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Abstract

A novel plastic scintillatgrreferred to as-PET scintillator has beemeveloped for
the application in the digital positron emission tomography (PET). The novelty of the
concept lies in application of the(2-styrylphenyl)benzoxazole as a wavelength shifter.
To date, lhe chemical compoundhas not been used as scintillaeatditive A role of
wavelength shifter is to shifhe scintillation spectrum towards longer wavelengths making
it more suitable for applications in scintillators of long strg@®metrybecause of larger
attenuation lengthand light detection with digitailicon photomultipliers.

In the thesis method of scintillators development ahdracterizationof their
properties are presented as well as synthesis method of the novel wavelengthTslaifter.
optimal concentration of the novel wavelength shiftes watablished by maximizing the
light output. Performance of scintillator, consideringght emission spectrum light
emission efficiency, rising and decay tisn& the scintillation pulsesvere analyzed and
compared to state of the art commercially alddalastic scintillators. Structure ofRET

scintillators was studied and discussed.
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1. Introduction

Positron Emission Tomography (PEhas been a research tool fabout fifty
years. Nowadays, it is well known mainly from the appl@atio clinical medicine. This
technique enableguantitative, threelimensional images for the study of physiological
and biochemical processes occurring in the human body.

PET scanars are valuable diagnostic devidescause of the abilitpf cancer
detectioneven in its earlystages, what allows to tale immediate treatmerihcreasing
the chances of the patient for the recoveérigat also enables adjustment of the proper
therapy and judge of its effectiveness. PET is used for diagnosis of many other diseases,
like Alzheimer,Parkinson, cardiology, neurological and gastrological diseases.

At the Jagiellonian Universitya novel PET scanner has beeesigned andbuilt.

The device is called-BET (Jagiellonian PET). The main difference betwe®&EJ and
conventional PET scanreeis utilization of long plastic scintillators strips instead of small
inorganic crystals Scintillators are the key part of tomography scanners. They enable
detection of ionizing radiation which &mitted from the patient during the examination

In the PET &chniquea patient is administered radiopharmaceuticals emitting positrons.
During annihilation of incident positrons with electrons from human body, gamma quanta
are created They interact with the scifiating material and as a result light pudsare
producedThe light is subsequently detected by photomultipliers connected to scintillators.
Plastic scintillatorsitilized in JPET device decreases costs ofgshanner significantly and
openperspectives for examination of a large part of humaly baring one scan

J-PET technology also opens perspective for the simultaneous PET and Magnetic
Resonance Imaging (PET/MRI) and for the construction of PET inserts which may be
adaptedto nowadays MRscanners held by hospitalsSuch hybrid device,-PET/MR
scanner will enable simultaneous anatomical and functional imabjiogever gveral
changes should bmadein the first JPET prototype to be MR compatible, eig.is
essential to exchangeaditional vacuum photomultipliers thgital silicon photadetectors

Proper scintillators need to be adjustedthe hybrid JPET/MR scannerThey
should be characterized Isgveral parametersigh light output, long attenuation length
and their emission spectra should fit quantum efficiency of silicon phdtiphaxs. Light

output characterizes tHght emission efficiency oscintillators. Long attenuation length




of light in the scintillating materials importantespecially for PET/MRI because of the
requirementof applicationof long scintillator strips, through which light needs to be
transferred effectively.

The aim of thedissertationwas development ofnovd plastic scintillators d
JPET/MR scanner and characterization of their properties.

The thesis which will be px@d is as follows: in laboratory condition it is possible
to obtain plastic scintillator characterized by high light output, weak light absorption in the
material and with emission spectrummatched to quantum efficiency of silicon
photomultipliers.

This thesis concentrates on development of noveliplasintillator, referred to as
J-PET scintillator, and characterization of its properties. The manuscript is organized in the
following way:

1 Chapter 2 outlines theoretical motivation for conducted invdstiga and
introduces novel-PET concept

1 Chapter 3 comprises explanation of scintillation mechanism amndludes
description ofstate of the arplastic scintillator offered by worldwide companies.
Current application of novel scintillating dopant is adssd as well.

1 In Chapter 4experimental methods are shortly described.

1 Further on, in Chapter 5, three chemical compoutedtedas wavelength shifter,
as well as their synthesis schenae described Plastic scintillators containing
novel dopants wer@repared and preliminary results of their performance are
presented. Scintillators with 2(4-styrylphenyl)benzoxazole, actec&t most
efficiently and were a subject ofsearctpresented in next chapters

1 Chapter 6 includes detailed information aboutklqublymerization processvhich
is used for development MPET plastic scintillators.

1 In Chapter 7optical, spectral and timing properties of novel plastic scintillators are
described. Optical adjustment of particular components of scintillaegarding
their emission and absorption spectra are discu3$edmost important paranset
charactering scintillators performancethe light output was determine@nd
evaluatedwith respect to commercially available scintillators. Timing properties of
JPET scintillators and comparison to commercial d¢atars in view of

application in the-PET system are shown.




1 In Chapter 8structure of PET scintillators were analyzed. Molecular weight was
estimatedproving assurance of maximal light outponsidering polymer structure
impact Further on investigations of scintillators structure with Positron
Annihilation Lifetime Spectroscopy (PALS) and Differential Scanning Calorimetry
(DSC) were presented and compared.

1 Chapter 9 comprises description afvelopment of plastic scintillator strips with
large dimensions.

1 In Chapter 10summary and final conclusions followed by perspectives of further

researches are presented.

2. Positron Emission Tomography

In PET scannexr used nowaays in hospitals the ring of inorganic crystal
scintillators plays a role ofdeector In the examination withPET, the patient is
administered pharmaceutical marker (e.gfli8rodeoxyglucose FDG) labeledwith the
radioactive isotopedecayingby the emission of positronb) [1] [2]. The positron
annihilates with an electron from the body of patient. As a result of annihilation, the mass
of the positron and electron is converted predominantly into two gamma quéhta
energy 511 keV eactemitted in opposite direction3his phenomenon is a basis of the
PET image reconstructiorHit positions of both gamma quanta on scintillator ring is
determined and the line of response (LOR) can be mahksectionof many Ines of
response allows to determine the annihilation panscheme of annihilation and PET

scanner is shown in Fij
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Figure 1 The scheme of positron electron annihilation (left) and PET scanner (right) Figure is adapted from[3].

From the PET image, the tracer distribution in the human body can be
guantitatively determined. The diagnostich#&sed on different rate of FDG consumption
in different parts of the bodyCancer or diseased cells have larger metabolism of glucose
in comparison to healthy tissues. This regions are clearly visible on the PET
image[1] [3] [4] [5].

Scanners of positron emission tomography based on inorganic crystals are very
expensivemainly because of high price of the scintillators. In Tab. tesriper 1 crhof

three inorganic scintillators that may be usedawaday$ET scannersre given.

Table 1 Prices of inorganic scintillators possible to use in PET6].

Scintillator Price per 1 cn?
BGO $35
LSO:Ce $60
LYSO:Ce $70

Current diagnostic chambseof PET scanners consist of a ring containing a large
amount of inorganic scintillatoia the form of small size rectangular blocks. PET scanners
e.g. produced by GE Healthcare, are built of about 12,000 of BGO inorganic crystals,
0.9 cn? each. So there is a need of spending even more than $3%0,G@intillators, not
including electroras or other elements of the tomography scanner. That makes the price of
conventional PET scannerand what is more, the price of single tomography scan
extremely high[1]. Thus diagnostics using nowadays positron emissiorodgoaphy is

beyond the reach of many countries in the world.




