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Abstract

Testing the conservation of the CPT symmetry is one of the most important issues for
modern physical science. CPT is the only combination of charge conjugation, parity,
and time-reversal that is observed to be an exact symmetry of nature at the
fundamental level. Several experiments are currently performed to test the symmetry
in the leptonic sector, e.g. in neutrino oscillations. CPT can be tested also by using
charged leptons by searching for the electric dipole moment, e.g. of the electron. In
this thesis, we present a test of CPT invariance in the decays of positronium as the
lightest purely leptonic bound system.

Positronium is a viable system for the investigation of possible violations of the
discrete symmetries in the leptonic sector. We search for CPT-violating decay
processes of positronium atoms by the Jagiellonian Positron Emission Tomograph

(J-PET), using the angular correlation of S- (El X Ez ) where S is the positronium

spin and El, Ez are the momenta of the most energetic positronium decay photons.
A non zero expectation value of CPT-odd angular correlation would give rise to an
up/down asymmetry of the decay plane with respect to the spin orientation of the
ortho-positronium atom. In the previous similar experiments, the precision of
determining this kind of correlation has been limited to about 3%.. The precise
experimental CPT symmetry tests with J-PET are possible thanks to a dedicated
reconstruction technique of the ortho-positronium (0-Ps) into 3y decays. The
reconstruction of the 0-Ps decay into three photons was used in order to determine the
spin direction of the positronium atoms. Also, the identification of 0-Ps decay into 3y
events as well as the reconstruction of their annihilation points was achieved using a
large decay chamber with a layer of a highly porous material target silica (R60G) on
its inner wall, whose setup allows for determining the 0-Ps spin linear polarization
without the use of external magnetic field. The measurements were performed with
the J-PET by using two radioactive sources with different activities and two different
kinds of annihilation chambers. We have measured the angular distribution of gamma
guanta emitted in three-photons annihilation as a result of o-Ps decay.

The test of the CPT symmetry with J-PET detector resulted in the mean value of the
CPT-sensitive angular correlation operator Ocpr = (—5.5 +3.7) x 10~*, which
corresponds to the CPT violation coefficient of Ccppr = (—13.6+9.2) X 1074,
therefore no violation has been found at the precision level of 9.2 x 10~*, which is
factor of 3 better than the previous experimental results.






Abstrakt

Testowanie zachowania symetrii CPT jest jednym z najwazniejszych
zagadnien dla wspotczesnej fizyki. CPT stanowi jedyng kombinacje sprzezenia
fadunkowego, parzystosci oraz odwrocenia w czasie ktora wydaje sie¢ byc
fundamentalng symetria w przyrodzie. Obecnie prowadzonych jest kilka
eksperymentéw sprawdzajacych t¢ symetri¢ w ukladach leptonowych, np. w
oscylacjach neutrin. Symetria CPT moze by¢ testowana roéwniez poprzez
poszukiwanie elektrycznego momentu dipolowego leptondw, np. elektronu. W tej
pracy przedstawiony jest test symetrii CPT w rozpadach atoméw pozytonium,
stanowigcych najlzejszy czysto leptonowy uktad zwigzany.

Pozytonium jest dobrym uktadem do poszukiwania mozliwego tamania
symetrii dyskretnych w sektorze leptonowym. W tej pracy poszukiwane sa efekty
tamania CPT w rozpadach pozytonium przy pomocy detektora J-PET, poprzez
badanie korelacji katowej S- (El X Ez ), gdzie S oznacza spin pozytonium a El I Ez
to pedy dwodch najbardziej energetycznych fotonéw powstatych w anihilacji orto-
pozytonium. Niezerowa warto$¢ $rednia takiej korelacji, asymetrycznej wzgledem
transformacji CPT powinna objawia¢ si¢ powstaniem asymetrii gora/dot pomiedzy
plaszczyzng anihilacji oraz kierunkiem spinu atomu orto-pozytonium. W poprzednich
eksperymentach doktadno$¢ wyznaczenia tej korelacji katowej byta ograniczona do
okoto 3%o. Dokladne testy symetrii CPT przy pomocy eksperymentu J-PET sa
mozliwe dzigki dedykowanej technice rekonstrukcji rozpadéw o-Ps na trzy fotony,
Ktora zostata wykorzystana w celu wyznaczenia kierunku spinu atoméw pozytonium.
Rozpady orto-pozytonium na 3y zostaly zidentyfikowane i zrekonstruowane w
pomiarach z uzyciem duzej komory anthilacyjnej zawierajacej warstwe krzemionki o
wysokiej porowatosci (R60G) na wewnetrznej $cianie. Taki uklad pozwolil na
otrzymanie liniowej polazyracji spinowej orto-pozytonium bez uzycia zewngtrznego
pola magnetycznego. Pomiary zostaly wykonane przy pomocy detektora J-PET z
wykorzystaniem dwoch zZrodet promieniowania B+ o réznych aktywnosciach. W
pomiarach uzyto rowniez dwoch rodzajow komor anihilacyjnych. Zmierzone zostaly
rozktady katowe kwantow gamma powstatych w rozpadach orto-pozytonium na trzy
fotony.

W tescie symetrii CPT przy pomocy detektora J-PET wyznaczono warto$¢ tamiacej
symetrie CPT korelacji katowej réowng Ocpp = (—5.5 + 3.7) X 10~*. Warto$¢ ta
odpowiada wspotczynnikowi tamania CPT réwnemu Cepr = (—13.6 +9.2) x 1074,
zatem nie zaobserwowano lamania symetrii na poziomie dokladnosci 9.2 X 107%,
trzykrotnie lepszym od wynikéw poprzednich eksperymentow.
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Introduction

This work presents a test of the CPT symmetry performed using the J-PET detector by
searching for non-vanishing angular correlations in the decays of ortho-positronium
atoms originating from electron-positron interactions into three photons. To date, the
CP and T symmetry violation was observed, while there was no observation of CPT
violation. However, even in the case of CP and T where the symmetries were noted to
be violated, the violation is only observed in systems involving quarks [1]. Therefore,
searches for discrete symmetry violations in the leptonic sector are of great interest.
So far a CP symmetry violation was not observed for purely leptonic systems (where
its breaking symmetry has been observed in the decay of K and B meson) [1,2]. This
thesis is focused on the study of a CPT-symmetry violating correlation in the
annihilations of polarized ortho-positronium atoms, the lightest purely leptonic
systems decaying into photons. Positronium has been recognized as a useful system
for tests of the discrete fundamental symmetries CP, and CPT [3]. We choose this
system in order to search for an asymmetry in the triple angular correlation

S+ (ky x ky ), where S is the spin of the ortho-positronium atom and ki and k. are the

momenta of the most energetic decay photons, where |E1 |>|E2 |>|E3 |. The sensitivity
of CPT-odd triple correlation to CPT violation was demonstrated in Ref. [4]. The
ortho-positronium atom annihilates mainly into three coplanar gamma quanta, which

can be labeled E1, E», and Es in order of their decreasing energy. The quantity El x Ez
defines a vector normal to the 3 photons decay plane.

One of the most fundamental symmetries in physics is CPT invariance. The test of
CPT violation acquires its importance as a test of various foundations of physics and
basic laws of physics, and the result of such test may either support the essentials of
physics further, or they may reveal fundamentally a new physics.

The experiment was performed using the J-PET detector at the Jagiellonian
University. The J-PET detector consists of 192 plastic scintillator strips surrounding a
12 cm radius annihilation target chamber.

The experiments were done in the frame of working with the J-PET group. The author
took an active part in all experimental measurements, mechanical assembly and
experimental setup of the J-PET equipment, tests, and the calibrations of the J-PET
detector. The measurements, in which the author of this thesis took part, were
performed in January 2017, June-September 2018, and March-April 2019 at
Jagiellonian University by means of J-PET detector. The higher levels of the data
analysis modules were written in the C++ language by the author using the J-PET
framework software. All the analysis of data of the measurements presented in this
work was performed by the author, which includes the refined time calibration and
obtaining the o-Ps annihilation points and the reconstruction of the first tomographic
images. Finally, the analysis of the uncertainties, the extraction of the CPT violating
coefficient Ccpr, and a comparison of the CPT test's precision results with those
which were obtained in previous experimental studies was also performed by the
author.

