
40— B
20; 20—
C: ! I I I T B 0’ I T R T PR PR, 3
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time [ns] Time [ns]
bar_cut_25_fallTime bar_cut_35.9_fallTime
2 o F
c B c F
100 -
3t 3100}
O N O L
80:* 80}
50 60l
40}~ 401
20 Z 20
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time [ns] Time [ns]
bar_cut_46.8 _fallTime
L140F
c r
> .
Q120
100\~
80
60
40
20F- e
L :__._:.- -."-"-.:_
L TR T RPOTY: i IR ENRTRTET EPSTTATE PR i wrl

OO

1 2 3 4

5

6 7 8 9 10

Time [ns]

Figure C.9: Histograms of fall time after cuts for bar shape scintillator for position

3.2 cm, 14.1 cm, 25 cm, 35.9 cm and 46.8 cm.
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Figure C.10: Histograms of fall time after cuts for big rod shape scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9 cm and 46.8 cm.

1266998688(86)



87

" small_rod_cut_3.2_fallTime " small_rod_cut_14.1_fallTime
€ 9F £ sk
> = > E
70F g
E 60
00 50E
50F- g
40; 40;
30F E: 301
20E 20F-
10 ¥ 10
GE L 3 ol G: !
0 1 2 3 4 5 6 7 8 9 10 0 1
Time [ns]
o 90 small_rod_cut_25_fallTime " small_rod_cut_35.9 fallTime
€ oof £ 100}
S sof ST —c1
O 70? O 80 i Cc3
60 i
S0F eor :E: ik
40 L ) ]
30; 40:*
208 20
10 ; B
G: I \r‘\‘\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 07 I d‘f"‘.’i"\é\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time [ns] Time [ns]
" small_rod_cut_46.8_fallTime
‘g’ C
3 1001~
o r
80—
60
40
20(-
G: L T
0 1 2 3 4 5 6 7

8 9 10
Time [ns]

Figure C.11: Histograms of fall time after cuts for small rod shape scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9 cm and 46.8 cm.
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Estimation of mean fall times versus distance from given photomultiplier

after cuts
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Figure C.12: Plots of mean fall time versus distance after cuts for bar shape of
scintillator for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic
polynomial (bottom pair).
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Figure C.13: Plots of mean fall time versus distance after cuts for big rod shape
of scintillator for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic

polynomial (bottom pair).
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Appendix C - fall time spectra
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Figure C.14: Plots of mean fall time versus distance after cuts for small rod shape
of scintillator for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic

polynomial (bottom pair).
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Figure C.15: Plots of mean fall time versus distance after cuts for triangle shape
of scintillator for photomultiplier PM1 (C1) and F2 (C3) with 3 different functions
fitted to data points: linear (top pair), quadratic polynomial (central pair) and cubic

polynomial (bottom pair).
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Appendix D - area spectra
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Figure D.1: Histograms of area under signals for bar shape of scintillator for all five

positions.
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Figure D.2: Histograms of area under signals for big rod shape of scintillator for all

five positions.
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Figure D.3: Histograms of area under signals for small rod shape of scintillator for

all five positions.
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Figure D.4: Histograms of area under signals for triangle shape of scintillator for all
five positions.
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Appendix E - amplitude spectra
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Figure E.1: Histograms of signals amplitude for bar shape of scintillator for position
3.2 cm, 14.1 c¢m, 25 cm, 35.9cm and 46.8 cm.
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Figure E.2: Histograms of signals amplitude for big rod shape of scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9cm and 46.8 cm.
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Figure E.3: Histograms of signals amplitude for small rod shape of scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9cm and 46.8 cm.
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Figure E.4: Histograms of signals amplitude for triangle shape of scintillator for
position 3.2 cm, 14.1 c¢m, 25 cm, 35.9cm and 46.8 cm.
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