2.1. Jagiellonian PET: JPET

Due to the growing demand for Positron Emission Tomography scanners, which in
Poland and other countries is still insufficient, an innovative method for the wotistrof
these devices was developigd [8] [9] [10] [11]. Expensive inorganic scintillatorsere
replaced by lowcost plastic scintillators. 1 ¢hof plastic scintillator costs approximately
$1. Usage of plastic scintillators instead of inorganic ones decreases price of the whole
scanner significantly.

So far plastic scintillators have notdmeinvestigated as detectors of gamma quanta
in PET scanners because of much lower detection efficiency comparing to inorganic
crystals and negligiblprobability of photoelectric effect. Gamma quanta interact with low
atomic number elements, which plasscintillators are made ofpredominantlyvia
Comptoneffect Thatleads to continuous charge spectnaaddition efficiency of gamma
quanta detection is much lower than in inorganic crystals. This disadeacdagbe
compensated by very good timing peofes of plastic scinitillatorand by the large size of
the diagnostic chamber.

In Table 2selected parameters describipgperties of BC(Saint Gobain)and
EJ (Eljen Technology)plastic scintillatorsand four inorganic crystals (BGO, GSO, LSO
and LYSO) thatare used in traditional PET scanner are given. Light outputs of LSO or
LYSO crystals are much higher in comparison to plastic scintillators. Hoyagtemuation
length in plastic scintillator isohger than in crystals. Because plastic scintillators can be
produced in any shapes and sizes, longer attenuation length makes possibility to design and
manufacture long scintillator strips in which the light will be transferred effectively &ven
large dstances. This in turn enables to construct PET scanner basing on long scintillator
strips with large field of view. In such scanner imaging of whole patient body or its large

part will be possible.




Table 2 Selectedparameters of plastic scintillators offered by Saint Gobain (BC) and Eljen Technology (EJL2]
[13][14] [15] and inorganic crystal scintillators used in commercial PET solutiong16] [17].

Scintillator Light output Light Decay time Density
[photons/MeV] attenuation [ns] [g/cm?]
length [cm]
BC-400 10000 250 24 1.032
BC-404 10880 160 1.8 1.032
BC-408 10240 380 2.1 1.032
BC-420 10240 110 1.5 1.032
EJ230 10240 120 1.5 1.023
EJ204 10880 160 1.8 1.023
EJ212 10000 250 24 1.023
BGO 6000 22.8 300 7.13
GSO 10000 22.2 50 6.71
LSO 29000 20.9 40 7.40
LYSO 18000 20.9 40- 44 7.30

Decay time of light pulses in plastic scintillators are tens times shorter than in
inorganic crystals. To take full advantage of fast signals, a novetdrahelectronic§l 8],
methods of image reconstructigh9] and data acquisitiofi20] were developed. The
concept of lowprice PET scanner and novel solutions related withraalizationare the
subject of 17 patents and patent applications by memberof the
J-PET Collaboration7] [8].

Scheme of the simplest detection unit oPHT system capabléo register
annihilation gamma quanta is shown in Fig. 2. To each plastic scintillatqr stri
photomultipliers (PM) are connectatiboth ends. They play a role of convertefdight
into electric signals. PresentlyHamamatsuvacuum photomultipliers are utilizef@1].

Times of the light signals arrivals to both ptwiultipliers of each pair (PM 1PM 2 and

PM 3- PM 4) are measured. From the difference between times of arrivals to the ends of
strip, gamma quantum hit position can be determined and the point of annihilation along
the line of response (LOR) can beatdhted.
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PM

Figure 2 Scheme of the simplest unit of PET scanner.PM denotes photomultiplier.

First prototype of JPET scanner hdseen already built. Presently it consists of 192
plastic scitillator strips, each 50 cm longhus the axial field of viewof the 3PET
prototype is equal to 56m and is few times larger compared to the presently available
PET scanners based on crystal scintillaf2gg.

In JPET scanner scintillatorare wrapped into reflective and black foilghat
improves the effectiveness of light detectard ensures ligktightness The novel scanner

has a potential of imaging large madf human body simultaneously. Photographs of
J-PET scanner prototype asbown in Fig3.

.

T

_‘Lm
(il

Figure 3 A front (left) and side (right) view of J-PET scanner prototype[23]. Scintillators wrapped in the black
foil are placed in the middle. At their both ends vacuum photomultipliers are connected. Photomultipliers are
placed insidelightproof aluminum housings.
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2.2. Concept of novel JPET/MR scanner

JPET opens new possibilities in the field of diagnostics: allowing e.g. the
simultaneous examination of thpatient using two well established diagnostic methods:
Positron Emission Tomography and Magnetic Resonance Imaging (MRI). Inventions
based on this solution are subjects of patent applicd@dn$25] [26].

Nowadays,hybrid PET/MR imaging devices are availagkddlowing simultaneous
diagnostics with the two techniquesich scanners are installedtimo medical centers in
Poland.However, the scanners are extremelgensive Presently used scanners are based
on inorganic crystals, like in conventional PEFRPHT/MR solution will be built ofplastic
scintillator, what will make thenybrid imaging technology more ackible

Combining of both devices into a single one enables metabolic and morphological
imaging during a single examinatignoviding better diagnosis anleatment monitoring
This solutionhelpsto eliminateartifactsin tomographic images which hinder identifion
of cancerous lesiong.ypically it is possible to carry out exams with this two methods
sequentially Patient is positioned differently PET and MRI scanners, therefore internal
organs may movénvoluntary even if the time between both scans istsho effect,
alignment of images acquired during such exams is complicated.

JPET/MR scanneis dsoaspace and cost saving inventidfioreover such hybrid
device reduces radiation dose to which the patient will be exposed by providing both:
morphologcal and functional imaging at the same tifi2g¢]. Morphological resolution
achieved with MR is high, therefore combining with PET shows better contrast in soft
tissues e.g. brain in comparison to hybrid PET/CT examinatiorchwids presently
available[28].

The novel single hybrid device allowing simultaneous examination by PET and
MRI methods is based on thePET concept. It consists oingle detection modules built
of plastic scintillators towvhich photomultipliers are connected bbth ends. Instead of
vacuum photomultipliers utilized in the firstRET prototype, silicon ones are used.

Sillicon photomultipliers (SiPMs) areot affected by the magnetic fielaf MR
scanner, equal to aboutl.3 Teslatypically, and they do not disturb the homogeneity of

magneticfield, so they can batilized in the novel device.
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J-PET device will be an insert possible to use in existing MR scanners held by
hospitals withounhecessity of hardware modificah. What is more, combining PET and
MRI into one device will shorten the time of examinatasrd will havepositiveimpact on

patient comfor{29].