This dissertation is organized into nine chapters. The first chapter serves as
an introduction to the subject of discrete symmetries and CPT symmetry violation.
Chapter 2 introduces the reader to the main properties of the positron and positronium
atom which is a key aspect of this work. Chapter 3 describes the theory and principles
necessary to understand the positronium polarization methods. Description of my
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research begins in Chapter 4, which gives atechnical explanation of the J-PET
detector apparatus equipment and software. Chapter 5 contains a detailed explanation
of the methods of preparation of the positronium source and annihilation chambers
and represents a description of the measurements presented in this work. Chapter 6
discusses the J-PET calibrations and describes all the calibrations which have been
done before and after measurements. Chapter 7 includes discussions about the
methods of data analysis and image reconstruction. Chapter 8 contains results,
conclusions, which included the CPT symmetry violation test by J-PET, the results of
studying the angular distribution of photons in 0-Ps to three-photon decay, as well as a
comparison with the previous experimental results. It also describes the sources of the
systematic uncertainties in the measurements of the angular correlation operators for
CPT symmetry test. The last chapter serves for the conclusions and the prospects on
how to progress with the J-PET to increase the CPT test precision and opens the
discussion about the limitations of the study and also includes an overview of
opportunities for further researches.
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Chapter 71

1. The discrete symmetries

The three kinds of discrete symmetries of quantum mechanics, C (charge
conjugation), P (parity inversion), and T (time reversal) are all violated in nature, both
singly or in pairs. CPT symmetry (in any order) is the only combination of these three
symmetries which appears to be conserved as an exact symmetry of nature.

The most interesting fact is that (since the matter is made of quarks and leptons) the
violation of CP and T discrete symmetries has, so far, been only discovered for
systems including quarks, and it has not yet been observed in any processes involving
purely leptonic system.

One can use for example the neutrinos, but it is a completely different kinds of
experiments requiring very big detectors and a long time of measurements. There is
also the electric dipole moment for leptons, where the electron is most accessible to
experimental observation, but it is also indirect search for CPT violation and it is
worth also to study the positronium which is the lightest system composed of charged
leptons. Such kind of experimental studies are interesting and the best so far
performed experiments with positronium atoms excluded a violation of discrete
symmetries as CP, T or CPT only at the level of precision of about 3 x 10~3 which
was obtained by the Gammasphere detector [5], this result in fact many orders of
magnitude less precise than the precisions which have been achieved in the
CP symmetry violation studies in the case of quark sector. The latter result still about
six orders of magnitude larger than the possible contribution from the radiative
corrections which may mimic the CPT symmetry violation at the level of 10° [6,4].

1.1. Charge conjugation, parity, Time reversal, CP, and CPT symmetries

Quantum electrodynamics (QED) Lagrangian is invariant under charge conjugation
symmetry (C), where Charge conjugation is a transformation that switches all the
particles in the system with their corresponding antiparticles, which means changes
the sign of all charges. Therefore, in the case of pure QED description of Ps decays,
the annihilation into an even number of photons is allowed in the case of p-Ps,
whereas 0-Ps can decay into an odd photons number. According to the Landau-Yang
theorem, the 0-Ps decay into 2 photons is forbidden, therefore the simplest possible
decay violating C-symmetry is the p-Ps into 3 photons. One of the possibilities of
looking for a symmetry violation is studying angular correlations, and the angular
correlations can be expressed by certain operators [4]. A whole set of these operators
presented in Table 1.1. The combination of two discrete symmetries (the parity
transformation, and the charge conjugation) and also the three discrete symmetries
combination for the decay of 0-Ps into 3 photons were investigated and tested by
determination of expectation values of the second and third operators presented in
Table 1.1. The upper limits on CP [3] and CPT [5] symmetry violation in the
annihilation of ortho-positronium:

Ccp = 0.0013 + 0.0022; [3] for the operator (S -k, ) (§- (ky x Kk, ))
Cepr=0.0071 + 0.0062; [5] for the operator S - (k; x K, )
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Chapter 71

Table 1.1. Properties of operators for the 0-Ps into 3y decay for given symmetries. El and EZ

denote the momentum of the most energetic decay photons, Sis the spin of the o0-Ps. The
symmetry-odd operators available for studies at the J-PET [7] system are highlighted in blue
color.

Operator CcC| P | T CP | CPT
5k =+ - | -

S - (k1 X ko) Fl+ =1 + B
(S-k)(S-(hixke) [+ | —|—| — | +
ko X & +-1=-] - +

S-G ++|-] + | -

S - (ka x &) + | -1+] - —

The experimental limits on the symmetries violation of CP and CPT in the
positronium decays are still several orders of magnitude higher than the effects
mimicking the violation. Therefore, there are at least 6 orders of magnitude level for
the possible precision test of CPT symmetry violation taking into account a predicted
level of final-state interactions.

So far only the weak interactions were found to violate symmetries under the P [8],
C [9] and T operators [10]. As shown in Figures 1.1, 1.2 and 1.3 respectively:

The experiment of Wu et al. [8] involved beta particles emitted from cobalt-60 nuclei
oriented using a strong magnetic field so their spins aligned in the same direction. The
experiment measured the direction in which these beta particles were emitted relative
to the spin of the Cobalt-60 nuclei. In the mirror image version of the experiment, the
direction of the z-axis was flipped, but the direction of nuclear spin was not because
they rotating clockwise in the real is still rotating clockwise in the mirror, so the spin
of the nuclei are aligned in real and mirror. When the Cobalt-60 decays and emits beta
particles, parity conservation demands that the emitted beta particles should be
equally distributed between the two directions along the z-axis, and based on that real
and the mirror experiments would give the same results, but beta-particles are emitted
preferentially in the direction opposite to the nucleus spin. The mirror world is thus
distinguishable from the real world. The parity-transformed world is not identical to
the real world, which would be tantamount to parity violation as shown in Figure 1.1.
In the case of the mirror experiment, an additional to flipping the direction of the
z-axis, if the particles swapped to anti-particles with their charges, then the symmetry
would be restored again.
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Figure 1.1: Left: The P symmetry violation example in the weak decay interaction (*°Co
decay). Right: The combined CP symmetry, where the process of the beta+ emission would
conserve the symmetry.

Anti-neutrino

Neutrino ?
C
Pion* . ’ ‘ Pion”
Anti-muon Muon

Figure 1.2: The C symmetry violation example, where a positively-charged pion decays into
an anti-muon and a neutrino, the neutrino spin is always left-handed and impossible to be
right-handed, which violates the parity. While, when a negatively-charged pion decays into a
muon and an anti-neutrino, the anti-neutrino spin is always right-handed. The difference
between the two processes involving negatively and positively charged pions violates
C-symmetry.

The physicists conducted experiments to confirm that certain particles directly violate
the time symmetry, for example when a pair of quarks are held together by the strong
force, there are some times two different possible arrangments and they can switch
back and forth between these two arrangements via the weak force, but switching in
one direction takes longer time than switching back, so if it is possible to make a
recording of this event, it would look different if would play the recording forwards
than if it has been played backwards as shown in Figure 1.3 in certain cases then
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fundamental particles can show the difference between going forward and backward
in time.

,Tlme forward

EK €K ime backward

Figure 1.3: The T symmetry violation example in the case of botton and down quarks under
the effect of the strong force.
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Chapter 2

2. Properties of positron and positronium

2.1. The positron

The positron or antielectron is the antiparticle or the antimatter counterpart of the
electron. The positron has an electric charge of +1 e, a spin of 1/2 (same as an
electron), and has the same mass as an electron. It is a stable particle in the vacuum
with a mean lifetime of more than 2 x 10?2 years [11]. The existence of the positron
was predicted in 1928 by physicist Paul Dirac, and positrons were discovered
experimentally in 1932 by physicist Carl Anderson.

Positrons may be generated by radioactive decay (through weak interactions), (see
Figures 2.1 and 2.2), or by pair production from a sufficiently energetic photon which
IS interacting with an atom in a material. It is a form of antimatter because, when a
positron collides with an electron, the two may completely annihilate resulting in the
emission of two or more gamma-ray photons, which due to energy conservation, must
have a total energy equal to the rest mass energy (i.e. 1.022 MeV) plus any Kinetic
energy of the positron-electron pair.

