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"People are like stained - glass windows.

They sparkle and shine when the sun is out, but when the darkness sets in,

their true beauty is revealed only if there is a light from within."

- dr. Elisabeth Kubler-Ross
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Abstract

The thesis describes the basics of a new imaging technique - positronium imaging. Positro-

nium imaging is a technique that combines the metabolic information obtained in a stan-

dard Positron Emission Tomography (PET) scan with the structural indices examined by

the Positron Annihilation Lifetime Spectroscopy (PALS) technique. In particular, proof of

concept of the positronium imaging, by means of the 192-strip J-PET detector is presented.

A research hypothesis was formulated which stated that it is possible to simultaneously

measure the distribution of the radioisotope inside the sample and to determine the structural

index (mean ortho-positronium lifetime) in each part of the sample. According to this hypoth-

esis, it is possible to distinguish samples with a di�erent structure. Therefore, positronium

imaging can �nd application not only in PET scans by delivering additional information, po-

tentially improving PET diagnosis e�ectiveness, but also in material research as a technique

to characterize the nanostructure in every part of the large sample.

In order to demonstrate that positronium imaging can be an important technique and

prove the research hypothesis, comprehensive studies were carried out using the 192-strip

J-PET detector. To ensure the high quality of the collected data, the J-PET detector was

calibrated for time and position reconstruction, and a set of data selection conditions was

developed. It was also checked how developed selection criteria and dedicated measurement

simulations re�ect the measurement conditions and at the same time maintain high purity

of the data sample. In order to check how well the J-PET detector is able to examine the

properties of positronium, an additional analysis was carried out in terms of the separation

of various states and types of positronium decay. The results of the analysis shows the

possibilities of the J-PET detector in the context of fundamental studies, on the example of

the precise determination of the ortho-positronium decay constant.

The main part of the work focuses on testing the research hypothesis on two systems that

covered two potential applications of positronium imaging - material and medical studies.

The positronium image of a system composed of samples of di�erent porosity shows that it is

possible to distinguish the samples in terms of structure, despite the lack of visible di�erences

on the analogue to the standard image of annihilation density distribution. The developed

method of estimating the mean o-Ps lifetime for single voxels allows to obtain quite good

agreement, even for voxels with a relatively low o-Ps intensity. A clear separation in terms

of structure is also presented in the positronium image from the in-vitro measurement of the

human tissues. Measurement setup consisted of four samples of two types of tissue - cardiac

myxoma and adipose tissue. Despite relatively low di�erences in the mean lifetime of o-Ps,

the positronium image of these samples also con�rms the research hypothesis, successfully

separating di�erent types of tissues, with quite good compatibility of tissues of the same

type.
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Streszczenie

Praca opisuje podstawy nowej techniki obrazowania - obrazowania pozytonium. Obra-

zowanie pozytonium to technika, która ª¡czy ze sob¡ informacje metaboliczne uzyskane w stan-

dardowym skanie PET i wska¹niki strukturalne badane przez technik¦ PALS. W szczególno±ci

w pracy przedstawiona jest koncepcja obrazowania pozytonium za pomoc¡ 192-paskowego de-

tektora J-PET.

Sformuªowano hipotez¦ badawcz¡, zgodnie z któr¡ mo»liwe jest jednoczesne zmierzenie

rozmieszczenia radioizotopu wewn¡trz próbki oraz wyznaczenie wska¹nika strukturalnego

(±redniego czasu »ycia orto-pozytonium) w ka»dym obszarze próbki. Zgodnie z t¡ hipotez¡

mo»liwe jest rozró»nienie próbek o ró»nej strukturze. Obrazowanie pozytonium mo»e wi¦c

znale¹¢ zastosowanie nie tylko w skanach PET przez dostarczenie dodatkowej informacji, po-

tencjalnie poprawiaj¡c skuteczno±¢ diagnostyki PET, ale tak»e w badaniach materiaªowych

jako technika charakteryzowania nanostruktury w ka»dej cz¦±ci du»ej próbki.

Aby wykaza¢, »e obrazowanie pozytonium mo»e by¢ wa»n¡ technik¡ i udowodni¢ hipotez¦

badawcz¡, przeprowadzono kompleksowe badania z u»yciem 192-paskowego detektora J-PET.

Aby zapewni¢ wysok¡ jako±¢ zebranych danych, przeprowadzono kalibracj¦ detektora J-PET

pod k¡tem rekonstrukcji czasu i poªo»enia oraz opracowano zestaw warunków selekcji danych.

Sprawdzono równie», jak dobrze opracowane kryteria selekcji i dedykowane symulacje po-

miarowe odzwierciedlaj¡ warunki pomiaru przy jednoczesnym zachowaniu wysokiej czysto±ci

próbki danych. Aby sprawdzi¢, na ile dobrze detektor J-PET jest w stanie bada¢ wªa±ci-

wo±ci pozytonium, przeprowadzono dodatkow¡ analiz¦ pod k¡tem separacji ró»nych stanów

i rodzajów rozpadu pozytonu. Wyniki analizy pokazuj¡ mo»liwo±ci detektora J-PET w kon-

tek±cie bada« podstawowych, na przykªadzie precyzyjnego wyznaczenia staªej rozpadu orto-

pozytonium.

Gªówna cz¦±¢ pracy koncentruje si¦ na przetestowaniu hipotezy badawczej na dwóch sys-

temach obejmuj¡cych dwa potencjalne zastosowania obrazowania pozytonium - bada« ma-

teriaªowych i medycznych. Obraz pozytonium ukªadu zªo»onego z próbek o ró»nej porowa-

to±ci wykazaª, »e mo»liwe jest rozró»nienie próbek pod wzgl¦dem struktury, pomimo braku

widocznych ró»nic na analogu do standardowego obrazu rozkªadu g¦sto±ci anihilacji. Opra-

cowana metoda szacowania ±redniego czasu »ycia o-Ps dla pojedynczych wokseli pozwala na

uzyskanie do±¢ dobrej zgodno±ci, nawet dla wokseli o stosunkowo niskiej intensywno±ci o-Ps.

Wyra¹na separacja pod wzgl¦dem struktury jest przedstawiona równie» na obrazie pozyto-

nium z pomiaru in-vitro tkanek ludzkich. Ukªad badawczy skªadaª si¦ z czterech próbek

i dwóch typów tkanek � ±luzaka serca i tkanki tªuszczowej. Pomimo stosunkowo niewiel-

kich ró»nic w ±rednim czasie »ycia o-Ps, obraz pozytonium tych próbek równie» potwierdza

hipotez¦ badawcz¡, z powodzeniem rozró»niaj¡c ró»ne typy tkanek, przy do±¢ dobrej zgodno±ci

dla tkanek tego samego typu.
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Introduction

The main objective of the study is to prove that the positronium imaging [1�3] can be suc-

cessfully used as a separate technique allowing to study the structure in di�erent parts of the

sample larger than the voxel size. The positronium imaging characteristics will be presented

with the 192-strip J-PET detector [4�6].

Positron Emission Tomography (PET), that is based on the positron-electron annihilation,

�nds an application in the diagnosis of the metabolic changes in the tissues. Neoplastic tissues

in the human body are diagnosed by using PET based on higher density of the radiopharma-

ceutical labeled with positron emitter. Higher density is implied from a surplus of positrons

in a given area correlated with higher metabolism rate ot the malignant cells. The number

of positrons in a given area can be estimated from the number of events associated with that

area, based on the reconstructed position of the annihilation. The position reconstruction

is carried out on the basis of the registration of photons that are formed during the annihi-

lation of a positron with an electron. The registration of a photon may correspond to the

position of the detector itself (standard PET), in which it deposited energy, or the position

combined with the time of arrival of a given photon to the detection module (Time-of-Flight

PET). Therefore, the high spatial resolution of the obtained PET and TOF-PET images is

conditioned by the size and large number of detection modules and by the high precision of

the timing of the signals, respectively [8,9]. In addition, an important factor in the quality of

the obtained images is the correct distinction between primary and scattered photons on the

basis of energy deposition in the detection modules. For this reason, the only detectors used

in commercial PET scanners are inorganic detectors, in which the energy selection is mainly

based on the photoelectric e�ect, allowing for precise di�erentiation of primary annihilation

photons.

The main objective in the development of the PET scanners is to improve quality of

the obtained images, by achieving better and better spatial resolution. To achieve this,

solutions using more precise detection elements, faster data acquisition systems, more e�ective

reconstruction algorithms and new con�gurations are proposed [9�11]. On the other hand,

the e�ectiveness of PET scans as a diagnostic basis results not only from how well the image

of the patient's metabolism is reconstructed, but also from how speci�c and selective contrasts

are used during the examination. For now, several types of contrasts, mainly based on 18F,

are used for PET scans based on various radioactive isotopes and their carriers, which allow

the selective imaging of various organs of the patient, such as for example lungs or prostate

[12]. Recent results show that the additional contrast may come from the positron itself,

based on its lifetime in the part of the patient tested in the so-called positronium imaging

9



[2,3]. The positronium imaging developed for TOF-PET scanners requires the use of speci�c

radioisotopes, like for example 44Sc or 66Ga, that emit an additional photon [13�15] just

after positron emission which can be used as a start signal and in e�ect allows the lifetime of

individual positrons to be measured. It should be emphasized that positronium imaging could

be performed together with a standard PET scan, which would not increase the radiation dose

to which the patient is exposed during the examination. The use of additional contrast derived

from the average lifetime of positrons may allow to increase the e�ectiveness of diagnostics

based on PET images.

In order for positronium imaging to be realized, the PET scanner should be characterized

by a very good time resolution of the detectors (in the order of 100 ps) to properly estimate

positron lifetime and have data acquisition system (DAQ) to detect multiple photons coming

from a single event. The answer to this demand is the J-PET detector consisting of many de-

tection modules based on long plastic scintillating strips, ensuring a relatively large detection

area - 0.14 m3 for the 192-strip prototype [4�6] and 1 m3 for total-body design [7]. Despite

the fact that organic scintillators, such as plastic scintillators used in the J-PET detector,

do not allow for precise measurement of the photons energy (practically only by Compton

e�ect), their high time resolution (in the order of 150 ps) allows to maintain high imaging

resolution, and additional estimation of the time duration of the signals can be a successful

energy discriminator [16]. DAQ based on FPGA architecture allows the J-PET detector to

operate in trigger-less mode [17, 18], which ensures multi-photon detection and reconstruc-

tion during a single event. In addition, the study of positron-electron annihilation through

the Compton e�ect, and thus scattered photons, allow the J-PET detector to extend basic

imaging application to include research on basic interactions in matter [19�24].

In addition to the medical use of positron, the mean lifetime of the positron-electron bound

state (positronium), is also an extremely sensitive structural indicator in materials research.

The dependence of the mean lifetime of ortho-positronium (o-Ps) on the radius of free volumes

(pores) is the basis of the Positron Annihilation Lifetime Spectroscopy (PALS) [25�28]. This

allows not only to characterize the porosity in the tested sample, but also to study changes

in structure as a function of temperature or pressure, and in particular to determine the

conditions of phase transitions. This has found several application in the study of porous

materials, defects and the characterization of thin layers of dielectrics [27�29].

For the purposes of the study, a research hypothesis was formulated that positronium

imaging can be used to simultaneously measure the distribution of the radioisotope inside the

sample and to determine the structural index, coming from the mean o-Ps lifetime in each

part of the sample. Hypothesis was tested by means of the 192-strip prototype of the J-PET

detector [6]. The research hypothesis can be additionally extended in the �eld of diagnostics

by the statement that positronium lifetime can serve as an additional indicator di�erentiating

various types of tissues, and in particular distinguishing neoplastic tissues from normal ones.

It will be shown that the positronium imaging, created by the J-PET detector is sensitive

to di�erences in structure between exemplary tissues, measured in-vitro - cancer (cardiac

myxoma) and normal (adipose tissue) [1, 30].

Thesis is divided into 6 chapters. Chapter 1 will brie�y introduce the topic of positron,

positronium and their interactions with matter. Special emphasis will be placed on the dif-
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ferences between the two positronium states - para-positronium and ortho-positronium. In

addition, a short description of techniques that bene�t from positron-electron annihilation

- PET, PALS will be given along with the idea of connection of those two techniques by

means of positronium imaging. Next, in Chapter 2 the experimental description of the J-

PET detector used for positronium imaging will be covered. In particular, its construction,

data reconstruction and analysis will be discussed in more detail. In Chapter 3, a detailed

procedures for time and position calibration will be presented. Results from the calibration of

the J-PET detector will be also shown, with additional discussion of the obtained resolution

parameters. Chapter 4 presents the evaluation of the developed analysis methods and algo-

rithms, that were used in the data reconstruction and in the �nal analysis. In addition, the

sensitivity of the J-PET detector and purity of the data sample will be assessed at di�erent

stages of the analysis, along with the di�erentiation of background types. Chapter 5 will show

the �rst results of the positronium properties analysis based on the measurement with the

J-PET detector. The method of selecting di�erent positronium decay channels will be shown

�rst, following the positron lifetime distributions for di�erent types of events. By using the

position reconstruction methods, the resulting distributions of annihilation points for the de-

cays of positronium into two and three photons will be presented. At the end of the chapter,

comparing the positron lifetime distributions for di�erent decays will allow an estimate of

the ortho-positronium decay constant. The last, Chapter 6 will show the �nal results of the

thesis covering the topic of the positronium imaging with the J-PET detector and allow to

test the research hypothesis. The positronium images for two di�erent phantoms will show

the possibilities of the J-PET detector for the analysis of positronium images and answer the

question about their usefulness in the context of structural imaging. The two phantoms used

consisted of three materials of di�erent porosity (IC3100, XAD4 and PVT) and two types of

tissues (cardiac myxoma and adipose tissue), respectively. Optimized selection criteria for the

positronium imaging allowed to obtain clear image of the annihilation points, reducing most

of the scatterings from the data sample and preserving most of the pure data sample. The

thesis is supplemented with Appendices, which present supplementary data on the results of

the analysis described in this thesis.
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Chapter 1

Positronium and positronium imaging

1.1 Positron, positronium

The �rst con�rmed discovery of a positron (antielectron) was in 1932 by Carl Anderson, while

he was studying cosmic radiation [31]. Tracks on a lead plate with a curvature opposite to the

electron allowed to identify antimatter for the �rst time. It opened a new chapter in particle

physics, allowing to discover more antiparticles like antiproton and antineutron and to form

new kind of the atoms - antiatoms. Antimatter provided a new insight in the studies of the

fundamental physics, new elementary particles and interactions between them [32�34].

Experimentally, the three most common ways to create a positron are by radioactive decay,

muon decay or by pair production. The type of radioactive decay that causes positron emission

is the β+ decay, in which one of the protons of the atomic nucleus turns into a neutron with

emission of a positron and an electron neutrino (νe). β
+ decay can occur when the number

of protons is too high to maintain the stability of the nucleus. Examples of isotopes that can

undergo a β+ decay are: 18F, 22Na, 83Sr, 89Zr and 124I. A positron can also be formed during

the decay of a antimuon (positive muon, µ+), which occurs as follows: µ+ → e+ + νe + νµ,

where e+ is positron, νe is electron neutrino and νµ is muon antineutrino. On the other hand,

pair production can occur when an incoming high-energy photon interacts with matter. When

the photon has energy greater than sum of the the rest masses of the resulting particles and is

near a nucleus, a particle-antiparticle pair may be formed. The energy of 1022 keV is needed

to generate the electron-positron pair, which can be obtained, for example, with high-energy

lasers [35].

Positron as an antiparticle of an electron (e−), shares the same mass (me = 511keV
c2
), spin

(s = 1/2) and charge with it, di�ering only in the sign of the charge (qe+ = +e = −qe−).
Opposite charges allow the positron-electron pair to form an hydrogen-like bound state called

Positronium (Ps), what was �rst experimentally con�rmed by Martin Deutsch in 1951 [36].

It is worth noting that depending on the medium in which the positronium is formed, the

positron energy range is determined for which the positronium creation is favored - the so-

called Ore gap [37, 38]. Positronium as a two-body system has similar energy level structure

to hydrogen with the Bohr radius twice as large as hydrogen, rb = 0.106 nm. The combination

of positron and electron spins allows for the formation of positronium in one of two states

di�ering in the total spin (S). These two states can be distinguished as para-Positronium
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(p-Ps, S = 0) and ortho-Positronium (o-Ps, S = 1). In theory, due to the spin statistic o-Ps

is formed three times more often than p-Ps (Fig.1.1).

Figure 1.1: Scheme of the positronium and its decay. Positronium (Ps) composed of

a positron (e+) and an electron (e−) can be formed in one of the two states - para-positronium

(p-Ps) and ortho-positronium (o-Ps). P-Ps is formed when the total spin of the resulting

positronium is equal to zero. This is true for one combination, expressed by ψS=0,m=0. In

contrast, o-Ps has total spin equal to one, ful�lled for three wave functions ψS=1,m=1, ψS=1,m=0,

ψS=1,m=−1. Due to the charge conjugation parity even number of photons (γ) are emitted when

p-Ps annihilates and odd number of photons (γ) are emitted in case of o-Ps. In a vacuum mean

lifetime of the ground states of p-Ps and o-Ps are equal to 0.125 ns and 142 ns, respectively.

Spin-spin interactions make para-positronium slightly lighter. Calculations of the cross-

sections of the annihilation of free positrons with electrons [39, 40] lead to the estimation of

the mean lifetime of the ground state p-Ps to 0.125 ns in vacuum, for slow positrons. On

the other hand, based on the energy spectrum calculations for slow positrons , mean lifetime

of the ground state of the o-Ps was estimated theoretically to 142 ns [41, 42]. From the

charge conjugation symmetry conservation, it can be concluded that p-Ps annihilates with

the emission of an even number of photons, while o-Ps annihilates with the emission of an

odd number of photons. It is based on a fact, that on one side charge parity eigenvalue for

positronium is given by (−1)l+S, when on the other hand each photon contributes by a factor

of (−1). Therefore, comparing primary (positronium) and �nal (photons) states conjugation

parity can be described as

(−1)l+S = (−1)n ,

where l is the orbital angular momentum of positronium, S is its total spin and n is the

number of photons emitted after the positronium annihilation. Properties of positronium are
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summarized graphically in Fig. 1.1. In addition, rest mass of the positronium is equal to

double mass of the electron (mPs = 2me) what determines the energy of the photon in case

of the decay into two photons (both with energy of 511 keV) or the decays into more photons

(that has the sum of the energies equal to the mPs). Positron-electron pair can also annihilate

directly, without formation of the positronium. In case of direct annihilations, the ratio of

three-quanta annihilation to two-quantum annihilation is equal to 1/378 [41,43].

1.2 Positronium formation models

The positronium formation, as well as the positron-sample interaction itself, does not occur

in the same way in every medium. In particular, three models can be distinguished for the

description of the positronium formation - Ore, spur and blob. Historically, the �rst was

the Ore model [37]. It is based on the simple consideration of ionization by a positron of

a single molecule, creating a positronium with an electron detached from the atom. It is often

expressed by process e+,∗+X→ Ps+X+, where e+,∗ is positron with enough energy to ionize

an atom X and form positronium (Ps) afterwards. This leads to the following de�nition of the

energetic condition for the positronium to be formed: Ee+ > I− Eb, where Ee+ is the energy

of the positron, I is the ionization energy and Eb is the binding energy of the positronium

(Eb = 6.8 eV in vacuum). In addition, an upper bound on positron energy is also de�ned,

below which it is possible (preferred) to form a positronium: Eex > Ee+ , where Eex is the

minimal energy of the electronic excitations. This is due to the fact that above the Eex,

ionization and excitations of the medium will dominate, which will reduce rapidly the chance

of positronium creation. In this way, for each medium, it is possible to de�ne the interval

(I− Eb,Eex) for which it will be possible (preferred) to form a positronium, the so-called Ore

gap. This approach has been used successfully in the description of positronium formation in

simple low-density gases [44,45].

For other media, like especially condensed matter other models are proposed - spur [46,47]

and blob [48,49]. They are based on a similar assumption that a positron forms a positronium

with one of the electrons at the end of the positron ionization track. In comparison to the Ore

model, an additional e�ects from the denser presence of the molecules in condensed matter are

contemplated. In particular, the repulsive interactions of atomic nuclei and the shielding of

the Coulomb attraction by electrons increase the average separation between the electron and

positron in the positronium [49]. As a result, the positronium binding energy (Eb) decreases,

e�ectively reducing the width of the Ore gap and hence the e�ciency of this mechanism in

formation of positronium. Of course, this is the case when no strong external electric �elds

are used.

The general di�erence between spur and blob model is in the interpretation of the terminal

state of positron. Spur model assumes some small spherical area with a couple of ion-electron

pairs (ne-I, usually . 5), where for blob it is several dozen of such pairs. The average positron

energy loss in a given terminal structure is about 10-50 eV [46] and 500 eV [49] for the spur

and blob model, respectively. In addition, the positron in the blob is considered more mobile

than in the spur and can easily leave the blob, lifting the probability of positronium formation

from the value of ne-I/ (1 + ne-I), which is assumed for spur. However, in principle, depending

15



on the energy of the positron, either the spur model (Ee+ > 500 keV) or the blob model

(Ee+ < 500 keV) can be applied [49] to describe the interactions of a positron in matter.

Figure 1.2: Positronium formation by blob model. High-energy positron, when entering

condensed matter it ionizes molecules along its track. Depending on the energy of the positron

(Ee+ , red line) ionization regions will form single separated spurs (Ee+ > Ecyl), multiple spurs

in form of cylindrical columns (Ecyl > Ee+ > Eblob) and the terminal blob (Eblob > Ee+ >

Ebubble). If a positron is located in the blob, it can form a positronium with one of the ionized

electrons in the blob. The positronium formation process can be divided into three stages:

initial losely bounded positron-electron pair (e+e−), intermediate quasi-free positronium (qf-

Ps) and �nally positronium bubble (Ps bubble) which can leave the terminal blob. The

positronium formation for simplicity is shown in the linear scheme.

In both models, a positron can form a positronium with one of the electrons from the ion-

electron pairs formed in the ionized region (terminal blob or spur). When a positron escapes

from the terminal blob and does not return to it to catch one of the electrons from blob,

this leads to annihilation of the positron with one of the electrons outside the terminal blob

- the so-called direct annihilation of positron. However when it stays in the blob, then one

can distinguish three main stages in formation of a positronium [50], which is schematically

shown in Fig. 1.2:

� Loosely bound positron-electron pair. This is the initial precursor of the positronium,

when positron picks up one of the electron from the terminal blob. Binding energy of

such state is very small, around 0.1 eV. It proceeds to the next stage by releasing energy,
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when exciting the vibrational states of the surrounding molecules, resulting in decrease

of the distance between a positron and an electron;

� Quasi-free positronium (qf-Ps), which is formed after releasing enough energy to reach

intermediate equilibrium in the terminal blob. It is the �nal state of positronium in

condensed matter, that di�ers from its analogue in vacuum due to the presence of the

other molecules. Binding energy of such state is about 1 eV;

� Bubble positronium state. The last stage, in which after some rearrangment of the

molecules positronium is partially freed from interactions with ionized particles in the

terminal blob. As a result of the repulsion of some of the molecules from the positro-

nium's vicinity, the distance between the positron and the electron is further reduced.

Such a positronium can di�use in the matter further.

Interpreting the positronium formation that resulted in the Ps bubble helped explain many

of the e�ects observed in condensed matter, completing the inaccuracies occuring from the

application of the Ore model for such samples. In particular, it allowed to explain signi�cant

changes of the e�ciency of the positronium formation in materials, where the Ore gap was

practically the same [49]. In addition, unexpected long mean lifetime of o-Ps in liquid he-

lium was also easily explained by strong repulsions of the electron from the positronium and

electrons from surroundings, which was described as formation of a nano-bubble [51].

1.3 Positron Annihilation Lifetime Spectroscopy

Previous section covered the topic of the positronium formation. From the example of the

formation process shown in Fig. 1.2 one can see that the positron does not form positronium

on the �rst contact with the electron. This is especially true for positrons formed from

radioactive decays, which are high-energy particles. When such positron is injected into

some material, it interacts with the material molecules, creating the ionization track like in

Fig. 1.3. The formation of ionization regions along the path by a positron is usually referred to

as the thermalization process. Depending on the positron injection energy and temperature,

the thermalization process can take from a few picoseconds to hundreds of picoseconds [52,

53]. After thermalization, a positronium can be formed by the injected positron and one

of the ionized electron from the terminal blob if the energy condition is ful�lled (Ore gap).

Positronium then can be trapped in area of lower or even zero electron density (free volumes),

such as defects or in structural pores in material. In very dense materials, without or very

small free volumes, like for example metals, no positronium will be formed and only direct

annihilations of a positron and an electron will be observed.

When positronium is trapped in the free volume, its interaction with surrounding material

can a�ect it, for example, reducing its mean lifetime. Shortening of the o-Ps mean lifetime is

usually explained in literature by the partial overlapping of the wave functions of the positro-

nium and the material electron density outside the free volume resulting in the possibility of

occuring the so-called pick-o� process [25, 26]. Pick-o� process occurs when a positron from

positronium annihilates directly with an electron from the material and not with an electron
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Figure 1.3: Positron thermalization and positronium formation in porous matter.

After injecting positron (e+) into a porous sample, ionization regions are formed in the area of

interaction between positron and matter. Thermalized positron can either directly annihilate

with the electron from the sample or form a positronium (Ps) with it, which then can be

trapped in the low electron density areas, represented here by pores. Positronium trapped in

a pore annihilates, resulting in emission of photons (γ).

forming positronium. Probability of such kind of the annihilation strictly depends on the size

of the free volume. In fact, the smaller the free volume, the greater possibility of the pick-o�

process, the shorter for example the o-Ps mean lifetime will be. This e�ect is clearly visible for

o-Ps due to its relatively long mean lifetime in vacuum compared to p-Ps. The relationship of

the mean o-Ps lifetime and the radius of the free volume is well described by the Tao-Eldrup

model (for small volumes, smaller than 1 nm in radius) [25,26] and its modi�cation (for larger

volumes even up to 100 nm) [27, 28]. It is also worth adding that the relationship described

by the previously mentioned models is used to characterize free volumes in the size range

0.1-100 nm. Above 100 nm, o-Ps almost completely annihilates itself with the emission of

three photons. The nowadays stabilized pick-o� models will be discussed in more detail in

section 1.4.

Assuming an exponential model of positronium decay, mean lifetime of o-Ps in matter

(τo-Ps) can be directly translated into the fraction o-Ps that self-annhilates with the emission

of three photons to the total number of o-Ps annihilations (f3γ) from the formula [29]:

f3γ =
τo-Ps
τvacuum

=
τo-Ps
142

. (1.1)

One can distinguish an additional process that can shorten the mean lifetime of the o-Ps. Due

to the spin interactions between positronium and molecules of the material, like for example

paramagnetic oxygen, ortho-para conversion process can occur [54, 55]. After the conversion

positronium will annihilate very shortly like p-Ps, which can additionally shorten o-Ps mean

lifetime and decrease the number of the three-gamma decays [56].

18



Figure 1.4: 22Na decay, positronium formation and idea of positron lifetime mea-

surement. 22Na nucleus can undergo a β+ decay (half-life of 2.602 years) with probability of

90.5% emitting positron (e+) and electron neutrino (νe) or electron capture may occur (9.5%).

In most of the cases, after the β+ decay 22Na transforms to the excited state of the neonium-22

(22Ne∗), which then deexcitates with emission of photon with energy of 1275 keV (γ1274) after

an average of 3.7 ps. Positron (red circle) from the 22Na decay is injected into the sample

(yellow area) and thermalizes (red-blue areas), which then can create a positronium and even-

tually annihilate with the electron, emitting at least two photons, here each with an energy

of 511 keV (γ511). Emitted photons can be registered with a detection setup (represented by

light blue cylinders) and distinguished based on the deposited energy in the detectors. Due

to the low mean deexcitation time of 22Ne∗, positron lifetime (LFpositron) can be estimated as

the time di�erence between annihilation (t511) and deexcitation (t1274) photons registration.