3. Scintillators and scintillation mechanism

lonisingradiation interacting with matter excites its molecules. When they return to
the ground state, photons of the visible or near to vidiglet spectrumrange are
produced. This phenomenon is called scintillati®hmaterial in which conversion of
excitation energy into light is highly efficient is called scintillatéiccording to[30] [31],
scintillator used in the radiation detect@isould be characterized by severaiperties
1 transparent ahke wavelength of emitted scintillation light
1 high efficiency of light production
1 short light pulses to exclude delayed light emission
1 the amount of light should be proportional to the energy deposited in the material
1 chemical and mechanical stability
1 not prone to radiation damagé was estimated that on@astic scintillator with
dimensionsof 0.7 cm x 1.9 cm x 50 cm during one yearubiization in PET
scannersvould receive a radiation dose about 0.1 k@gcording to articld32],
this is more than one order of magnitude less than the dose causing noticable

radiation damagm plastic scintillators

Nowadays, scintillation detectors aree ofthe most populatletectors of radiatian
Scintillators are common gamma rayray, charged and neutral particles detectors. They
are utilized in many fields of science and industry. They are the most common detectors
used in experimentsegarding the fundamental research in particle and nuplegsics,

e.g. to detect particles formed during the process of artificial fusion of atomic. Aty
are also used as detectors of cosmic rays atieeidetectors systems installedts Large
Hadron Collider at the European Centre for Nuclear ReBe@€ERN) in Geneva.

Scintillators are widely used in astrophysics to observe emerging stars, the searches for

13



mineral resources and to ensure security at the airports. One can use them on minefields to
help in locating the explosive materials without ergiing human life.

Scintillators are divided into two groups: inorganic and organic. Physics of
scintillation mechanism as well #seir properties and applications are different. The main
difference is that organic scintillators predominantly consistowaf atomic number (Z)
elements like carbon and hydrogerand hey haverelatively long attenuationlength.
Inorganic scintillators contains large ftan of elements with high Ze.g. an effective
atomic number of LYSO crystal is equal to 6@L4]) andattenuatiorength in that type of
scintillators is short.

The vast majority of inorganic scintillators are crystals. The mechanism of
scintillation is based on electrdmwle pairs production in the valence and canidm band
during interaction with incident radiation. Light output of inorganic scintillat@s be
higher (see Table 2)n comparison to organic ones. However they are expensive and the
process of crystal growth is difficult to carry ¢@8].

Organic scintillators are built of chemical substances including phenyl rings. They
are found in three types: crystalline, like anthracene or stilbene, liquid, when the
scintillator is dissolved in solvent e.g. xylene or toluene ghaktic scintillators
Crystaline organic scintillatorare expensive andlinerable Liquid ones are toxic and its
utilization is inconvenient. Because of the volatility, they need to be stored in special
containers.

The mechanism of luminescence ingamic and inorganic crystals differs
significantly, what is determined by their intrinsic structure. In organic crystals, molecules
are weakly bounded in comparison to inorgaceenpounds In such loose arrangement
energetic levels are not disturbed by ém@ironmen{34].

This thesis concerns plastic scintillators. Tentillation mechanism of organic

scintillators will beexemplified for plastic scintillators in the following chapter.
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3.1. Scintillation process

The mechanism of scintillation in plastic scintitles is fluorescence. In Fig.the

typical energy level diagram in organic scintillators is shown.

E

Figure 4 Scheme of the singlet energy level diagram of organic scintillatof33].

lonising radiation, incident on the scintillator is partially absorbed and emitted via
fluorescence. In this process, the absorbed energy is instantaneously converted to the
emitted energy- the decay time in organiscintillators is equal to I - 107 s.
Fluorescence bands are placed within larger wavelengths in comparison to the incident
radiation because emission transition occurs after releasing a part of oscillation energy to
the surroundings.

Moleculeshaveparticular system of energy levels (see Big.electron, oscillation
and rotation. Absorbing the energy, the molecule proceeds to one of the excited states. The
excess of the energy can be lost in few ways.

The energy of incident radiation is transéel to particular atoms, causing an
electron transition from the basig Sate to the excited state & higher, dependingn the
energy. Norradiative transitions occur quickly between vibrational states;ofgfen
dashed lines in Figd). Electronsfall from S, vibrational states to ;Sbasic state is
favourable for scintillators.Then, there is an electron transition fromt& & state. The

excess of the energy is radiated as fluorescence photons within UV or visible wavelengths.
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For scintillation detectors, the transition fromy Sibrational states to ;Sbase level is
favourable. In such decay electrons loose a part of energy. This is a reason of difference
between the absorbed and emitted eneAgya consequence, the absorption and emission
spectra of scintillating materials are shiftems a function of light wavelengthilhe
difference between the wavelength of the maximum of absorption and the maxinum
fluorescence is called Stakshift. Scintillators are matergalith particularly largetokes

shift and therefore the +absorption of scinitllating light is unlikel33].

The base of lpstic scintillator is polymerable liquid like styrene or vinyltoluene.

This substances scintillate in UV, however the miae path of produced photons is too
short. Therefore scintillation additives are used. Additives (fluors) absorb the primary light
from the base and emit it in longer wavelengths. One or rfloogs can be used,
dependingon the desired wavelength of gted photons.

Typical plastic scintillators are ternary systems, consisting of three components:
polymeric base, primary fluor and secondary fluor, so called wavelength shifter
(WLS) [35]. The scheme of mechanism of thesmgy transfer in plastic scintillator is
shown in Fig. 5. Three components of the plastic scintillators are shown in block scheme in
particular sequence, however the scintillator is a homagenmixture of these chemical

compounds

FLUORESCENCE

(uv)

SECONDARY
FLUOR
WAVELENGTH

SHIFTER

POLYMERIC
BASE

PRIMARY
FLUOR

NON-RADIATIVE FLUORESCENCE

(VISIBLE RANGE)

ENERGY
TRANSFER

Figure 5 Block scheme of energy transfer in plastic scintillator.

The incident radiation interacts with polymer molecules exciting them. The energy
is transferred in nonadiative way to primary fluor through®Ester mechanism. This is

a proces®ccuring in excited states, when the emission spectrum of the donor fluorophore

16



overlaps with the absorption spectrum of the accept@rimary fluor. In case of

polystyrene and polyvinyltoluene, fl

uorop

emisionof t he donor ister ememy trarisfarusdasedeod dipotpdle

interaction between molecules of donor and accept@mtant from each other

by 30-6 0 [36].

Primary fluor absorbs the energy and emitan UV range via fluorescence

(see Fig. 5). This wavelength is not adjusted to the quantum efficiency of the light

detectorswhich are photomultipliers. To shift the maximum wavelength of emission

towards larger wavelengths, wavelength shifter is usbé substance absorbs the light

emitted by primary fluor, and as a result, photons in visible range are produced. Such light

can be #iciently detected by @hotomultiplier.

3.2. Chemical compounds of plastic scintillators

Plastic scintillatorsare obtained by polymerization of the liquid monomer in which

scintillating additives are dissolved. In effect, a block of homogeneous scintillator can be

obtained. Nowadays, polyvinyltoluene (PVT) is the most widely useatrix for plastic

scintillators base because of the best scintillating properties among polymers.

Commercially available scintillators

offered by Eljen

Technolody 3]

or

SaintGobain[12] are based on polyvinyltoluene. Polystyee(PS), its homolog, is very

popular as scintillator matrix as wgB7]. Chemical structures ohis compounds are

shownin Tab.3.

Table 3 Chemical structures of polymeric matrix of plastic scintillator [33].

Name Chemical structure

Polystyrene (PS)

n

Polyvinyltoluene (PVT)

<)

CHs

17



Both monomers: styrene and vinyltoluene aseous liquids which polymerizen
heating to form of solid, thermoplastic polymers. The basis of all aromatic vinyl polymers,
including polystyrene and polyvinyltoluene, ar€H=CH, bounds which breaking enable
to built long polymeric chaing37].