The number of gamma-rays that are emitted is determined by the parity and charge
qguantum numbers of the annihilating system, which must be conserved. For a system
containing n gamma-rays, the charge conjugation eigen value reads:

Pc=(-1)" (2.1)
and for the electron-positron system:

Pc = (-1)%*S, (2.2)
where L is the orbital angular momentum of the electron-positron system and S is its
spin [12]. Therefore, an odd or even number of gamma-rays is released through

annihilation depending on the spin and angular momentum of the positron-electron
pair.

)V

proton neutron

e

Y

Y

Y

Y

Figure 2.1: Scheme of a beta+ decay.
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electron capture (EC).
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k. 4

0

2ZNe (stable)

Figure 2.2: Decay scheme of the ?2Na radioisotope, where a positron with an end-point energy
of 546 keV is emitted in 90.45% of the decay reactions, which first produces excited neon
22Ne and then ground-state neon by the emission of a photon (1.275 MeV). 9.5% of the decay
events happen by electron capture (EC) and then photon emission, while a very small fraction
(0.05%) occurs by the emission of high-energy positrons (1.821 MeV). The accompanying
neutrino emission is not shown in this decay scheme.

2.2. The positronium atom

Positronium (Ps) is a system consisting of an electron and its anti-particle, a positron,
bound together into an exotic atom. The system is a metastable hydrogen-like bound
state of an electron and a positron which can exist in two spin states. Para-
positronium, p-Ps, (spin equal to zero) is a singlet ground state with a characteristic
self-annihilation lifetime of 125 ps in vacuum [13]. Ortho-positronium (0-Ps) is a
triplet ground state (spin equal to 1) with a characteristic self-annihilation lifetime of
142 ns in vacuum. In molecular materials, the lifetime of o0-Ps is environment
dependent and it delivers information pertaining to the size of the void in which it
resides. Ps can pick up a molecular electron with an opposite spin to that of the
positron, leading to a reduction of the o-Ps lifetime from 142 ns down to even 1-4 ns
(depending on the size of the free volume in which it resides) [13]. The size of the
molecular free volume can be derived from the o-Ps lifetime via the semi-empirical
Tao-Eldrup model [14]. The Ps-atom was first experimentally detected by
Deutsch 1951 [15].
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Chapter 2

2.2.1. Positronium properties (Fundamental properties of positronium)

This chapter gives an elementary introduction to the most important properties of
positronium (see Table 2.1). It is not intended as a comprehensive review which can
be found e.g. in [16,17]. Positronium, is an electron-positron bound state, which is the
lightest known atom so far. This feature offers unique opportunities for testing our
understanding of bound-states in the framework of Quantum Electrodynamics (QED).
The spins of the electron and the positron in the positronium can combine to give
either a singlet spin ground state 'So which is called para-positronium or a triplet
ground state 3S;, ortho-positronium. The system is unstable: the two particles
annihilate each other and predominantly produce two or three gamma-rays, depending
on the relative spin states. The orbit and energy levels of the two particles are similar
to that of the hydrogen atom (which is a bound state of a proton and an electron) (see
Figure 2.3). However, because the positronium reduced mass is about half of that of a
hydrogen atom, the frequencies of the spectral lines are less than half of the
corresponding lines of the hydrogen atom.

Table 2.1: The comparison of positronium (Ps) and hydrogen atom.

Hydrogen atom Properties Positronium
1.0080 Atomic mass (amu) 0.00110
0.99946 Reduced mass (a.u.) 1/2
0.53 A° (radius) Size, <r> 1.06 A° (radius)
13.598 eV = 0.5 a.u. lonization energy 6.803 eV =0.25 a.u.
paramagnetic Magnetism diamagnetic
l/=n Contact density 1/8 1
1s, 2s, 2p, ..., (n,m, ) Spatial states 1s, 2s, 2p, ..., (N, m, 1)
5.9 ueV Hyperfine splitting 840 eV
4.5 a.u. Dipole polarizability 36au
J =0 (para) Spin states S =0 (para)
J =1 (ortho) S =1 (ortho)
Stable The lifetime 0.125 ns (para)

142ns (ortho)

Figure 2.3: Scheme of the hydrogen atom (left) and positronium (Ps) atom (right).
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Chapter 2

2.2.1.1. Positronium decay rates

Positronium atom consists of an electron and a positron orbiting around each other.
p-Ps is formed with an electron and a positron with total spin equal to 0 and in its
ground state it has a lifetime in vacuum of 125 ps, decaying predominantly into two
511 keV gamma-rays emitted back-to-back (BTB). The o0-Ps is formed with an
electron and a positron with total spin equal to one and has a lifetime in the vacuum of
142 ns in its ground state, decaying predominantly into three coplanar gamma-rays
with energies from zero to 511 keV. Measuring these annihilation decay rates
provides unique tests of quantum electrodynamics (QED) [18].

The Positronium atom annihilates into n gammas, with n restricted to even or odd by
equations (2.1) and (2.2), which yield: (-1)"=(-1)-*S, where S is the total spin and L is
the angular momentum of the positronium. The characteristics of the two Ps spin
states are given in Table 2.2. Due to spin statistics, positronium is formed in a ratio of
ortho-positronium (0-Ps) to para-positronium (p-Ps) of 3:1. Thereby, upon the
production and annihilation of ground-state of positronium, 3 gamma are more likely
produced [19].

Table 2.2: The properties of positronium ground-state: a [20], b [21], ¢ [22], d [23].

Name | State | Substate | Mean life-time Decay Ground state decay rates (us™)

S Sz mode Experiment Theory
p-Ps 0 0 125 ps 2y 7990.9+ 1.72 7989.5°
0-Ps 1 -1,0,+1 142 ns 3y 7.0404(10)(8)(140ppm)°© 7.0420¢

2.2.1.1.1. Para-positronium

Except for the C-violating mode which are caused by the weak interactions, p-Ps can
only annihilate into an even number of photons (see Figure 2.4).
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> NNANN Y > ‘:\/W\_/\,, Y
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e+ e+ ¥

Figure 2.4: The Feynman diagrams of the p-Ps and o0-Ps atoms decay modes.
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The 2-y decay rate of the p-Ps ground state, !Sp, was calculated by
Czarnecki et al. [24]:

5 2

a’m m\ a 1 a
— — €11 — — = 21h = e
M(p—Ps—2y) =——=|1 <5 4>n +2a%In~ +1.75(30) (n)
3
—Zn?~ + 0(a*Int)] = 7989.50(2)us (2.3)

Here, o is the fine-structure constant and me is the electron mass. Where the non-
logarithmic terms O(o?) [24] and leading-logarithmic terms O(a®In? o) have been
obtained [25].

The theoretical prediction agrees well with the experiment [20],
Texp(p —Ps = 2y) = 7990(1.7)us™* (2.4)

The 4y decay is highly suppressed relative to 2y and the branching ratio for these
decays amounts to [26]:

[(p—Ps—4y)

BR(p — Ps - 4y) = e ——

2
=0277(1) (%) =149 x 107 (2.5)
2.2.1.1.2. Ortho-positronium

The more difficult calculation for the lowest order decay rate of the triplet spin state
of orthopositronium atom (0-Ps) was first obtained correctly by Ore and Powell [27]
in 1949. Their result can be expressed as:

abm,

g, == (n? - 9) (2.6)

Y
r3, = 7.2111670(1) us™* (2.7)

The ground state of orthopositronium, 3S;, can decay into an odd number of the
photons only (if C is conserved) (see Figure 2.4). The three gamma decay rate is given

by:

- i = _ a u L a
(0 —Ps— 3y) ome : ———In= +B, (>
3
_%ln% +0(a®Ina)] = (7.0382 + 0.39 x 107* B,)us~! 28)

Because of its 3-body phase space and a large number of diagrams, a complete
theoretical analysis of 0-Ps decays is much more difficult than in the case of p-Ps. The
non-logarithmic two-loop effects, parameterized by Bo, have not been evaluated so
far, and more theoretical correction is needed.