The lengths on the timeline do not match the true distribution of the di�erent stages in the

positron's life.

Because of its sensitivity onto various conditions and chemical environment in the sample

positron lifetime became a valid nanostructure indicator. A technique that deals with the cor-

relation of positron lifetime with the nanostructure of a sample is the Positron Annihilation

Lifetime Spectroscopy (PALS) technique. The application area of the PALS technique usually

includes the study of metals [57], semiconductors [58], thin layers of dielectrics [59] and poly-

mers [60]. Recently, even its potential applications in biology and medicine have been widely

discussed [1�3,30,61�64]. Positron lifetime distribution allows to characterize nanostructure,

defects and nanoporosity, while its changes to study thermal expansion of the material in-

cluding phase transitions. The main challenge in determining the lifetime of a positron is

�nding markers that signal when the positron is formed. Therefore, PALS requires the use of

a speci�c radioisotope or pulsed positron beam. Radioisotopes applicable for PALS technique

19



purposes (like widely used 22Na or 44Sc, 68Ge) are characterized by the emission of an addi-

tional photon in a short time interval from the emission of the positron. Example of the PALS

measurement using 22Na source emitting additional photon with energy 1275 keV is shown in

Fig 1.4. In order to collect the positron lifetime distribution from the sample and properly

extract the mean lifetime of a positronium, the detection system should be characterized by

very good timing properties and the ability to estimate the energy deposited by photons with

an energy of about 1 MeV to distinguish deexcitation photons from the annihilation ones.

The usual choice of the detectors is between inorganic scintillators like BaF2, NaI or LaBr3
and fast plastic scintillators. In case of a positron beam, estimating positron mean lifetime

requires the detection of secondary electrons from collisions of the positron beam and the

sample surface as a marker of positronium formation [65�67].

It is worth noting that the chemical environment of positrons in free volumes can be

also successfully estimated from the measurements of the energy deposited by photons from

positron-electron annihilation or by their angular correlations [68�70]. Momenta of the elec-

trons from the sample may cause non-collinearity in the direction of the annihilation photons

and change their energy. Energy broadening of the annihilation photons from the initial

value of 511 keV (for two-gamma annihilations) is determined by precise measurements of the

deposited energy, by superior in terms of the energy resolution detectors like HpGe, in Coinci-

dence Doppler Broadening Spectroscopy (CDBS) [70]. It allows to distinguish contribution of

positron annihilations with valence or free electrons (low electron momentum, characterized

by the so-called S parameter) and with core electrons (higher electron momentum, character-

ized by the so-called W-parameter). On the other hand, the electron momentum distribution

can also be extracted by measuring the angular correlation between annihilation photons in

a technique called Angular Correlation of Annihilation Radiation (ACAR) [68�70]. Angle

between photons can be successfully estimated measuring their tracks (position of interaction

in the detector), which is usually achieved with position-sensitive detectors, such as multi

wire proportional chambers or gamma cameras.

1.4 Pick-o� models

Pick-o� process is treated as a main factor contributing to the shortening of the mean lifetime

of o-Ps in condensed matter. The probability of this process occurring will depend on the

chance of the annihilation of the positron with an electron from the material, which is not

forming positronium. In other words, it is the probability that the electron (positron) density

of the positronium will intersect with the electron density of the material. If the formed

positronium is localized in a free volume, a region with negligible or even zero electron density,

then depending on its size, the probability of the pick-o� process will also vary. The concept of

this dependence is shown schematically in Fig. 1.5. The higher the probability for the pick-o�

process the lower the mean o-Ps lifetime, because in the pick-o� regime the positronium will

annihilate with the mean positronium lifetime in bulk (τbulk < τo-Ps). It is usually assumed

that the τbulk = 1
λbulk

= 1
1
4
λp-Ps+

3
4
λo-Ps

= 0.5 ns. However, in various media, due to the di�erent

relative fraction of formation p-Ps to o-Ps value of τbulk can change [71].
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Figure 1.5: De�nition of extended free volume in pick-o� models. Free volume with

radius R in the Tao-Eldrup model [25,26] can be represented by the extended free volume with

radius R+∆ (grey ball). It can be then divided into two separate areas - ball with radius R

where the three-photon decay dominates (3-photon decay regime, red ball) and spherical shell

with thickness ∆ where the pick-o� process can occur (pick-o� process regime, blue shell).

As the radius of the free volume (R) increases, the pick-o� regime fraction (F) will decrease,

thereby reducing the probability of the pick-o� process.

The description of the dependence of the size of the free volumes on the mean lifetime

of o-Ps, the shortening of which is directly in�uenced by the rate of the pick-o� process,

was �rst introduced by Tao [25] and Eldrup [26]. In their approach, a positronium in a free

volume of a given radius is expressed as a particle trapped in a rectangular in�nitely deep

potential well with spherical symmetry. For such well, spatial part of the wave function of

the localized particle inside the well can be expressed as a linear combination of sin kx and

cos kx, where x is the distance of the particle from the centre of the well, k = 2nπ
R

and R

is the radius of the well. However, only the ground level of the well is considered occupied.

In addition, instead considering the positronium outside the potential well (pick-o� regime),

Tao and Eldrup considered expanded well with a parameter ∆ and assumed that the pick-o�

can occur in a layer with a thickness of ∆, and the probability that the positronium will be

outside is 0. Schematic overview of the division is shown in Fig. 1.5. This approach results

in determining the probability of the pick-o� process (Pp-o) on the radius of the free volume
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(R) as

Pp-o = 1− R

R + ∆
+

1

2π
sin

(
2πR

R + ∆

)
. (1.2)

The ∆ parameter is correlated with the penetration depth of the positronium outside free

volume. The most frequently used empirically determined value is 0.166 nm [72], but some

variation of the ∆ parameter depending on the type of material is also being considered [71].

Figure 1.6: Comparison of the pick-o� models. Two models, Tao-Eldrup and Goworek-

Gidley, allow the mean lifetime of o-Ps to be correlated with the radius of free volume (R

for spherical volumes). Both of them, instead of calculating the probability of the pick-o�

process outside the free volume, extend the free volume by the ∆ parameter, and assume

that the positronium wave function outside the enlarged free volume is zeroed. In the case

of Tao-Eldrup, only the lowest energetic level is occupied by positronium located in a given

free volume. In the Goworek-Gidley model, Boltzmann's distribution of occupancy of given

energy states (depending on temperature) is assumed. The probability of the pick-o� process

in both models counts as the probability of positronium to be in the layer with thickness (R,

R + ∆) (pick-o� regime). The greater the chance of the pick-o� process, the shorter the mean

lifetime of o-Ps, which is illustrated by the dependencies shown on the right, calculated for

each model.

It was shown that the Tao-Eldrup model is applicable mostly for the smallest free volumes,

with radius below 1 nm [73]. Accordingly, there was a need to develop other models that could

correlate larger free volume sizes with the mean o-Ps lifetime. Extension of the Tao-Eldrup

model was proposed by Goworek and Gidley [27, 28]. They used the same approach with

the potential well, however the assumption that positronium occupies only the ground level

of the potential well was lifted. Consequently, a Boltzmann distribution of the occupancy

of the energy states of the well by the positronium was assumed. This allowed to enter the

temperature directly as an additional parameter de�ning the pick-o� model. In addition,

Bessel functions was used as a solutions to the radial Schrödinger equation for the energy

levels, which determine the distribution of the positronium presence inside the well. As
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a result, depending on the energy level, the positronium will have a di�erent probability of

annihilation in the pick-o� process. In particular, the probability of a pick-o� annihilation by

positronium at the n,m energy level in a well with radius R will be given as

P(n,m)
p-o =

∫ x(m)
n

x
(m)
n

R
R+∆

Jn (r)2 r dr∫ x(m)
n

0
Jn (r)2 r dr

, (1.3)

where x
(m)
n is the m-th root of the Bessel function of the �rst kind Jn for m ∈ N+ and n ∈ N.

The relationships for both pick-o� models described in this section, along with an schematic

explanation of the main di�erences between them, can be found in Fig 1.6. Although the re-

lationship between the mean o-Ps lifetime and the pore size, according to the Goworek-Gidley

approach, can only be obtained numerically, it allows to quite accurately describe the changes

in o-Ps lifetimes depending on temperature or structural changes [73]. Currently, it is one

of the best models to assess the impact of the pick-o� process on positronium decay and

therefore characterize nanostructure of the sample from the PALS measurement.

1.5 Positron Emission Tomography

The way in which the positron-electron decays is also widely used in medical diagnostics

through the technique of Positron Emission Tomography (PET), where the emphasis is on

registering photons from two-photon annihilations [74]. Reconstructed distribution of anni-

hilation positions allows for the determination of potential neoplastic lesions or metabolic

changes [10]. Recently, the concept of enhancing positron diagnostic abilities through so-

called positronium imaging has been proposed [2, 3, 11, 61], what will be described in more

detail in the next section. Schematic view of the PET scan is shown in Fig. 1.7.

Positrons for PET are delivered to the patient by administering a suitable radiopharma-

ceutical (radioisotope-labeled molecule). Positron from the decay of the radioisotope travels

nearby and annihilates with one of the electrons from the patient's body. The basic assump-

tion of PET diagnostics is that radiopharmaceuticals should accumulate in greater amounts in

the areas of potential health or life threat to the patient. Commonly used molecules, based on

�uorine-18, like 18F-Fludeoxyglucose (18F-FDG), 18F-Fluoro-L-dihydroxyphenylamine (18F-

�uoro-L-DOPA) and Fluorine-18-Fluoride allows to identify tumor cells with higher glucose

consumption, Parkinson disease and study both bone formation and blood �ow, respec-

tively [12]. However, the most frequently used application of PET so far is to mark areas with

potential neoplastic lesions. Such molecules as 18F-FDG (lung and breast cancers, sarcoidosis),
18F-�uoro-L-DOPA (neuroendocrine tumours) and 18F-16 β-Fluoro-5α-dyhidrotestosterone

(prostate cancer) can be distinguished in particular. It is worth mentioning that other la-

beling radioisotopes are also used, such as carbon-11 (11C), nitrogen-13 (13N) and oxygen-15

(15O) in combination with glucose or oxygen [12].

In PET, photons from positron and electron annihilation are observed by scintillating

detectors arranged into the detection ring. For the image reconstruction in the commercial

PET scanners only annihilation photons are selected, which deposited energy through the
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Figure 1.7: Scheme of the PET scan. Radioisotope (18F) contained in an appropriate

radiopharmaceutical (glucose, molecule in light blue area) is given to the patient (blue human

shape). Next, patient is inserted into the PET scanner, represented here as a detection ring

(grey). Positron-electron annihilations occurring in the patient`s body that results in emission

of two back-to-back photons (red arrows), can be registered by the tomograph. Registration of

the annihilations photons allows to reconstruct distribution of the radioisotope in the patient`s

body. For example, some organs such as the liver, may take up more radiopharmaceutical,

which leads to a higher uptake value (yellow) in contrast to other organs like stomach and

intestines (blue). Changes in the biodistribution of the radioisotope can be translated into

metabolic changes useful in the diagnosis of certain neoplastic changes, such as lung cancer

or sarcoidosis [12].

photoelectric e�ect in the scintillators [10]. Using photoelectric e�ect for selection allows to

reduce an e�ect of the scatterings in the �nal data sample. Image reconstruction itself can be

performed in two ways: solely on the basis of the detection position (standard PET) or with

the addition of the detection time (Time-of-Flight PET). In standard PET, points on the Line-

of-Response (LOR), which is a line connecting two detectors in which annihilation photons

have been registered, are treated equally as a potential annihilation position. Therefore,

higher intensity will be in voxels where more LORs have crossed. It is worth nothing that the

registration of one of the annihilation photons will occur earlier in the detector closer to the

place where the annihilation took place. Hence, the time di�erence between the registration

of annihilation photons should allow to limit the area of potential annihilation positions. The

TOF-PET approach weights the points on the LOR based on the time di�erence between the

photon registration. This results in much better selection properties of TOF-PET compared

to standard PET. Principles of both ways of detection are compared in Fig.1.8.

Precise determination of the radioisotope distribution in the patient's body is based on

the ability to detect annihilation photons. The smaller the detectors, the more precisely

the position of energy deposition by annihilation photons is known, and thus the position of

annihilation is better estimated. Therefore, the image quality of standard PET systems is

limited by the number of detection modules in a single detection ring. The typical dimensions
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of a single scintillation crystal are equal to 4 × 4 × 20 mm3 allowing tens of thousands of

scintillators to be packed in a detection ring with a radius of ∼40 cm [8]. Currently, TOF-

PET scanners commercially available achieve spatial resolution 4-5 mm in Full Width at Half

Maximum (FWHM) [10]. It is worth noting that even though the fundamental limit of spatial

resolution of the current clinical solutions in PET scanners is 1-2 mm (in FWHM) [8], further

improvements should reduce this value below 1 mm [9].

Figure 1.8: PET and TOF-PET comparison. PET scanner detection area is limited to

a ring of individual detection modules. Each module can be represented by photon sensitive

part (scintillation crystal), in which the deposited photon energy can be further transferred,

and an energy collector (photomultiplier), which converts the deposited energy from the

sensitive part to an electrical signal. The operation of the detection module can be described

as follows: the photon deposits energy in a scintillator (red circle), which is converted into

light (yellow), which goes to a photomultiplier, where it is converted into an electrical signal

(green pulse). Detection modules in the ring can be positioned close together as shown in

the small cross-section on the right side of the grey detection ring. The standard approach

of PET focuses on collecting single lines connecting the two modules that have registered

annihilation photons (Line-of-Response LOR, red line), on which the points are weighted

equally. In the Time-of-Flight PET (TOF-PET) points on the LOR are weighted based on

this time di�erence between signals.

Due to the need to register both annihilation photons in order to reconstruct the positron-

electron annihilation position, only a small part of the body can be scanned at a time in one

scan (limited to the width of the scintillation crystals). This creates problems in imaging

the full metabolism of the patient, allowing the search for metabolic changes and potential

neoplastic metastases. The answer to this challenge was proposed by the extension of the

detection area by additional rings or changes in the scanner geometry in the promising concept

25



of Total-Body PET. Total-Body PET may allow for increasing the diagnostic possibilities of

positron tomography in the future [10,11,75,76].

1.6 Positronium imaging

The development in the �eld of detection elements and their geometry for positron emission

tomography allows obtaining more and more accurate images. This translates into a more

precise determination of the place of metabolic changes in the patient's body and the possi-

bility of imaging smaller and smaller neoplastic changes. However, further development of the

PET technique can be achieved also by introducing new markers, such as mean positronium

lifetime, which is an e�ective marker for nanostructural changes occurring, for example, in

cancer. A proposal for a new type of imaging - positronium imaging, that is based on the

lifetime of the positronium was introduced by Moskal [2,3,77,78] and recently experimentally

con�rmed by means of the J-PET detector [1]. Combination of radioisotope distribution with

structural information could bring new contrast in positron tomography and possibly allow

the diagnosis of more types of neoplastic lesions or even the identi�cation of di�erent stages of

cancer [63,64,79�91]. To obtain structural information in a given voxel, a way to estimate the

mean positron lifetime must be found, for example by using additional photons as described

in Section 1.3. Unfortunately, there are not many radiopharmaceuticals used for PET scans

that emit an extra photon, such as 68Ga, for example. However, recent development in design-

ing new radiopharmaceuticals that are characterized by emission of additional deexcitation

photons like 44Sc, 66Ga and 94Tc [13�15] can answer these demand.

Concept of the positronium imaging, using exemplary radiopharmaceutical 44Sc is schemat-

ically depicted in Fig. 1.9. Position of the annihilation is estimated based on the time and

position of registration of photons from the positron-electron annihilation, like in TOF-PET.

Time di�erence between registration of additional photon, coming from the deexcitation of the

radioisotope and annihilation photons allows to estimate lifetime of the positron, following the

formula in Fig. 1.9. Collected positron lifetime spectra in each voxel, can be decomposed to

estimate mean positronium lifetime. Exemplary procedure for decomposing positron lifetime

spectrum is described in Section 4.2. Changes in the mean positronium lifetime in di�erent

part of the patient`s organs may indicate potential threat to health and life. Additionally,

if the lesions do not have a higher radiopharmaceutical uptake, which is visible on PET,

positronium imaging may increase the number of neoplastic lesions that can be diagnosed

by positron tomography. The �rst positronium images obtained for two phantoms by the

J-PET detector will be shown in Chapter 6. Assessment of the J-PET detector, in view of

the positronium imaging, based on the simulations was shown before in [77,78].

It is worth noting that the applications of positronium imaging are not limited to medical

imaging only. Collection of the positron lifetime distribution in di�erent part of the sample can

be transformed into a 3D structural imaging technique that can �nd application in materials

science (porosity images), chemistry (uniformity of the solution or compound) or biophysical

studies (imaging inside of the biological systems).
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Figure 1.9: Concept of the positronium imaging with 44Sc. Scandium-44 (44Sc with

half-life of 4.402 h) nucleus undergoes a β+ decay emitting positron with energy of 0.632

MeV in 90.4% of cases. After emitting positron (red circle) 44Sc nucleus transforms to the

excited state of calcium 44Ca∗, which then deexcitates with emission of photon with energy

of 1.157 MeV (γ1157) after an average of 2.61 ns. Positron from the β+ decay can annihilate

with an electron (blue circle) with emission of two photons with energy of 0.511 MeV (γ511).
44Sc radioactive source can contribute to the emission of three photons (1 deexcitation and

2 annihilation photons) in relatively small time window (mean o-Ps lifetime), which then

can be registered by the detection ring. Position of the annihilation in a single event can

be reconstructed based on the time and position of registration of the annihilation photons.

Lifetime of the positron (LFpositron) can be calculated as time di�erence between registration

of annihilation and deexcitation photons. In each voxel of the image positron lifetime distri-

bution can be collected and contribution of each type of annihilation can be estimated - from

ortho-positronium (Ortho-Ps), direct e+e− annihilation (Direct) and para-positronium (Para-

Ps). Because mean o-Ps lifetime is a structural indicator, it is possible to create an image

characterizing nanostructure in every voxel. It is an image complementary to the standard

imaging obtained in a PET scan, which shows the distribution of the radioisotope inside the

detection ring.
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Chapter 2

J-PET detector

Proof of concept of the positronium imaging shown in this dissertation was obtained using

a new type of the PET tomograph - the Jagiellonian Positron Emission Tomograph (J-PET)

[4�6]. The construction and characteristics of the J-PET detector along with the detailed

analysis procedures will be the subject of this chapter.

2.1 Construction

The J-PET detector uses polymer-based long scintillating strips EJ-230 [92, 93] to detect

radiation with energy around 1 MeV. The scintillators used in the system are characterized

by very good time properties - rise time 0.9 ns and decay time 2.1 ns. Strips (192 scintillators)

are arranged in three concentric layers (with radius of 42.5, 46.75 and 57.5 cm), forming large

cylindrical detection chamber like in Fig. 2.1, 2.2. Each scintillation strip (with dimensions

19×7×500 mm3) is connected on both sides with vacuum photomultipliers Hamamatsu R9800

[94]. Two photomultipliers are used to collect light resulting from energy deposition by high-

energy photons and reconstruct its position along the longest axis. Electrical signals converted

from light by photomultipliers are transmitted to the data acquisition system (DAQ). First,

the signals are probed at four prede�ned thresholds by dedicated front-end electronics [17].

Next, data are transformed to binary data by a novel trigger-less acquisition system, based

on �eld programmable gate array (FPGA) platform [18]. It allows to obtain high data �ux

and good time resolution for a signle signal, even up to 150 ps [6]. Better time properties

corresponds to the better spatial resolution of the reconstructed annihilation points.

Plastic scintillators are characterized by very good time properties that allow their use

in TOF-PET tomographs. However, the dominant process that allows the detection of high-

energy photons for these types of detectors is the Compton e�ect [4, 5]. In commercial PET

scanners, the basis for the correct selection of coincidences and reduction of scattering is the

observation of photons reacting by the photoelectic e�ect [10]. Therefore, a speci�c set of

selection criteria for the J-PET detector will be introduced in section 2.4, which allowed to

cover proper selection of the annihilation photons based on the geometry of the decay and

proper scatterings reduction. Further development of the J-PET detector detection systems

and analysis procedures may allow to push the limits of the measurement of the basic opera-
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Figure 2.1: The J-PET detector and basic position reconstruction. (left, top) Photo

of the J-PET detector. (left, bottom) Schematic view of the J-PET detector limited to

scintillators arranged in three concentric layers. Position of the positron source (black dot)

can be reconstructed when resulting photons (red dashed lines) coming from the positron-

electron annihilation are registered in opposing scintillators. For reconstruction, one needs

to determine the time and position where the photons were detected. (right, top) Photon

deposited energy can be converted into light. It can then be collected by photomultipliers

attached to both sides (A, B) of the scintillator and transformed into signals (green pulses).

Position of the photon detection along the strip (Z position) can be calculated based on the

time di�erence between the signals (tA, tB). Since the signals are probed on four thresholds in

the J-PET detector, the time of the signal is estimated as the time on the threshold closest to

the signal pedestal (blue dot). Time of the photon detection (tHit) is calculated as an average

of the signals on both sides. (right, bottom) X and Y coordinate of the position where photon

deposited energy are assumed as a middles of a scintillator in a proper direction. Similar to

the Z position reconstruction, position along the Line-of-Response (LOR) can be calculated

based on the time of the hits (tHit) in two scintillators.
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tors allowing to study physics of some of the fundamental processes [19�24] and speci�c

positronium physics [95,96].

2.2 Experimental setup description

In order to study some of the basic properties of the positronium decay, like annihilation

geometry and its mean lifetime following detection system con�guration was used. Porous

material (XAD4 [98]) surrounding 22Na positron source was placed in an aluminium annihila-

tion chamber and connected to rotary vacuum pump, like in Fig. 2.2. It allowed to maintain

stable conditions during the measurement (1 Pa pressure, room temperature). In order to get

relatively large fraction of positrons that were implanted into XAD4 material, 22Na (1 MBq)

was encapsulated between very thin layers of Kapton foil (≈7 µm). Measurement in such

con�guration lasted 27 days. XAD4 allowed to obtain very high fraction of the o-Ps that an-

nihilated with emission of the three photons (40% [29]) with relatively high mean lifetime (90

ns [29]). Photo of the chamber with the XAD4 nanoporous material used in the measurement

is shown in Fig. 2.2. In the next sections, whole analysis chain will be described in detail.

Measurement with XAD4 allowed to fully calibrate the J-PET detector in the time domain,

as will be shown in Chapter 3. Final results of the positronium properties will come later in

the Chapter 5.

Figure 2.2: Scheme of the annihilation chamber with XAD4. Positron source 22Na

encapsulated in a thin Kapton foil was surrounded by the XAD4 material. All elements were

placed in a aluminium annihilation chamber [97]. Cross-section of the annihilation chamber

with the sample inside is shown on the left. Chamber was connected to a rotary vacuum

pump and inserted inside the J-PET detector like in a photo on the right.
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2.3 Data reconstruction

The data collected during the measurement was analysed in the J-PET Framework [99] archi-

tecture. It is based on the C++ programming language and ROOT libraries [100]. The J-PET

Framework software allows to recover full events from the trigger-less data acquisition system.

Exemplary signal collected from a single photomultiplier of the J-PET detector is shown in

Fig. 2.3. The J-PET detector measurement data is in the form of individual times when the

signal exceeds a given threshold. Additionally, information is recorded whether the signal has

exceeded the threshold when the light in photomultiplier is accumulating (leading edge) or

deexciting (trailing edge). For this reason the basic challenge of the analysis software is at

�rst to reconstruct signal from a single photomultiplier, then to join signals created from the

same scintillator to form a hit. At the end hits are wrapped into events for further analysis.

In order to reconstruct data structures: signals, hits and events, separate time windows are

used, like it is shown in Fig. 2.3. The following time windows were used during the analysis:

Signal Time Window - 3 ns; Hit Time Window - 5 ns; Event Time Window - 600 ns. Values

of speci�c windows comes from the characteristics of scintillators (rise time 0.9 ns and decay

time 2.1 ns); velocity of light in the plastic scintillator (around 12 cm/ns) and its length (50

cm); mean lifetime of o-Ps in XAD4 (90 ns), respectively for signals, hits and events.

After the data reconstruction, every event is analysed separately which will be discussed

in more detail in the next section. However during the reconstruction there is an additional

analysis procedure, that allows to estimate the position of the hits and the energy-equivalent

Time-over-Threshold (TOT) value. Position of the hit is estimated based on the time di�er-

ence between the signals collected by two photomultipliers connected to the same scintillator.

It is worth noting, that the time of the single signal is estimated as the time on the low-

est threshold (-30 mV) like it is shown in Fig. 2.1. TOT value can be calculated for three

structures: threshold, signal and hit, and it is depicted in Fig. 2.4.

2.4 Analysis procedure

The �nal analysis of the reconstructed events requires �rst selecting a representative part of

the data sample. In the selection process, a set of criteria will be introduced based on the

time, geometry and energy deposition of the registered photons. In the �rst stage of selection,

hits are distributed based on their origin. The origin is checked on the basis of information

about the energy deposition coming from the TOThit value. Due to the presence of two

types of photons (22Na as a positron source), three main types of origin can be distinguished:

annihilation, deexcitation and inconclusive origin. The TOThit spectrum collected during

the measurement along with the ranges for each type, de�ned as in Fig. 2.4, can be seen in

Fig. 2.5 a). It should be emphasized that the average energy deposited by photons from the

two-photon decay is higher than in the case of the three-photon decay. Therefore, the TOT

range for the three-photon decays is wider than for the two-photon decays for the analysis.

After the categorization of the hits, only annihilation and deexcitation hits will be considered

in the next step of the analysis.

For the annihilation hits one can introduce additional selection criteria that will help to
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Figure 2.3: Scheme of the data reconstruction procedure. (left, top) The light collected

by the photomultiplier is converted into an electrical signal - voltage dependence over time

V(t). Signal is probed on four thresholds with nominal values: -30, -80, -190 and -300 mV.

Due to the smearing, measured times on individual thresholds can be slightly shifted from the

real values, which can complicate the reconstruction process. (right, top) For a given pho-

tomultiplier signal is reconstructed if the measured times on di�erent thresholds are in some

Signal Time Window. Signals from two photomultipliers connected to the same scintillator

can create a hit if they are separated by no more than the value of the Hit Time Window.

(left, bottom) The J-PET detector, represented by the black rectangles, can register multiple

photons (grey arrows) during the measurement, which can be reconstructed as hits. (right,

bottom) Events are reconstructed as a set of hits within an Event Time Window.
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Figure 2.4: Time-over-Threshold calculations. Time-over-Threshold (TOT) can be

a valid energy estimate of the electric signal [16]. The J-PET detector data acquisition

system probes signal on four thresholds (Thri). In addition it distinguish two range of the

signal, where the amount of light collected by the photomultiplier is increasing (Leading) or

decreasing (Trailing). Time-over-Threshold for a single threshold is then calculated as a time

di�erence between the Trailing and Leading edges. In order to incorporate information com-

ing from the threshold values, TOT of the signal (TOTsignal) is estimated as a sum of the

TOTs multiplied by threshold nominal value. Finally, TOT of the hit (TOThit) is calculated

as a sum of the TOTsignal from photomultipliers (A, B) from both sides of the scintillator.

TOThit is the estimation of the amount of light that was created in the scintillator and there-

fore the deposited energy.

purify the data sample. They are based on the geometry and timing of the registered hits.

The momentum conservation law for electron positron annihilation de�nes its decay geometry.