Polymercannot be an effective scintillator becausavebk fluorescence efficiency
and short mean free path for scintillating lighth molecules containing aromatic rings,
only small fraction, about 3 % of the energy is converted into optical phf@8hsThe
wavelength of emitted photons is not adjusted to quantum efficiency of photomultiplier
(see Fig. 5). Polymer is just the medium to transfer the energy to primary fluor.
About 1 wt. % of the dopant increases not only thenatiBon length of photons but also
the scintillator light outpuf33].

There is a large number ofemical compoundshat can be used as primary fluors

in plastic scintillatorsSome of them are presentedrab.4.

Table4ASubstances that can be used as gpJuenotesavavglengtl aunerimumi n  pl a
of absod,ptawenl,ensgt h at maxi-himoofesemnsei gqmu.adeiayutme af f i ci e
light pulses, R- solubility in a given solvent at 26. Denotation of solvents: mb toluene, ai acetonitryle, bi

benzene, d cyklohexsan, di dioxane, ei ethanol, ki xylene, mi methylene chloride, mei methanol, ti THF.

Data is taken from[36] [39] [40] [41] [42] [43].

R
Chemical structure, name Abbreviation

[ns]  [g/dm’]

Q O O PTP 288mb | 335mb| 0.85mb| 1.2mb | 8.6mb

276¢c | 339c 1.05e 6k
p-terphenyl 1.16me
0.99c

PPO 308mb | 365mb| 0.8mb | 1.6mb | 414mb

G\CZ/G 303e | 361le 1.3b | 335k
375d 1.35c
2,5-diphenyloxazole 1.4e

@\( 7@ PPD 283mb | 355mb| 09mb | 1.5mb | 70mb
(@]
® 1.2e

N—N

2,5diphenytl,3,4

oxadiazole

18



) ~1 BBD 314d | 373d | 0.85mb | 1.4mb | 2.5mb
21, h 315mb | 380mb 1k

\

N—N

2,5-bis(4biphenyl}

1,3,4o0xadiazol

‘ PBD | 305mb| 360 | 0.8mb | 1.2mb | 21mb
O 302e | 356mb 18k
® 3626
N—N

2-phenyt5(4-biphenyl)

1,3,4o0xadiazole

O BPBD 308mb | 365mb| 0.85mb | 1.2mb | 119mb

7@ ‘ 368¢ 77Kk
(6]
\
N—N

2-(4-tertbuthylphenyl
5-(4-biphenylo}1,3,4

oxadiazole

Decay tima of light pulses in all substances from Tdbare similar. However they
have different maxima of emission wavelength, so one can adjust the substance to
particular application. Solubility in a given solvent is very important parameter because
only complete dissolution enables proper scintillatdingc

There are also large number of substances that can be used as wavelength shifters in
plastic scintillatorsSome of them arngresentedn Tab.5.
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Table 5 Substances used as wavelength shifters in plastic scintillators. Theurce of data and used notations are
the same as in Table 4.

Chemical structure, name  Abbreviation

N@N POPOP | 365mb| 415 |0.85mb| 1.13c | 22mb
ir[o oj\!\//\

358c | 417mb| 097c | 15mb | 1.4k

1,4bis(5phenyt2- 358e | 410c 1.35e
oxazolyl)benzen 425e
o . cH, DM-POPOP | 370mb| 430mb| 0.93mb| 1.5mb | 3.9mb

N
batad 145 | 2.6k

1,4-bis(4methyt5-phenyt
2-oxazolyl)benzene

HiC Bis-MSB | 347mb| 418e | 096¢c | 1.6¢ No
FHs / Q
aY Y 350c | 420mb data
1,4-bis(2- 420c
methylostyryl)benzene 423d
O M O BBO 340mb| 410 | 0.75mb| 14mb | 3.1mb
O 342b | 412mb 1.3k
2,5-di(4-biphenylo)oxazole 409b

O O DPS 337mb| 410mb| 0.8mb | 1.1mb | 1.5mb
.—.—\\ . .
Q O 340d | 408b | 1.0mb 09k

trans4 , -dighenylstilbene

341b
O DPA 366 430c | 095 | 8.7me | 35mb
=928 375¢c 1.0c | 7.3c
Q) 9.35¢

9,10diphenylanthracene

One can notice that solubility of wavelength shifters in given solvents is rather
weak. Howeverthe amount of WLSn plastic scintillator isaboutl ,dhusdissolution of

such portion is possible.
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3.3. Commercial plastic scintillators

There are many worldwide companies producing plastic scintillators e.g. Saint
Gobain[12], Eljen Technology13] or Rexon[44]. Headquarters and production lines of
these companies are placed in United States. In Europe, there are two companies
developing plastic scintillators: Nuvia in Czech Repupii] and Amcrys in Ukraing46].
Moreover, there is an Epic Crgstcompany in Ching47] which also produces plastic
scintillators.

Plastic scintillators offered by the European and Chinese companies are based on
polystyrene. This polymer does not work as efficiently as polyvinyltolasre scintillator
matrix, decreasinghe scintillators performance by 1320 % [48]. Because of that, the
best scintillators should be purchased in U88wever thiss connected with additional
delivery chargeand duty.

Development in the field of photoelectric converters, e.g. replacing afuwac
photomultipliers by silicorones forces improvements of plastic scintillator to match them
to the new photomultipliers, in order twnstructefficient detectorsThis includesthe
increase of wavelength of scintillation light, whighjustified by better propagation of
light in the scintillating materiadnd matching to the SiPM quantum efficiency wavelength
dependenceDevelopment of fast signals processing teteticsopens possibility of using
scinillators with shortrise time of signals

Worldwide manufacturers offer plastic scintillators with different values of light
output, light attenuation length, rise and decay times of signals, and different amissio
spectra. Planning an experimegwine can chose the best scintillator for a particular
application.

However, \ast majority of plastic scintillators offered by companies is well adjusted
to traditional vacuum photomultipliers, popular by many years.demeand of SiPMs is to
shift the emission spectrum of scintillators towards longer wavelengths.

Market of plastic scintillators is widely opened for the new solution. For example,
slogan of Rexon is: "IF WE DON'T HAVE IT, WE'LL MAKE IT". The company ofer
designing and manufacturing of plastic scintillators to the particular need, concerning
scintillator's composition and shape. However, it is much bettiave developed and

testedscintillator because the elaboration of the novel scintillator is a-toresuming
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and labour- intensive process. New scintillators are utilized usually in the laboratory
experiments, having financial support given for the particular timethef project
realization. That is why, it is important to have the new scintillat@ilable and fully
characterized, to enable its immediate imsebuilding detectors.

Because of specific needs of plastic scintillators market, in this thesis a novel
solution was proposedlovel plastic scintillator was elaborated and teslischovely lies
in the use of A4-styrylphenyl)benzoxazole as a wavelength shiffée scintillator can be

used in many experiments of physics.

3.4. Applications of 2-(4-styrylphenyl)benzoxazole

In this thesisfor the first timeapplication of2-(4-styrylphenyl)benzoxazole as
a plastic scintillator dopant is described. The aim of the dopant is shifting of the
scintillator's emission spectra towards longer wavelengths to match it to the quantum
efficiency of SiPMs.