The 5y decays branching ratio is of order a? [26,28]:
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I'(o—Ps—5y)

BR(0o —Ps - 5y) = Mo—Psa3p)

=0.19(1) (%)2 ~1.0 x 10°¢ (2.9)

2.2.2. Positronium interactions with the medium (environment)

In the presence of matter or in external electric (E) or magnetic (B) fields, the ortho-
positronium states may annihilate into two gamma photons. Several mechanisms are
responsible for this effect and in this section, they will be briefly discussed. In a
material with a random orientation of spins, 3/4 of positronium atoms are formed in
the triplet state and the remaining 1/4 is para-positronium (see Figure 2.5). Usually,
the interaction which is called free annihilation of an 0-Ps atom produces 3y. Based
on the quantum electrodynamics, the probability of 3y-annihilation is much smaller
than that of 2y-annihilation but the spin conservation rule prevents the occurrence of
2y-annihilation from a spin S = 1 state. Thus the self-annihilation of o-Ps is a
relatively slow process and ortho-positronium atoms have enough time to take part in
different interactions with the atoms of the surrounding environment. As a result, 0-Ps
commonly escapes self-annihilation because it is forced by its surroundings to
undergo quick 2y-annihilation [29] (see Figure 2.5).

Fast Positron

% ; Slow down
+ . @ Positronium formation (30%)
(Annihilation with free electron)

75% 25%

o-Ps p-Ps

) 1=0.125ns
=142ns ‘ ‘ Spin conversion‘ *
99.73% (1/370)

0.27% l '
1.3%

N 511 keV 2y

ﬁf \T Chemical reactions

511 keV

Direct annihilation (70%)

Pick-off

2Y
511 keV

511 keV

Theall 3y annlhllatlons 0.48%

Figure 2.5: The scenarios scheme for all the possible annihilation processes of the
positronium in water [13].
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2.2.2.1. The pick-off annihilation process

The most general interaction between Positronium and materials is the so-called
pick-off annihilation. It occurs in every material, although sometimes together with
other 0-Ps interactions. This interaction results from the fact that the positron of the
triplet positronium atom o0-Ps can undergo annihilation with an electron of a colliding
molecule rather than with the electron that is part of the positronium atom (see
Figure 2.6). Thus the positron-electron pair, that annihilates at the end, is
predominantly in a singlet state (S = 0) instead of the o-Ps original (S=1) state. When
0-Ps collides with a closed-shell atom or ion, the pick-off process is the dominant
process for positron annihilation because of the fact that in the presence of matter the
positron wave function may overlap with an electron of the surrounding media.
Therefore, there is a high probability that the positron annihilates with an electron
which is not its bound partner. The o-Ps annihilation by the pick-off mechanism will
predominantly emit two gamma rays in the same way as annihilating p-Ps. Pick-off
annihilation will, therefore, decrease the 0-Ps lifetime in the material and diminish the
maximum fraction of 0-Ps that can self annihilate (see Figure 2.6).

Electron from
the o-Ps

Electron from
the medium

Figure 2.6: The pick-off annihilation process scheme.

As a result of this interaction, the lifetime of ortho-positronium shortens considerably
but, owing to the shielding effect of the Ps-electron, it is still longer than it would be
in the case of free e*e” annihilation (direct annihilation). Pick-off annihilation is
especially common in condensed phases. The rate of pick-off annihilation varies with
the material type, with the rate being higher for metals and semiconductor materials.
Additionally, the pick-off rate changes with the dimension of the pore size and
presently the research indicates that the rate decreases with increasing pore
diameter [30]. The decay rate through pick-off is much lower than expected from the
average electron density of the material in which the Ps forms. This is due to the
repulsive electron exchange interaction between the Ps and the surrounding atoms.
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2.2.2.2. The spin conversion process (Spin exchange mechanism)

The second important interaction of positronium is the ortho-para spin conversion. It
occurs if the substance contains paramagnetic particles with unpaired electrons. When
colliding with such a particle, the orientation of one of the parallel spins of ortho-
positronium may be reversed simultaneously with the reversion of the spin of the
unpaired electron of the colliding molecule. This interaction takes place via electron
exchange between the molecule and o-Ps atom (see Figures 2.7 and 2.8). The para-
positronium formed by this process annihilates very rapidly, according to its short
mean lifetime. Consequently, this effect also leads to drastic decrease in the effective
lifetime of positronium. Ortho-para conversion can be demonstrated by the following
example reaction [29]: Ps(11)+NO(])—NO(1)+Ps(1])—NO(1)+2y, where NO is
nitrosonium ion and the vertical arrows show the directions of the spin.

The converters are often an atom or molecule that have one or more unpaired
electrons (free radicals) and transition metal ions having unpaired electrons. The
prominent feature of radicals is that they have extremely high chemical reactivity,
however, there is no correlation between the number of unpaired electrons and the
strength of the converter. Moreover, it was experimentally verified, that the statistical
probability of the ortho-positronium into para-positronium conversion reactions (CR)
caused by the paramagnetic compounds with spin S = 1/2 is three times larger than
that of the CR caused by compounds with S > 1/2 [31]. The Ps atom can undergo a
spin conversion reaction with paramagnetic material without the necessity of any kind
of change in the spin state of the latter [32]. Due to the spin states statistics, after
interacting with the odd electron of a solute molecule or ion, the Ps atom (whether
singlet or triplet) has normally 3 chances out of 4 to become 0-Ps, and 1 out of 4 to be
found as p-Ps, because p-Ps has much shorter lifetime compared to that of o0-Ps, this

processes transform a large part of 0-Ps into p-Ps (see Fig. 2.7).
=
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Figure 2.7: Spin-conversion of the o-Ps with an electron of spin down (black small arrow
pointing down) : a) the 0-Ps (red) with the spin projection S, = +1 can convert either into the
p-Ps (blue) or into the 0-Ps with S, = 0; b) the 0-Ps with S, = 0 can convert either into the p-Ps
with S; = 0 or into the 0-Ps with S; = -1; ¢) the 0-Ps with S, = -1 cannot convert with an
electron with spin pointing down.
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Figure 2.8: Spin-conversion of the o0-Ps with an electron of spin up (black small arrow
pointing up) : a) the o-Ps (red) with the spin projection S, = —1 can convert either into the
p-Ps (blue) or into the 0-Ps with S, = 0; b) the 0-Ps with S, = 0 can convert either into the p-Ps
with S; = 0 or into the 0-Ps with S; =1; ¢) the 0-Ps with S, = 1 cannot convert with an electron
of spin pointing up.

2.2.2.3. The Positronium chemical reactions

The positronium reactions are often described simply as "pick-off" or "spin-exchange"
interactions which convert 0-Ps to p-Ps following the formation of a reaction
complex, but many studies verified that the positronium atom can participate in
different kinds of the chemical reactions [33].

Despite the aforementioned similarity of positronium to hydrogen atom, there is also a
number of important differences. Where the hydrogen atom is a simplest and smallest
free radical, as it has an unpaired electron spin, o-Ps is a kind of biracial, as it has a
total electron and positron spin =1, while p-Ps exhibits no unpaired spin. Moreover,
the distribution of charge in the positronium atom is much more delocalized than that
of the hydrogen atom. Also the effective distance between electron and positron in the
positronium atom is about twice of that between electron and proton in the hydrogen
atom.

It should be noted that certain types of ortho-para positronium conversion reactions,
e.g. the interaction with radicals, are also of chemical character. The most important
types of positronium chemical interactions can be demonstrated by the following
examples [34]:

a. Addition reactions: Ps + O2 + M— PsO. + M, were addition of positronium to
oxygen in the presence of an inert atom or molecule M.

b. Exchange reactions: Ps+Cl,— CI+PsCl— Cl2+2y, this chemical interaction include
distinction capture and separation of the positronium by halogens like fluorine (F),
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chlorine (CI), bromine (Br), iodine (), and astatine (At). The bond dissociation energy
of positronium and Chlorine molecule (PsCl) is estimated to be about 0.8, 1.6 eV.
This chemical reaction has been studied by using the angular correlation technique,
where the rate constant is about 4x10° cm®/sec. This rate constant value is 30 times
greater than the rate constant of the analogous reaction with hydrogen atom [35].

c. Oxidation reactions: Ps+Fe3*— Fe2*+e"+2y, where Fe3", Fe2" are Ferric ions.

d. Reduction reactions: Ps+e-— Ps-— e-+2y, Positronium can be further bind to
another electron to form the positronium negative ion, Ps— (e—e+e—), where it's
existence has been confirmed [36].

The common conclusion of such chemical reactions is that Positronium atom senses a
medium with more free electrons. This leads to its annihilation similar to the pick-off
annihilation. The outcome is a shortened lifetime and an annihilation into two gamma
qguanta. In the case of benzoquinone, Ps may attack the carbonyls or the ring C=C
groups to form such complexes. The previous studies was verified that the positrons
react with nitrates [37], it is believed that this reaction is an oxidation process. It is
found also that positronium is less readily attacked by the ions like CI™ and SO4™~
[30].