When two or three annihilation photons are created in the act of annihilation, the photons

will be emitted in one line or decay plane, respectively. It holds only for low energies of

a positron and an electron, which is the most common case when they annihilate. Therefore,

if two or more reconstructed annihilation hits occur in an event, the decay plane (line) can

be constructed from the positions at which the photons deposited energy like in Fig. 2.5 b).

When the position at which the annihilation is approximately known, the distance of the decay

plane from that position may be the criterion for selecting suitable candidates for electron

and positron annihilation studies. The distribution of distances of the decay planes (Ddecay)

for events with two or more annihilation hits from the measurement with the XAD4 can be

seen in Fig. 2.5 b). The cut-o� for this measure was selected on the basis of the assumed

location of the chamber during the measurement - approximately 5 cm from the centre.

When the position of the annihilation is calculated like in Fig. 2.1 it is possible to select

events for which the annihilation position would be inside the detection chamber and to

reject potential scatterings. Selection of the annihilation time di�erence (∆tanni = |tAnniHit1−
tAnniHit2|) acceptance range to [0, 0.5] ns, corresponds to 15 cm maximal distance of the

annihilation point from the centre, which is the length of the aluminium chamber. Distribution

of the ∆tanni for the measurement is shown in Fig. 2.5 c). The last criterion, that is based on

geometry and timing allows to reject additional scatterings from the analysis that survived

previous conditions. Probability that the two hits (hit1, hit2) are coming from the same
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Figure 2.5: Selection criteria. Experimental data. a) Distribution of the Time-over-

Threshold (TOT) values from the measurement with the XAD4. One can distinguish two

ranges of hits that consists of hits which with high probability comes from annihilation pho-

tons (red, from 10 to 18 ns - decay into two photons (2G) and 1 to 18 ns - decay into three

photons (3G)) and deexcitation photons (black, from 23 to 32 ns). b) Distribution of the

distances of the decay plane from the centre of the detector. Decay plane can be constructed

from the positions, where the photons deposited energy. Blue range (less than 5 cm) indi-

cate selected events for the �nal analysis. c) Distribution of the annihilation time di�erence

(∆tanni) from the aforementioned measurement. Events that produces annihilation positions

close to the centre (green area, less than 1 ns) are selected for the �nal analysis. d) Distri-

bution of the scatter test de�ned by Eq. 2.1. One can distinguish three areas coming from

di�erent type of pair of hits: (green) annihilation hits coming from the same decay, (yellow)

hits that are coming from the same photon and the photons coming from di�erent decays

(accidental coincidences).

photon will grow when the ST (hit1, hit2) function de�ned as below, will go to zero.

ST (hit1, hit2) = ∆t (hit1, hit2)−
Distance (hit1, hit2)

c
, (2.1)
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where c is the speed of light in vacuum (c = 29.98 cm
ns
), ∆t (hit1, hit2) is a time di�erence

between two hits and Distance (hit1, hit2) is a distance from the reconstructed positions of

hits. Potential scatterings will be included in the [−0.5, 0.5] ns, shown in Fig. 2.5 d) as the

yellow range. Therefore, annihilation hits coming from the same decay will contribute to the

ST value lower than -0.5 ns, because of a very low time di�erence (∆t) between them, shown

in Fig. 2.5 d) as the green range. For the reasons which will be shown in Chapter 5, the scatter

test will only be used between the annihilation hits so as not to distort the results obtained,

for example, when such a test would be used between annihilation and deexcitation hits.

Presented criteria allowed to select proper data sample for the analysis of the positronium

properties, widely discussed in Chapter 5.

2.5 J-PET Monte Carlo Geant4 software

In order to estimate the fraction of various types of background in the �nal sample of the data,

appropriate Monte Carlo simulations were performed and analyzed. Simulation software is

based on the Geant4 libraries, and it is dedicated for the J-PET detector, allowing to sim-

ulate its geometry with di�erent annihilation chambers and positron sources [101]. Positron

generation is limited to the simulation of the annihilation position. Position of the positron

annihilation is simulated based on the e�ective positron radius in di�erent materials. After

drawing the position, the appropriate decay channel (p-Ps, o-Ps and direct annihilation) of

the positron-electron annihilation is chosen, according to their distribution in the material

in which position of the annihilation was drawn in. The main fraction of annihilations was

simulated in the target material - XAD4, for which mean lifetime distribution was shown

elsewhere [29].

Each decay channel is characterized with di�erent mean lifetime and the probability to

annihilate with emission of three photons (f3γ). The fraction of simulated events for a given

channel that resulted in emission of two photons for a given channel is equal to 1− f3γ. From
the theory f3γ is constant for p-Ps and direct annihilation and it is equal to 0 and 1/378

respectively. For the o-Ps, fraction of the annihilation into three photons is calculated as

in Eq. 1.1. The path and interaction of generated photons are simulated according to the

Livermore Polarized electromagnetic model introduced in the Geant4. During the generation,

when the photons deposits energy in the scintillators, a new hit structure is created from

the position of the deposition and its energy. Simulated hits from each generated decay are

packed into events and saved for the analysis by the J-PET Framework software.

109 events were generated for the aluminium chamber with the XAD4 inside, which sur-

rounded the Kapton foil with 22Na source. Simulated events are analyzed according to the

analysis chain shown in Fig. 2.6. At �rst each simulated hits' time, position and energy is

smeared by the appropriate resolution functions, shown in Fig. 2.6. Next, events are dis-

tributed in time, according to the assumed activity of the source (1 MBq). At the end, event

selection based on the criteria described above is performed. The only di�erence is in the

energy selection of the annihilation and deexcitation hits, that is done based on the energy

and not on the energy-equivalent TOT value, as shown in Fig. 2.6.

An additional information that can be retrieved from the simulations, comparing to the
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data, is the type of the hit (annihilation, deexcitation) and its order in time (primary, sec-

ondary and higher photons). It allows to estimate contribution of each type of background

(scatterings, secondary particles, mixed two and three gamma decays) and retrieve pure com-

ponents for each decay channel in the �nal data sample. In addition, simulations of the

measured setup help to test selection criteria described in the previous section. Proper eval-

uation of the simulation software will be done later in Sec. 4.4

Figure 2.6: Analysis chain for the simulated events. Analysis procedure of the generated

data by Monte Carlo simulation package for the J-PET detector. After generating N events

(exemplary event on the right), each consisting of annihilation and deexcitation photons,

hits are constructed when those photons deposits energy in the scintillators (black, and red

circles). One can distinguish di�erent order of the hit, based on the amount of primary

photon scattering that occurred prior to energy deposition. (left, top) After generation, each

hit property (time, position and energy) is smeared according to the respective function [4]

and the resolution of that parameter (σt, σE, σZ), creating reconstructed hits. These then,

after applying the appropriate distribution of hits over time, based on the assumed activity

of the source, created new reconstructed events. (left, bottom) Finally, events are selected by

the same criteria that were used on the measurement data.
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Chapter 3

Calibration of the J-PET detector

Calibration of the detection modules in the J-PET detector was performed based on the data

collected with the point-like source surrounded with XAD4 inside the annihilation chamber,

like it was described in Sec. 2.2. Calibration methods for time, position and the e�ective

length of the scintillator will be presented in this chapter.

3.1 Calibration of the position along the strip

Time synchronization procedure starts from the consideration of all of the scintillators sep-

arately. Each scintillator is connected to two photomultipliers, allowing to determine the

position of the photon interaction based on the time di�erence between signals on them.

Therefore, for an accurate estimation of the position along the scintillating strip both photo-

multipliers must have the same reference time, from which they work on.

At �rst one needs to reconstruct hits which allow to obtain tBA distributions for each

scintillator and threshold. Hits are reconstructed based on the time windows given in Sec. 2.3.

Procedure that will be shown was applied for every scintillator and threshold in the J-PET

detector. However, it is worth to notice, that the Z position along the strip will be calculated

only based on the lowest threshold. Such convention allows to reconstruct the Z position of

every hit that crossed at least one threshold on both photomultipliers. It helps to reconstruct

even very small signals, what maximizes number of the reconstructed hits.

For the next step, in order to properly understand the o�set of the tBA distribution, one

can start with its decomposition. When the strip is irradiated uniformly, and the times are

measured with the perfect resolution, then tBA will form a rectangular shape, like in Fig. 3.1

a). It is also assumed that every position of the scintillating strip has the same probability to

create signals at both photomultipliers. In other words, this means that light is not attenuated

as much as it passes through the strip, which is true of the selected EJ-230 scintillators (Light

Attenuation Length ≈ 52 cm) [92,93]. When the source inserted into the detection chamber is

point-like, then the irradiation of the scintillating strip will be cosine like, from the Lambert's

cosine law, schematically shown in Fig. 3.1 b). If one adds the smearing derived from non-

zero time resolution the �nal distribution will look like in Fig. 3.1 c). In addition, if the

photomultipliers connected to both ends of the same scintillating strip will not be calibrated
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then the tBA distribution will be shifted like in Fig. 3.1 d).

Figure 3.1: Scheme of the in�uence of resolution and o�set on the tBA distribution.

tBA distribution for the perfect time resolution with a) uniform and b) point-like irradiation.

tBA distribution with some non-zero time resolution and c) without and d) with some o�set

between photomultipliers connected to both ends of the scintillator.

Centre of the tBA distribution will be a�ected by both non-uniform irradiation and time

resolution, making it di�cult to estimate its center and thus the o�set, especially when

the time resolutions are di�erent for the two photomultipliers. However, the edges of the

aforementioned distribution will be only disturbed by the timing properties, lowering an

uncertainty of the determined o�set. If the middle of the edges of the tBA distribution will

be estimated as EdgeA and EdgeB, then the o�set can be calculated as the sum of them

(O�setAB = EdgeA+ EdgeB). Single edge of the distribution was estimated by the analysis of

the informations carried out by the �rst and the second derivative. It was assumed that the

invariant point of the edge is the in�ection point.

The �rst derivative is used for the restriction of the �tting range near maximum or mini-

mum for EdgeA and EdgeB, respectively. The �tting range is adapted to the second derivative,

and more precisely to the estimation of the zero point in this range. Linear �t → a · tBA + b

is performed in restricted range and a zero points is estimated as − b
a
. An example of the tBA

distribution for di�erent thresholds with the results of edge determination is shown in Fig. 3.2

and 3.4.

For the calibration purposes one side of the scintillator (side A) is chosen as a reference side,

when the other side (side B) is corrected by O�setAB/2 such that tcorrectedB = tB− O�setAB/2.

The initial and resulting from the calibration tBA for every scintillator and for each threshold

can be seen in Fig. 3.4. Calibration of a single detection module allows for a proper estimation
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of the position and time of the hit, resulting in a better quality of the reconstructed hits. Next

part will focus on the synchronization between modules to obtain the best spatial resolution

on the reconstructed images, that is based on the time di�erence between two hits, like in

Fig. 2.1.

Figure 3.2: Determination of the tBA edges for the �rst (Thr1) and the second

threshold (Thr2). Experimental data. Example of the estimation of the edges of the tBA
distribution by means of its derivatives for scintillator with ID equal to 1. For every tBA
distribution (black, solid line) one can calculate the �rst (green, solid line) and the second

(red, solid line) derivative. A blue vertical dashed line indicates the estimated in�ection point.

For convenience, the charts at the bottom are the charts at the top in a narrower vertical

range.
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Figure 3.3: Determination of the tBA edges for the third (Thr3) and the fourth

threshold (Thr4). Experimental data. Example of the estimation of the edges of the tBA
distribution by means of its derivatives for scintillator with ID equal to 1. For every tBA
distribution (black, solid line) one can calculate the �rst (green, solid line) and the second

(red, solid line) derivative. A blue vertical dashed line indicates the estimated in�ection point.

For convenience, the charts at the bottom are the charts at the top in a narrower vertical

range.
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Figure 3.4: Results from the calibration of a single module. Experimental data.

Comparison of the tBA distributions for each scintillator and for each threshold before and

after applying calibration. Each threshold is marked with di�erent area: �rst (blue), second

(green), third (yellow) and fourth (red). In addition projection of tBA over all scintillators

for each threshold separately are shown before (light violet) and after calibration (black) in

the middle. Slight di�erences between the distributions before and after calibration indicate

that the detectors have been stable since the previous calibration performed about two years

earlier.

3.2 Time calibration by positron lifetime distribution

There is a couple of established methods that can be used to calibrate detection modules

of the PET scanners. One can especially highlight two main methods: with large phantom

or with rotating reference detector. These are described in more detail in the Appendix A.
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Both methods require additional setup inserted inside the detection chamber, and its precise

location in order to properly calibrate the detection system. Here, a new method of time

calibration, based on the measurement with a single point-like source and positron lifetime

distribution will be described. In addition, its application and results from the calibration of

the J-PET detector will be shown in the next section. That method was brie�y described in

[102], and its enhancement based on the decomposition of the lifetime spectrum and extracting

p-Ps component was proposed in [103]

First, one can focus on a single positron lifetime spectrum, created for pair of detectors

like in Fig. 1.4. The idea of calibration that will be described later is shown in Fig. 3.7 (top).

To collect lifetime spectrum one detector (detector1) should register photons coming from

the deexcitation of the positron-emitter isotope (t1275) when the second detector (detector2)

registers single photons from the annihilation of positron-electron pair (t511). When both

detectors registered desired photons, a lifetime of a single positron can be estimated as time

di�erence between those signals (LFpositron = t511 - t1275). The distinction between annihilation

and deexcitation photons can be obtained based on the TOThit value, shown in Fig. 2.5 a).

If the positions of the isotope emitting positrons and the positron annihilation are very close

(at position r0, LFpositron for given pair of detectors (detector1, detector2) can be de�ned like

LFpositron (detector1, detector2) = t511 − t1275 =
(
tdetector2 + TOFdetector2

r0

)
−

−
(
tdetector1 + TOFdetector1

r0

)
= tdetector2 − tdetector1 + ∆TOFr0 (detector2, detector1) ,

(3.1)

where ti is the time of registering signal at ith detector, TOFir0 is the time that photons

needs to travel (Time of Flight) from r0 to the position of the ith detector and �nally

∆TOFr0 (detectori, detectorj) is the time di�erence between TOFir0 and TOFjr0 . If the r0
is equidistant from both detectors then ∆TOFr0 (detector2, detector1) = 0. However, in dif-

ferent situation when the r0 is known, LFpositron can be corrected by constant for a given pair

of detectors value of ∆TOFr0 (detector2, detector1). Times of the signals for ith detector, that

was corrected on TOF will be given as temissioni = ti − TOFir0 .

In the above considerations there was no in�uence of the miscalibration of two given

detectors. If there is some o�set, the measured times temissioni can be rewritten as

temissioni = treali + O�seti

for a given ith detector, where treali is the time of registering given photon by ith detector

for perfectly calibrated detector, corrected on TOF. The LFpositron corrected on TOF will be

equal to

LFpositron (detector1, detector2) = t511 − t1275 = temissiondetector2
− temissiondetector1

=

(
trealdetector2

+ O�setdetector2
)
−
(
trealdetector1

+ O�setdetector1
)

=

trealdetector2
− trealdetector1

+ (O�setdetector2 −O�setdetector1) .

(3.2)
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Such situation cause that the LFpositron distribution will be shifted by O�set
(1)
2 = O�setdetector2

- O�setdetector1 . O�set
(1)
2 is usually not so easy to calculate as it requires knowledge of a non-

shifted distribution. On the other hand, if one would change the role of the detectors in

a sense that now the detector1 registers annihilation and the detector2 deexcitation photons

then
LFreversed

positron (detector1, detector2) = t511 − t1275 =

trealdetector1
− trealdetector2

+ (O�setdetector1 −O�setdetector2) .

(3.3)

In that con�guration the LFreversed
positron distribution will be shifted by O�setdetector1 - O�setdetector2

= -O�set
(1)
2 . Therefore, comparing two distributions LFpositron and LFreversed

positron for detector2 the

shift between them (∆LF) will be equal to

∆LF = LFpositron (detector1, detector2)− LFreversed
positron (detector1, detector2)

3.2,3.3
=

2 ·O�set(1)2 = 2 · Correction(1)2 .
(3.4)

Figure 3.5: Determination of the LFpositron and LF
reversed
positron maxima for the �rst (Thr1)

and the second (Thr2) threshold. Experimental data. Example of the estimation of the

maxima of the LFpositron and LFreversed
positron distributions by means of its derivative for scintillator

with ID equal to 1. For every LFpositron (black) and LFreversed
positron (blue) distributions one can

calculate the �rst derivatives marked by grey and light blue, respectively. A red and green

vertical dashed lines indicates the estimated maxima point for grey and light blue derivatives.

For convenience, the charts at the bottom are the charts at the top in a narrower vertical

range.
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So in theory for a pair of detectors one can calibrate one with another just by matching

the positron lifetime spectra. Shift of the distribution can be estimated based on the values of

argmax (LFpositron) and argmax
(
LFreversed

positron

)
, where argmax is the function that �nds the most

probable value of the distribution. Therefore, Correction
(1)
2 will be equal to half of the shift

between distributions, following Eq. 3.4. Argmax of the LFpositron and LFreversed
positron distributions

was determined as a zero of the �rst derivative. Linear �t is performed in close range of the

maximum bin of the origin distribution → a · tBA + b and a zero points is estimated as − b
a
.

Example of how to calculate argmax for di�erent thresholds is shown in Fig. 3.5 and 3.6

Figure 3.6: Determination of the LFpositron and LFreversed
positron maxima for the third

(Thr3) and the fourth (Thr4) threshold. Experimental data. Example of the estimation

of the maxima of the LFpositron and LFreversed
positron distributions by means of its derivative for

scintillator with ID equal to 1. For every LFpositron (black) and LFreversed
positron (blue) distributions

one can calculate the �rst derivatives marked by grey and light blue, respectively. A red

and green vertical dashed lines indicates the estimated maxima point for grey and light blue

derivatives. For convenience, the charts at the bottom are the charts at the top in a narrower

vertical range.

3.3 Time calibration of the J-PET detector

Based on the previous section, in order to calibrate all modules one could assume one detector

as a reference and calibrate the rest to it. However it can be achieved also in simpler and

more e�cient way for such con�gurations, what will be discussed after the description of the

method. Idea is to calibrate each module separately to some virtual reference detector that
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will be represented as a mean detector. Idea of that approach is shown in Fig. 3.7 (middle).

At the beginning one needs �rst to select proper data sample for calibration. On this level of

analysis it is assumed that hits are already reconstructed based on the time windows given in

Sec. 2.3 and each scintillator is calibrated by sides. In addition for simplicity the Z position

is reconstructed as in Fig. 2.1 with the velocity of light in scintillator equal to 12 cm/ns.

More sophisticated method of estimating velocity of light in each scintillator separately will

be described in the next section, by means of the e�ective length determination. Each hit was

corrected on TOF, following Eg. 3.1, based on the assumed position of the source - (0, 0, 0).

To calculate the positron lifetime in each event there should be at least one annihilation

hit and only one deexcitation hit in event. However, only events with only one annihilation

hit will be selected to avoid ambiguity. For the same reason and to reduce the in�uence of

the additional coincidences requirement of having only one deexcitation hit is introduced.

Selection of each type of hit is based on the TOT value with cuts shown in Fig. 2.5. For

each threshold and scintillator two distributions will be considered, similar to those described

in the previous section. For a given scintillator with ID equal to k, LFpositron and LFreversed
positron

distributions will be de�ned as

LFpositron (detectork) =
∑

j∈[1,192]
j 6=k

LFpositron (detectork, detectorj) , (3.5)

LFreversed
positron (detectork) =

∑
j∈[1,192]
j 6=k

LFreversed
positron (detectork, detectorj) . (3.6)

Calculation of the o�set can be derived from either Eq. 3.5 or Eq. 3.6, following logic from

Eq. 3.2, 3.3. Expanding Eq. 3.5 will lead to

LFpositron (detectork) =
∑

j∈[1,192]
j 6=k

(
trealdetectork

+ O�setdetectork
)
−
(
trealdetectorj

+ O�setdetectorj

)
=

∑
j∈[1,192]
j 6=k

(
trealdetectork

− trealdetectorj

)
+

∑
j∈[1,192]
j 6=k

(
O�setdetectork −O�setdetectorj

)
= . . .

putting the mean o�set as

O�setG(k) = EO�set =
1

191

∑
j∈[1,192]
j 6=k

O�setdetectorj (3.7)
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Figure 3.7: Scheme of the calibration procedure of the J-PET detector. (top) Time

calibration of the detector with ID equal to 1 in reference to detector with ID equal to 120

can be performed based on the creation of the positron lifetime distributions between them

de�ned as in Eq. 3.2 and 3.3. Both distributions will be shifted by O�set
(120)
1 in opposite

direction if there will be some miscalibration between detectors. Detector with ID equal to

1 can be calibrated by calculating value of the shift between LFpositron and LFreversed
positron and

dividing it by two. (middle) Similar approach may be used without chosing one reference

detector. Scintillator with ID equal to 1 can be calibrated to some virtual reference detector

that will be created by summing over all other detectors. Correction for a scintillator can be

calculated as half of the shift between LFpositron and LF
reversed
positron distributions. These are created

for coincidences between the �rst and the rest of the detection modules. (bottom) Calibration

procedure can be performed iteratively. In each iteration correction is calculated (like in

middle part) and applied to each detector. Calibration is done until mean correction are

lower than uncertainty of its determining. After calibration the di�erence between LFpositron

and LFreversed
positron for each scintillator should be negligible.
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one can continue that

. . . =
∑

j∈[1,192]
j 6=k

(
trealdetectork

− trealdetectorj

)
+

∑
j∈[1,192]
j 6=k

(O�setdetectork −O�setG(k)) =

∑
j∈[1,192]
j 6=k

(
trealdetectork

− trealdetectorj
+ O�setdetectork −O�setG(k)

)
=

∑
j∈[1,192]
j 6=k

(
trealdetectork

− trealdetectorj
+ O�setGk

)
, (3.8)

where O�setGk = O�setdetectork−O�setG. It is also worth to noting, that O�setG depends very

little on index of the scintillator k ∈ [1, 192]∩N. When looking at di�erence of the O�setG(k)

for some k1 and k2 one can show that

∆O�setG (k1, k2) = O�setG (k1)−O�setG (k2)
3.7
=

O�setdetectork1
−O�setdetectork2

191
. (3.9)

Assuming that O�setG(k) ∼ U (0,TWO�), where

TWO� = max
ki,kj∈[1,192]∩N

|O�setdetectorki −O�setdetectorkj |,

and U denotes uniform distribution one can show that ∆O�setG (k1, k2) will follow triangular

distribution with full width at half maximum (FWHM) equal to TWO�

191
. When calibrating to

some perfect virtual reference detector with some mean o�set equal to

O�setvirtual = min
k∈[1,192]∩N

(O�setdetectork) +
TWO�

2

maximal correction that can be applied, will be equal to TWO�

2
. This is two orders greater

than the FWHM of the ∆O�setG (k1, k2) distribution that represents possible uncertainties

in determining correction for a given scintillator, with method described by using Eq. 3.7

and 3.8. In fact, if o�sets for di�erent scintillators were spread over a narrower range, the

calibration uncertainty would also decrease. To obtain the highest accuracy of the calibration

method described here, calibration can be performed iteratively, until mean correction in given

iteration is lower than uncertainty of determining position of the maximum of the LFpositron

and LFreversed
positron. Iterative approach is depicted in Fig. 3.7 (bottom).

In addition, O�setGk represents o�set of the LFpositron for all of the coincidences be-

tween detectork and every other detector, in which annihilation photon was registered in

the detectork. In mirror situation with LFreversed
positron an o�set will be equal to −O�setGk , and it

covers all situations in which deexcitation photon was registered in the detectork. To sum

up, correction for a given scintillator can be derived in similar manner that it was shown by

Eq. 3.4

∆LF = LFpositron (detectork)−LFreversed
positron (detectork)

3.4,3.8
= 2 ·O�setGk = 2 ·Correctionk, (3.10)
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for which Correctionk is calculated when the reference detector was chosen as a virtual detector

shifted in time by O�setG.

Figure 3.8: Results from the time calibration of the J-PET detector for the �rst

an the second threshold. Experimental data. Comparison of the LFpositron and LFreversed
positron

distributions for each scintillator and for the �rst (above black line) and the second (below

black line) threshold before(left) and after (right) applying calibration. In addition, projection

of LFpositron over all scintillators for each threshold separately are shown before (green) and

after (red) calibration. The time resolution was improved by approximately 200 ps.
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Figure 3.9: Results from the time calibration of the J-PET detector for the third

an the fourth threshold. Experimental data. Comparison of the LFpositron and LFreversed
positron

distributions for each scintillator and for the third (above black line) and the fourth (below

black line) threshold before(left) and after (right) applying calibration. In addition, projection

of LFpositron over all scintillators for each threshold separately are shown before (green) and

after (red) calibration. The time resolution was improved by approximately 200 ps.

The main advantage of the presented approach is in the amount of data that needs to be

collected for calibration, comparing to the calibration to one chosen detector. For a single

scintillator, considering all coincidences like in Eq. 3.10, instead of one represented by Eq. 3.4

increases total number of counts of considered distributions by 190. Thus, it reduces the

time needed for measurement by the same fraction making it more e�cient. Distributions

LFpositron (detectork) and LFreversed
positron (detectork) for the measurement with XAD4 before and
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after calibration can be seen in Fig. 3.8 and 3.9. Correction as a function of the scintillator

ID for di�erent thresholds for the �rst and the last iteration (seventh) is shown in Appendix in

Fig. B.1 to B.5. In order not to change the calibration between side A and B, �nal correction

for each photomultiplier connected to kth scintillator will be equal to Correctionk/2.

3.4 E�ective length determination

As the last calibration procedure determination of the e�ective length will be described.

It will be shown later that the e�ective length is a function of the velocity of light in the

scintillator, what would be helpful in the �nding of a proper calibration measure. It's best

to start by focusing on the speed of light signal in the scintillator material. In Sec. 3.3, an

assumption was made about the speed of light signal in the scintillator (v), which was used

to calculate the position along the scintillator (Z position) and therefore to enable correction

hits on TOF. Correctly estimating value of v can improve the accuracy of the calibration.

Here, speci�c numerical procedure will be shown that describes how to estimate v for every

scintillator separately. It will be achieved by introducing conception of the e�ective length of

the scintillator, which will be de�ned later.

At �rst, it would be useful to look at the tBA distribution de�ned in Sec. 3.1. Hits with

tBA in the nearby of its edges will be consisted of two signals - SignalA and SignalB, that have

some interesting feature. Namely, exactly one of the signals will be created from the light

that traveled through almost all of the scintillator length (Signallength). Therefore, Signallength
will carry information about its velocity in the material of the scintillating strip.

The time it takes for light to travel along the entire scintillator, ultimately creating

Signallength, will be equal to the maximum time di�erence (tmaxBA ) between signals A and B.

This time can be estimated from the edges of the tBA distribution, determined in Sec. 3.1,

and will be equal to tmaxBA = EdgeB−EdgeA
2

. Division by two comes from the fact, that the time

equal either to EdgeA or EdgeB will correspond to the Signallength that was reconstructed in

the photomultiplier A (SignalAlength) or B (SignalBlength). SignalAlength will come from the light

that passed from side B to side A, where SignalBlength will travel inversely from side A to side

B. Therefore, the di�erence between the edges will cover the entire length of the scintillator

traveled twice in two di�erent directions.