2-(4-styrylphenyl)benzoxazel can be obtained in relatively simple and cost
effective chemical synthesidlethod of synthesis is described in patpfl] and in the
review article[50]. The substance was synthesized forfttst time by A. E. Siegrist and
collaborators in 1960 and applied as optical brightener.

2-(4-styrylphenyl)benzoxazolevas used also as an emission material in OLED
(organic light- emitting diod), electroluminescent di@d [51] or as NLO (nonlinear
optics) material [52]. It was applied in cosmetology, dentistry and in photographic
materials[53]. The substance was utilized in photosensitive coals®] as well as

awhitening agenf55] and in optical disks for lasefSs6].

22



4. Experimental methods

Polymerization process, in which plastic scintillators asimed is conducted in
a furnace in a specially desiph glass reactors or infarm. Scintillating dopants were
dissolved in liquid purified monomer (styrene or vinyltoluergintillators were obtained
by bulk polymerization of such prepared sampl&se mechanism of this kind of
polymerization is free radical. This is a process occurring in pure monomer. To avoid
contamination of the material, the polymerization is thermally initiated, without any
chemical initiators. High concentration of monomer ldes high rates and degrees of
polymerization. Howevethere is a problem with increasing viscosity of the mixture when
the polymerization proceeds. Bulk polymerization reaction is highly exothermic and
increasing viscosity inhibits heat flowading to brmationof regions of local overheating.

As a result, empty voids can be generated in a block of polymer because of the internal
shrinkage.

Bulk polymerization allows to produce scintillator characterized by high light
output due to e.qg. its homogenejs7]. The temperature schedule was adjusted to obtain
optically homogeneous scintillator samples and eliminate sffeét polymerization
shrinkage.Production of scintillatorand optimization of their composition maximizing
scintillator light output was the first stagetbhéresearch.

Two scintillating dopants were dissolved in the monomer: primary and secondary
fluor. In prepared scintillatoysprimary fluor isa commercily available compound
2,5diphenyloxazole (PPO). As a secondary flugd-atyrylphenyl)benzoxazole was used.

It is a substance chosen amongst three chemical compounds which was synthesized and
tested as wavelength hefter in plastic scintillator. Only
2-(4-styrylphenyl)benzoxazole possssexceptionallygood scintillating properties. The

use of this substance as a scintillator dopant and the novel scintdtatgrositionare

subject of patent applicatidB8].

Measuremsts of light yield were carried out in detector laboratory. Charge spectra
were registered iadiating scintillators witf?°Na source of gamma quanta with energy of
511 keV originating from annihilationf positron with electronHig. 1). The source was

placed in thdeadcollimator providing narrow beam of gamma quaataoutl mm wide.
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Interaction of gamma quanta with the scintillator results in production of light. To both
sides of scintillator photomultipliers are connected (see Fig. 2). They plaje aofro
converters ofscintillation light into electrical signals. Then signals are collected and
processed by the oscillogpe. Determining the positiaof the middle of the Compton
edge on the charge spectrum histograhght output of manufactured and purchased
scintillators were appointed and comparedht outputis the most important parameter of
the scintillator andletermines theaumber of photons emitted per unit of energy deposited
in the scintillator It givesinformation about the effectiveness of conversion of the incident
radiation into photons.

Optimal concentration of the novel scintillating dopant:
2-(4-styrylphenyl)benzoxazole was sehaximizing light output of the scintillator.
Scintillators with diferent concentrations of the dopant were prepared and light output of
the samples were measured.

Basedon measurements conducted twthe setup enabling determinatioh the
light output, characterization of signals arising in synthesized and commeini#dlagors
were done. Rise and decay tenef signals weredetermined and compared with
commercially available scintillater The shorter the decay tiptae better is the scintillator
concernng applicationn JPET/MR scanner.

Scintillators were subg@ of tests in order to measure the emission spectrum.
Emission spectra of thin samplef JPET wereregistered and compared with quantum
efficiency of silicon photomultipliex to check if theyare matchedo each otherA proper
matching of these quaties is necessg for an effective lightconversion into electrical
pulses by photomultiplier.

Characterization of scintillators structuby analyzing sizes and fraction of free
volumes in particular samplesere carried out using Positron Annihilatidmfetime
Spectroscopy (PALS). Thigchnique enables very accurate analysis of free volume sizes
in the scintillator and any structural transitions occurring with the temperature changes.
Glass transition temperature atemperatures ofome structure @mges correlated to
organizatiorof moleculescan be observed.

Samples of plastic scintillators wesmalyzedalso using Differential Scanning
Calorimetry (DSC). This is the method which can be considered as a complementary to

PALS. It is based on measmment of the amount of heat released or absorbed during
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physical or chemical process. DSC allows to describe thermal transitions in polymers.
In case of polystyrene or polyvinyltoluene, the most significant is glass transigpn (T
temperature. It is a point of transition of amorphous brittle polymer into rubbery gise. T
also visible in PALS measurement, thereforesults obtained in both methods were

compared.

5. Potential wavelength shifters for the J -PET scintillator

Scintillators offered by companiese mostly adjusted to vacuumagsbmultpliers
which were widely used in physics experiments for last decades. Howewvgressn the
area of photodetectors, and successive substitution of traditional photomultipliers by
SiPMs, demands development irethrea of scintillators as well. Development of novel
scintillator with the emission spectrum adjusted to the no®RHT/MR device, enables an
efficient detection of gamma quanta.

In order to develouch scintillator, tree chemical compoundwere synthesized.
The syntheses are described beiowubsections A, B and.C

A) Synthesis of Z 4NNW-dimethyloaminophenyl)oxazolo[4pirydyne

(DMAPOP)
CH
(jio N/ 3
/ \
N/ N CHj

DMAPOP was synthesised accordingpimcedure described {%9]. The scheme

of reaction is presented below:
OH H,C 0
AN 3 \ // PPA AN (@) /CH3
| + /N | / N\
/ /
N~ NH, HC OH N N CH,

PPA- polyphosphoric acid
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In order b purify thedesired compoundt was recrystallizedrom chloroform and
then the final product was separated by column chromatography wiihh &$ stationary
phase and chloroform as eluefben the sediment was precipitafeain petroleum ether.

The next stepwas column chromatography osilica gelCHCI;. Fractions
containing desired compound were selected according to resulls@f(Thin Layer
Chromatography The chosen fractionsvere connected and the solvent was evaporated.
The sediment wagrecipitated to petroleum ethefhe chemical compound witlnigh

purity was obtained, whictmelting temperature was equal2®7 AC.

B) Synthesis of A4-styrylphenyl)benzoxazole

Cr-On

The reaction proceeds according toshbeme

o N-benzylideneaniline o
CH >
(Lo~ Lo~
N KOH N

The final product wasynthegzed Obtained slid was dissolved in toluene and

particular fractions were separated using column with sigtaTden with TLC technique
proper fractions were chosen, and the sediment was precipitated to petroleum ether.
Melting temperature of thsubstance w98 AC.

C) Synthesis of 44-methylbenzeng] ,3]-oxazolo[5,4b]-quinoline

AN N
N/ o
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The reaction was as follows:

AN N N
| + N
Y P(OEty — CHs
N O o N O
HO/ EDH CHg

P(OEt} - triethylphosphine

The product of the reaction was dissolved in toluene and particular fractions were
separated in columiilled with Al,O; Because of the insufficient degree or purity
confirmed by TLC the sediment was dissolved in chloroform amnponentsof the
mixture were separated by column with silica geld toluene as eluerProper fractions
were selected by TLC and solvent wasnoved by rotor evaportor. The sediment was
crystalized from toluene. Melting point of the reaction product was
equal to 23 AC.