In the sulfate and chloride solutions, the positronium atom more effectively replaces
the metals which are lowest in the electrochemical series. A systematic study of the
chemical properties of the positronium atom was done by McGervey and DeBenedetti
[32] who verified that the positronium has an oxidation chemical reaction with
nitrates.

2.2.2.4. Positronium quenching in magnetic fields

The ortho-positronium, which decay into 3y can undergo quenching through various
types of interactions with atoms and molecules. The quenching process of 0-Ps could
happen during o-Ps-atom collisions via pick-off quenching, chemical quenching (see
Figure 2.5), spin conversion quenching through an exchange of electron and spin
conversion quenching process through a spin-orbit interaction with a heavy atom,
another possibility for annihilation is 0-Ps—p-Ps conversion due to the spin-orbit
interaction between the atom and colliding Ps. This extra quenching mechanism may
explain a number of phenomena observed in the annihilation spectrum of Kr and Xe,
including the very small Ps fraction of 3% seen for Xe [38].

A similar quenching of o-Ps to p-Ps (and vice versa) is caused by the presence of a
magnetic field. The triplet state with S; = 0 can mix with the singlet state resulting in a
reduction of the observed decay rate of 0-Ps. The triplet states of 0-Ps with S; =+1 are
not affected by the magnetic field, therefore, the maximum reduction in the o-Ps
fraction is 1/3 [39].
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The application of a sufficient external magnetic field causes the mixing of para-
positronium and ortho-positronium energy states of the Ps atom with quantum number
S;=0, resulting in the decrease of the longest-lived o-Ps component in the positronium
lifetime spectrum. Rochanakij and Schrader [40] have studied the effect of an external
magnetic field on the lifetime of positronium atom in different kinds of liquids and
solutions. Applying a steady magnetic fields up to 1.4 Tesla by using the positron
annihilation lifetime technique, the lifetime of 0-Ps with S,=+1 remains constant as
the case before the field was applied, and the lifetime of o-Ps with S,=0 was very
sensitive to the strength of the external magnetic field, and it is decreasing as the field
strength increases. This effect follows from a well-known principle of atomic physics,
the magnetic quenching mechanism, the quadratic Zeeman effect [33], where an
important information on the structure of Ps can be obtained through the Zeeman
effect.
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3.The positronium polarization

Positronium atoms may be created with different spin configurations which determine
their fundamental properties, such as energy level structure, lifetime, decay rate and
response to an external magnetic field. The nature of the interactions between Ps
atoms is also strongly influenced by their energy and relative spin states; oppositely
polarized Ps atoms may interact and exchange particles and scatter into different
energy states, or join together to form molecular positronium. The positron beams
derived from radioactive material are always spin-polarized to some extent and have
been used for a lot of applications, for instance, measuring the magnetic properties of
ferromagnets, and studying different fundamental interactions. It has been known for
many years that a fully spin-polarized positronium atom is the best candidate to form
and observe Bose-Einstein condensation in such fermionic system since it has low
mass [41]. Many applications with positronium Bose condensate are expected, such as
the realization of a 511 keV gamma-ray laser via coherent decays of positronium Bose
condensate [42,43] and also a measurement of the effect of gravity on a positron with
high precision by using an atomic interferometer [44].

3.1. The linear polarization of the ortho-positronium

The positrons emitted from 22Na radioactive source are longitudinally spin-polarized
due to the parity non-conservation in the weak interaction. The positron has

polarization vector equal to P= v/c, where ¥ denotes the velocity of the positron
and c is the speed of light. In the gamma-sphere experiment [5], the linear polarization
of the ortho-positronium atom was evaluated statistically by allowing 0-Ps to be
formed in a single target hemisphere of silicon dioxide aerogel around a point-like
positron source located in the center of the sphere, then the linear polarization was
estimated along a fixed quantization axis. The unique characteristics, geometry and
properties of the J-PET scanner enable the design of a positronium source such that
the polarization vector of emitted ortho-positronium atom can be determined [45].

For the J-PET experiment, we are able to estimate the positronia spin direction as
shown in Figure 3.1. Using J-PET scanner allow us to study the spin linear
polarization of the positrons forming o-Ps atoms, where the linear polarization is
estimated on an event-by-event basis [7], instead of the assumption of fixed
guantization axis throughout the measurements. The thin layer of porous material is
placed on the inner walls of the cylindrical annihilation chamber bombarded with
positrons emitted from the beta+ source located in the geometry center of the J-PET
scanner. The produced ortho-positronium atoms which annihilate into three photons
for which time and position of their interactions is recorded in the plastic scintillator
strips of the J-PET detector enable to reconstruct the exact position of annihilation
point using the trilateration method. The trilateration-based reconstruction method
details were introduced in references [46,47].

A trilateration reconstructing method allows us to determine the direction of positron
propagation in a single event with a vector spanned between a point-like source
location and the reconstructed annihilation point of the ortho-positronium atom.
The trilateration reconstruction method is shown in Figure 3.1. The ortho-positronium
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does not displace too far during its lifetime so that its annihilation point is
approximately the same as creation point and, hence, the direction of the spin of the
positron. The tests performed with Monte Carlo simulations assuming 80 ps time
resolution of the J-PET detector have shown that this method is able to reconstruct the
0-Ps annihilation point with the spatial resolution of about 2 cm and the annihilation
time with the resolution of about 0.1 ns [46], also the 0-Ps atoms annihilations into
two and three photons can be well separated using such method as described in
Section 7.8. Reconstruction of ortho-positronium decays in J-PET detector is based on
the trilateration technique similar as in the case of Global Positioning System (GPS).
In GPS, trilateration is based on measurements of time and position using the signals
from four GPS satellites. In the case of the reconstruction of o0-Ps point of
annihilation, only three hit-times and hit-positions of registration of 3 photons are
available. The shortage of the fourth reference point is compensated by the
conservation of the momentum which implies that the annihilation point of 0-Ps — 3y
and the momentum vectors of photons are contained in the same plane. The spin
polarization is given by a composition of several factors, where the total polarization
of the o-Ps is,

V..
P :g'P+'Pa'PScat=E' e .1+COSOC
of 3 ¢ 3 ¢ 2

) PScat (3.1)

The first factor limiting the polarization is that only 2/3 of created 0-Ps atoms possess
spins parallel orientation to the spins of the originating positrons [45]. The
polarization of the positrons themselves depends on the velocity as shown in the 2™
factor, where the average degree of the spin polarization of positron generated using
22Na source is 0.67 [48]. The 3" factor (P,) in the above equation limiting the
effective polarization of the positrons from e+ source is the uncertainty of the positron
flight direction. In general, for the positrons propagating within a cone of the 2a
opening angle, the average polarization along the axis of the cone is given by
(1 + cos(a))/2 [48], the cone refers to uncertainty of flight direction of the positrons.
In the case of the gammasphere detector experiment, this uncertainty was related to
the fact that the positrons were allowed to propagate in a hemisphere of porous
material in which positrons could form o0-Ps, which are described by a cone of an
opening angle of (20=180°), in that case the factor limiting the polarization was equal
to 0.5. Unlike all the previous experiments, J-PET detector attempts to reconstruct the
position of the 0-Ps annihilation points obtaining an angular resolution of about 15°
using the trilaterative reconstruction method [46]. Therefore, the linear polarization
loss due to the uncertainty of the determination of the direction of positron will
amount to about 1/2(1- cos (15°)) ~2%.

The last factor P, in the equation (3.1) comes from the fact that the positrons inside

the porous material are relatively de-polarized as a result of their multiple scattering
before they totally stopped, this positrons thermalization reduces the average
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polarization of the positrons which suppose to form the positronium atoms. This effect
has been simulated and measured in ref [49].
In the case of using ?2Na source, based on the above simulation, a small portion of the

average polarization (about 8% [49]) was lost during the positron thermalization
process as they stop in the porous material. Finally, we expect degree of 0-Ps
polarization in the J-PET experiment to be equal to:

P :%*0.67 £0.98+0.92 = 40.27%

Figure 3.1: Schematic view of the cross section of the J-PET detector, which is made of three
layers of plastic scintillator strips (blue rectangles), also, show the scheme of the trilateration-
based reconstruction used to determine the ortho-positronium annihilation point. Black dot
located in the center indicates 22Na radioactive source emitting positron (e+) and prompt
gamma quantum (dashed arrow). Ortho-positronium is produced in the porous cylinder (green
band) in which o-Ps formation and decays take place (white dot) and decays into three
photons (k1, k2, k3). Red lines denote lines of flight of the three photons used to reconstruct
the decay vertex which, in turn, allows us to estimate the positron momentum direction and

spin direction S of the ortho-positronium [45,7].