To conclude, knowing for some ith scintillator, that the light will need time tmaxBA to travel

with some velocity vi one can de�ne the e�ective length of the scintillator (Le�ectivei ) as

Le�ectivei = vi · tmax(i)BA . (3.11)

E�ective length is corresponding to the length of the scintillator which is sensitive to photons

registration. To be more precise, this is the length the light in the strip can travel to recon-

struct the signal from it. There are several factors that can a�ect the value of Le�ectivei , with

two major ones being mechanical shields or light attenuation in a scintillator. Mechanical

shields do not a�ect the e�ective length so much, due to the high penetration of photons with

energies of several hundred keV. Additionally, the only mechanical targets were aluminium

holders in which the ends of the scintillation strip were placed, up to 1 cm per side.
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Figure 3.10: Mean di�erence of the calibration constants from the reference. Ex-

perimental data. Dependence of the inaccuracy of the calibration (Fcalib) as a function of

assumed value of the e�ective length (Le�ective) for four di�erent thresholds thr1 (left, top),

thr2 (right, top), thr3 (left, bottom) and thr4 (right bottom). To estimate optimal value of

the e�ective length Loptimal quadratic function f
(
Le�ective

)
= A

(
Le�ective − Loptimal

)2
+ f0 has

been �tted to each plot.
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Figure 3.11: Optimal e�ective length origin and estimation. Experimental data. Op-

timal e�ective length, which allows to calculate velocity of light in the scintillator, can be

estimated based on the tBA distribution. a) Values of the edges of the tBA distribution corre-

spond to the situations where the light passes through the entire length of the scintillator in

both directions. Therefore, the di�erence of the edges (EdgeA and EdgeB) will be the time for

which the light will travel two scintillator lengths. There are two counteracting main e�ects

b), c) that can in�uence determination of the optimal e�ective length for a given threshold.

b) During the travel, the light can be attenuated, thereby reducing the resulting signal in

one of the photomultipliers, which then may not pass a given threshold. This can reduce the

e�ective scintillator length for the higher thresholds. c) Time of the signal can be probed dif-

ferently on a given threshold, when the energy of the signal is changing. It results in smearing

of the measured time of the signal. This e�ect, the so-called time-walk, is greater for higher

thresholds (blue arrow) than it is for lower threshold (red arrow) when compared for the

same signals. However, as a wider spectrum of signals is registered at the lower thresholds,

the overall time spread may be greater with the lower thresholds. d) Loptimal for di�erent

thresholds estimated by �ts from Fig. 3.10.

The second factor related to attenuation of light along the strip will reduce the amount

of light that will go to the photomultiplier. The light attenuation length for the EJ-230

scintillation strips used is ≈52 cm [92, 93], so the attenuation should also not have a major

impact on the e�ective length. However, if the lowest threshold of the data acquisition system

were too high, the light attenuation e�ect would also increase. As di�erent thresholds have

52



been used, it will be possible to check how the threshold value a�ects the e�ective length.

The method of determining the e�ective length will be based on Eq. 3.11. One can

conclude, that for a given scintillator v and Le�ective are proportional to each other by the

value of t
max(i)
BA , which in principal can be estimated from the edges of the tBA distribution.

The relationship between the above variables will be used to compute both of them by the

following method consisting of several points:

1. Assumption of several values of the Le�ective - 47, 48, 49, 50, 51, 52, 53 cm. The same

for each scintillator;

2. Calculation of the vi based on the assumed value of Le�ective and Eq. 3.11. It will be

di�erent for each scintillator, because of di�erent value of t
max(i)
BA ;

3. Calculation of the position along the strip (Z) for each hit, based on the newly estimated

value of vi;

4. Performing calibration, that was described in Sec. 3.3. Di�erent values of Le�ective will

in�uence correction on TOF. The closer to the true Le�ective value, the more stable the

correction constants determined in the calibration process will be;

5. Inaccuracy of the calibration as a function of the Le�ective allow to estimate an optimal

value of Le�ective.

As for the second point of the list above, it is worth noting that even if Le�ective will change

depending on the scintillator, this variability will be compensated by the variable value of vi.

The basis of the fourth point is that as value of the Le�ective is farther from its true value, the

calibration results will be smeared greater reducing accuracy of the calibration. Calculations

of the inaccuracy of the calibration, mentioned in the �fth point, will be based on the time

calibration constants, that are determined for each scintillator and threshold separately. For

a given threshold thr and value of Le�ective inaccuracy of the calibration Fcalib will be de�ned

as

Fcalib

(
thr,Le�ective

)
=

1

192

192∑
i=1

|CalibConstLe�ectivethr (scintillatori)− CalibConstRefthr (scintillatori)|,
(3.12)

where CalibConst is a total time correction (summed over all iterations) for a given scintillator,

that is calculated by procedure described in Sec. 3.3. CalibConstRefthr is a calibration constant

for some reference e�ective length, here values for 50 cm was chosen to be treated as a reference

for all thresholds, which is nominal length of the scintillator. It is worth noting that the choice

of the reference value has no signi�cant impact on the determination of the optimal value of

the e�ective length. Indeed, if the calibration constants for a certain reference value (Lref)

will deviate from the constants for the optimal e�ective length by σref then the di�erences of

the calibration constants for some other length LC will be deviated by
√
σ2
ref + σ2

C. Therefore,

minimal deviation can be estimated by minimizing σC value, which is in general independent

of Lref. To test this approach, estimation of the e�ective length was also carried out for a
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reference length of 49 cm. The results were consistent with the value determined for 50 cm

which can be found in Appendix C.

For a given threshold, the dependence of Fcalib on the e�ective length can be plotted like

it is shown in Fig. 3.10. Uncertainty of the Fcalib was calculated as a mean uncertainty of

correction di�erence for a given threshold. Uncertainty of correction di�erence (σcorrection)

for some e�ective length Li was calculated including uncertainty of the reference correction

as σ2
correction =

(
σLicorrection

)2
+
(
σLreferencecorrection

)2
. Uncertainty of a single correction was estimated

as an uncertainty of the linear �t to the second derivative of the tBA distribution. One can

�nd an optimal value of Le�ective for di�erent thresholds (Loptimal (thr)), by �tting some peak

model. For simplicity quadratic function was chosen as a model to �nd an optimal value of

the e�ective length. Values of Loptimal for di�erent thresholds from �tting: 49.97 (12) cm with

adjusted R2 = 0.885 - thr1, 50.00 (14) cm with adjusted R2 = 0.843 - thr2, 50.08 (11) cm

with adjusted R2 = 0.909 - thr3 and 50.08 (14) cm with adjusted R2 = 0.854 - thr4. For

the sake of completeness: �ts of other functions derived from the Gaussian distribution gave

the same results of Loptimal. Even though the �ts are not perfect and probably other function

could give more accurate �ts, the main feature of the Fcalib dependence that allows to estimate

Loptimal is the comparison of the Fcalib values for the 47 and 53 cm. Indeed, one can see that,

if the Fcalib (thr, 53) > (<) Fcalib (thr, 47), the Loptimal should be smaller(greater) than 50 cm.

Selected function has the same feature, and therefore it should be sensitive to the changes of

the Loptimal.

Loptimal (thr) can be used for calculation of the velocities of light signal in each scintillator

separately by using Eq. 3.11, what allows to �nd both an optimal value of the e�ective

length and a velocity of light in each scintillator by one simple procedure. In addition,

dependence of the Loptimal (thr) for di�erent threshold is shown in Fig. 3.11. One can see, that

the higher the threshold value, the slightly greater the optimal e�ective length. It is a reverse

e�ect that can come from the in�uence of the light attenuation inside the scintillator. It is

worth noting that the attenuation length of the scintillators used is around 52 cm [92, 93],

so for the light �ying through all of the scintillator strip length it will be reduced by ≈62%.

The dependence of optimal e�ective length on the threshold value mainly results from the

uncertainty of determining time at a given threshold which is optimized in the process of the

time calibration, the so-called time-walk e�ect. However, the value of the optimal e�ective

length, with reduction of the time-walk e�ect can be obtained by �tting exponential decay

model

f(threshold) = f0 + A exp (−λ ∗ threshold) , (3.13)

and taking value of the f0 parameter. This value will be an estimate of the optimal e�ective

length minimizing the time-walk e�ect. Exponential decay model (Eq. 3.13) was �tted to the

plot in Fig. 3.11, resulting in f0 = 50.108(11) cm with adjusted R2 = 0.955, which can be

used as an estimate of the real Loptimal value for scintillators used in the detection modules.

Finally, from the value of the optimal e�ective length one can estimate value of the velocity

of light in each scintillator separately. Values of the velocity for each scintillator is shown in

Fig. 3.12. Mean value of the velocity of light in scintillators used in the 192-strip J-PET

detector were estimated to value of 12.49 (14) cm/ns. This value is in agreement with the

measurement of the same scintillating strips done by means of the oscilloscope and the small
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barrel J-PET setup described in [4], and close to literature values for other plastic scintillators

obtained by other groups [104�106]. With the values of the velocity of light in each scintillator,

Z position can be reconstructed as shown in Fig. 2.1. In addition Z resolution can be estimated

based on the similar approach as it was shown in Sec. 3.1 with using the derivatives of the

tBA distribution. It is described in more detail in Appendix D, with the resulting value of

σZ = 3.029(75) cm, resolution of the position along the strip.

Figure 3.12: Velocity of light as a function of a scintillator ID. Experimental data.

Velocity of light allows to calculate position along the scintillating strip, from the time dif-

ference from two sides A and B. Velocity was calculated based on the e�ective length value

and the width of the tBA distribution. Resulting velocities of light in the scintillator for the

determined value of the e�ective length - 50 cm, as a function of the scintillator ID.

After calibration procedures that were described in this chapter, one can properly re-

construct signals and hits with the best timing and spatial resolutions. This is especially

important for �nal data analysis. However, one thing is still left to do before showing the

results from the analysis. Next chapter will focus on the evaluation of the analysis software.

It will allow to estimate uncertainty of the �tting, reconstruction and the selection criteria

shown in Sec. 2.4. After estimation of the di�erent sources of background, that can survive

the data selection �nal results from the analysis will be shown.
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Chapter 4

Analysis software evaluation

In order to properly process, select and analyse the data sample collected by the J-PET

detector speci�c algorithms and software were developed. Data reconstruction algorithms

were already described in Sec. 2.3 followed by the data selection in Sec. 2.4. Moreover,

to check how di�erent positronium decay channels a�ect the reconstructed data, dedicated

simulation software was also designed, what was described in Sec. 2.5. Part of the analysis

of the mean positronium lifetime distribution will be described in the next section. It was

separated from the analysis software chapter, as it is used at the last stage of the analysis

and it is closer to the �nal analysis then to data reconstruction or selection.

4.1 Position reconstruction for higher order decays

The main application of PET systems is the reconstruction of the positron-electron pair anni-

hilation image. Two approaches using only the position and with the addition of the photon

registration time in the detector are shown schematically in Fig. 1.8 and computationally

Fig. 2.1. Both methods are oriented towards reconstruction of the position of the decay into

two collinear photons. For higher order decays, that is, into more than two photons, the as-

sumption of collinearity is no longer met, requiring the design of a separate method of position

reconstruction.

The �rst type of decay that will be discussed in the context of the reconstruction algo-

rithm will be three-photon decay. Due to the conservation of momentum, the three photons

produced in this act must be emitted in the same plane. Therefore, the problem of the re-

construction of the annihilation position from the three points in space can be reduced to

the reconstruction on the plane - the annihilation (decay) plane. It is also worth adding

that method of reconstruction from multiple points is used in the Global Positioning System

(GPS). Recently, the application of this method in nuclear physics was demonstrated with

the example of the J-PET detector [107] - by the so-called trilateration method. This is a

strict method that consists in �nding the intersection of the three circles in the plane of an-

nihilation. The radii of these circles depend strictly on the times in which the photons were

registered by the detection modules.

Various conditions can a�ect the precision of the location of a given annihilation point. The
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Figure 4.1: Source position reconstruction in GPS. Position of the source emitting

multiple signals can be estimated based on the method introduced in the Global Positioning

System (GPS). Once the signals have been registered in the detectors, a possible source

position can be calculated by looking at the intersection of spheres centred at the detector

positions (xi, yi, zi). Radii (ri) of the spheres are proportional to the time of registration the

signals by the velocity of the signal. For di�erent number of signals registered position can be

estimated directly (4 signal), with assumption of co-planarity (3 signals) or by decomposing

the system of equations into smaller ones (N signals, when N > 4).

main in�uence is the uncertainty of determining the time and position in the detection module

in which the photons deposit energy. This is because these are the crucial variables used in

the reconstruction algorithm. Moreover, it is not so easy to extend this method to higher

order decays due to the lack of determination of the system of equations, shown in Fig. 4.1,

which describe the position of annihilation. Here the proposition of the iterative version of

the trilateration-like method and its extension to higher order decays will be described.
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Trilateration method requires that the spheres used in the reconstruction process intersects

in the same position. However, due to the smearing of the signals times and positions, it may

be di�cult to determine the true position of the source of these signals. Therefore, a new

method will be presented to minimize the area created by the intersection of pairs of spheres

or circles in the case of o-Ps decay into three photons. Principle of the method is shown in

Fig. 4.2 for situation of the annihilation of o-Ps into three photons. For the J-PET detector

with three annihilation hits in an event, characterized by positions Pos1, Pos2 and Pos3 one

can create an annihilation plane by calculating

−→p =
−−−−−−→
Pos1,Pos2 ×

−−−−−−→
Pos2,Pos3. (4.1)

In the above equation −→p is the vector perpendicular to the annihialtion plane,
−−−−−−→
Posi,Posj is

the vector connecting positions of ith and jth hit and × is the vector product. After creating

such plane, one can follow the procedure shown in Fig. 4.2. Presented method will �nd

an application in reconstruction of the annihilation position of the three photon decays in

Sec. 5.5. An extension of the presented method to higher orders of decays is included in the

Appendix E and consists in generalizing it to N hits. The comparison between the proposed

method and the trilateration method is shown in Appendix Sec. F.

4.2 Positronium lifetime

Knowing how to estimate the positronium annihilation site, one can focus on how to obtain

its mean lifetime. It was accomplished by the iterative algorithm based on the exponential

model describing positron lifetime distribution [110]

f (t) = y0 + A
nσ∑
i=1

nτ∑
j=1

Igi I
e
j ·Gauss

(
t, t

(i)
0 , σi

)
∗ Exp (t, τj) = y0+

A
nσ∑
i=1

nτ∑
j=1

Igi I
e
j

2 · τj
exp

(
σ2
i

2 · τ 2j
− t− t(i)0

τj

)erf

t− t(i)0 −
σ2
i

τj√
2 · σi

− erf

−t(i)0 −
σ2
i

τj√
2 · σi

 . (4.2)

In the above equation y0 stands for the background level, A is the area under the curve of the

model, ∗ is a convolution operation and Gauss
(
t, t

(i)
0 , σi

)
is a Gaussian distribution with mean

t
(i)
0 and standard deviation σi.

∑nσ
i=1Gauss

(
t, t

(i)
0 , σi

)
determines the resolution function of

the apparatus, estimated as a sum of Gaussians. Exp (t, τj) is an exponential distribution

with mean τj, and for given j it models the positron lifetime of a jth component. Igi and Iej
are the intensities for a given Gaussian or exponential component respectively, and they are

in the range [0, 1]. In addition, both intensities sums up to one:
∑nσ

i=1 Ii = 1 and
∑nτ

j=1 Ij = 1.

nσ and nτ were similarly de�ned as a number of Gaussian and exponential components that

are expected for the analyzed positron lifetime distribution. Finally, erf is an error function

de�ned as

erf (x) =
2√
π

∫ x

0

e−t
2

dt.
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Figure 4.2: Position reconstruction procedure for o-Ps decay into three photons.

After recording and selecting photons from the ortho-positronium decay into three photons,

it is possible to reconstruct the position from which the photons were emitted. Due to the

law of conservation of momentum, the problem of reconstruction in space can be simpli�ed to

an in-plane problem. From each place where a photon was recorded, a circle can be created

corresponding to all possible annihilation positions ri = r0 + (ti − t1) · c away, where i = 1, 2

and 3. Then, the places of intersection of these circles are determined, from which it is possible

to determine such three positions from various intersections, which will form a triangle with

a minimum perimeter. The optimal value of r0 (ropt) can be found by minimizing the triangle

between intersections to have the smallest perimeter Mp. This can be achieved by linear �t

to the derivative of Mp over r0 and estimating zero point. The position of the annihilation

can then be estimated as the triangle's center of mass for r0 = ropt.

Model described in Eq. 4.2 is in principal a convolution of the Gaussian and exponential

distributions. Number of Gaussian components nσ and theirs standard deviation σi, that

describes the resolution function, can be obtained experimentally by measuring material with

known positron lifetime distribution. Metals that have the simplest positron lifetime distribu-

tions, usually composed of one or two components with a low lifetime (∼ 200ps), are a good

candidate for such measurements. As for the distribution of positron lifetime, the appropri-
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ate distribution of an unknown material and mainly the number of components (nτ ) can be

obtained by minimizing the goodness of �t - χ2 for di�erent values of nτ .

In addition, Eq. 4.2 assumes discrete positron lifetime distribution estimating the mean

lifetimes more than the exact positron lifetime distribution in a given material. Fitting model

can be expanded to more continuous case with some �nite sum of the lifetime components

with �xed lifetimes that are distributed in some range. The �tting procedure was also widely

described elsewhere [110]. However, this approach requires high statistic of the PAL spectrum

(∼ 5 mln counts). It usually entails the need for a very long measurement, rather unattainable

for biological measurements, especially with living tissues susceptible to all kinds of �uctu-

ations in the measurement conditions, like temperature, pressure and others. As the thesis

focuses on potential applications in medical diagnosis, this procedure will not be considered

in the analysis.

The developed software written in C++ and based on the ROOT [100] libraries was given

the name PALS Avalanche [95, 108, 109]. The main feature of the software is that it �ts the

model several times in order to stabilize the results and obtain more accurate values. The

new functionality that was added is the parametrization of the intensity parameter (Igi , I
e
j )

such that it reduces the number of the degrees of freedom, therefore stabilizing the �tting

results. Previously, intensities were a free parameters that could vary between 0 and 1, and

during each iteration intensities were renormalized such that
∑nσ

i=1 Ii = 1 and
∑nτ

j=1 Ij = 1.

The new approach is based on the use of the probability simplex de�nition such that

k intensities will be de�ned as elements of k-simplex de�ned as a set

∆k = {x ∈ Rk|
k∑
i=1

xi = 1 and ∀i=1...kxi > 0}. (4.3)

Such sets can be presented graphically as in Fig. 4.3. Note that for the k intensity param-

eters, only k-1 needs to be adjusted, since the kth parameter will be equal by de�nition to

xk =
∑k−1

i=1 xi. In e�ect, this reduces the number of degrees of freedom by one for each set of

intensity parameters. Therefore, when �tting the PALS spectra, this reduces the number of

degrees of freedom by two (Igi , I
e
j ) compared to the standard �tting without such parametriza-

tion.

Performance of the PALS Avalanche was compared to other well-known and widely used

analysis software in PALS - LT [95, 108]. The results for both programs of the �tting on

the basis of hexane measurements were shown to be comparable. The next section will

focus on the evaluation of the �tting software in view of the positronium imaging and more

speci�cally, to estimate the uncertainty of the obtained distribution parameters for various

analysis conditions.

4.3 PALS Avalanche evaluation

At �rst, in order to produce spectra for uncertainty estimation simple simulation script was

created. Spectrum consisting of four lifetime components (nτ = 3) and one resolution compo-

nent (nσ = 1) were considered for the simulations. Positron lifetime of a given component was
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Figure 4.3: De�nition and implementation of the simplex set. Graphic representation

of simplex sets ∆2,∆3,∆4 and ∆n de�ned in Eq. 4.3. In R2 2-simplex set is de�ned as a line

connecting two points (1,0) and (0,1). Having one coordinate x1 one can get the second

coordinate from the de�nition of the simplex set. ∆3 is a triangle in R3 space, in which

one needs only knowledge of the r and θ1 parameters to calculate all points on the triangle.

Parameter A is a normalization factor, which provides the correct de�nition on the simplex.

For ∆4 one needs to add only one parameter θ2 that covers all points on the tetrahedron.

Knowing the previous cases, the representation of ∆n can be extended by de�ning r plus n-2

(θk) other parameters. This allows to obtain representation for any dimension.

simulated according to the exponential distribution with mean τi. Probability of simulating

jth component was calculated as Ij, according to the de�nition of intensity as a number from

[0, 1]. Gaussian distribution was simulated according to the Box-Muller algorithm. To sim-

ulate accidental coincidences uniform distribution was added to the simulated distribution.

Parameters of the lifetime distribution generation are given in Tab. 4.1. The resolution func-

tion was chosen to be shifted from zero to bypass potential calculation errors in zero and to

have a standard deviation close to the desired time resolution for future J-PET detector de-

signs. The simulated mean lifetimes correspond to the components derived from p-Ps (0.125

ns), direct annihilation (0.5 ns), and o-Ps (5 ns). The values were chosen so that they were

similar or at least the same order to those observed during the patient scan.

There is a couple of di�erent parameters of the �t that can be compared to the theoretical

values coming from the simulations, like mean lifetime, intensity standard deviation and o�set.

In order to estimate error of the �tted model to a given spectrum, that will combine error of

every possible parameter, following measure of the error will be introduced

µ�t
(
p�t, ptheory

)
=
∑
i

|p
�t
i − ptheoryi

ptheoryi

|2�
∑
i

|p
�t
i − ptheoryi

ptheoryi

|. (4.4)
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Table 4.1: Simulated positron lifetime distribution parameters. List of parameters

on the basis of which positron lifetime distributions were simulated [109]. At �rst, (left)

positron lifetime was simulated as an exponential decay with a mean equal to Mean Lifetime

with probability equal to Intensity. As the second step each simulated lifetime was smeared

according to the (right) resolution function with Standard Deviation and O�set.
Lifetime distribution Resolution function

Component Mean
Intensity [%]

Standard
O�set [ns]

number Lifetime [ns] deviation [ns]

1. 0.125 15

0.1 62. 0.5 50

3. 5 35

In the above equation p stands for a set of parameters (τ1, τ2, τ3, I1, I2, I3, σ, t0) for the �tted

model (p�t) and for the theoretical values during the generation (ptheory). µ�t can be treated

as a weighted average, where the di�erences between the �t and the theory are weighted by

themselves. Introduced weights allows to decrease an impact of �tted parameters that by

accident are very close to the simulated value. To compare parameters with di�erent types

fractional error was calculated for every parameter.

To �t a model given by Eq. 4.2 to some spectrum one needs to assume several �tting options

that can in�uence goodness of the �t like width of the bin of the spectrum, the range of the

�tting and the initial parameters. The smaller the bin the more accurate distribution one can

obtain, but it also increase number of degrees of freedom and an impact of the �uctuations.

Similar for the range of the �t, the wider it is the higher impact of the �uctuations and

number of degrees of freedom. In addition PALS Avalanche works iteratively, reducing an

impact of the bad estimation of the initial values of the �tting parameters. An additional

factor that was tested in estimation of an error of the �t is the total number of counts. It is

well established fact, that the higher the total number of counts of the distribution, the more

accurate it is to estimate its lifetime parameters.

Estimating uncertainty for di�erent conditions of the �tting options, required to conduct

several simulations with di�erent spectrum conditions. In addition, to reduce statistical error

simulations for each set of condition (CS) was performed ten times, creating {p�tCS
(i)}10i=1 after

�tting. Thus, an average �t parameter was taken, for comparison with the theoretical value

p�tCS
=

1

10

∑
i

p�tCS
(i).

The simulations were conducted for a di�erent total number of counts that varied within

a [6.75 · 104, 2 · 106]. Fitting itself was performed for simulated distributions with total number

of counts equal to 2 · 106 and for bin widths within [0.01, 0.1] ns and �tting range ends within

[6, 40] ns. In addition, the e�ect of the initial conditions of the lifetime parameters was tested

for simulations with total number of counts equal to 2 · 106, bin width equal to 0.02 ns and 40

ns as an end of the �tting range. Relative di�erences of the initial parameters from the the-
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Figure 4.4: Results from �tting simulated PAL spectra [109]. Simulated data. a)

Exemplary simulated distribution for 2 ·106 total number of counts and width of the bin equal

to 0.02 ns, with �t (red line). b) Residuals from the �t to the distribution from a) where the

goodness of the �t was measured by the chi squared value divided by degrees of freedom χ2
v.

Dependence of measure of error (µ�t) of the �tted parameters from the theoretical values for

di�erent: c) width of the bin and d) total number of counts, e) range of the �t expressed as

end of the �t range parameter and f) impact of di�erent initial values of the �tted parameters:

lifetime (τ) and intensity (I).
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oretical values were tested up to 30% and 60% for the mean lifetime and intensity, respectively.

Dependence of µ�t for di�erent �tting conditions is shown in Fig. 4.4. Exemplary �t results

for two spectra with di�erent total number of counts can be seen in Tab. 4.2.

Table 4.2: Exemplary �t results for two spectra di�ering in total number of

counts. List of the �tted parameters to the spectra with total number of counts equal to

6.75 · 104 and 2 · 106 [109].

Parameter Simulated value
Value for 6.75 · 104 total Value for 2 · 106 total

number of counts number of counts

σ1 [ns] 0.1 0.102 0.100

t
(1)
0 [ns] 6 6.00 6.00

τ1 [ns] 0.125 0.105 0.124

Ie1 [%] 15 14.3 14.9

τ2 [ns] 0.5 0.489 0.499

Ie2 [%] 50 50.9 50.1

τ3 [ns] 5 4.90 5.00

Ie3 [%] 35 34.8 35.0

Summarizing the results of �tting model to simulated distributions, one can see that:

- The mean parameter error is hyperbolically-like dependent on the total number of

counts;

- It is enough to have 5 · 105 total number of counts to ensure the accuracy of the param-

eters obtained up to 1%;

- For a total number of counts of one hundred thousand, the average error of �t increases

even to 20%;

- Shape of the distribution for di�erent bin widths shown in Fig. 4.4 indicates the exis-

tence of an optimal value of the bin width for which the smallest �tting error will be

obtained;

- Optimal value of the bin width of the distribution can be obtained based on the quadratic

�t to the µ�t over the bin width for a given lifetime distribution;

- It is important that the �t range is chosen to cover the value of the highest mean lifetime

for a given distribution (o�set is equal to 6 ns);

- There is a certain �t range value for which an error is minimized - close to the range

encompassing one highest mean lifetime

- Initial intensity for a given lifetime component is not so sensitive for �tting parameters;

- The di�erences of the initial value of the mean lifetime do not exceed the error of 0.1%

even for high di�erences;
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- Iterative algorithm in PALS Avalanche allows to minimize an e�ect of the wrongly

assumed values of the lifetime distribution component.

4.4 Validation of the simulation software

One of the main advantages of the simulations carried out is the knowledge not only about the

real time, location and deposition energy of a given photon that has been registered, but also

about what kind of photon it is - primary, secondary and further, or derived from deexcitation

or annihilation on 2 or 3 photons.

Figure 4.5: Smearing functions for di�erent hit properties. Simulated data. The

distribution of the smearing functions for the energy deposition, time of the hit, and position

in each dimension is shown. Note that, the smearing for the X and Y position is the same,

as it comes from the assumption that the X and Y position is the centre of the scintillator.

Simulated data for the aluminium chamber shown schematically in Fig. 2.2 was simulated

with a 22Na positron source in a Kapton foil and XAD4 material around the source. Simulated
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hits were transformed to reconstructed hit by applying appropriate smearing. Formulas for

smearing function were shown in Fig. 2.6 and their shape are shown in Fig. 4.5 as a di�erence

between the simulated and reconstructed hit parameters like position, energy and time.

As a next step, simulation and reconstruction of the simulated hits will be evaluated in

view of the selection criteria described in Sec. 2.4. Time, Z position and energy resolutions

expressed as σt, σZ and σE respectively were assumed as in Fig. 2.6. For the experiment some

threshold was set in the data acquisition system, in order to distinguish electronic noises from

the real signals resulting from the energy deposition in the scintillators. However, the use

of the threshold limits or even prevents the detection of very low energy signals. To achieve

this for the simulation, the energy threshold (Ethr) was set to 50 keV and all hits with energy

less than Ethr were discarded from further analysis. Any discrepancies resulting from the

assumption of too low or too high threshold will not have a major impact on the results, as

the energy cut is quite large for both the measurement data and the simulation. Comparison

with the distributions from the analysis of the measurement data is shown in Fig. 4.6. Possible

discrepancies can come from the cosmic radiation that were registered by the J-PET detector,

and which were not taken under account during the simulations.