In scintillators developmenthigh degree of puritys demanded. Because of that,
each synthesis was followed by purification process. High purity of reaction products was
confirmed bymeasurements of the melting points

Plastic scintillators containingynthesizedfluorophoresaswavelength shifters were

prepared. Their constitution is shown in Téb.

Table 6 Constitution of plastic scintillators containing new wavelength shifters.

Polymeric base Primary additive Secondary fluor
Polystyrene p-terphenyl (PTP) / Synthesized substances i
2,5-diphenyloxazole (PPO amount
1% 001 %

Scintillatorswere cut and polished to a geometrfycylinder with diameter and
height equal to 2.5 cm. They were wrapped with tefi@ih and their interaction with
gamma quanta fromfGe source wasested. A simple experimental setup consisting of
vacuum photomultiplier, scintillator and source was built (B)gandchargespectra were

registered.
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Figure 6 Experimental setup for theestimation of plastic scintillators light output.

Detailed analysis of spectra registered during gamma quanta interaction with plastic
scintillator and description of the phenomenon itsedfe the subject of
Chapter7.2 Spectral propertie®f JPET scintillatorsThe first preliminary studies relied
on fitting Fermi function to the fallinggdge of the spectrunThat allows to estimate
roughly the relative light yield of tested scintillator&ermi function is given by the

equation(1):

Q
8‘
C=

).

Parameters denoted as, PP, P, P; are related to maximal values of the function, the
middle of the edge, slope and minimal values of the function, respectively.

The function was fitted to spectra as it is shown in Figegistered for stilbene
which was taken as standafd the spectruphistogram of signals amplitudespresented.
Amplitudes are proportionalo the number of photongroduced by scintillator during
interaction with gamma quant&he absolute number of photopsoduced by scintillator
interacting with gamma quanta was not calculated. The aim of thisvésdb check if

developednaterialshave a potential fdpeingused as scintillators.
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Figure 7 Amplitude spectra of stilbenewith Fermi function fitted (red).

P1 parameter describinghe middle of thefaling edge was a measure of
scintillators light output. Pdeterminé for obtained scintillators wereompared to the
parameter value of stilbene. Results of such rough estimation of scintillators light output

arepresentedn Tab.7.

Table 7 Relative light output of tested plastic scintillators with respect to the light output of stilbene.

Scintillator Relative light output

Stilbene 100 %
Plastic scintillator containing-( 4NIN- ~20%
dimethyloaminophenyl)oxazolo
[4,5-b]pirydyne
Plasticscintillator containing ~80 %

2-(4-styrylphenyl)benzoxazole

Plastic scintillator containing ~50 %
2-[4-methylbenzeng] ,3]-oxazolo[5,4b]-

quinoline

29



Light output of plastic scintillators obtained in laboratory conditions is equal to
about 20 %, 806 and 50 % of stilbeneespectively Because of the highest value of light
output amongst all tested sampleginsllators containing Z4-styrylphenyl)benzoxazole

area subject of further tests described in this thesis.

6. Development of plastic scintillators

The most popular method of plastic scintillatodevelopment is bulk
polymerization. This is the method widely used for polymerization of all vinyl monomers.
Liguid monomer: styrene, vinyltoluene or methyl methacrylate with proper agklitiv
dissolved therein can be polymerized in this wg0]. Bulk polymerization is
a homogeneous process which is conducted in the ambient of pure monomer without any
additional solvents. It is possibie use substances thattiate the polymerization reaction
which arecalled initiators. Howevein synthesis of plastic scintillators, theyh degree of
purity is requiregso it is better to avoidny additional substancddoreover styrene and
its homologs can be their ownitiators when the temperature is raiséthe reaction is
thermally initiatedtherefore the process is called thermal polymerization.

The mechanism of that reaction is free radical. Styrene is one of well known
monomers prone to spontaneous generatbnfree radicals by itself at elevated
temperatures without any chemical initiators. Two most famous: Mayo and Flory

mechanisms are presented in E&g.
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Figure 8 Mayo's and Flory's mechanisms of free radicageneration in gyrene polymerization. The schemes taken
from the article [61].

In the Mayo mechanism, the polymerization is initiated by Didtker
dimerization of styreneBecause of homolysis between the dirffgf) and a third styrene,
monoradicals AA and HMA are generated. HM/

In Flory's interpretation, styrene dimerizes to-didadical (M2). A third styrene

abstracts a hydrogen atom from the diradical and monoradical initetofsrmed.
In both: Mayo and Flory mechanisms the diradicals may forrdipf2enylocyclobutane
(DCB) which is not capable of initiating polymerization, or AH dimer, what leads to-Diels
Alder cycloadduct production and in turn initiates the polymeopateactior[61].

The further steps of polymerization following initiation, are propagation and

termination. Propagation of polymeric chain can be schematically described as:
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RA+ M YAR

where R,A denotes polymer ciin with n mersM i monomey R,+1/& polymer chain
extended by one mer

Termination can occur by combination:

RA JAYRR

or disproportionation:

RA+ RAY R+ R, [62].

Free radicals are highly reactivd radical attacks a molecule of monomer,
initiating a macroradical, to which otheronomer unit@are added successively. Each time
the active centre is transferred to the attacdhed This is the way in which propagation of
polymer chain occurs.

As the reation proceeds, the amount of monomer decreases, interpolymeric
reactions start to occur. Active parts of macroradicals meet each other and termination
takes place. It leads to dead polymer and may occur via combination or disproportionation.

The main diadvantage of this kind of polymerization are problems with the
dissipation of the exothermicity in the sample volume. Incgfféocal hot spots are
formed [63]. During free radical polymerization, an autoacceleratoours, which is
known as Trommsdorff or gel effef4]. This is a phenomenon of spectacular increase of
polymerization rate. When the reaction speeds up, viscgsitys and huge amounts of
heat that are released accelethts reaction furthef65].

Trommsdorff effect occurs at high conversion, when termination reactions
domi nate and fAdeadd pol ymer s, without act
polymer chains are long and slighmobile. They are so immobilized that their fastest
termination is with short, mobile, unentangled chains. Gel effect leads to uncontrolled local
rise of temperature what may result in the reactor expl¢8gjn

The othe disadvantage of the bulk polymerization is that during the process the
polymerization shrinkage occurs. The most of the shrinkage appears in the early stages of
polymerization. It covers about 20 per cent of the initial volume. The shrinkage is a cause
of cracks and many other flaws like empty void in a block of polyj@€é}. This is very
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disfavourable in case of plastic scintillators becaystecal homogeneity of the material is
essentiato provide the proper performancktbe detectors.

However conducting scintillators synthesis with the temperature schedule which is
presented in Fig9 enables to obtain samples without defeEtsstly the reaction mixture
is quickly heated to 108C and then to 14@C within few hours Next, the principal
heating occurs and lasts about 70 hours. After this, tno@momer is reacted into polymer
and the sample is cooled slowly to AD. The scintillator is stored in this temperature for

three hours in order tanneal the sample. Then thantillator is finally quenched.