J-PET detector has high angular and time resolution and allows for precise
measurements the momenta and polarization vectors of annihilation quanta [7,50].
The 3y originating from the o-Ps annihilation interact with the plastic scintillator
strips of J-PET detector mostly via the Compton effect, in this case, the direct
measurement of their energy is impossible. However, after the o-Ps to 3y events are

35



Chapter 3

identified and fully recorded, the energy of each photon may be calculated based on
the measured angles between the photons momenta [51].

3.2. The tensor polarization of the ortho-positronium

The tensor polarization is one of the most important characteristics of a Ps atom,
which appears in the presence of an external magnetic field. An external magnetic
field can be applied in order to align the orientation of the 0-Ps spin projection parallel
(m=+1), anti-parallel (m=—1) or perpendicular (m=0) to the magnetic field direction.
However, the external magnetic field does not only align the spin orientation but also
perturbs and mixes the m=0 states. Thus, two new energy states will be possible for
the Ps atoms which are called the perturbed singlet and the perturbed triplet
m=0 states (see Figure 3.2). The lifetimes of those new states depend on the strength
of the external magnetic field. The tensor polarization of 0-Ps atom can be defined as
P2=(N+1 - 2No + N-1)/(N+1 + No + N.1), where N+1, No, and N.1 denote to the number
of Ps atoms with a projection of the spin along the quantization axis equal to +1, 0 and
-1, respectively. The spin quantization axis will be given by the orientation of the
external magnetic field [7]. By the absence of the magnetic field the population of
each of the four energy states, one singlet (m=0) and three triplet (m=1, 0,—1) states,
Is taken to be the same. It means each of the three spin projections can occur with the
same probability.

If the external magnetic field is applied, the lifetime of the triplet m=0 state can be
drastically reduced with respect to the unperturbed energy state lifetime. In this case,
the presence of the magnetic field enable to separate the triplet state m=0 from the
triplet m=+1 states, by means of the different lifetimes of the perturbed m=0 and
unperturbed m=x1 states. The values of applied magnetic field can be optimized in
order to get a maximum separation: it was found that the perturbed triplet states m=0
lifetime for B=0.5 Tesla is about 20 ns [52].

Taking into account that the triplet m=x1 states are unperturbed, they still have a
lifetime of 142 ns, with or without an applied external magnetic field. Therefore, one
can vary the ratio of No to (N+1+N.1) by adjusting a lifetime interval of o-Ps, and
consequently, vary the tensor polarization. By Applying an external magnetic field of
0.5 T and a time window from 50 to 130 ns, a tensor polarization of 0.87 was
achieved using an aerogel in the experiment described in reference [53].
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Figure 3.2: Schematic diagram of the positronium energy levels. The diagram is prepared
based on information from [54,55].

3.3. The degree of the ortho-positronium polarization

The positrons generated through beta decay from 2??Na radioactive source are
longitudinally polarized because of the parity non-conservation in the weak
interaction. This means that the slow positrons emitted from a radioactive source are
always spin polarized to some extent [56]. The positrons spin-polarized can also be

obtained through the spin-orbit interaction method between the un-polarized positrons

and heavy target [57]. However, this technique is less efficient. Therefore, the crucial
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factor is the structure and the design of the positron source. The average polarization
can be estimated from the positrons average velocity emitted in the beta+ decays. The
average spin polarization of positrons is mostly preserved during formation of ortho-
positronium [58].

The 0-Ps polarization is by a factor of 2/3 smaller with respect to the polarization of
the incident positrons because the spin of electrons in the target is not polarized [6].
This factor can be explained as follows. The both electrons and positrons have a spin
1/2. The two spins values can be added together to give a total spin either S = 0 or
S =1. Thus, the positronium atom has four ground state levels indexed with S and S,
where S is the total spin and S; is the z-projection of the total spin S. The triplet states

11), 1,0),|1,-1) and singlet state|0,0) (Figure 3.2) which can be expressed as:
5=1 8, =1)=[T)7), s=1. 5, =0) = (T)¥)« 41,

s=1 s, =-1)=[1)l}, [s=0, 5,=0)= q TIN) - H«>‘T>) where the arrows
pointing up and down denote the spin projectlons of electron and positron.

If the both positron and electron from which the Positronium atom is formed are
unpolarized, then the four ground state levels will each be generated with equal
likelihood. If the incident positron has some degree of polarization (for example if the
incident positron has spins pointing up (+) along the quantization axis), in such
situation the formed Positronium will produced more often with S;=+1 than that with
Sz=-1. Figure 3.3 indicates in a illustrated way that 75% of created positronium atoms
will be formed with spin S=1 and only 25% will have a spin S=0. Moreover, 1/3 of
ortho-positronia (S=1) will possess S;=0. Taking in to account that in the vacuum, the
formation ratio of para-positronia to ortho-positronia (p-Ps/o-Ps) is 1/3, but the
process will be in more favor of para-positronium (S=0) production, when it is
exposed to the air due to the effects of pick-off and the spin exchange interaction.

$é — Positronium ‘\
formed (Ps)
Sz=0 Sz=+1 S=1 75%
/ \ \ > -
é 50 5o 5ot S-0 25%
T X Z
25% 25% 50% -/

Figure 3.3: Schematic diagram of combined spin states probabilities of positronium formation
in an un-polarized porous material by spin-polarized positrons [45].
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The longitudinal spin-polarization of positrons along the quantization axis is given by:

Per = (N3, - N%,) 7 (N5, +N%,) = (v/c)-(1+cos2a/2)/2, where N7j, and
Nf]*/2 denote the number of positrons with spin projection pointing up and pointing

down their direction of motion, respectively, v represent the speed of positron and a is
the opening angle of the cone limiting the direction of emitted positrons [45]. The
velocity factor can be given by:

(v/c)=\/1—]/{1+ E/(mcz)}z, (3.2)

where E is the kinetic energy of the positrons. In this case one have to select e+ source
with higher endpoint energies, in order to obtain positrons with higher spin
polarization. One can also filter out the low energy positrons and regulate the solid
angle of the emitted positrons.

In order to derive the linear spin polarization of ortho-positronia produced by

polarized positrons with the degree of polarization Pe+ and unpolarized electrons in
the target material, we first estimate that (as indicated in Fig. 3.3) the number of 0-Ps
produced with spin projection +1, 0 and -1 is equal respectively to:

N,,=0.5N%,, N,=05N%,, N, =0.25 (N, + N%,) (3.3)

Thus, the linear polarization of 0-Ps, defined as an expectation value of the spin
projection onto quantization axis, reads:

pire —p +P+P, (3.4)

0-Ps

where P+1, Po, and P-1 correspond to the m=+1, m=0, and m=-1 states, respectively.

PO(,IFi:ear) = +1'(N+1/(N+1 + No + N—1))+0'(N0/(N+1 + No + N—l))_l'(N—l/(N+1 + No + N—1))

PO = (+1-N,; +0- Ny —1-N_))/(N,; + Ny + N_,) (3.5)
P — (0.5N%7, —0.5N%, )/(0.5N, +0.5N%, +0.25(N%, + N%,))

PU —0.5(N%, N2, )/0.75(N¢;, + N5, )

pinen —2/3P,, (3.6)

The tensor polarization of the produced o-Ps in the un-polarized material can be
defined as:

Pu(,t;nsm) = +1’(N+1/(N+1 + No + N—1))+1'(N—1/(N+1 + No + N—l))_z'(No/(N+1 + No + N—l))
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P = (N, + N, —2N,)/(N,; + Ng +N_;) (3.7)

0-Ps

P20 — (0.5N %, +0.5N%, —2(0.25(N<, + N%,)))/(0.5N%, +0.5N¢, +0.25(N%, + N%,))

0-Ps

P00 — (0.5(N%, + N5,) —0.5(N%, + N*,))/(0.75N¢;, +0.75N%, ) = 0

+

So it will be equal to zero independently of the degree of the positron spin
polarization [45].