Figure 4.6: Comparison of the selection criteria distribution between simulations

and experiment. Distributions of the annihilation plane distance from centre and the time

di�erence between annihilation hits in event, for simulations (red) and the data (black).

The presented comparison allows the validation of the simulation software. This validates

using data from Monte Carlo simulations to check the e�ectiveness of the criteria used and

to estimate the possible uncertainties of the analysis itself. Next section will focus on the

estimation of the J-PET detector sensitivity to observe positron-electron annihilations into

2 and 3 photons based on the analysis of the simulation data.

4.5 Sensitivity of the J-PET detector

For the analysis of positronium properties, particular emphasis will be placed on the identi�-

cation of appropriate decays. The most probable positronium decays are those into two and
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three gamma quanta. Here the estimation of the sensitivity of the J-PET detector to register

events containing those decays, based on the simulations will be described. Furthermore, the

accuracy of each selection criteria in terms of �ltering the desired events will be shown.

One can start from the de�nition of the sensitivity. Sensitivity will be de�ned as a fraction

of true events that passed all the selection process to all true events that were generated. It

covers not only the probability to observe given type of the event but also the ability of the

software to properly reconstruct it and selection criteria to select them. Sensitivity will be

calculated at each stage of the selection process.

Next, the de�nition of the (2G) and (3G) events will be introduced. Because interest of

the thesis is to develop positronium imaging, which is based on the estimation of positron

lifetime following de�nition will be applied:

(2G) Event containing two annihilation hits originating from two gamma decay and one

deexcitation hit from the same generated event;

(3G) Event containing three annihilation hits originating from three gamma decay and one

deexcitation hit from the same generated event.

The requirement to have a deexcitation hit gives the opportunity to recover the positron life-

time from the selected event. Annihilation hits provide an option to reconstruct the position

of annihilation. Combining this information allows (2G) and (3G) to be treated as applicable

events for the positronium imaging. For this reason, these de�nitions are central to further

positronium imaging considerations.

Given the appropriate de�nition, simulated data can be used to calculate the sensitivity

at di�erent stages of the analysis and set of selection criteria. During generation, one can

extract the number of events that were generated and registered by the detector. Sensitivity

calculated as number of events selected by a given selection criterion divided by total number

of events generated is shown in Tab. 4.3 and 4.4. The �nal sensitivities for the analysis of

the (2G) and (3G) are equal to 1.17·10−6 and 0.41·10−6, respectively. This values covers

the probability of the photon hitting the detector, the probability of a single photon being

registered by the detectors (approximately 10%) and the chance that the photon will deposit

enough energy to be properly reconstructed. The main di�erence between the (2G) and

(3G) events, directly a�ecting the sensitivity, is the requirement to register an additional

annihilation photon.

Indeed, the e�ect of the probability of a photon hitting the detector is reduced by the

collinearity for (2G) and the coplanarness for (3G). This allows to assume that if the decay

plane intersects with the detectors, then all photons have a high chance of hitting the detector.

In such a situation, the total probability of several photons to hit a detection module is

reduced to a single probability of the intersection of the decay plane (line) with the detectors.

In addition, extending the cut to TOT for three-photon decays also reduced the impact of the

energy threshold, detectors, which de�ned the minimum energy that a photon must deposit

to be correctly reconstructed as a hit.

Additional information that can be obtained from the simulation is the purity of a given

selection criterion. Purity will be de�ned as number of true events (2G) or (3G) divided by

total number of events that passed given selection criterion. Purity for each selection criterion
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is shown in Tab. 4.3 and 4.4. One can notice the high purity in the analysis of the (2G) events

(94.71%) comparing to (3G) events (56.27%). This is mainly due to a less rigorous selection

of annihilation hits based on the TOT value. On the other hand, it allows to maintain quite

high sensitivity to (3G) events.

In particular, the Tab. 4.3 and 4.4 also includes the values for the last stage of the analysis,

which will be shown in the next chapter. There will also be an additional selection criterion

introduced in the next chapter, that will allow to distinguish between decay types and further

reduce scattering.

The last section of this chapter describes the division of the di�erent background sources

in the �nal data sample selected. It will especially help to show how di�erent type of the

background a�ects the �nal results.

4.6 Background estimation

There is a several types of the events that can constitute a background to previously de�ned

(2G) and (3G) events. Special attention can be paid to those with scatterings and their

erroneous assignment as hits originating from the original interaction of a given photon - an-

nihilation or deexcitation. This can happen when in a given event one of the primary photons

has not been registered and the remaining photons have been scattered more than once in

the sensitive part of the detector - scintillators. However, it only applies to confusing the

hit from the deexcitation photon as an annihilation hit, due to the fact that the deexcitation

photon has more than twice the energy of the annihilation photon. In fact it causes problems

in selection, especially for the low energies of deposition by the deexcitation photon. The

above cases shown schematically in Fig. 4.7, present the types of backgrounds, the fraction of

which can be estimated on the basis of simulation. In addition, di�erent types of events can

be reconstructed as a single event, increasing the impact of random coincidences.

There is also one type of background-event due to the cosmic rays. They are events, in

which muons coming from the showers produced by the cosmic rays reaching the surface of

the earth. Muons hitting scintillator of the J-PET detector can deposit energy around 1 MeV,

which can be mistaken with the deexcitation or annihilation photons. The number of cosmic

events that can pass a given stage of the selection process can be estimated from the separate

measurement without any radioactive source inside the detection chamber. It is worth noting,

that it covers also some part of the radiation that can come from background radiation, not

coming from cosmic rays.

Besides (2G) and (3G) de�ned in the previous section one can introduce additional cate-

gories of events:

(DeexScat) Event containing one true annihilation hit originating from two gamma decay or

less than three true annhilation hits originating from three gamma decay and one true

deexcitation hit from the same generated event. In addition there is one hit or more

coming from the scattering of the deexcitation photon, that was wrongly assigned as

annihilation hit. This category also includes a situation where all hits come from the

scattering of the deexcitation photon.
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Table 4.3: Sensitivity and purity of the data sample on each stage of the analysis

for the (2G) events. It should be emphasized that each criterion of data selection was

tested independently. This made it possible to select suitable candidates for the application

of a given selection criterion. The after selection stage represents a sample of data that

has been selected for the �nal analysis, i.e. lifetime analysis. Random coincidences were

not distinguished if they came from the same type of decays. In this table type (3G)

means incorrectly marked (3G) event as (2G) and is considered as an additional background

contributor. (DeexScat), (AnniScat) and (AnniMix) are types of events schematically shown

in Fig. 4.7.

Stage (2G)

of the Sensitivity Purity (DeexScat) (AnniScat) (AnniMix) (3G)

analysis [·10−6] [%] [%] [%] [%] [%]

Hit
TOT cut 15.59 34.62 7.89 13.63 41.80 2.06

selection

Distance 7.21 61.73 3.90 7.11 23.44 3.82

Data Time
4.76 54.28 7.04 7.17 27.02 4.50

di�erence

selection

Scater
5.40 55.13 5.44 11.38 27.82 0.22

test

After
1.17 94.71 0.44 1.84 2.10 0.90

selection

(AnniScat) Event containing at least one but not all of the true annihilation hits originating

from two or three gamma decay and one deexcitation hit from the same generated event.

In addition there is one hit or more coming from the scattering of the annihilation

photon, that was wrongly assigned as primary annihilation hit.

(AnniMix) Event containing at least two annihilation hits from the same generated event.

In addition there is an deexcitation hit that comes from the di�erent event.

All situations are shown schematically in Fig. 4.7. It is worth noting that the above

mentioned situations were not distinguished when the annihilation and deexcitation hits come

from various events - the so-called random coincidences. Such situations can be distinguished

in the simulation, but in principal they are not correlated in time and space, so they will not

be considered as a separate case.

Relative fractions of events introduced here at each stage of the analysis is shown in

Tab. 4.3 and 4.4. One can see, that the (2G) data sample is very pure after the analysis

with the highest impact of the coincidences of two- and three-photon decay as a background.

However, they will be clustered for the low time di�erences, considering the criterion of the

di�erence in time of annihilation hits and two di�erent decays coincidences. It is worth

noting, that the (AnniScat) events will follow the same distribution as the (2G), so it will
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Table 4.4: Sensitivity and purity of the data sample on each stage of the analysis

for the (3G) events. It should be emphasized that each criterion of data selection was

tested independently. This made it possible to select suitable candidates for the application

of a given selection criterion. The after selection stage represents a sample of data that

has been selected for the �nal analysis, i.e. lifetime analysis. Random coincidences were

not distinguished if they came from the same type of decays. In this table type (2G)

means incorrectly marked (2G) event as (3G) and is considered as an additional background

contributor. (DeexScat), (AnniScat) and (AnniMix) are types of events schematically shown

in Fig. 4.7.

Stage (3G)

of the Sensitivity Purity (DeexScat) (AnniScat) (AnniMix) (2G)

analysis [·10−6] [%] [%] [%] [%] [%]

Hit
TOT cut 12.36 21.04 11.99 6.74 34.02 26.22

selection

Distance 3.26 33.20 5.29 5.44 32.90 23.17

Data Time
4.08 17.73 10.00 18.02 22.20 32.08

di�erence

selection

Scater
3.26 11.53 10.14 2.11 39.06 37.15

test

After
0.41 56.27 4.73 14.46 10.88 13.66

selection

not change much the obtained results of the lifetime components. The same applies in the

situation of (3G) and corresponding (AnniScat) events. However in case of (3G) the purity

is on the level of about 56% with the highest impact of misidenti�cation of the three-photon

decay annihilation hits with those coming from the two-photon decay. Since this requires

the presence of three annihilation hits in some time window, event (2G) can be confused

with (3G) if this event is accompanied by a scattering of either a deexcitation photon or

one of the annihilation photons. Unfortunately, these events could not be separated by any

of the selection criteria used. This may be due to scatterings in the detector construction

or the annihilation chamber, that cannot be distinguished based on the reconstructed hits.

However, thanks to simulations, it is possible to successfully estimate each background source

and distinguish its in�uence, e.g. on the lifetime spectrum and it is possible to separate

the shape of the background from the shape of the analyzed decays. The decomposition of

the lifetime spectra onto di�erent components and distinguishing between true signal and

background will be shown in the next chapter. It can especially help in explanation of the

shape of the (3G) lifetime distribution, which is characterized by relatively low purity.
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Figure 4.7: Di�erent types of background events. When deexcitation photon and its

scatterings is registered by the detector, and one of the annihilation photons was not registered

(DeexScat) event is collected. There is also a chance that none of the annihilation photons will

be registered, but the deexcitation photon will scatter more than two times in the scintillators.

This situation is also included in the (DeexScat) category. On the other hand, when the

scattering from the annihilation photon is registered and one of the annihilation photons is

not, (AnniScat) is collected. The last type is the coincidence of two types of the decay, when at

least one annihilation photons is registered from two or more positron-electron annihilations.
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Chapter 5

Analysis of the positronium properties

with the J-PET detector

Positronium can bring a new perspective in many �elds like fundamental studies as rare and

forbidden decays, due to its simplicity as a two-body system [19�24]. It can even lead to the

development of imaging techniques bene�ting from its speci�c properties and especially its

ability to characterize nanoporosity [2, 3, 11, 61]. In this chapter, positronium in view of its

lifetime and the geometries of the two- and three-gamma decays will be described. This is

possible based on the estimates made in the previous chapter.

Chapter will start with the evaluation of the J-PET detector in view of the determination

of the positron lifetime spectrum. Additional speci�c selection criteria will be described

allowing to distinguish di�erent types of the decay represented by (2G) and (3G) and also

to reduce scatterings [96]. Also besides analysis of the positronium properties, last source

of the background will be estimated based on the analysis of the measurement with cosmic

radiation only. At the end, determination of the decay constant will be obtained based on

the comparison between (2G) and (3G) in view of the positron lifetime spectra.

5.1 Photon scattering suppression

The �rst part of the analysis focuses on the positron lifetime distribution estimation in XAD4,

the measurement details of which are described in Sec. 2.2. The simplest type of the event that

can be used for the estimation of the lifetime of positron is when there is only one annihilation

and only one deexcitation hit reconstructed in a given event. This type of event was already

used in the time calibration process based on the lifetime distribution. The requirement for

single hits in an event reduces ambiguity in the selection process. It is worth noting, that pair

of hits registered in such events mimics the standard PALS apparatus [110].

Unfortunately, this limits the amount of information that can be obtained from this type

of event in the data selection process. The selection criteria introduced in Sec. 2.4 without

cut on the TOT, cannot be used here and therefore it can increase the e�ect of scatterings in

the obtained results. However, it is possible to reduce the scatterings by assuming that there
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Figure 5.1: Scattering reduction and its impact on the lifetime spectrum. Exper-

imental data. Scatter test de�ned in Eq. 2.1 can reduce scatterings in the data sample.

However, when calculating scatter test between annihilation-deexcitation hits pair some real

coincidences can be accidentally rejected. It can disturb lifetime distribution in the range

of the time di�erences that corresponds to the maximal distance between two detectors. It

is shown for di�erent values of the cut-o� on the scatter test on the top. Other method of

reducing scatterings is the angular cut on the angles for which the scattering is at most prob-

able. (bottom) The comparison between cut on the scatter test and by angle cut described in

this section is shown on the bottom. Distribution with the scattering suppression by angles

is normalized to the background level. One can see that, reducing scattering by angles does

not disturb the LFpositron distribution, but it reduces some scatterings near the peak.

are some relative positions of a pair of detectors which have an increased probability of

observing consecutive scatterings of a single photon. To show this, scatter test de�ned in

Eq. 2.1 will be used, however not directly.

At the beginning, it is worth explaining why the scatter test cannot be used directly as

a selection criterion on events of this type. This is because this test can a�ect the positron

lifetime distribution. One can imagine what is the highest time di�erence that can be regis-

tered between two consecutive scatterings of a single photon. It will come from the longest

distance between two scintillators in the J-PET detector, which corresponds to a pair of scin-

tillators from the last, third layer that lie opposite in respect to the center of the detector.

Considering only XY plane, the radius of the third layer is equal to 57.5 cm, then the longest

distance
(
dXYmax

)
will be equal to 115 cm. When one adds the maximal di�erence of the Z

positions
(
dZmax

)
of the reconstructed hits equal to the length of the scintillator equal to 50

cm, then the maximal distance (dmax) between any two hits will be

dmax =

√(
dXYmax

)2
+
(
dZmax

)2
= 125.4 cm.

According to Eq. 2.1, dmax corresponds to a maximum time di�erence of 4.18 ns. This
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results in an increased chance of accidentally classifying a real event as a scattering event,

in the range [−4.18, 4.18] ns. Therefore, lifetime distribution based on the time di�erence

between two hits can be arti�cially reduced in this range, complicating process of estimation

of the mean lifetime, especially when the mean lifetime is lower or in the range of 2 ns. The

issue for di�erent cuts on the scatter test is shown in Fig. 5.1.

To overcome this problem, the scatter test will �nd application in a di�erent way, to

�nd pairs of hit that have the highest probability to origin from the scattering of a single

photon. In the J-PET detector there is some scatterings that are more preferable to detect.

To visualize that, it will be helpful to de�ne scattering angle, as angle between direction of the

primary photon and the direction of the scattered photon. There are two exemplary situations

of scatterings shown in Fig. 5.2. In the �rst situation, when the primary photon scatters at

the α1 angle, the scattered photon can only be detected in one scintillator in the third layer.

Probability of observing such scattering angle (P1) is proportional to the distance that the

scattered photon travels through the active part of the detector, which is the scintillating

area. Therefore, it is proportional to the size of single scintillating strip. In the second

situation primary photon scatters at angle α2, but in contrast scattered photon on its way

to the scintillator in the third layer it can pass through three other scintillators. Distance in

the active part of the detector will be then approximately four times greater compared to the

�rst situation. One can conclude, that the probability of observing such scattering angle (P2)

is four times greater than it is for angle α1.

As a geometric indicator to classify potential scattering, the scattering angle will be cal-

culated between the pair of hits (hit1, hit2) which are ordered in time, as in Fig. 5.2. One can

start by selecting events where exactly two hits are reconstructed - one annihilation and one

deexcitation categorized by the TOT selection shown in Fig. 2.5. As a next step ST (Eq. 2.1)

is calculated for such events. If the ST value will be in the yellow range from Fig. 2.5, de�ned

on range [−0.5, 0.5] ns such event is categorized as potential scattering.

The 0.5 ns cut-o� was chosen to cover the di�erences due to the assumed time resolution

(σt ≈ 160 ns) as well as the accuracy of the hit position determination (σZ ≈ 3 cm, σX,Y ≈
0.72 cm). σt can be estimated based on the lifetime spectrum, what will be shown later in

the next section. One can show that, when the Z position is determined based on the time

di�erence between two signals, then each signal time is smeared with σt then σZ =
√
2·σt
v

,

where v is the mean velocity of light in scintillator equal to 12 cm/ns. When it comes to

X(Y) position, its uncertainty comes from the assumption that hit position was always in the

centre of the scintillator in X(Y) plane and it is connected to the dimension of the scintillator.

Uncertainty of determining position can in�uence uncertainty of the calculations of the ST,

therefore σST it can be calculated as

σST
2.1
=

√(√
2σt

)2
+
(σpos

c

)2
= 0.238 ns,

where c is the speed of light in vacuum and σpos =
√

(σXY)2 + (σZ)2 is the total uncertainty of

the hits' position and σXY =
√

(σX)2 + (σY)2 =

√(
width=0.7 cm√

2

)2
+
(
height=1.9 cm√

2

)2
. To cover

all potential scatterings value of 2σST was chosen as cut-o�.
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Figure 5.2: Scattering angle de�nition for the J-PET detector. Two exemplary scat-

terings that can be observed by the 192-strip J-PET detector. Primary photon (black solid

arrow) interacts in the scintillator from the �rst layer (black circle) and then interacts once

again in the scintillator in the third layer (red circle). Depending on the scattering angle,

a di�erent number of other scintillators may stand on the path between the �rst scintillator

and the second scintillator, thereby increasing the probability of observing scattering from

a given angle α1 or α2.

Next for potential scattering events scattering angle is calculated, when the second hit

in time is treated as a primary scattering. Distribution for such events is shown in Fig. 5.3.

One can see there is some increased probability of observing certain scattering angles, that is

coming from the geometry of the J-PET detector. Indeed, there are three ranges of scattering

angles that can be distinguished - in Fig. 5.3 marked by blue, yellow and red. Blue range

indicates situation in which scattered photon can deposit energy in two potential detector on

its way - in the second and then in the third layer. Therefore, such scattering angles can be

obtained for two di�erent pairs of detectors - primary hit in the �rst layer with secondary hit

either in second or third layer. It increases chance of observing blue angles by two, comparing

to angles where scattered photons can be registered in only one detector. In the yellow range,

this e�ect is even greater, because for some angles there is a chance for multiple scintillators

to pass, even a few strips in the �rst layer itself. Multiple scintillators in a single layer on the

path of the photon increases the probability of observing such photon even 4 or 5 times, what

can be deduced from the scattering angle distribution. The last red range di�ers from the

yellow one in that it has no chance of passing through several modules in one layer. However,

there is still a chance of passing single detectors from all three layers, in contrast to the blue

range.
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Figure 5.3: Scattering angle distribution for the J-PET detector. Experimental data.

Scattering angle distribution for events with one deexcitation and one annihilation hits in

event, where primary hit, de�ned in Fig. 5.2 is the �rst hit in time. Distribution is normalized

to the maximum. The areas marked in red, yellow and green represent the scattering angles

for which there is an increased chance of observation.

5.2 Positronium lifetime in XAD4

Lifetime spectrum can be collected for events mentioned in the previous section - events

with exactly one annihilation and one deexcitation hit. In order to reduce the amount of

scatterings from selected events, a criterion based on the previous section consideration will

be formulated. As it was described brie�y, hard cutting based on the scatter test can disturb

lifetime spectrum. Therefore, a di�erent approach will be taken which is not based on time.

Events with geometrical con�gurations most likely to arise from single photon scattering will

be rejected.

For every event selected for estimating lifetime of positronium (1 annihilation + 1 deex-

citation) scattering angle will be calculated, according to the convention shown in Fig. 5.2.

The Hit1 is the �rst hit in time reconstructed, no matter if it is categorized as annihilation

or deexcitation. When the calculated scattering angle belongs to the range marked in blue,

yellow or red in Fig. 5.3 it will be rejected. Positron lifetime in an event will be estimated as:

LFpositron (HitAnni,HitDeex) = temissionAnniHit − temissionDeexHit , (5.1)

where temission is the time of a given hit corrected on TOF - subtracted by the time that

photon needed to travel from the assumed position of the source to the reconstructed position

of the hit. HitAnni and HitDeex corresponds to the only one annihilation hit and the only one
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deexcitation hit in considered event.

LFpositron distribution for events ful�lling TOT classi�cation and not rejected by the scat-

tering angle condition can be seen in Fig. 5.4. One can easily �nd long decaying tail coming

from the o-Ps annihilations, and peak around zero coming from short decaying direct annihila-

tions and the annihilations of p-Ps. However, clear decomposition onto di�erent components

can be obtained by �tting multi-exponential model, mentioned in the Sec. 4.2. To �t the

model to obtained distribution PALS Avalanche was used.

As a �rst step of the �tting one needs to assume number of positron annihilation compo-

nents that can be observed in the measured sample and the initial values of the components

parameters like its mean lifetime and intensity. It may be helpful to measure the sample on

another system that has already been checked for decomposition of positron lifetime distri-

butions. The results of the positron lifetime analysis in XAD4 made on the standard PALS

system [29] is given in Tab. 5.1. LFpositron distribution with �t is shown in Fig. 5.4 and the

results from �tting are given in Tab. 5.1.

Figure 5.4: LFpositron distributon in the XAD4 [95]. Experimental data. Events with

exactly one annihilation hit and the exactly one deexcitation hit, can be used for the collection

of the LFpositron distributon in the studied sample. Resulting LFpositron distributon from the

measurement with XAD4 is shown here. Red line indicate the �t from the PALS Avalanche

software. The �t is quite good (R2 = 0.999) as can be seen also for the distribution drawn in

a narrower range. The �tting results are given in Tab 5.1.

Values obtained from the �t is in agreement with the results from the standard PALS

system, proving that the J-PET detector allows to study positronium decays and di�erentiate

between its di�erent decay modes. It is important, as thanks to the geometry of the detector
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Table 5.1: Fit results from [29] and from the J-PET detector.

Parameter Result from [29]
Result from

the J-PET detector

σ1 [ns] 0.126 0.223 (01)

Ig1 [%]] 83.9 66.5 (0.1)

σ2 [ns] 0.202 0.518 (02)

Ig2 [%]] 16.1 33.5 (0.1)

τsource [ns] (�xed) 0.374 0.374

Iesource [%] (�xed) 10 10

τ1 [ns] (�xed) 0.125 0.125

Ie1 [%] no information 40.63 (01)

τ2 [ns] no information 0.527 (01)

Ie2 [%] no information 26.88 (01)

τ3 [ns] 2.45 (25) 2.165 (01)

Ie3 [%] 3.3 (0.6) 4.75 (01)

τ4 [ns] 10.2 (0.6) 10.92 (03)

Ie4 [%] 2.8 (0.5) 2.55 (01)

τ5 [ns] 90.8 (1.2) 90.99 (04)

Ie5 [%] 44.8 (0.4) 25.74 (01)

it is possible to study all of the positronium decays geometries simultaneously and correlations

between them. Next section will show how to select events that are coming from the 2G and

3G annihilation of positron-electron pair, and then such events will be further analyzed.

5.3 The distinction between two and three gamma decay

The basic distinction between di�erent states of positronium can be the mean lifetime and

the geometry of the decay. Mean lifetime can be a good discriminator due to a three-order

of magnitude di�erence between p-Ps and o-Ps in a vacuum, however as shown in Fig. 5.8

the lifetime distribution of the p-Ps and o-Ps can overlap for very small values. Moreover,

the mean o-Ps lifetime may be shortened in matter, due to the pick-o� process or ortho-

para conversion [54, 55]. In that situation, more strict may be the geometric criterion which

is speci�c for di�erent decays, to two or three photons. For the new geometric criterion

distinguishing the di�erent types of positronium decays it will be useful to de�ne the angle

(θij) between i
th and jth hit as

θij = acos
(−−−−−−−→
PositionHiti ◦

−−−−−−−→
PositionHitj

)
/|PositionHiti ||PositionHitj |, (5.2)

where ◦ is scalar product,
−−−−−−−→
PositionHiti is a vector from the centre (0,0,0) to the Hiti position

and |PositionHiti | is the length of that vector. In other words θij is the angle between two points
measured from the center of the coordinate system. As it can be seen in Fig. 5.5 di�erent

types of events can be distinguished based on the sum of angles between annihilation hits.
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Figure 5.5: Distinction between di�erent decay modes based on the angle. Experi-

mental data. In the case of events with three annihilation hits, di�erent modes of positronium

decay and the double scattering of the annihilation photon can be distinguished. Given the

three annihilation hits, the angles between their positions can be computed so that θ12, θ23

and θ31 are arranged in ascending order. This convention makes it possible to distinguish true

three-photon decays (θ12 + θ23 > 180o) from two-photon decays (θ12 + θ23 = 180o) and from

part of double scatterings (θ12 + θ23 < 180o). Note that in the case of a two-photon decay,

the third hit, which is not from the original annihilation photon, may also come from the

deexcitation photon or its scattering, as it will not change the sum of the two smallest angles.

The distribution of the sum of the two smallest angles relative to their di�erence shows how

the previously described types of events are distributed.

The criterion de�ned in Fig. 5.5 can be applied not only to events with three annihilation

hits. Considering (2G) the type of event, a hit from the deexcitation photon can be a third

hit to calculate the angles between hits. Indeed, wherever the third hit is recorded, as long

as the event has photons from the decay into two, the sum of the two smallest angles will
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always be 180 degrees, calculated from the position of annihilation. Details of the position

reconstruction algorithm was described in Sec. 2.1 for the two gamma decay, and in Sec. 4.1

covering three and higher gamma decays. The next section show the result and it will be

focused on the analysis of the annihilation of positron-electron pair to two photons, in view

of the lifetime analysis and position reconstruction.

5.4 Analysis of the annihilations into two photons

The key process that enables PET imaging is the decay of the positron-electron pair into two

photons. Its decay geometry, consisting of two photons �ying approximately in one straight

line (LOR), makes it possible to determine the position of annihilation along LOR based on

the time di�erence. Two-photon decays are also an important structural determinant. It is

worth recalling that in addition to p-Ps and most of the direct annihilations of a positron

with an electron, o-Ps can also decay into two photons, for example by pick-o� or ortho-para

conversion. It can be easily shown that the more decays into two photons, the shorter the

mean lifetime of o-Ps, following Eq. 1.1. In inorganic matter, this would correspond to smaller

pores (free volumes) [25�28]. In organic matter, the impact of changes in o-Ps mean lifetime

is still under investigation [63,79�82]. First hypothesis states, that it may be related more to

the amount of free radicals or oxygen molecules in the tested sample, than to the size of free

volumes.

Linking the o-Ps mean lifetime to an annihilation position distribution map may enable

the so-called positronium imaging, introduced in Sec. 6. It will be an object of study in the

next chapter showing the �nal results of the thesis. But �rst it is important to correctly

select the events that make it possible to determine the position and lifetime of individual

positrons. The �rst candidate for such events are (2G) events which, thanks to the presence

of annihilation hits, allow to mark the position of annihilation, and an additional deexcitation

hit allows to determine the time after which a given positron annihilated. This type of event

is the most numerous of those meeting this criterion as it requires the observation of the

smallest number of photons. The next event candidate - (3G) will be studied wider in the

next section.