160 |
140 |-
o 2
& 12041
g
2
& 100
Q
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£ " !
AR 0 1 - Initial heating
2 - Principal heating
60 3 - Initial cooling
4 - Annealing
a0l 5 - Cooling
N 1 N 1 L 1 " 1 N 1 " | N 1 "

0 10 20 30 40 50 60 70 80 90 100
Time [h]

Figure 9 Temperature schedule of theplastic scintillators polymerization [68].

Scintillators are prepared by dissolviegintillating additives in lquid monaner:
styrene or vinyltoluene. As the primary fluor jfphenyloxazole (PPO) or-terphenyl
(PTP) were used in an amount of 2 wfo. As a wavelength shifter
2-(4-styrylphenyl)benzoxazole waapplied. The concentration of the novel wavelength
shifter was ptimizedas itis described in Chapter 10: Light output ePET scintillators

The reaction mixture was poured into glassy ampoules, inert gas purged and then
tightly sealed in the flame of theutmer. Such prepared samples had haaned in the
tube funaceand then polymerizationvas started accordingo the schedule shown in
Fig. 9 To minimize the risk of explosion, the mixture occupies the half of the ampoule
volumeat maximum Photographs afbtainedscintillatorsareshown in Figl10.
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Figure 10 J-PET plastic scintillators in UV light. Left and centre: scintillators removed from the glass ampoule.
Right from the top: scintillator cut and polished,exposed toUV in daylight, in the dark and scintillator wrapped
in light tight foil in the dark.

7. Optical, spectral and timing properties of J -PET scintillator

7.1. Optical properties of J -PET scintillator

In order b characterize properties of the scintillator containing the novel
wavelength sliter, and ckck if it is matched to spectral properties ofsilicon
photomultipliers, absorption and emission spectra of thavdength shifter:
2-(4-styrylphenyl)benzoxazole and emission spectra of the scintillator were registered.

Absaption and emission spectra @2*10% M 2-(4-styrylphenyl)benzoxazole
solution in toluene were registerethey are shown in Fig. 1Maximum of absorption

lies at 349 nm, while the emission spectrum is characterizeétdoynaximum ird02 nm.

34



' ' ' —— novel WLS absorption
5000 - — = novel WLS emission
. n

4000 | it -
iy nitl
=}
G, N
> 3000 | o ]
‘0 v,
§ \
£ 2000} . ]

\
\
1000 + N E
\
\
1 ~ .
" | e TN S

O L 1 L 1 L L. 1 L 1 L
200 250 300 350 400 450 500 550 600
Wavelength [nm]

Figure 11 Absorption and emission spectra of Z4-styrylphenyl)benzoxazole.Absorption spectrum (solid green
line) was registeed with Hitachi U-2900 Spetrophotometer, and emission spectrum(red dashed line)by Hitachi
Fluorescence Spectrophotometer F 7000, the plot wasrrected by the detector sensitivity.

The energy absorbed and emitted by particulasdig associated with electron
transitions to different vibrational stateAccording to Fig. 4 the erergy of excited
electrons is lost in the transitions from \Bbrational states to;&asic state and from; S
ground level to & The energy emitted in these processes is less than the energy which was
absorbed during electron excitation fromt& S. As a result, spectra of absorption and
emission are shifted relatively to each other what redueassaption. This phenomenon
is basel onStokes law, which implies &t the wavelength of emission wgieater than the
wavelength of absorptiorilhe difference betweemaxima ofabsorption and emission
peak is identified as Stokes shift. Tlaeger theStokes shifts, the smaller probability of
re-absorption of scintillating light in the materide-absorption is undesired because it
shortens the ahuation lengthThat is why sibstances with large Stokes shift are valuable
scintillator dopant$33] [38].

In Fig. 12 absorption and emission spectraR®OPOP 1,4-bis(5phenyloxazol2-
yl)benzeng which is widely used wavelength shifter in plastic scintillators are shola. T
value of the Stokes shifivhich is calculated as the difference betwemaximaof

absorption and ensfon, is equal to abous0 nm.
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Figure 12 Absorption (green solid line)and emission(red dashed line)spectra of POPOP in cyclohexanf69].

In the case oR-(4-styrylpheny)benzoxazole, the Stokes shifisulting fromthe
difference between peaks d@D2 nm and 349 nmis equal to 53 nm. This value is
comparable to Stokes shift of POPOPTherefore Stokes shift of
2-(4-styrylphenyl)benzrazole is sufficientd use thesubstance as a scintillator dopant.

Another issue which isecessary to consider is adjustment of the primary additive
to the 2(4-styrylphenyl)benzoxazole to provide an effective energy tran&tamording to
Fig. 5, in plastic scintillator #nenergy is transferrdtbm primary to secondary fluor in the
way of fluorescence. However to provide an effective transfer of energy, emission
spectrum of primary fluor has to overlap with absorption spectrum of secondaryitiluor.
Fig. 13 and Fig. 14absorption and emission spectra of plastic scintillating additives are
presented. As a primary additive 2lphenyloxazole (PPO) andtprphenyl (PTP) were
considered while 24-styrylphenyl)benzoxazole (novel WLS) is assumed to act as
a wavelengtlshifter, which is secondary additive.

In both sets of mixture: PPO + novel WLS and PTP + novel WLS, the emission
spectrum of the primary fluor overlaps with the absorption spectrum of secondary fluor. In
case of PPO, their maxima fits almost perfectle&ch other, while PTP and novel WLS

maxima are slightly shifted within few nanometers.
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Figure 13 Absorption and emission spectra of 2 liphenyloxazole (PPO) are marked with green solid line and

green dased line. Spectra are taken fron[69]. Absorption and emission spectra of Z4-styrylphenyl)benzoxazole
(novel WLS) are marked with blue dotted line and pink dasheddotted line, respectively.
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Figure 14 Absorption and emission spectra of gerphenyl (PTP) are marked with green solid line anded dashed
line, respectively Spectra are taken from[69]. Absorption and emission spectra oP-(4-styrylphenyl)benzoxazole
(novel WLS) are marked with blue dottedline and pink dasheddotted line, respectively.

Emission spectra ofJ-PET and B@E420 scintillator were registered with
FluoroLog3 (Horiba JobinYvon) in reflecting mode using PMT R8P and continuous
wave xenon source. The obtained emission spectrum ofRES Ecintillator is indicated
as green solidine in Fig. 14. It is clearly visiblethat 3PET spectrum is broadethan
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BC-420 (red dashed line). This means that photonsraitted by the -JPET scintillator in
larger wavelagthrange than photons emitted by B@O0.
In Fig. 15quantum #iciency of vacuum and silicophotomultipliers are presented

as well. Broadeningf J-PET scintillator spectruntowards longer wavelengthtenhables
more effective registration of its scintillation lighy SiPMs Emission spectrum ofBET
scintillator overlaps the region of larger SiPMs quantum efficiency in comparison to
BC-420. Quantum efficiencyof SiPMs is larger than quantum efficiencyf @acuum
photomultipliersand it increases significantlyith the increasing wavelengthp to about

450 nm)as indicated byipk dasheelotted line in Fig. 15
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Figure 15 Emission spectra of JPET (green solid line) and BG420 [12] (red dashed line) scintillators
superimposed on the quantum efficiency dependence on photons wavelength for typical vacuum tube
photomultiplier ~ with  bialcali window  (blue dotted line) [21] and silicon photomultipliers
(pink dasheddotted line) [21]. Maximum of emission for BG420 scintillator is placed at wavelength of 393 nm
while the maximum of JPET scintillator at 403 nm. The emission spectra are normalized in amplitude.