3.4. The angular distribution of the ortho-positronium decay plane

In order to study the angular distribution, let us define © as the angle between the
positron velocity direction (quantization axis ) and the normal to the decay plane. So
if we measure for some time the spin projection, we will have a sample which

includes N°™, N°™ and N°™ [59].

The angular distribution in the case of the spin projection S,=+1 reads:
1

do 2

—(s, =t1) = =(3—cos” 4),

and in the case of the spin projection equal to zero it is equal to:
d—G(s =0)~ (1+ cos’® 49)

do " °

Now, if we try to find out what would be the angular distribution of the annihilation
plane with respect to that quantization axis, so we should add these 3 cross sections:

N -%(3— cos? 9)+ N -%(3—0052 0)+ Ng .(1+ cos? 9) (3.8)

After substitution of eq. (3.3),

e+

oo o+ S o Lo o)

:%Ne”f —% NP cos® ¢9+% N;W—% N cos? 9+% [\ +% fo”+% NP cos® 9+% N2 cos® 6
SN N NG NG

4 4 4 4
= N2+ NS =2(NP o+ NEY) (3.9)

It means no angular dependence, which shows that without an external magnetic field,
the angular distribution of © should be isotropic.
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4.1. The Jagiellonian Positron Emission Tomograph (J-PET)
detector

4.1.1. Basic detector characteristics (General information about J-PET)

Jagiellonian Positron Emission Tomograph (J-PET) is a novel tomography scanner
device and the first Positron Emission Tomography scanner build from plastic
scintillators as shown in Figures 4.1 & 4.2. The J-PET constitutes a high acceptance
multi-purpose detector optimized for the detection of photons from the annihilation of
ortho-positronium atoms [7] and can be used in the broad interdisciplinary
investigations for fundamental researches including studies of discrete symmetries in
the decays of positronium atoms, quantum entanglement of the gamma quanta
originating from the decay of ortho-positronium atom [60,61] and research in the field
of medicine [62,63]. The organic plastic scintillators, in contrast to inorganic ones, are
relatively cheap and easy to shape. This allows for preparation of the cost-effective
device enabling a simultaneous metabolic medical imaging of the whole human body.
The current commercial PET devices traditionally are based on inorganic crystal
scintillators for the detection of the annihilation gamma quanta [64,65]. This PET
scanner technology is relatively expensive [66,67] and therefore, there are attempts to
find a new, more affordable solutions [68,69]. In the last few years, the Jagiellonian
Positron Emission Tomograph (J-PET) collaboration is developing a cost-effective
whole-body PET scanner based on organic plastic scintillator strips which will allow
reaching a superior time-of-flight (TOF) resolution and a high spatial acceptance at a
moderate price.

In the J-PET scanner the light signals, generated by gamma quanta interaction with
the plastic scintillator, are read out by a pair of Hamamatsu R9800 photomultipliers
connected to the opposite ends of each scintillator strip arranged axially around a
cylindrical J-PET scanner [70,71].

Signals from the photomultiplier tubes (PMTs) are sampled in the voltage domain by
the dedicated front-end electronics [72]. Based on the difference and the average of
these signals it is possible to reconstruct both position and time of interaction of the
gamma quanta within scintillator strips. The axial coordinate of the annihilation
photon interaction point in the scintillator bar is derived from the difference of the
light propagation time measured with the pair of photomultipliers. The organic plastic
scintillators were not considered as potential sensors for PET scanner due to their low
density (1.03 g/cm®) and small Z atomic number of elements constituting the material,
where the organic scintillators mainly consist of carbon and hydrogen atoms [7]. The
small atomic number of organic plastic scintillators leads to a small probability that
the gamma quanta transfer all of their energy to the electrons of the organic
scintillator via the photo-electric effect [7]. Moreover, the organic scintillators have a
small density and thus small efficiency for the detection of gamma quanta. However,
disadvantages due to the low detection efficiency and the negligible probability for
the photoelectric effect can be partially compensated by large acceptance and
improved time resolution achievable with plastic scintillator detectors [73]. The
efficiency can also be drastically increased by adding more plastic scintillator layers
in the J-PET detector [51] as well as enhanced scintillator readout by using silicon
photomultipliers [71] and new electronics readout [74]. The axial length of the current
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version of J-PET detector which has 50 cm tunnel length increase on average by a
factor of about three in the comparison to the current commercial PET scanners. The
larger longitudinal field of view of J-PET detector allows for simultaneous imaging of
a larger fraction of the body. The current version of J-PET scanner consists of three
layers of EJ-230 plastic scintillator strips readout by Hamamatsu R9800 PMTs which
is forming a cylinder of diameter equal to 85 cm and its active inner part length is
equal to 50 cm. Plastic scintillators are wrapped with Vikuiti foil and additionally
covered with tight black foil light-protection. The signals from each photomultiplier
are probed by multi-threshold digital electronics with a timing accuracy of about
30 ps [67].

4.1.2. The advantages of organic scintillators over inorganic crystal

The advantages of organic scintillators include fairly high light output and a relatively
quick signal, with a short time of the decay, but perhaps the biggest advantage of
plastic scintillators is their ability to be shaped and their lower production costs. It
also has the following advantages especially for J-PET detector:

1. The organic plastic has much better light transfer properties than crystals by
absorbing internally much less light which is emitted by scintillation from gamma
radiation. Light attenuation of crystals is about 20 cm, while this of plastics reach
even 380 cm [75,76]. As a result of this process, the photomultipliers will get enough
light in order to produce signals when using long polymer scintillator strips.
Conversely, the long inorganic crystal scintillators would simply absorb most of the
light before it had a chance to reach the PMTs.

2. The possibility to produce the whole body J-PET scanner, where the length of the
scanner along z-axis changes with the length of the scintillator without impact on the
complex structure of the scanner. Unlike J-PET, conventional scanners need more
crystals, photomultipliers, and cables in order to enlarge their field of view (FOV)
along z-axis.

3. The J-PET scanner is much cheaper and has simpler structure compared to
conventional PET as a whole device because the sets of crystal scintillators along
z-axis are simply replaced by just one single plastic scintillator strip, thus overall
device complexity is reduced. Also in the case of the large FOV along z-axis, the
J-PET has less number of PMTs and less power and signal cables that carry these
signals to electronic circuit boards.

4. The design of J-PET opens the possibility of Jagiellonian Positron Emission
Tomography-Computed Tomography (J-PET-CT) which would combine a positron
emission tomography scanner and an x-ray computed tomography scanner in a single
gantry in order to acquire sequential and simultaneous images from both devices in
the same session. The plastic scintillators absorb CT radiation much less than
inorganic crystals, therefore, J-PET scanner can be coupled with a CT device,
operating in the area not covered by PMTs and cables, in order to provide perfectly
aligned PET and CT images from a single medical examination.
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5. The possibility to produce Jagiellonian Positron Emission Tomography-Magnetic
Resonance Imaging (J-PET-MRI) and operate them together after use of
semiconductor PMs instead of R9800 PMT or use the same current types of PMTs
with a magnetic shielding system.

4.1.3. The principles of the J-PET detector

The operating principles of J-PET scanner are quite similar to the classical PET
devices, except that the exact timing information plays a crucial role in the case of
J-PET detector. The J-PET scanner is built out of an organic scintillator strips. The
active inner part of the detector has a cylindrical shape with the length of 50 cm and a
radius of 42.5 cm. Figure 4.1 shows the scheme of registration of 2y events in the
J-PET detector modules.

Figure 4.1: Left: Scheme of registration of 2y events in the J-PET detector modules shows the
cylindrical annihilation chamber with length of 50 cm and a radius of 12 cm, which contain
the three-arm holder with the ?Na source inside the large chamber. Also shows how the
plastic scintillator strips are optically connected at two ends to Hamamatsu R9800 PMTs.
Right: The arrangements of the scintillator strips is visualized schematically, the light pulses
from each strip are converted to electrical signals by two photomultipliers placed at opposite
ends.

Table 4.1: Configuration of the current J-PET prototype [77].