Another possible application of the separation of various types of positronium decays may

allow for a closer examination of other properties of positronium, such as the determination

of the decay constant described in Sec. 5.7. The selection process has already been presented

previously by the appropriate selection criteria given in Sec. 2.4. (2G) events will be considered

in these section consisting of two annihilation and one deexcitation hits in an event. From

the previous section one can distinguish two photon from three photon decay based on the

sum of the two smallest angles between annihilation hits. For the sake of completeness of the

criterion, the deexcitation hit may be taken as the third hit, or simply instead of the sum of

the two smallest angles, the smallest angle between the annihilation hits may be taken.

When the sum of the two smallest angles (smaller angle) between annihilation hits is in the

range of [175o, 185o] it will be treated as a two photon decay candidate and analyzed further.

Also, by looking at the distribution shown in Fig. 5.5 one can see the diagonal pattern formed

by the scattering between neighbouring scintillators, which is the most common as it can be
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seen in blue and yellow range in Fig. 5.3. The schemes of such scatterings and their presence

on the angle distribution de�ned in Fig. 5.5 are shown in Fig. 5.6. It is worth noting that

if a scattering occurs between adjacent scintillators creating an angle between hits equal to

θ12, then all such events will occur on the line given as f(x) = f (θ12 + θ23) = θ23 − θ12 =

θ12 + θ23− 2 · θ12 = x− 2θ12. In addition, the resulting lines will be parallel to any other line

formed by a di�erent minimum angle. To reduce the impact of such scatterings, an additional

Figure 5.6: Rejection of the scatterings for the (2G) events. Experimental data. Four

examples of scattering between adjacent scintillators, marked by blue, green, yellow, and red.

Schematically marking where selected scatterings will be on the di�erence between the two

smallest angles (θ23 − θ12) over their sum (θ12 + θ23) distribution.
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cut was made on the di�erence between the two smallest angles to be less than 130o, yielding

the �nal data sample for the analysis of the two photon decays.

Figure 5.7: Images of the annihilation position for the selected (2G) and (3G)

events. Experimental data. Distributions of the reconstructed annihilation positions for

(2G) (top) and (3G) (bottom) events in the XY plane (left) and in Z (right).
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Figure 5.8: Lifetime distribution from the analysis of the (2G) events. Experimental

data. Positron lifetime distribution with the �tted components drawn separately (top) and

cumulatively (bottom)

For the selected data sample of (2G) events one can reconstruct position of every single

annihilation of a positron with an electron, like it was shown in Fig. 2.1 and the lifetime of
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positron as

LF
(2G)
positron =

tAnniHit1 + tAnniHit2
2

− tDeexHit. (5.3)

In the above equation, tAnniHit1 and tAnniHit2 stands for the reconstructed time of the �rst and

the second annihilation hit, respectively, where tDeexHit is the time of the only one deexcitation

hit in an event.

Distribution of the annihilation positions is shown in Fig. 5.7 (top). It allowed to es-

timate the position of the chamber with the source and the tested sample as (x, y, z) =

(−0.06 cm,−0.06 cm,−0.08 cm). In Fig. 5.8 there is positron lifetime distribution for (2G)

events estimated as in Eq. 5.3 with �t performed in the PALS Avalanche software. Results

from the �t is shown in Tab. 5.2. One can see that the results are smaller to one given in

the [95] and the uncertainties are also smaller comparing to results given in Tab. 5.1. One

can conclude, that the data sample after used selection criteria is much cleaner comparing to

the events with the only one annihilation and deexcitation hits, and there may be some cor-

relation of decay constant of the pick-o� process over time, reducing e�ectively mean lifetime

of such component. The next section will show the analysis for (3G) events, but the (2G)

event will �nd another application in the determination of the decay constant in the Sec. 5.7.

Table 5.2: Fit results for (2G) and (3G) events. Intensity of the source component

is subtracted from the total intensity of the lifetime components. High value of σ for (3G)

events is probably caused by low number of events creating lifetime spectrum, and the

calculation of the time di�erence from four hits.

Parameter Result for (2G) Result for (3G)

σ [ns] 0.243 (01) 0.594 (09)

Ig [%] 100 100

τsource [ns] (�xed) 0.374 -

Iesource [%] (�xed) 10 -

τp-Ps [ns] (�xed) 0.125 -

Iep-Ps [%] 33.72 (11) -

τdirect [ns] 0.404 (01) 0.734 (17)

Iedirect [%] 36.84 (04) 34.08 (24)

τo-Ps1 [ns] 2.77 (04) 2.77 (�xed)

Ieo-Ps1 [%] 4.77 (04) 0.26 (08)

τo-Ps2 [ns] 10.50 (17) 10.50 ((�xed)

Ieo-Ps2 [%] 3.85 (01) 0.52 (23)

τo-Ps3 [ns] 90.33 (05) 90.33 (�xed)

Ieo-Ps3 [%] 20.82 (05) 65.15 (44)

Adjusted R2 0.9991 0.9886

Reduced χ2 1.0374 1.2275
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5.5 Analysis of the annihilations into three photons

Analysis of the (3G) events will be no much di�erent from the analysis of the (2G) events

shown in the previous section. However, because a di�erent type of positronium decay will be

investigated - on three photons, some methods must be di�erent, such as for example position

reconstruction or the TOT cut. Because the mean photon energy for the three-photon decay

is lower than it is for the two-photon decay, annihilation photon cut for analysis of the (3G)

events was extended to 1 ns. It is worth to notice, that another area of the angle distribution

shown in Fig. 5.5 - red one will be studied in this section.

After the correct data selection, the main part of (3G) events should be the decays of ortho-

positronium into three photons. Of course, it is worth remembering that a small number of

decays may occur from the direct annihilation of the positron-electron pair. From the �t to

the (2G) lifetime distribution one can estimate that 36.84% of the positrons annihilate in

XAD4 directly with an electron. In addition, with the assumption that 1/374 of the direct

annihilations occurs with emission of three photons, that corresponds to 36.84%/374 = 0.1%

positrons that can give signal to (3G) events. Data selection described in Sec. 2.4 were at

�rst applied for (3G) events. Then the angle criterion shown in Fig. 5.5 was applied to choose

proper decays of o-Ps into three photons. It allowed to reduce scatterings and events from

di�erent sources of background in the data sample. However, there can be still some part of

the background not rejected by it what will be shown later based on the simulation results.

Before showing the results from the selected data sample one can start with highlighting

why it is worth to study di�erent types of decays of positronium separately. Having selection

methods that allows to distinguish di�erent decays one can not only �nd relative probabilities

of a given decay but also to study its speci�c properties, like angular distribution. It can

also help to �nd fractions of the forbidden and rare decays of the positronium, like p-Ps

decay into three (forbidden) or four (rare) photons. An example of analysis and separation

of positronium decays into three photons will prove that the J-PET detector is able to study

and separate various positronium decays.

Method of the reconstruction of the position of the o-Ps three photon annihilation was

already described in Sec. 4.1. It allowed to collect (3G) annihilation position distribution

from the measurement, what is shown in Fig. 5.7 (bottom). Lifetime of positron calculated

as

LF
(3G)
positron =

tAnniHit1 + tAnniHit2 + tAnniHit3
3

− tDeexHit, (5.4)

was used for the selected event. Similar as in the previous section tAnniHit1, tAnniHit2 and

tAnniHit3 stands for the reconstructed time of the �rst, the second and the third annihilation

hit, respectively, where tDeexHit is the time of the only one deexcitation hit in an event.

Resulting lifetime distribution with �t is shown in Fig. 5.9.

Fitting of the lifetime spectrum, due to the low total number of counts in the spectrum

was performed by �xing mean lifetime of the o-Ps components on the values obtained from

�tting (2G) spectrum. Fitted spectrum is shown in Fig. 5.9. Surprisingly, the intensity of

the component with a low average lifetime, interpreted as the one coming from the direct

annihilation of the positron with the electron, is high. From the theory it should not exceed

1% of the total intensity of the o-Ps components. This is where simulations come in handy to
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Figure 5.9: Lifetime distribution from the analysis of the (3G) events. Experimental

data. Positron lifetime distribution with the �tted components drawn separately (top) and

cumulatively (bottom).

estimate the e�ect of di�erent background types on the �nal spectrum. Decomposition of the

lifetime spectrum onto di�erent background types listed in Sec. 4.6 based on the simulation

is shown in Fig. 5.10. The high convergence of the obtained simulation results with the

86



measurement data allows to answer the question of the main origin of events with very low

lifetimes. One can deduce, that the peak around zero in the lifetime spectrum is mainly due

to event-related (2G) scattering. There is still some discrepancies between the data and the

simulation in the peak ( 360 events), that were not explained by the simulations. However,

as it will be shown in the next section, in�uence of the cosmic radiation may be the last piece

of the puzzle. It is also the only background type that has not yet been simulated by the

software used to simulate the J-PET detector measurement.

Figure 5.10: Lifetime distribution decomposed onto di�erent types of events [96].

Experimental data. Lifetime distribution for (3G) events from Fig. 5.9 is compared with the

distribution coming from the simulations. The simulated bin is divided into bins from di�erent

event types, such that the sum of the divided bins gives the simulation bin value (drawn

cumulatively). One can them decompose simulated distribution onto di�erent components

coming from the signal (3G) and the various types of backgrounds - scatterings with (2G)

events, (3G) event but with at least one annihilation hit coming from the scattering of the

deexcitation hit and the event with mixed origin (coincidences of (2G) and (3G) events).

However there is still some di�erence in the peak, that was not explained by the simulations.

Nevertheless, it was possible to select three-photon decays from the data with fairly good

accuracy, what was proven by the resulting lifetime distribution. The remaining remnants

of other types of events were successfully separated on the basis of simulations. This is

a promising �nding in future studies of rare positronium decays or other de�ned unstable

systems.
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5.6 Cosmic rays in�uence

Cosmic rays consisting mostly of high-energy protons and nuclei originating from the sun, can

create secondary particles in the high levels of the atmosphere. Secondary particles produced

in this way (mainly muons) can be registered by detectors close to the Earth's surface. For

example, µ+ with an energy of 4 GeV [111] can deposit in the plastic scintillators used in the

J-PET detector with dimensions given in Section 2.1, an average energy of about 1.2 MeV.

For this reason, they can be confused with annihilation or deexcitation photons studied in the

measurement with XAD4. Due to the fact that cosmic rays can create the so-called particle

showers, the J-PET detector is even able to register a few muons in a small time window. As

a result, it is possible to reconstruct the entire event, which consists only of hits from cosmic

rays.

If there are some events in the data that do not come from the analyzed decays, they may

distort the analysis results if they are not �ltered out. Just �ltering out unwanted cosmic

ray events is very di�cult as the resulting muons do not have a simple timing or geometric

correlation. The energy criterion in the absence of a signal from the photoelectric e�ect is also

a weak condition for data selection. In the literature there is a method based on an additional

detector, the so-called Veto detector that helps to �nd events with potential cosmic hits by

studying coincidences between Veto and the rest of the detection modules.

For the J-PET detector, additional measurement was conducted, in order to estimate how

the cosmic radiation can be reconstructed by the reconstruction procedures. The (cosmic)

measurement without source in the detection chamber lasted 66 hours, compared to the 27-

day measurement with XAD4. The in�uence of the cosmic radiation on the (3G) events was

estimated, that possibly can help in explaining possible discrepancies between simulations

and the data. The same cuts were applied on the data coming from the cosmic measurement

as it was for the XAD4 measurement.

Resulting lifetime spectrum is shown in Fig. 5.11. One can notice, that all of the 37 events

reconstructed from the cosmic run are concentrated around zero at 7 ns of the maximum

di�erence from zero at the lifetime spectrum. It also shows that the selection criteria were

not able to reject these events. However, obtained distribution can be used to estimate how

much, and in which range, cosmic radiation can in�uence (3G) lifetime distribution.

For comparison between cosmic measurement and the measurement with the XAD4, ob-

tained distributions must be multiplied by the fraction of time (FT) that will cover time

di�erence between those two runs

FT =
66 h

27 days
=

66 h

648 h
= 9.82. (5.5)

Therefore, number of cosmic events that could be part of the (3G) selected events, will be

around 383 events. It corresponds to the 2% fraction of the (3G) lifetime spectrum, but they

will be most probably only in the range up to [-7.7] ns. When one take the di�erences between

the simulated and measured lifetime distribution shown in Fig. 5.10, the 2% impact of the

cosmic radiation allows to complete the interpretation of the whole spectrum (3G), at least

in terms of the uncertainty of the simulations obtained.

It is worth mentioning that in the sourceless measurement used to estimate the e�ect of
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cosmic rays, it also includes signals from other radiation unrelated to those originating from

the 22Na radioisotope. Thus, additional measurement without source inside the detection

chamber may allow the impact of all external sources to be estimated. In the last section

�nal analysis of the decay constant from the comparison between lifetime spectra for (2G)

and (3G) events.

Figure 5.11: Lifetime distribution obtained from the measurement with cosmic

radiation only. (left) Simulated energy distribution for muons (µ+) with initial energy of 4

GeV deposition energy in the J-PET detector. (middle) Diagram of the cosmic shower passing

through the J-PET detector from above. (right) Experimental distribution of the events from

the cosmic measurements that passed the selection criteria for (3G) events.

5.7 Decay constants determination

The one additional task that can be done in the context of the analysis of the lifetime distribu-

tions is the determination of the decay constant of the o-Ps. Precise experimental determina-

tion of the o-Ps decay constant may assist in verifying this value determined theoretically [41].

At the beginning, one can start by introducing a decay constant characterization. Namely,

the mean lifetime (τ) of some particle is related to the decay constant (λ) as follows

τ =
1

λ
. (5.6)

Given the positronium and its two states p-Ps and o-Ps, their decay constants in a vacuum

are given as [112,113]

7.9852
1

ns
= λp-Ps

Eq. 5.6
=

1

τp-Ps
=

1

125.23 ps
, (5.7)

7.0399
1

µs
= λo-Ps

Eq. 5.6
=

1

τo-Ps
=

1

142.05 ns
. (5.8)

In matter, mean o-Ps lifetime can be shorten due to the interaction with electrons (pick-

o�) or para-magnetic oxygen molecules (ortho-para conversion), what was wider described in
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Sec. 1.3. However, when considering only the pick-o� process the decay constant for o-Ps in

matter (τmattero-Ps ) can be expressed as

τmattero-Ps

Eq. 5.8
=

1

λmattero-Ps

=
1

λo-Ps + λpick-o�
, (5.9)

where λpick-o� is the decay constant of the pick-o� process, resulting in the shortening of the

mean lifetime of the o-Ps τmattero-Ps < τo-Ps.

Figure 5.12: Determination of the models describing (2G)/(3G) distributions. (mid-

dle, top) Normalized distribution of (2G)/(3G) for the simulated (red) and the experimental

(black) data. (left, bottom) Fitted distribution of (2G)/(3G) for the simulated data with

Model1 (green line). (right, bottom). Fitted distribution of (2G)/(3G) for the experimental

data with Model2 (blue line).

A common assumption during analysis of the positronium lifetime is that the decay con-

stant of the pick-o� process is constant over time. However, this assumption is not always

true causing dependence of the decay constant - λpick-o� (LFpositron). This relationship comes

90



from the interaction of o-Ps with electrons from matter at low o-Ps velocities. Indeed, the

probability of o-Ps collision with the electron will depend on the o-Ps velocity and thus may

a�ect the chance of the pick-o� process. This has very serious consequences as the mean

lifetime of o-Ps may be di�erent in di�erent parts of the lifetime spectrum τmattero-Ps (LFpositron).

Some studies have already been carried out to determine this relationship [114�117].

It is worth reminding that the number of the decay into three photons for a given o-Ps

component depends on the mean lifetime, following Eq. 1.1. This can be used for comparing

the positronium lifetime distributions for two-photon (2G) and three-photon (3G) events.

Distributions shown in Fig. 5.8 and 5.9 will be explained by the same decay constant set for

di�erent o-Ps components. It has already been shown in Tab. 5.2, that the relative intensities

for di�erent o-Ps components (2.5, 10.4 and 90.3 ns) are di�erent for di�erent type of the

decay. The intensities of the short-lived o-Ps components will be lower for three-photon

decays, which is also con�rmed by the Eq. 1.1. When dividing distribution for (2G) events

by distribution for (3G) events, it will results in di�erent fraction of components for di�erent

ranges of time as it is shown in Fig. 5.12. The most interesting e�ects can be seen in the

range where the in�uence of the longest component, in terms of mean lifetime, will start to

be predominant. It can be observed for time di�erences larger than 50 ns, where the impact

of the component with an average lifetime of 10 ns will be negligible, and the signal will only

come from the longest component (90 ns). For larger time di�erences, the distribution for

(2G) and (3G) should be then characterized by the same o-Ps component.

If one divide distribution of LF
(2G)
positron by distribution of LF

(3G)
positron, the resulting distribution

(2G)
(3G)

will be a function of λpick-o� and λo-Ps. Indeed, the loss of the (2G)
(3G)

, comparing to the

accidental coincidences level, is corresponding to those ortho-positronia, that should decay

into two photons due to the pick-o� process, but due to the low velocity of the o-Ps it self-

decayed with emission of three photons. In addition, λpick-o� for a given time t corresponds to

the number of o-Ps that annihilate via the pick-o� process, so in other words the number of

events in the LF
(2G)
positron with bin related with time t. Therefore, the division of the LF

(2G)
positron

by distribution of LF
(3G)
positron, should correspond to the fraction of the decay constants.

The pick-o� decay rate λpick-o� as a function of time (t) can be divided into two components

λpick-o�(t) = λvpick-o�(t) + λ0pick-o� = λo-Ps

(
F (2G)

(3G)

(t) + Cb

)
, (5.10)

where F (2G)
(3G)

is a function that expresses the dependence of the pick-o� decay constant over

time
(
λvpick-o�

)
which can be extracted from the distribution derived from dividing the positron

lifetime distribution for events (2G) by the corresponding distribution for events (3G). λ0pick-o�
and Cb are the parameters connected to the constant fraction of the λpick-o�. It can be easily

seen that

Cb
Eq.5.10

=
λ0pick-o�
λo-Ps

. (5.11)

91



Figure 5.13: Ortho-positronium decay constant determination by the J-PET detec-

tor. Experimental data. (lfet, top) Positron lifetime distribution for (2G) event with �tted

model given in Eq. 5.16, in di�erent ranges from 80 ns to 400-800 ns. (left, bottom) λo-Ps
value and its uncertainty changes in di�erent �tting ranges, characterized by end of the �t

range. By extrapolating λo-Ps with the uncertainties to the in�nite ranges the limit value of

the λo-Ps was estimated to 0.00703996 (71) ns−1, what correspond to the mean lifetime of

the o-Ps in vacuum to 142.046 (14) ns. (right, top) Comparison of the other experimental

values [114�117] of the λo-Ps with the value obtained for the J-PET detector. The theoretical

value of 0.00704 ns−1 is marked by red, dashed line.

In particular, one can show that Cb should be a function of Cb (λbulk). λbulk is interpreted as

a decay rate of the o-Ps in bulk (dense matter). Value of the λbulk is often taken as 2 ns−1,

but it could change in various media and conditions, as it depends on the relative fraction

of the formation probability of o-Ps to p-Ps [71]. Going back to the Cb, following de�nition

from Eq. 5.9

λmattero-Ps

Eq.5.9
= λo-Ps + λ0pick-o�, (5.12)
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when on the other hand λmattero-Ps can be also expressed as for example in [71]

λmattero-Ps

Eq.5.9
= P · λbulk + (1− P) · λo-Ps, (5.13)

where P is interpreted as the probability of the annihilation of the o-Ps via pick-o� process.

Parameter P will depend on the measured sample and can therefore be obtained with pick-o�

models [25�28] with a known value for the pore size in the sample. Comparing Eq. 5.12 and

5.13, one can obtain expression for the λpick-o� as a function of λbulk

λ0pick-o� = P (λbulk − λo-Ps) . (5.14)

and therefore Cb is given as

Cb
Eq.5.11,5.14

=
P (λbulk − λo-Ps)

λo-Ps
. (5.15)

In conclusion, the decay constant characterizing the measured o-Ps lifetime distribution can

be expressed as a function of the two parameters, which are closely related to the properties

of o-Ps in two opposite media - vacuum (λo-Ps) and matter (λbulk).

To estimate the fraction of the scatterings in the (2G)
(3G)

distribution that survived selection

criteria and could also form an excess of the three-photon decays, comparing to the two-

photons', simulated distribution was used. During the simulation, no dependence of the

pick-o� decay constant on time was assumed. To extract the real excess of the three-photon

decays, the experimental distribution of (2G)
(3G)

was �tted by a sum of the simulated distribution

of the scatterings and the exponential decay (F (2G)
(3G)

= Model1 - Model2 from Fig. 5.13), that

modelled
λpick-o�
λo-Ps

. It allows to expand the model of the LF
(2G)
positron by introducing the dependence

of the pick-o� decay constant on time, from the �tted model as

f (LFpositron) = f(0) · exp

(
−λo-Ps

(
1 +

λpick-o� (LFpositron)

λo-Ps

)
· LFpositron

)
5.10
=

= f(0) · exp

(
−λo-Ps

(
1 + Cb + F (2G)

(3G)

(LFpositron)

)
· LFpositron

)
. (5.16)

One can �t the model given in Eq. 5.16 to di�erent ranges of the LF
(2G)
positron distribution,

which consists of the ortho-positronia that decays due to the pick-o� process. One can espe-

cially look at the dependence of the estimated value of λo-Ps on the value of the end of the

�tting range in Fig. 5.13. For larger and larger �tting range the value of the λo-Ps should be

burdened with less and less error. With extrapolation to the in�nite range the �nal value

of the λo-Ps was estimated to value 0.00703996 (71) ns−1. Extrapolation was done by �tting

exponential models to the ends of the uncertainty range for di�erent values of λo-Ps and cal-

culating an average of horizontal asymptotes of the models. The uncertainty was calculated

as the standard deviation of the sum of the random variables. Obtained value is in agreement

with the theoretical value of 0.00704 ns−1 and with the values obtained experimentally, as

shown in Fig. 5.13. The precision of the obtained value of the o-Ps decay constant was esti-

mated at 7.1 ·10−7 ns−1, which is an improvement in comparison to the previous experiments.
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In addition one could also estimate the value of λbulk from the �tted value of Cb, following

Eq. 5.15. Parameter P was estimated from the known value of the pore size in the measured

sample, given by the producer - radius equal to 5 nm. The value λbulk of 1.986 (18) ns−1 was

obtained, which was in agreement with the value usually assumed in the literature (2 ns−1).

Figure 5.14: Decay constant in bulk determination by the J-PET detector. Exper-

imental data. Dependence of the Cb parameter from Eq. 5.16, over the end of the �t range

with �t (red line) with the exponential model. Following Eq. 5.15 and the value of the P for

the XAD4 used in the measurement (P (R = 5 nm) ≈ 0.00174) and the theoretical value of

the λo-Ps = 0.00704 ns−1 the value of the λbulk = 1.986(18) ns −1.

The result of the o-Ps decay constant completes the analysis of the measurement from

XAD4. It is worth noting that the obtained result came only from a monthly measurement,

which is quite small sample for the usual measurement on the J-PET detector, and still

quite good compliance with the theoretical values was achieved. For a longer measurement

and a larger amount of data from the simulation, the uncertainty of the obtained value of

the o-Ps decay constant can be further improved. It is important to stress, that the only

considered source of the obtained uncertainty was the statistical one. In future, complex

studies of the systematic uncertainties of the obtained value of the o-Ps decay constants are

planned. However, presented results are still very promising, showing the potential of the

J-PET detector in fundamental studies �eld. The next chapter will focus on the imaging

capabilities of the J-PET detector, particularly in the context of positronium imaging. It is

worth noting that these are the �rst experimental images of this type, possible to obtain at

that time only by the J-PET detector.
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Chapter 6

Positronium imaging by the J-PET

detector

As the �nal part and the main result of the thesis, positronium imaging by the J-PET detector

of two kind of phantoms will be presented. It can be summarized so far that it has been

shown how the data is reconstructed, then how the detector is calibrated to reconstruct the

positron-electron annihilation position and time. The introduced selection criteria allowed for

the selection of an appropriate data sample, which then allowed for the analysis of positronium

lifetime for two types of decays - into two and three photons. It has been shown that the

J-PET detector is able not only to determine the distribution of the annihilation position,

but also to estimate the mean lifetime of each lifetime component. A voxel-by-voxel lifetime

estimation method will be described here, which will then lead to positronium imaging.

6.1 Experimental setup description

An experimental setup other than that introduced in Sec. 2.2 will be used to evaluate positro-

nium imaging. The new setup should allow to identify more than one material based on the

mean lifetime of o-Ps. Additionally, these materials should be far enough apart that their

positions can be correctly reconstructed as separate materials. Point-like 22Na sources en-

capsulated in the thin Kapton foil, surrounded by an appropriate sample, were used for the

positronium imaging. Each sample with the source was inserted to the plastic chamber. In

order to reduce scatterings in the holders of the chambers, Kapton sca�oldings were holding

chambers in the chosen positions inside the detection chamber.

The �rst positronium phantom was designed to check whether the J-PET detector could

distinguish between samples with large di�erences in o-Ps mean lifetime. To have that,

samples with di�erent porosity were used: IC3100 [118], XAD4 [98] and PVT (scintillator)

[119]. They are characterized by the o-Ps component with the highest mean lifetime in vacuum

equal to 131.9, 90.8 and 2 ns, respectively [29,119]. The measurement was carried out under

normal conditions (atmospheric pressure, room temperature) for the simplicity of the system

and additionally not to introduce additional metal tubes that would have to be connected to

each of the chambers to pump out the air. The di�erences in the measured lifetimes, despite
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Figure 6.1: Photograph of the phantoms used for the positronium imaging with

the schematic view. (top) Phantom with the porous materials - IC3100, XAD4 and PVT.

Each sample is inserted into the plastic chamber with the radioactive 22Na source. Each

chamber is equidistant from the center of the detector. (bottom) Phantom with the tissues

- cardiac myxoma and adipose tissue from two patients. Each sample is inserted into the

plastic chamber with the radioactive 22Na source and with the holder to hold the sample in

the source position. Each chamber is equidistant from the center of the detector.
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such system simpli�cations, should still be visible between di�erent samples, what will be

shown later. Measurement with the described setup, shown in Fig. 6.1 (top), lasted for 2 days

and the results will be shown in Sec. 6.4.

The second positronium phantom focused on o-Ps lifetime studies for two di�erent types of

human tissues. The expected changes in the mean o-Ps lifetimes for di�erent tissue types will

be much smaller than for the previous phantom. For this reason, such a measurement may

also help evaluate positronium imaging for slightly di�erent samples in the positron lifetime

domain. The test samples will be cardiac myxoma and the corresponding normal tissue in

the form of adipose tissue. Two pairs of cardiac myxoma - adipose tissue from two patients

will be the part of the phantom. Samples were �xed in the 10% formalin solution so that

they do not change over the course of a long measurement. Similar to the previous phantom

each sample was surrounding point-like 22Na source and inserted to the plastic annihilation

chamber. Chambers were holding on Kapton sca�oldings like in Fig. 6.1 (bottom) and the

measurement lasted for 8 days in the same conditions as in the measurement with porous

samples.

The next section will describe speci�c analysis procedure, based on the selection criteria

de�ned in Sec. 2.4 and 5.3, that will allow to create positronium image from the measured

phantoms.