In the article[70] simulation of photon transport in cuboidal scintillatoras
described. Concerning long scintillator strip, photons undergo many internal reflections on
its way from the point of creation to photomultiplier. Numbereffections is dependent
on the scintillator size and photon emission angle. Photon regstraiobability is
influenced also by other factors e.g. absorption in the scintillator material, losses at the
surface imperfections and quantum efficiency of the photomultiplier.

For the analysis of the light absorption in materiah effective absorpbn

c oef f ie)was calculated)scaling the absorption coefficient of pure polystjféhe
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to the experimental results obtained with the single detection unit of Rl Jetector
(by factor of 18). The dependenaef  tylorewvav®length is shown in Fig6l

Emission of photons with larger wavelength is profitable agsnsidemg light
attenuation. In Fig. 1@mission spectra for the B&20 and PET scintillators are
compared to the effective light absorptiasefficient (blue dotted line§.; established for
the BG420 scintillator strips with e ct angul ar c¢cr os smmg78]cThis on o0
value is not given by the producéihe mefficient was calculated relyingn the absorption
coefficient of pure polystyreng71]. It is connected with seHbsorption of light in
scintillators. The light i9einglost due to the transport of photons throubk scintillator
bar[70]. Absorption coefficient decreases with increasiayelength It indicates that the
light attenuatior(proportional toQ ) will be less for the-PET scintillator with respect

to the BG420 since <PET spectrum is extended towardsger wavelengths.
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= ’ - = BC-420 ] <
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Figure 16 Emission spectra of JPET (green solid line), BG420 scintillator (red dashed line) and absorption
coef f igcbluedotted lde)[70][71]. The emission spectra are normalized in amplitude.
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7.2. Spectral properties of J -PET scintillator

One of the most important parameténat characterizesintillatorsperformance is
light output. It is defined as a number of emitted photons per unit of energy. An extremely
effective scintillators are inorganic crystals easl(TI) - 65000 photons/MeV, Nal(Th
42000 photons/MeW,u,SiOs:Ce (LSO)- 25000 photons/MeMVBaF, - 9500 photons/MeV
andBi,Ge&0;, (BGO) - 8200 photons/Me\[72]. Organic crystals also can act effectively
as scintillators, for example light output of anthracene is equal to
17400 photons/MeV73].

In general light output of plastic @ntillators, which also belontp the group of
organic scintillators, are much lower in comparison to the most effectively working
crystalline scintillating materials. Light output of plastic scintillators poeduby Saint
Gobain range from about 30 % to ab@@ % of the anthracene light output, for the
majority of them it is about 60 %d2]. In this chapter the light output of thePET
scintillator is examined.

Positron Emission Tomography examinations are based on registration of
annihilation gamma quanta with energy of 511 keV. Due to that, light oofpPET
scintillators was determined by irradiating the scintillator with annihilation gamma quanta
of this energy emitted by°Na isotope. The beam of gamma quanta wamated by
collimator with 13 mm slit. The scheme of experimental setup which was used to
determine the light output od-PET scitillator is presented in Fig. 17

J-PET ,
(14x14x20-mm)
4

Collimator with
slit ~1.3mm

BC-420
(14x14x20 mm)

/

Oscilloscope -

Figure 17 A scheme of experimatal setup used to determinelJ-PET scintillators light output. Performance of
J-PET scintillator was compared to BG420 scintillator. Detailed description of the setup and experimente
procedureis given inthe text.
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In the experimental setup two scintillators are placeBEJ and BG420 with
identical dimensions: 14 mm I 14 mm | 20
specular reflective fofl74] to prevent the loose of light. Each scintillator was connected by
EJ550 optical ge[13] to the window of R9800 Hamamatsu photomultiplier t{®H at
both ends. Electric signals coming from phuotdtipliers were sampled by the oscilloscope
with 100 ps interval

Light output of JPET scitillators was determined with respetct known light
output of BG420 scintillator. That is why B@20was used sreference scintillator in the
above experiment setup.

Plastic scintillator consist of low atomic number (Z) elements, mainly carbon and
hydrogen. Gamma quanta interact with electrons of low Z elements predominantly via
Compton effect[75]. Therefore the charge distution is continuous. Photoelectric
maximum, typical for crystal scintillator is not observed.

The charge of registered signals is proportional to the number of scintillation
photons which in turn is proportional to the energy transferred by gamma quinam
electron of scintillator. In our experiment, taeergy of gamma quanta is fixed agglal
to 511 keV, the maximum of possible energy transfatse well defined andqual to 341
keV. Determination of the-BET scintillators light output is poss&bby comparison of
charge of signals for both: commercial and manufactured scintillators. Preliminary studies
of the light output of the-PET scintillator light output are subject of the artigié], and
the detailed restd described below are submitted for publicafior.

Measurements were carried out for a series of eight scintillators with different
concentration of 44-st yr yl phenyl ) benzoxazol e, varyi ng
minimize the influence of inetmental uncertainties comindgrom e.g. photomultipliers
miscalibration, tests were performed twice for each sample, exchanging positi®df J
and BG420 scintillator in the experimental setup. Thus, charge spectra rediste the
same pair of photomultipliers can be compared.

Charge spectra registered for the series-BEJ scintillators containing different
amounts of wavelength shifter, and 820 by two pairs of photomultipliers: PM1, PM2
and PM3, PM4 are presext in Fig.18. Left panel shows spectra obtained with PM1 and
PM2 photomultipliers and right panel presents spectra measured with PM3 and PM4.

Spectra are arranged in order of ascending concentration of wavelength shifter.
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Dependence of light output onetltoncentration of wavelength shifter in plastic scintillator
was determined in order to set the optimal concentratior(4fs®yrylphenyl)benzoxazole
which enables the most effective scintillator performance.

Comparison of the charge spectra registelsd each photomultiplier were
conducted using two methods. In the first ¢h@], scaling factor (LR) is calculated, by
which the charge of-PET scntillator needs to be dividei obtain spectra of-BET and
BC-420 fitting together. The scaling factor is equal to the ratio of particular scintillators

light output:
oY —— (2.

Scaling factor was calculated for each photomultiplier. Values of light output given
in the second column of TabaBe averagedesults obtained for four photomultipliers

In the second method LR was calculated as a ratio of the middles of Compton edges
which are the right edges of spectra. The ratio is interpreted as the relative light output.
Knowing the light outptiof BC-420, light output of <PET scintillators was calculated.
The middle of the Compton edge of each spectrum was determined by fitting the
Novosybirsk function to the edge of charge spectfd@). Values of JPET scintilators
light output determined using this method are giwethe third column of Tab..8

Differences in the beginning of the spectra, around 0 pC are caused by fact that
PM1 and PM3 were used oonditionaltrigger mode Signals were registered by PM3 if
a signal has been registered by PM1 within defined time window. Differences at the end of

spectra, which is the Compton edgee due to different light output of scintillators.
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Figure 18 Charge spectra registered for BG420 and JPET scintillators. PM1, PM2, PM3 and PM4 denote

particular photomultipliers, according to Fig. 17. Spectra are registered for JPET scintillators containing

different amounts of novel wavelength shifter, from 0to0 . 5 & . Names of scintillators
wavelength shifter. In the left panel spectra registered by PM1 and PRIfor BC-420 and JPET are presented

while in the right panel spectra registered by PM3 and PM4 are given.
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