6.2 Data selection

After the data selection and reconstruction one needs to select proper data sample, that will

represent events for the positronium imaging. The only di�erence in the data reconstruction,

comparing to the description in Sec. 2.3, was the smaller event time window of 200 ns used.

This was due to the fact that the measurements were carried out at atmospheric pressure,

hence the mean o-Ps lifetime for any measured sample should be much lower than for the

measurement with XAD4 in a vacuum. For the selection the criteria de�ned in Sec. 2.4 and

5.3 will be used. Following recipe for positronium imaging event given in Fig. 1.9 at �rst one

needs to identify annihilation and deexcitation hits. It can be done by similar cuts as it is

shown in Fig. 2.5. For the reconstruction of the annihilation position, like shown in Fig. 2.1,

two annihilation hits are required in an event. To estimate lifetime of a positron in an event,

single deexcitation hit can be used to set the positron formation time frame. Similar as in

analysis of the decays into two photons, to reduce ambiguity in choosing proper hits, the only

three hits in an event should create 2 Annihilation - 1 Deexcitation set, based on the TOThit

value.

Next criteria will be focused on the �rst step of the scattering reduction and to restrict

potential annihilation position to the inside of the detection chamber. One can use the anni-

hilation time di�erence and the distance of the annihilation plane from the center, described

in Sec. 2.4. However, di�erent criterion will be introduced that will work in similar way, but

it will be much quicker and simpler. This can be particularly bene�cial in a imaging mode,

where the simpler the algorithm, the shorter the analysis time will be, and thus the image

reconstruction itself will be faster. Distance of the annihilation plane and time di�erence

between annihilation hits will be replaced by a criterion based on calculating the angle bet-
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Figure 6.2: Selection criteria for positronium imaging. Experimental data. (left, top)

Distribution of the hit multiplicity in an event with an insert of the TOT distribution. Blue

rectangle indicates selected events with multiplicity 3, where red and black areas indicates

selected TOT ranges for annihilation and deexcitation candidates, respectively. (right, top)

Schemes of the selection of the angles, drawn on the cross-section of the scintillators in the

J-PET detector, between any two hits (green) and annihilation hits (yellow). (left, bottom)

Distribution of the angles between any two hits (green line) and annihilation hits (yellow

line). Areas marked by yellow and green indicates selected angles for the analysis. (right,

bottom) Distribution of the scatter test for the annihilation hits, with a red area indicating

the selected events for analysis.

ween hits in the event. Indeed, by requiring that the minimal angle between two annihilation

hits will be more than 90o will restrict the created Line-of-Responses (LORs) to the area of

the detection chamber as shown in Fig. 6.2. In addition, to reduce scatterings between the

neighbouring scintillators, which is the most common as marked in Fig. 5.3 by blue and yellow

areas, one can form a criterion on the minimal angle between any two hits in event. Requiring

minimal angle between any two hits to be greater than 15o, should reject the major part of

the scatterings in the data sample as shown in Fig. 6.2. Local enhancements on the angle

distribution comes from the binning and the speci�c geometry of the J-PET detector, and it

is described in detail in Appendix G .
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The last part of the data selection will use the scatter test criterion, designed for the

separation of the scatterings from the primary photons. As it was shown in Fig. 5.1 one needs

to be careful when using this criterion not to disturb the lifetime distribution, crucial for the

positronium imaging. This will be the case when the scatter test is applied to an annihilation

deexcitation hits pair. In situation of the annihilation-annihilation pair, scatter test will

no longer a�ect positron lifetime distribution. However, its use can help in selecting the

appropriate pairs that will reproduce a better distribution of annihilation positions. Therefore,

scatter test will be checked only on the pair of the annihilation hits in the selected events.

The distribution of the scatter test for such pairs is shown in Fig. 6.2 with the similar cut-o�

equal to -0.5 ns, described in more detail in Sec. 2.4.

After the data selection process one will have events for which annihilation position can

be calculated (as in Fig. 2.1) and the positron lifetime estimate, following Eq. 5.3. The next

step of the analysis is to estimate the mean o-Ps lifetime in each voxel. The main problem to

be overcome is the low lifetime spectrum statistics for single voxels, but it will be discussed

in more detail in the next section.

6.3 Lifetime estimation for a single voxel

Having proper candidates for the positronium imaging in form of the selected events, one can

start from dividing the area of the detection chamber (image space) into smaller cells called

voxels. Single voxel represents R3 subset that will store all the annihilation positions which

are contained within this subset. Additionally, all voxels are the same in all dimensions and

intersect at most at the edges. Schematically division on voxels is shown in Fig. 6.3. After se-

lection of the events for the positronium imaging, each annihilation position can be correlated

with the single positron lifetime. Therefore, for a given voxel positron lifetime distribution can

be created, from the lifetimes correlated with the annihilation positions contained in a given

voxel. The process of obtaining lifetime spectrum for a single voxel is shown schematically in

Fig. 6.3.

It is important to stress, that the dividing image space into voxels is also dividing total

lifetime spectrum onto smaller samples. Therefore, the larger the number of voxels, the lower

the lifetime spectrum statistic will be collected for a single voxel. As it was shown in the

Sec. 4.3, the lower total number of counts in a PAL spectrum the higher the uncertainty

of the determined lifetime parameters will be. In that case, it requires the development of

a method that will focus on estimating the o-Ps component as accurately as possible for small

statistics.

The proposed method will be iterative and will consist in gradually reducing the size of

the voxels to stabilize the �t results. A similar approach is used, for example, in the confocal

Raman spectroscopy technique, where at the �rst step pure components are determined in

large voxels [120]. Then, in the next step pure components are �xed, voxels are reduced in

size and relative intensities of each component is determined for a given voxel. However, with

positron imaging, the components will not be �xed, but will be set as the initial parameters

for �tting smaller voxels. The �tting procedure is schematically shown in Fig. 6.4.

The use of the described �tting procedure will be shown in the following sections. However,
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Figure 6.3: Lifetime distribution for a single voxel of the image space. Image space,

representing all the possible annihilation position that can be reconstructed by the detector,

can be divided into identical cuboids called voxels. Given voxel, identi�ed by its center

coordinates (xi, yi, zi), contains all the annihilation positions which are contained within the

area bounded by the voxel. In a standard imaging single voxel with positions is the �nal

result. However, in positronium imaging each annihilation position inside the voxel can be

correlated with the positron lifetime collected from the same event. Correlated lifetimes forms

the positron lifetime distribution in a given voxel, which then can be analyzed to estimate

mean o-Ps lifetime.

Figure 6.4: Lifetime �tting procedure. In the �rst stage of �tting, the image space is

divided into large voxels. In large voxels total number of counts of the LFpositron distribution

will be su�cient to properly estimate lifetime components represented by FitParlarge. Next,

each voxel is divided into smaller voxel, and the LFpositron distribution for small voxels is �tted

once again using FitParlarge as initial parameters. The described two-step �tting procedure

allows to stabilize the results for distributions with small statistics.

the main focus will be on �nding the mean o-Ps lifetime, that should be separated from the

short-lived components, as it can be seen for example in Fig. 5.9 where red long component

and blue short-lived component are dominating in di�erent ranges. Indeed, the structural

indicator that will be most sensitive will be o-Ps, so focusing on determining it will be most

e�ective in the structural analysis.
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6.4 Porous phantom imaging

After entering the details of the measurement and analysis, one can proceed to the presenta-

tion of the �nal results. The �rst will come from the measurement with the phantom with

porous materials. This will allow to check whether the J-PET detector and the analysis meth-

ods used are able to separate materials with signi�cantly di�erent mean o-Ps lifetimes in the

positronium image. The data from the measurement of the phantom with the three mate-

rials was selected by the methods given in the previous sections. The resulting annihilation

position distribution from the measurement, the SUV analogue can be seen in Fig. 6.5. It

is worth noting, that those positions are calculated based on a naive approach without any

sophisticated image reconstruction algorithm. This is due to the lack of such reconstruction

algorithms for positronium imaging, where it is necessary to correlate changes in the image

during the reconstruction with changes in the lifetime distributions in a given voxel. For this

reason, it will be much better to compare the image of annihilation positions and the lifetime

image, which are reconstructed in the same way - by naive approach.

Checking how each of the criteria used for positronium imaging a�ects the distribution

of annihilation points is shown in Appendix H. In particular, one can see that the angle

criterion allows to reduce the scatterings and scatter test allows to reject some of the accidental

coincidences. However, based on the reconstructed image one can see clearly three areas with

the higher uptake, which corresponds to each chamber used for the measurement. Additional

restriction of the image to three cylinders with centre in (-5.25 cm, 9,5 cm), (5.25 cm, 9.5

cm) and (0 cm, -10.8 cm), where coordinates are in the format (horizontal position, vertical

position), will correspond to the possible annihilation positions for IC3100, XAD4, and PVT,

respectively. Those cylinders has radius equal to 2 cm and the Z position in the range [-5 cm,

5 cm]. Considering every cylinder separately one can plot the positron lifetime distribution

from the positions which are included in the created cylinders. Resulting distributions are

shown in Fig. 6.5, where it is possible to see that the IC3100 is characterized by the well

pronounced exponential tail coming from the long-lived o-Ps, in contrast to PVT, which has

no such tail visible. Indeed, it is reasonable as the o-Ps in the IC3100 should live the longest

and in PVT the shortest, looking at the theoretical mean lifetime of o-Ps in those samples in

vacuum.

Selected cylinders can be treated as large voxels, introduced in Fig. 6.4. Therefore, Fit-

ting the positron lifetime spectra created for such voxels can be the �rst step towards the

estimation of the o-Ps mean lifetime in every small voxel. Spectra were �tted with the PALS

Avalanche software and the results from �tting are given in Tab. 6.1 and each �t with the

separation onto di�erent components and some exemplary distributions for small voxels are

shown in Appendix I. Obtained values of the o-Ps mean lifetime di�er from the theoreti-

cal values [62, 119] as the measurement were conducted in the atmospheric pressure, which

increases probability of ortho-para conversion process. However, the longest lived o-Ps com-

ponents is signi�cantly di�erent for di�erent samples. Deriving from that, it was possible to

distinguish three samples inserted to the J-PET detector by the correlation of the annihilation

position and positron lifetime. Having that, image of the cylinders coloured with the colour

corresponding to the o-Ps mean lifetime value, estimated for a given cylinder, is the �rst
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Figure 6.5: Results from the analysis of the data with the porous phantom. Exper-

imental data. (top) Annihilation points distribution for the porous phantom after applying

selection criteria in di�etent ranges: (left) full and (right) restricted to the assumed positions

of the samples. (left, bottom) Normalized positron lifetime distribution for each sample in

a given restricted range. (right, bottom) Mean o-Ps lifetime image, estimated from the life-

time distributions for large voxels - restricted ranges.

positronium image obtained by the J-PET detector. However, the desired voxel size should

be as small as possible, to properly show the capabilities of the detector for the positronium

imaging. Individual �ts for each cylinder, with the separation onto di�erent components are

shown in Appendix I.

It is also worth adding in terms of the obtained results that the theoretical ratio of p-Ps

to o-Ps (1: 3) was not �xed during the analysis. Indeed, as can be seen in Tab. 6.1, the

ratio of the �tted intensities p-Ps to o-Ps for any material does not agree with the theoretical

ratio. This may be due to direct annihilations in the chamber and the metal holder in which

the source was located, which arti�cially increased the intensity of the p-Ps component due

to having similar mean lifetimes. No additional components were �tted that could separate
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Table 6.1: Results from �tting positron annihilation lifetime spectra for three

materials used for the measurement with the porous phantom - IC3100, XAD4,

PVT. Total number of counts is equal to the number of events, included in the selected

voxel. Normalized total number of counts is the value of the total number of counts divided

by the activity of the source used for a given chamber with a sample. The lower value of the

normalized total counts for the IC3100 may have come from a time window that was a bit

too narrow, which may have cut out some good events. Obviously, this will a�ect the sample

with the highest o-Ps mean lifetime the most, but looking at the lifetime distributions for

the di�erent samples in Fig. 6.6, it was not a signi�cant change to re-analyze the data with

a slightly larger time window. Fitted lifetime components are shown with the measures of

the goodness of the �t R2 and χ2. Component derived from annihilation in the source was

estimated from a di�erent measurement on the standard PALS system. The intensity of the

source component was not included in the total intensity.
Parameter name IC3100 XAD4 PVT

Total number of counts 53542 35313 52408

Normalized total number
0.136 0.152 0.148

of counts (1/Bq)

σ [ns] 0.312 (02) 0.305 (03) 0.305 (02)

τsource [ns] (�xed) 0.374 0.374 0.374

Iesource [%] (�xed) 10.00 10.00 10.00

τp-Ps [ns] (�xed) 0.125 0.125 0.125

Iep-Ps [%] 35.98 (53) 23.99 (93) 29.52 (52)

τdirect [ns] 0.435 (09) 0.404 (07) 0.452 (15)

Iedirect [%] 31.13 (28) 55.89 (28) 25.76 (53)

τo-Ps1 3.64 (23) 1.65 (05) 2.02 (02)

Ieo-Ps1 [%] 6.65 (07) 15.29 (02) 44.71 (52)

τo-Ps2 51.4 (1.2) 25.8 (2.6) -

Ieo-Ps2 [%] 26.24 (35) 4.82 (29) -

Adjusted R2 0.9961 0.9958 0.9976

Reduced χ2 0.942 1.094 1.113

the p-Ps component from the non-sample direct annihilation, due to the relatively low total

counts of the resulting distributions ≈ 50, 000. Additionally, the only component analyzed

was the longest-lived o-Ps component whose mean lifetime is one or two orders of magnitude

greater than any p-Ps or direct annihilation component. For this reason, any uncertainties

obtained from incorrect estimation of the short-life components should not signi�cantly a�ect

the obtained results of the mean o-Ps lifetime.

In the next step of the analysis, the voxels will be reduced to 2 cm vertically and hor-

izontally. All samples were approximately in the same Z position, so the Z dimension will

not be sensitive to di�erent materials and therefore di�erent lifetime distributions. For this

reason, the Z-dimension voxels will not be reduced. Each small voxel will be �tted according

to the procedure shown in Fig. 6.4, so using the results for large voxels given in Tab. 6.1 as
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a initial lifetime parameters. Exemplary comparison of the positron lifetime distribution for

two chosen voxels for each sample is shown in Appendix in Fig. I.5, I.6 and I.7. The �nal

positronium image for the porous phantom with small voxels is shown in Fig. 6.6. In addition,

for the inorganic matter it is possible to estimate the size of the pores, based on the mean

o-Ps lifetime, by for example the pick-o� models described in section 1.4. Using Tao-Eldrup

and Goworek-Gidley model, mean o-Ps lifetime in each voxel was recalculated to the pore

size, resulting in the porosity image shown in Fig. 6.6.

Figure 6.6: Final positronium image and porosity image of the porous phantom.

Experimental data. (left, top) Positronium image for the 2 cm x 2 cm voxels. Only voxels

with the total number of counts greater than the 5 % of the maximum total number of

counts are shown to improve clarity of the image. (right, top) Pick-o� models allowing to

correlate mean o-Ps lifetime with the pore size. Using (left, bottom) Tao-Eldrup and (right,

bottom) Goworek-Gidley models for sphercial pores, described in section 1.4, porosity image

was obtained for the porous phantom.

The obtained positronium and porosity images for the porous phantom have shown that

it is possible to obtain such images during standard scanning with a TOF-PET detector.

Additionally, it has been possible to use positronium lifetime as a useful structural indicator
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during standard measurement of radioisotope distribution. On the basis of the mean o-Ps

lifetime, it was possible to distinguish spatially di�erent samples of di�erent porosity. Si-

multaneous determination of porosity in three spatial dimensions could lead to the birth of

a new technique that could be used in the future for structural studies and phase transitions

in di�erent parts of the sample. In addition, it can be a complementary technique to pre-

viously known methods of determining porosity, such as Transmission Electron microscopy

(TEM) [121], Micro Computer Tomography (µ-CT) [122, 124] or Laser Scanning Confocal

Microscopy (LCSM) [123, 124], as the positronium lifetime provides information about the

nanostructure that so far has not been extensively researched with the techniques mentioned.

The next chapter, which will also conclude the main part of the work, will show the use

of positronium imaging to characterize di�erent tissue types based on the tissue phantom

used for the measurement. This may be particularly important when using positronium in

a standard PET scan to determine, for example, early stages of cancer, or to improve the

e�ciency of PET diagnostics by applying additional structural information. The possibilities

of examining various tissues with the J-PET detector will be based on tissues derived from

the cardiac myxoma.

6.5 Tissue phantom imaging

In the previous section the �rst positronium and porosity image collected by the J-PET de-

tector were presented for the porous phantom. It was shown, that the di�erence in mean

o-Ps lifetime in order of 20 ns (or even lower) is possible to distinguish, by the analysis proce-

dure for the positronium image. However, the main life-changing application of positronium

imaging would be to distinguish di�erent tissues during PET scanning, thus enabling early

diagnosis. However, the di�erences in the average lifetime of positronium in human tissues

should di�er only within a few dozen or several hundred ps [79�88], resulting from small

structural changes and di�erent concentration of the bio-active molecules, like free radicals or

oxygen molecules. For this reason, it would be advisable to check whether the J-PET detector

is able to distinguish neoplastic tissues from healthy tissues in the positronium image. As it

was �rstly mentioned in Sec. 6.1 two types of tissues (cardiac myxoma and adipose tissue)

were measured in the next phantom - tissue phantom.

Data from the measurement were reconstructed and analyzed by the procedure described

in Sec. 6.2. Distribution of the annihilation position at di�erent stages of the analysis is shown

in Appendix H in Fig. H.4, H.5 and H.6. Each selection criterion was applied as it was for the

analysis of the porous phantom. Resulting distribution of the annihilation points is shown in

Fig. 6.7. Four areas with higher uptake, corresponding to four chambers consiting of tissue

phantom, can be see on the SUV analogue of the tissue phantom. Similar to the analysis of

the porous phantom image, one can divide obtained image onto four cylinders, around the

assumed positions of the chambers. Such division is shown in Fig. 6.7, where the radius of

the base of the cylinder equal to 3 cm and the interval of the given position in Z [-5.5] cm

were used. The reason for widening the base radius of the cylinder is the greater amount of

data collected for the tissue phantom. This increases the area for which a su�cient number

of events can be obtained to estimate the mean lifetime o-Ps, and thus to test the possibility
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of analyzing lifetimes for lower statistics.

Figure 6.7: Results from the analysis of the data with the tissue phantom. Experi-

mental data. (left, top) Annihilation points distribution for the tissue phantom after applying

selection criteria. (right) Normalized positron lifetime distribution for each pair of samples

for a given patient with ID equal to (top) 1 and (bottom) 2. (left, bottom) Mean o-Ps lifetime

image, estimated from the lifetime distributions for large voxels.

The comparison of the sample pair cardiac myxoma - adipose tissue, from the same patient

is shown in Fig. 6.7. It is clearly visible, that adipose tissue is characterized by broader

lifetime spectrum, than it is for the cardiac myxoma. This is also con�rmed by the o-Ps

mean lifetimes obtained, from �tting by PALS Avalanche software, shown in Tab. 6.2. Fits

to each sample and separation onto di�erent components are shown in Appendix J. Results

from �tting shows, that the resolution of the distributions represented by σ value, was better
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for the measurement with the tissue phantom that in case of the porous phantom. It can

come from the higher total number of counts in the �tted spectra for tissues and the smaller

area of the samples, what decreased the smearing of the LFpositron distribution due to the

narrower annihilation position distribution. The di�erence of the mean o-Ps lifetime between

cancer (cardiac myxoma) and normal tissue (adipose tissue) was approximately equal to

800 ps. This is quite a di�erence, proving quite signi�cant structural di�erences between the

examined tissues. Di�erences from di�erent concentrations of free radicals and other bioactive

molecules for di�erent tissues cannot explain such signi�cant di�erences, alone.

Table 6.2: Results from �tting positron annihilation lifetime spectra for four sam-

ples used for the measurement with the tissue phantom - Cardiac Myxoma 1,

2 and Adipose Tissue 1, 2. Total number of counts is equal to the number of events,

included in the selected voxel. Normalized total number of counts is the value of the total

number of counts divided by the activity of the source used for a given chamber with a sample.

Values of the normalized total number of counts were similar for every sample. Mean lifetime

of the direct component was �xed in order to decrease �uctuations of the �t and obtain the

most accurate value of the only parameter-of-interest - mean o-Ps lifetime. Fitted lifetime

components are shown with the measures of the goodness of the �t R2 and χ2. Component

derived from annihilation in the source was estimated from a di�erent measurement on the

standard PALS system. The intensity of the source component was not included in the total

intensity.
Parameter Cardiac Cardiac Adipose Adipose

name Myxoma 1 Myxoma 2 Tissue 1 Tissue 1

Total number of counts 197340 136434 231149 134346

Normalized total number
0.572 0.573 0.588 0.584

of counts (1/Bq)

σ [ns] 0.265 (02) 0.269 (03) 0.263 (02) 0.263 (03)

τsource [ns] (�xed) 0.374 0.374 0.374 0.374

Iesource [%] (�xed) 10.00 10.00 10.00 10.00

τp-Ps [ns] (�xed) 0.125 0.125 0.125 0.125

Iep-Ps [%] 13.26 (18) 12.21 (21) 17.18 (16) 17.14 (20)

τdirect [ns] (�xed) 0.388 0.388 0.388 0.388

Iedirect [%] 65.35 (22) 64.52 (27) 61.34 (20) 61.31 (23)

τo-Ps 1.950 (19) 1.874 (20) 2.645 (27) 2.581 (30)

Ieo-Ps [%] 21.39 (47) 23.27 (45) 21.49 (41) 21.56 (54)

Adjusted R2 0.9999 0.9999 0.9999 0.9999

Reduced χ2 0.999 1.067 1.039 1.253

As a next step, mean o-Ps lifetime will be estimated for every small voxels, following

procedure from Fig. 6.4, already used for the analysis of the porous phantom. The result-

ing positronium image is shown in Fig. 6.8. Exemplary comparison of the positron lifetime

distribution for two chosen voxels for each sample is shown in Appendix in Fig. J.3, J.4, J.5

and J.6. It is shown, that it is possible to di�erentiate types of the tissues, for individual
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voxels based on the mean o-Ps lifetime. Indeed, even for small statistics in small voxels it

was possible to successfully estimate mean o-Ps lifetime, and the resulting value is close to

the value obtained for large voxels shown in Fig. 6.7. This is a very interesting result showing

that positronium images can become an additional image type produced during a standard

PET scan that can provide information on the structure of a given tissue. If the structural

di�erences between neoplastic and normal tissues are large enough, it will also be possible

to extend the diagnostic capabilities of TOF-PET detectors. It is worth mentioning that

positronium imaging does not require any additional mechanical modules, but only consists

in appropriate energy selection of photons and the possibility of measuring the time of photon

arrival. For this reason, it is possible to introduce positronium imaging to already existing

TOF-PET detectors, changing only the analysis of the data collected during the scan. The

only change in comparison to the previously determined measurement details in PET will be

the appropriate selection of a radiopharmaceutical that will provide an additional photon,

signaling the formation of a positron. However, as suggested in Sec. 1.6 there are already

some substances that could solve this problem.

Figure 6.8: Final positronium image of the tissue phantom. Experimental data. (left)

Reconstructed annihilation position distribution for the tissue phantom. (right) Positronium

image for the 2 cm x 2 cm voxels for the tissue phantom. Only voxels with the total number

of counts greater than the 5 % of the maximum total number of counts are shown to improve

clarity of the image.

Of course, the presented results came from the weekly measurement of �xed tissues. How-

ever, only sources with a total activity of 1 MBq were used when the activity administered

to a patient during a standard PET scan is hundred times greater. In addition, the length

of the detection modules was only 50 cm and the geometry itself ensured only the sensitivity

to event detection for positronium imaging at the level of 1.17 ·10−6, as shown in Tab. 4.3.

However, future prototypes of J-PET detectors with more densely populated detectors in

space, increasing detector acceptance, and in particular the Total-Body prototype, could sig-

ni�cantly increase detection sensitivity and thus enable positronium imaging in a reasonable
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time. Additionally, there is also the issue of positronium image reconstruction, which can

increase the spatial resolution of the images obtained. It will be quite di�cult because the

positronium lifetime - annihilation position correlation should be kept, which is not possible

with the previously known PET image reconstruction methods.

Regarding the obtained results for the tissue phantom and porosity image presented for

the porous phantom. It is di�cult to talk about any pores in tissues, because there should

not be a predetermined porous structure in the tissue, as is the case with inorganic matter

with structure defects. Obviously, tissues contain certain structures such as extracellular

matrix, cell membranes and others, but these are not su�ciently studied for positronium

mean lifetimes to adequately correlate existing structures with mean o-Ps lifetime. Perhaps

in the future, appropriate models will be developed to characterize the structure of tissues

based on positronium. Certainly there is still some hidden potential in the positronium that

can be mined for human purposes.
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Summary and conclusions

The aim of the thesis was to present the experimental test of a completely new imaging

technique based on positron-electron annihilation - positronium imaging [2, 3], in view of

material and medical research. The 192-strip J-PET detector [4�6] was used for positronium

imaging, the only device capable of this type of imaging. Two phantoms, consisting of di�erent

types of samples - porous and tissue, were measured with a J-PET detector in order to test

the research hypothesis stated in this work.

The work focuses on the demonstration of the 192-strip J-PET detector as an imaging

system that allows also to study of positronium properties in each voxel of the image. In

particular, its characteristics, calibration methods and data reconstruction and selection were

presented. Time calibration method, based on the positron lifetime spectra, introduced for

the J-PET detector allowed to achieve time resolution equal to 0.223 (01) ns for the time

di�erence. In addition a method for estimating the speed of light signals in a scintillator was

also developed, based on the correlation of signal time and position along the scintillation strip.

This method were based on minimizing the dispersion of time calibration constants and it does

not require the use of additional calibration systems. Obtained mean velocity of light in the

scintillating strip, used in the 192-strip J-PET detector, was equal to 12.49 (14) cm/ns, which

was in agreement with the measurement with the same scintillators done by the di�erent

detection setup [4] and close to the results obtained for the plastic scintillators [104�106].

Spatial resolution were estimated to approximately 0.72 cm in standard deviation for the

vertical and horizontal dimensions, which comes only from the reconstruction of the position

inside the scintilalting strip in these dimensions, as the position of the center of the strip. For

the reconstructed position along the strip (Z position), value of standard deviation equal to

2.45 (19) cm was obtained.

Presented methods of the data reconstruction and selection were tested by analyzing two

most common decays of positronium - into two and three photons, from the measurement

with the porous polymer (XAD4 [98]) and from the data generated by dedicated simulations

software [101]. The selection criteria introduced for the J-PET detector [96], based on geomet-

rical and timing correlations, allowed to separate these two types of the decays in two disjoint

sets of events. High purity of the data sample was maintained - 94.71% and 56.27% for the

two- and three-photon decays of the positron-electron pair respectively, with an additional

requirement of having photon coming from the deexcitation of the radioisotope. It was also

possible to estimate the sensitivity of the 192-strip J-PET detector to a given positronium

decay channel - 1.17 · 10−6 and 0.41 · 10−6 for the two- and three-photon decays respectively,

allowing access to the characterization of measurement conditions in the context of the re-
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quired statistics of the analyzed decays. The annihilation position reconstruction methods

were tested for two di�erent decays of positronium. Obtained images were consistent with

the assumed sample position inside the detection chamber.

Analysis of positron lifetime spectrum for each of the set of selected events allowed for ad-

ditional decomposition into individual positronium decay channels - para-positronium, ortho-

positronium and the direct annihilation, and estimation of its relative intensity and mean

lifetime. In addition, it was possible to estimate the in�uence of the introduced background

types (scatterings) for each set of events, and in particular to fully explain the structure of the

lifetime distribution of selected events with decays into three photons, based on additional

information from measurements with cosmic rays. Finally, the information contained in the

lifetime distributions for each decay type was connected, allowing an estimate of the o-Ps

decay constant by the J-PET detector. The obtained value of the o-Ps decay constant equal

to 0.00703996 (71) 1/ns was consistent with the theoretical predictions (0.0070399 1/ns [113])

and the results of previous experiments, but with better accuracy [114�117].

As the �nal proof of concept of the positronium imaging by the 192-strip J-PET detector,

the results of the measurement analysis with the use of phantoms developed for this purpose

were presented. The �rst phantom consisting of three samples with di�erent porosity - IC3100

[118], XAD4 [98] and PVT [119], allowed to show how well the J-PET detector is able to

estimate the structural index - mean o-Ps lifetime, in di�erent areas of the image space and

for di�erent statistics of the lifetime distribution. The developed method of positronium

lifetime analysis for small voxels has successfully shown that it is possible to distinguish in

space samples of signi�cantly di�erent porosity expressed by the mean o-Ps lifetime. The

demonstrated methodology may give rise to a new technique of imaging the structure of

samples, in particular nanoporosity, which may complement currently known methods such as

for example Transmission Emission Tomography (TEM) [121], Micro Computer Tomography

(µ-CT) [122, 124] or Laser Scanning Confocal Microscopy (LCSM) [123, 124]. The second

phantom focused on testing positronium imaging sensitivity for samples where the di�erence in

the mean o-Ps lifetime is relatively small (on the order of 0.5 ns). Additionally, these samples

came from the �xed neoplastic (Cardiac Myxoma) and normal (Adipose tissue) human tissue,

thus the obtained image was the �rst in-vitro positronium image of human tissues. The

result of the measurement analysis with the second phantom also con�rmed the research

hypothesis about the possibilities of positronium imaging, characterizing the structure of

the sample in space, and additionally showed that it is possible to distinguish tissues of

di�erent types on the basis of the mean o-Ps lifetime. This may be of particular importance

in extending the diagnostic possibilities of PET measurement with a new contrast based on

the positronium lifetime, which may not only distinguish neoplastic tissue from normal but

possibly characterize di�erent stages of cancer.

Overall, this work demonstrated the potential of the 192-strip J-PET detector to char-

acterize positronium. In particular, the use of positron-electron pair annihilation for the

simultaneous characterization of a nanostructure in three spatial dimensions has been pre-

sented for the �rst time. Currently, the J-PET detector is the only detection system that

allows obtaining positronium images. In the future, new positronium image reconstruction

algorithms as well as future J-PET prototypes could lead to its further improvement.
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Appendix A

Calibration methods for TOF-PET

scanners

There are several established methods for calibrating the TOF-PET scanner. The main

di�erence between them is the design of a speci�c phantom or speci�c measurement conditions.

Phantom methods focus on making possible LORs, having their source in the phantom, able to

connect as many pairs of detection modules as possible. The �rst method bene�ts from using

a large phantom [125, 126], while the second method uses a small phantom or an additional

detector that rotates [127, 128], imitating using a large phantom. These types of methods

can be used prior to examining the patient in order to maintain optimal scanner operating

conditions. Another method, without any phantom, use a natural source of radiation, which

is cosmic rays, and collect such events in which a single particle from the cosmic shower reacts

in at least two detection modules [129]. In addition, this method requires a long measurement

to collect a su�cient number of events to perform the calibration, which makes it less e�ective

than the methods described above. However, it shows a good direction for the development

of calibration methods that do not use complicated circuits and can even be used during

a patient scan.

All described phantom methods, shown schematically in Fig. A.1, are based on the known

position of the phantom and the resulting time di�erence distribution between a given pair of

the detection modules. Large phantoms produce a wide distribution of time di�erences, but it

is possible to calibrate multiple detectors in a single iteration. On the other hand, a rotating

reference detector / phantom allows to obtain a narrow distribution of time di�erences, but

for a given position of this detector, a limited number of module pairs is possible to calibrate.

Calibration using cosmic rays requires a lot of time to test each pair of detection modules,

due to the relatively low frequency of their occurrence (around 10000 / s · m2) [130].

In addition each method with phantoms require an additional calibration measurement

which must be conducted before proper scan, where for phantoms, they must be localized

in the centre of the detection chamber. Therefore, a new method that is comparable in

performance and can be performed during scanning, or at least does not require the precise

localization of complex setups, will be bene�cial for future scanners. One of the candidate for

such method is the calibration procedure described in Chapter. 3. The presented method is

fast, e�cient (takes about 1 hour of scanning) and can generally be performed during scanning,
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because only the position of the source is used in the calibration process and knowing the

position of the annihilation one can make a TOF correction.

Figure A.1: TOF-PET calibration methods. On the schematic view of the J-PET detector

(black rectangles), three TOF-PET scanners calibration methods are depicted usind: a) Large

phantom and one module selected as reference - red rectangle. Pink area indicates calibrated

modules in a given iteration, where red area indicates already calibrated modules. b) Rotating

detector/phantom -red rectangle. Pink area indicates calibrated modules in a given iteration,

where red area indicates already calibrated modules. c) Cosmic radiation (µ+) - dashed lines.

Red circles indicate modules which are calibrated in a given iteration, where other circles

indicate already calibrated modules. Each scheme is limited to three iterations.
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Appendix B

Calibration corrections for di�erent

iterations

Calibration procedure described in Sec. 3.3 was constructed based on the iterative approach,

which in general tend to minimize the miscalibration between di�erent detection modules.

In order to check, whether the calibration procedure works as designed one can look at the

corrections calculated at the beginning (�rst iteration) and at the end (last iteration) of the

calibration. For the calibration performed from the measurement with XAD4, that results are

shown in Fig. 3.8 and 3.9, correction as a function of the scintillator in di�erent iterations are

shown in Fig. B.1, B.2, B.3, B.4 and B.5. The �gures are split for di�erent thresholds and the

mean correction in the �rst iteration was around 200 ps, where for the seventh iteration it is

around 10 ps. It can be seen, that the correction proportional to the miscalibration measure

is actually lower in the seventh iteration than in the �rst.
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Figure B.1: Correction for a given scintillator for the �rst and seventh iteration, for

the �rst threshold. Correction calculated as in Eg. 3.4 for a given scintillator calculated for

the �rst and the seventh iteration. Corrections only for the �rst threshold is shown. After the

seventh iteration, corrections varies in the 10 ps range. Closer look of the seventh iteration

corrections is in Fig. B.5.
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Figure B.2: Correction for a given scintillator for the �rst and seventh iteration, for

the second threshold. Correction calculated as in Eg. 3.4 for a given scintillator calculated

for the �rst and the seventh iteration. Corrections only for the second threshold is shown.

After the seventh iteration, corrections varies in the 10 ps range. Closer look of the seventh

iteration corrections is in Fig. B.5.
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Figure B.3: Correction for a given scintillator for the �rst and seventh iteration, for

the third threshold. Correction calculated as in Eg. 3.4 for a given scintillator calculated

for the �rst and the seventh iteration. Corrections only for the third threshold is shown.

After the seventh iteration, corrections varies in the 10 ps range. Closer look of the seventh

iteration corrections is in Fig. B.5.
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Figure B.4: Correction for a given scintillator for the �rst and seventh iteration, for

the fourth threshold. Correction calculated as in Eg. 3.4 for a given scintillator calculated

for the �rst and the seventh iteration. Corrections only for the fourth threshold is shown.

After the seventh iteration, corrections varies in the 10 ps range. Closer look of the seventh

iteration corrections is in Fig. B.5.
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Figure B.5: Correction for a given scintillator seventh iteration, for all thresholds.

Correction calculated as in Eg. 3.4 for a given scintillator and for each threshold calculated

for the seventh iteration. After the seventh iteration, corrections varies in the 10 ps range.
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Appendix C

E�ective length supplement

To show that the value of the reference length is not important for the estimation of the

optimal e�ective length, the same calculations as described in Fig. 3.10 was done, assuming

that the reference length is equal to 49 cm. The values of the obtained optimal e�ecitve lengths

is di�erent by those extracted for 50 cm reference e�ective length by 0.1 cm. However, they

are the same at the error limit, so one can assume that the e�ective length is the same for

both reference e�ective lengths.
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Figure C.1: Mean di�erence of the calibration constants from the reference value

of e�ective length as 49 cm. Dependence of the inaccuracy of the calibration (Fcalib)

as a function of assumed value of the e�ective length (Le�ective) for four di�erent thresholds

(thr1, thr2, thr3 and thr4). To estimate optimal value of the e�ective length Loptimal quadratic

function f
(
Le�ective

)
= A

(
Le�ective − Loptimal

)2
+ f0 has been �tted to each plot. Values of

Loptimal for di�erent thresholds from �tting: 49.91 (16) Adjusted R2 = 0.832 - thr1, 49.86 (19)

Adjusted R2 = 0.773 - thr2, 49.98 (19) Adjusted R2 = 0.764 - thr3 and 50.02 (21) Adjusted

R2 = 0.729 - thr4. Comparing to the values for reference value of e�ective length as 50 cm,

here the inaccuracies and the uncertainties of the �tted parameters are worst. Additionally, it

proves that taking an e�ective length of 50 cm as a reference does not spoil the �nal estimate

of the optimal e�ective length.
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Appendix D

Z position resolution

Method of determination of the edge of the tBA distribution allows also to estimate resolution

of the position along the strip. Indeed, the zero of the second derivative (t0L or t0R) of the

tBA distribution, treated as the measure of the edge is not the only �xed point, that can be

determined. As shown in Fig. D.1 an additional point that can be estimated is the time of

the closest extreme (tSL or tSR) on the second derivative to the zero point. If one assumes that

the edge of the tBA distribution is coming from the convolution of the rectangular distribution

and Gaussian distribution interpreted as the resolution function, then the sum of the time

di�erences between �xed points will correspond to the Full Width at Half Maximum (FWHM)

of the resolution function, as shown in Fig. D.1. Because the Z position is estimated based

on the time on the �rst threshold, the Z position resolution can be estimted from the �rst

threshold only. For a given scintillator i sum of dZL and dZR (dZi ) can be estimated, using

velocity for a given scintillator, or the mean velocity (v), given in Fig. 3.12. Then, the Z

resolution, expressed by σZ can be estimated from mean dZ value, calculated as a mean over

all detection modules (dZi ), as

σZ = dZ · v

2.35
, (D.1)

where 2.35, comes from the translation of FWHM to σ for the Gaussian distribution. Resulting

value of the Z resolution was equal to 2.45 (19) cm.
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Figure D.1: Procedure of determining Z position resolution. Distribution for the �rst

threshold from Fig. 3.2 (black curve) with the �rst (green curve) and the second derivative

(red curve) shown with the marked �xed points: zero point (blue line) and the closest extreme

(red line). Sum of the di�erences between �xed point for a given side of the edge - left (L)

and right (R), can be translated to the FWHM of the Z position for a given side (dZL, d
Z
R), by

using velocity of light in scintillator (v). In fact the second derivatives can be glued in the

positions expressed by red lines, therefore mean of the dZL and dZR value will correspond to the

sigma of the resolution function.
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Appendix E

Generalization of the position

reconstruction algorithm

Algorithm for the position reconstruction described in Sec. 4.1, can be generalized to decays

into N photons, where N > 3. Schematic example for the N = 4 is shown in Fig. E.1, but

the example can be expanded for higher decays, while adding another spheres, which creates

more vertices of the minimized shape. Each sphere corresponds to the potential annihilation

positions, from a perspective of a given hit. Radius for each sphere is calculated as it was

shown in Fig. 4.2, and it is based on the time of hits. For each sphere, two other spheres are

sought which are closest to the position of their centers, and their intersections are determined

- creating N di�erent circles for all N hits. It is worth noting that the centers of the circles lie

on the vectors connecting the centers of two adjacent spheres. Single �xed point for a given

circle is determined as the intersection of the circle and the vector connecting two spheres,

shifted to the centre of the circle. Vector for the �xed point determination is chosen such,

that it is coming from the adjacent circle. Connecting �xed points creates a shape that should

contain the actual position of the annihilation. By varying the minimal radius R0, one can

�nd the shape with minimal perimeter. The reconstructed position of the annihilation is

calculated as a middle of the shape with minimal perimeter. The method of the minimization

of the shape is the same as it was shown in Fig. 4.2.
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Figure E.1: Position reconstruction concept for decays into 4 photons. Having four

hits registered in a single event that is coming from the same annihilation, one can create

spheres from each hits' positions. For every adjacent sphere pair one can create a circle,

which corresponds to the intersection of two spheres. Fixed point of each circle is determined

as a intersection of the circle and a proper vector. Fixed points creates a shape, which can

be minimzed by looking at the shape with minimal perimeter. Reconstructed position is

estimated as a middle of the shape.
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Appendix F

Comparison of the three-photon decay

position reconstruction methods

In the thesis an algorithm for the reconstruction of the position of the decay of three photons,

was described in Sec. 4.1. It was based on the trilateration algorithm described elsewhere. The

comparison of the reconstructed annihilation position distribution for the trilateration method

and the proposed algorithm was done by means of the simulations. Simulated events allows

to extract the real annihilation position, and compare it with the reconstructed position.

As the reconstruction error value, the position di�erence between true and reconstructed

was introduced as ∆P (algorithm). Simulation data for the XAD4 measurement was used

for the comparison. Images of the reconstructed positions using trilateration and iterative

algorithms are shown in Fig. F.1. In addition in Fig. F.1 there is a comparison of the ∆P

distribution between those two algortihms. One can see, that the image reconstructed by the

iterative method looks more centered around real position at zero, than the image created by

the trilateration method. The standard deviation of the reconstructed points was improved

by 20% and 40% for the iterative algorithm comparing to the trilateration algorithm, by

looking at the standard deviations and the selected region with the highest counts on the ∆P

(iterative) vs ∆P (trilateration).
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Figure F.1: Position reconstruction comparison between trilateration and intro-

duced iterative algorithms. Reconstructed annihlation position shown in the horizontal-

vertical plane for the simulated data, using trilateration and iterative algorithm. In addition

there is a comparison of those two methods shown as ∆P (iterative) vs ∆P (trilateration)

distribution. One can see, that the iterative method produces positions closer to the real

annihilation position. By looking just at the standard deviations of the reconstructed posi-

tions iterative method was better by 20% than the trilaterion method for the experimental

smearings described in Fig. 4.5. Red rectangle on the ∆P (iterative) vs ∆P (trilateration)

distribution indicates the closest reconstructed positions for both methods. By looking at the

red rectangle iterative method is better than trilateration method by 40% ((30-18)/30).
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Appendix G

Explanation of the structure on the angle

distribution

In Fig. 6.2 there is a structure on the angle distribution between two hits. It can be explained

by the speci�c geometry of the J-PET detector and the bin width used for the visualization

of the data - 2o. One can start from the description of the detecion modules geometry. The

detection modules in the J-PET detector are distributed evenly in each layer - by 7.5o in the

�rst and the second layer and by 3.75o in the third layer, like it is shown in Fig. G.1. In

addition, detection modules in the second and the third layer are shifted by 3.75o and 1.875o,

so the modules do not overlap.

The division angles on 2o in some situations, can be arti�cially enhanced, when in the

single bin two detection modules are included. Those situations, due to the geometry of the

J-PET detector occur every 30o, starting with 8o. Bin with the centre equal to 38o is shown

in Fig. G.1, in which two detection modules, from the third layer and from the �rst layer, are

in it. Arti�cial structure can be muted by appropriately binning the angle distribution. Using

bin width equal to 7.42o does not show any structure not derived from true scattering and

not from the radioisotope inside the detection chamber, as shown in Fig. G.2. However, wider

bins blur the shapes of the distribution, and thus make it di�cult to determine such a cut

that will reduce scatterings and at the same time maximize the sensitivity of the selection

criteria. From that reason angle distributions for 2o were used to formulate cut-o�s for the

selection of the events for the positronium imaging.
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Figure G.1: Di�erent division of the detection modules in the J-PET detector based

on the angle. Division of detectors with respect to angles for two di�erent arch widths - 2o

(left, top) and 7.42o (right, top) marked on the scheme of the J-PET detector. Distribution

of the bin number as a function of angle of the detector for 2o (left, middle and left, bottom)

and 7.42o (right, middle and right, bottom). For the 2o division one can see a characteristic

edge, which disturbs the homogeneity of the angle distribution. In particular, the edge at the

38o (green area) corresponds to the situation, when two detection modules are cumulated in

the same bin, marked as the green area on the scheme of the J-PET detector. This e�ect is

increasing the content of the bins at 8o, 38o, 68o, 98o, 128o and 158o, so it is periodic every

30o. When using the bin equal to 7.42o, the e�ect is nivelated, grouping exactly four detection

modules (yellow area) in a given bin, which homogenizes the distribution of angles.
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Figure G.2: Angle distribution for di�erent binnings. Angle between deexcitation-

annihilation and annihilation-annihilation pairs in event shown for two di�erent bin widths

- 2o (green) and 7.42o (yellow). The additional structure seen in the green distribution is

nivelated on the yellow one, by simply rebinning the distribution. However, wider bin weakens

the possibility of estimating the correct scatterings cut-o�.
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Appendix H

Image of the annihilation positions on

each step of the analysis

To test the selection procedure for the positronium imaging one can plot the distribution

of the annihilation positions at di�erent stages of the analysis. Annihilation position can

be estimated based on the algorithm shown in Fig. 2.1, where the selection criteria was as

described in Sec. H. The selection criteria were tested for the porous phantom (Sec. 6.4) and

for the tissue phantom (Sec. 6.5). The results for the porous phantom are shown in Fig. H.1,

H.2 and H.3 where the results for the tissue phantom is shown in Fig. H.4, H.5 and H.6.

Enhancements on the distribution of the annihilation positions in the position of the detectors

are coming from the scatterings between two scintillators. Indeed, the time di�erence between

primary photon and the �rst scattering will be equal to the distance between two scintillators

multiplied by the speed of light. Therefore, the reconstructed position will be the position of

the detection module, where the primary photon deposited energy. Regarding the selection

criteria one can also see, that the most scatterings are reduced when the requirement on the

minimal angle between annihilation hits is applied. In addition, scatter test allows also to

reduce the impact of the accidental coincidences.
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Figure H.1: Impact of the hit multiplicity and the TOT cut on the annihilation

position distribution for the porous phantom (top) Annihilation position distribution

for the events with two hits only. The reconstruction of the position for such events is done

based on the two hits positions and times. (bottom) Annihilation position distribution for the

events with three hits only, where one of the hit was classi�ed as the deexcitation hit and the

other two are classi�ed as the annihilation hits based on the TOT value. The reconstruction

of the position for such events is done based on the two annihilation hits positions and times.
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Figure H.2: Impact of the angle between hits cuts on the annihilation position

distribution for the porous phantom (top) Annihilation position distribution for the

events with three hits only, where one of the hit was classi�ed as the deexcitation hit and

the other two are classi�ed as the annihilation hits based on the TOT value. In addition,

the angle between any two hits in an event must be greater than 15o. The reconstruction of

the position for such events is done based on the two annihilation hits positions and times.

(bottom) Annihilation position distribution for the events with three hits only, where one of

the hit was classi�ed as the deexcitation hit and the other two are classi�ed as the annihilation

hits based on the TOT value. In addition, the angle between any two hits in an event must

be greater than 15o and angle between the annihilation hits must be greater than 90o. The

reconstruction of the position for such events is done based on the two annihilation hits

positions and times.
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Figure H.3: Impact of the scatter test cuts on the annihilation position distribution

for the porous phantom (top) Annihilation position distribution for the events with three

hits only, where one of the hit was classi�ed as the deexcitation hit and the other two are

classi�ed as the annihilation hits based on the TOT value. In addition, the angle between any

two hits in an event must be greater than 15o and angle between the annihilation hits must be

greater than 90o and the scatter test calculated for the annihilation hits must be lower than

-0.5 ns or greater than 0.5 ns. The reconstruction of the position for such events is done based

on the two annihilation hits positions and times. (bottom) Annihilation position distribution

for the events with three hits only, where one of the hit was classi�ed as the deexcitation hit

and the other two are classi�ed as the annihilation hits based on the TOT value. In addition,

the angle between any two hits in an event must be greater than 15o and angle between the

annihilation hits must be greater than 90o and the scatter test calculated for the annihilation

hits must be lower than -0.5 ns. The reconstruction of the position for such events is done

based on the two annihilation hits positions and times.
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Figure H.4: Impact of the hit multiplicity and the TOT cut on the annihilation

position distribution for the tissue phantom (top) Annihilation position distribution

for the events with two hits only. The reconstruction of the position for such events is done

based on the two hits positions and times. (bottom) Annihilation position distribution for the

events with three hits only, where one of the hit was classi�ed as the deexcitation hit and the

other two are classi�ed as the annihilation hits based on the TOT value. The reconstruction

of the position for such events is done based on the two annihilation hits positions and times.
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Figure H.5: Impact of the angle between hits cuts on the annihilation position

distribution for the tissue phantom (top) Annihilation position distribution for the events

with three hits only, where one of the hit was classi�ed as the deexcitation hit and the other two

are classi�ed as the annihilation hits based on the TOT value. In addition, the angle between

any two hits in an event must be greater than 15o. The reconstruction of the position for such

events is done based on the two annihilation hits positions and times. (bottom) Annihilation

position distribution for the events with three hits only, where one of the hit was classi�ed

as the deexcitation hit and the other two are classi�ed as the annihilation hits based on the

TOT value. In addition, the angle between any two hits in an event must be greater than 15o

and angle between the annihilation hits must be greater than 90o. The reconstruction of the

position for such events is done based on the two annihilation hits positions and times.
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Figure H.6: Impact of the scatter test cuts on the annihilation position distribution

for the tissue phantom (top) Annihilation position distribution for the events with three

hits only, where one of the hit was classi�ed as the deexcitation hit and the other two are

classi�ed as the annihilation hits based on the TOT value. In addition, the angle between any

two hits in an event must be greater than 15o and angle between the annihilation hits must be

greater than 90o and the scatter test calculated for the annihilation hits must be lower than

-0.5 ns or greater than 0.5 ns. The reconstruction of the position for such events is done based

on the two annihilation hits positions and times. (bottom) Annihilation position distribution

for the events with three hits only, where one of the hit was classi�ed as the deexcitation hit

and the other two are classi�ed as the annihilation hits based on the TOT value. In addition,

the angle between any two hits in an event must be greater than 15o and angle between the

annihilation hits must be greater than 90o and the scatter test calculated for the annihilation

hits must be lower than -0.5 ns. The reconstruction of the position for such events is done

based on the two annihilation hits positions and times.
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Appendix I

Porous phantom analysis supplement

Division of the image of the porous phantom, shown in Fig. 6.5, allows to create positron

lifetime distribution for each large voxel. These distributions were �tted by PALS Avalanche

software, resulting in the longest-lived component with an mean o-Ps lifetime of 51.38 ns,

25.84 ns, and 2.02 ns for IC3100, XAD4, and PVT, respectively as shown in Tab. 6.1 and

Fig. I.1. Fits with decomposition onto di�erent component are shown for each sample in

Fig. I.2, I.3 and I.4. Lifetime spectrum for small voxels for a given sample are shown in

Fig. I.5, I.6 and I.7, where voxel with the highest statistic is compared with the voxel with

the lowest statistic.
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Figure I.1: Fit to the positron lifetime spectrum for the porous phantom. Positron

lifetime distribution from large voxels corresponding to a given sample - IC3100 (yellow),

XAD4 (green) and PVT (blue), with �tted model drawn as a red line. Models are in good

agreement with the data, con�rmed by the high values of the adjusted R2 parameter.
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Figure I.2: Fit to the positron lifetime spectrum for IC3100 and separation for

di�erent components. Positron lifetime distribution from large voxel corresponding to a

given sample - IC3100 with �tted model drawn as a red line. In addition, separation onto

di�erent component drawn separately and cummulatively is shown.
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Figure I.3: Fit to the positron lifetime spectrum for XAD4 and separation for

di�erent components. Positron lifetime distribution from large voxel corresponding to a

given sample - XAD4 with �tted model drawn as a red line. In addition, separation onto

di�erent component drawn separately and cummulatively is shown.
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Figure I.4: Fit to the positron lifetime spectrum for PVT and separation for di�er-

ent components. Positron lifetime distribution from large voxel corresponding to a given

sample - PVT with �tted model drawn as a red line. In addition, separation onto di�erent

component drawn separately and cummulatively is shown.

143



Figure I.5: Comparison of the positron lifetime distribution between two chosen

voxels for IC3100. (left) Lifetime distribution from the voxel with the highest total number

of counts, regarding position of the chamber with IC3100. (right) In contrast, voxel with the

lowest total number of counts is shown

Figure I.6: Comparison of the positron lifetime distribution between two chosen

voxels for XAD4. (left) Lifetime distribution from the voxel with the highest total number

of counts, regarding position of the chamber with XAD4. (right) In contrast, voxel with the

lowest total number of counts is shown.
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Figure I.7: Comparison of the positron lifetime distribution between two chosen

voxels for PVT. (left) Lifetime distribution from the voxel with the highest total number

of counts, regarding position of the chamber with PVT. (right) In contrast, voxel with the

lowest total number of counts is shown.
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Appendix J

Tissue phantom analysis supplement

Division the image of the tissue phantom, shown in Fig. 6.7, allows to create positron lifetime

distribution for each large voxel. These distributions were �tted by PALS Avalanche software,

resulting in the longest-lived component with an mean o-Ps lifetime of 1.950 ns, 1.874 ns, 2.645

ns and 2.581 ns for Cardiac Myxoma 1, Cardiac Myxoma 2, Adipose Tissue 1 and Adipose

Tissue 2, respectively as shown in Tab. 6.2. Fits with decomposition onto di�erent component

are shown for each sample in Fig. J.1 and J.2. Lifetime spectrum for small voxels for a given

sample are shown in Fig. J.3, J.4, J.5 and J.6, where voxel with the highest statistic is

compared with the voxel with the lowest statistic.
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Figure J.1: Fit to the positron lifetime spectrum for tissues from the �rst patient

and separation for di�erent components. Positron lifetime distribution from large voxel

corresponding to a given sample - cardiac myxoma (blue) and adipose tissue (yellow) for the

�rst patient with �tted model drawn as a red line. In addition, separation onto di�erent

component drawn separately and cummulatively is shown.
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Figure J.2: Fit to the positron lifetime spectrum for tissues from the second patient

and separation for di�erent components. Positron lifetime distribution from large voxel

corresponding to a given sample - cardiac myxoma (green) and adipose tissue (red) for the

second patient with �tted model drawn as a red line. In addition, separation onto di�erent

component drawn separately and cummulatively is shown.
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Figure J.3: Comparison of the positron lifetime distribution between two chosen

voxels for cardiac myxoma for the �rst patient. (left) Lifetime distribution from the

voxel with the highest total number of counts, regarding position of the chamber with Cardiac

Myxoma 1. (right) In contrast, voxel with the lowest total number of counts is shown

Figure J.4: Comparison of the positron lifetime distribution between two chosen

voxels for cardiac myxoma for the second patient. (left) Lifetime distribution from

the voxel with the highest total number of counts, regarding position of the chamber with

Cardiac Myxoma 2. (right) In contrast, voxel with the lowest total number of counts is shown
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Figure J.5: Comparison of the positron lifetime distribution between two chosen

voxels for adipose tissue for the �rst patient. (left) Lifetime distribution from the voxel

with the highest total number of counts, regarding position of the chamber with Adipose

Tissue 1. (right) In contrast, voxel with the lowest total number of counts is shown

Figure J.6: Comparison of the positron lifetime distribution between two chosen

voxels for adipose tissue for the second patient. (left) Lifetime distribution from the

voxel with the highest total number of counts, regarding position of the chamber with Adipose

Tissue 2. (right) In contrast, voxel with the lowest total number of counts is shown
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