Layer Radius No. of detectors | Scintillator Scintillator cross-section
dimensions

1% layer | 42.5cm 48 0.7x1.9x50 cm Rectangle

2" layer | 46.75 cm 48 0.7x1.9x50 cm Rectangle

3" layer | 57.5cm 96 0.7x1.9x50 cm Rectangle
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4.2. Description of the J-PET apparatus
4.2.1. The Hamamatsu R9800 photomultiplier tubes

The R9800 photomultiplier has an extremely short transit time spread (0.27 ns) that is
uniform across the whole photocathode effective area [78]. The active base assembly
has been designed to be used with a scintillator strip of the J-PET, and all PMTs are
equipped with a new active base. The base comprises a high voltage divider integrated
with amplifiers powered by current flowing through the divider.

The R9800 PMT has a simple head-on design that is suitable for mass production but
differs in terms of their size and other specifications. It has a 25 mm (1 Inch) diameter
and provides a gain of 1.0 x 10° with a rise time of 1.0 ns and transit time spread of
270 ps. The supply voltage required is between 1300 and 1500 volt [78].

This design allows limiting the PMT anode current to 15-20 pA at a 4 MHz count
rate. The performance of the PMT assemblies has been checked at the J-PET Lab
using a two modules prototype and oscilloscope a Serial Data Analyzer (Lecroy
SDAG000A). In the J-PET detector, about four hundred PMT and base assemblies
were manufactured and tested. The photocathode is bialkali material, contains
8-stages with a spectral response range of 300 nm to 650 nm. Peak sensitivity is in the
blue region of 420 nm, which makes these PMTs ideal for scintillation counting.
Intended applications include time-of-flight PET in nuclear medicine, time-of-flight
counting in high-energy physics experiments, and radiation monitoring in security
instruments.

4.2.2. The plastic scintillator strips

The scintillator is a material emitting light after being excited by ionizing radiation
and absorbing some of its energy [79]. This phenomenon is called scintillation.
Scintillators are significant components in radiation detectors, called scintillating
counters. The commercial PET scanners are based on different kinds of inorganic
crystals with much higher densities than organic plastic scintillators (typically
4-8 g/lcm®) allowing to absorb gamma quanta in a small volume of the crystal via
Compton and photoelectric effect [64,80]. Cerium doped lutetium oxyorthosilicate
scintillator (LSO) and cerium doped lutetium-yttrium oxyorthosilicate (LYSO)
scintillator emit about three times more light per unit of deposited energy than the
plastic scintillators but their decay time is one order of magnitude longer.

The Plastic scintillators are well suited for applications in time of flight (TOF)
detectors due to their short time response and the possibility of production in different
sizes and shapes. The achievable time resolution of a PET scanner depends on the
decay and rise time of light signals produced in scintillators and on the amount of
light reaching the photocathode of the photomultipliers. The decay time of a typical
plastic scintillator ranges between 1.4 ns and 2.4 ns and light output amounts to
approximately 10,000 photons/MeV of absorbed energy.

The maximum of emission spectra is observed at around 391 nm and this value
matches well the quantum efficiency of typical photomultiplier tubes [78].
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A developed method [75] was used for the tests and quality control of EJ-230
scintillator strips which were used for the construction of the current J-PET version
with the R9800 PMT readout. The first full-scale prototype of the J-PET tomograph
built from the plastic scintillators [81] with the contribution of the author of this thesis
is shown in Figure 4.2,

1] L |
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Figure 4.2: Left: Photo of the J-PET scanner. The active inner part of the scanner has a
cylindrical shape with the length of 500 mm and a radius of 425 mm. The J-PET detector has
three layers of plastic scintillator strips wrapped with the Vikuiti specular foil and covered
with a light-tight foil (black strips). The scintillators are connected optically at their two ends
to Hamamatsu R9800 vacuum photomultipliers tube and placed inside aluminum protective
housing (gray pipes). Right: a schematic view of the built J-PET detector layout.

Table 4.2: The physical properties of EJ-230 [64].

Property Value
The polymer base Polyvinyltoluene
Density 1.023 g/cm?®
Refractive index 1.58
Light output 64% anthracene (9700 photons/1 MeV e-)
Wave length of maximum emission | 391 nm
Light attenuation length 100 cm
Rise time 0.5ns
Decay time 1.5ns
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4.2.3. Ambient conditions monitoring system

The measurements of temperature, humidity, and pressure in the J-PET laboratory
were done automatically by J-PET ambient conditions monitoring system. The device
can also monitor and save pressure values from the vacuum pump. Also measures
temperature in 10 points by using DS18B20+ sensors. Each sensor can measure
temperature in the range from -50 °C to +125 °C with measurement accuracy equal to
0.1 °C. The measurement of relative humidity is done by using two sensors (model
AM2303) placed in two different locations in the J-PET Lab. Each sensor can
measure humidity in a range from 0to 100% with accuracy equal to 0.1%. The
measurements of atmospheric pressure are also done in the range from 800 hPa to
1200 hPa with accuracy equal to 0.1 hPa (sensor model BMP180). The system shows
current values from all sensors on the monitoring screen every 10 seconds in
automatic mode. The device is able to save these values into a text file, usually, an
interval of 10 min is used.

4.2.4. The HV power supply

The photomultipliers were connected to CAEN SY4527 high voltage power supply.
The applied voltages were set in a way that the gain on all photomultipliers was
approximately equal, Figure 4.3 shows the scheme of HV connections.

The power supply section allows different configurations with up to 4 power supply
units per mainframe (up to 4200 W), while the board section can house up to 16
boards able to perform different functions.
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Figure 4.3: The scheme of HV connections.

4.2.5. Data acquisition system (DAQ)

The data acquisition system (DAQ) is the integration of several components which
consists of sensors, DAQ measurement hardware, the output/display module, and a
computer with programmable software. It also contains the control module that store
the digital data of the J-PET detector.

The main part of the DAQ system of the J-PET detector is based on the collection of
Trigger Readout Board v3 (TRBv3) modules, based on Field Programmable Gate
Array (FPGA) which is commonly used in a high energy physics experiments. The
continuous data acquisition process has been achieved by use (trigger-less)
measurement mode which is a novel approach in such a kind of detectors [82], and
that data can be used for further analysis.

4.2.6. Front-End electronics

Signal amplification, shaping, and discrimination are the main functions of the Front-
End electronics. The input electric signals coming from the PMT's are amplified and
split into four paths, each having an individual voltage threshold level. It is a
realization of the multi-level threshold concept as a measure for reducing the
time-walk effect and, therefore, achieving better timing resolution [72]. The TDC
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design used in the J-PET allows for measurement of 48 input channels, hence a single
FEE module has 12 inputs from the photomultipliers.

4.3. Software:(J-PET framework, MLEM)
4.3.1. J-PET framework

The J-PET analysis framework software is a flexible and light weight software
package based on ROOT [83], which provides all the tools used in order to develop
reconstruction and calibration procedures for the J-PET device. The framework
incorporates automated handling of J-PET setup parameters' database as well as high-
level tools for building data reconstruction procedures. A detailed description of the
J-PET analysis framework software used for reconstruction and analysis of the J-PET
data can be found in the reference [83,84,85].

4.3.2. Maximum Likelihood Expectation Maximization (MLEM)

In order to reconstruct a tomographic image with J-PET, a MLEM method is used.
The expectation-maximization (EM) [86,87] can be described as an iterative method
of finding maximum likelihood (ML) estimate [71] from observed data E, e.g. scan.
The goal of EM is to find estimates model image p for which the observed data is
most likely i.e. P(E/p) is a maximum. The maximum-likelihood (ML) expectation-
maximization (ML-EM) algorithm is being widely used for the procedure of image
reconstruction in positron emission tomography.

The J-PET detector does not measure an image directly but measures a sinogram at
the boundary of the field-of-view (FOV) that consists of measurements of the sums of
the counts along the lines of response (LOR) connecting every two detectors. The
purpose of the algorithm of image reconstruction is to process an imperfect count data
for a large number of LOR and a huge number of detected photons to create an image.
The MLEM reconstruction algorithm approach is used to calculate the decay points
distribution. The algorithm adds the decay points for each pixel along a LOR detected
by each detector pair. This process is repeated for all possible LORs, which produce
an image of the original object.

4.4. Time of flight (TOF) calculation

The time of flight (TOF) technique of gamma quanta in the PET scanner has been
used since 1980 [88]. The time of flight (TOF) calculation is the mean key in
improving the quality of the reconstructed images, which can be achieved by the
determination of the annihilation point on the LOR based on the measurements of the
time difference between the arrival of the gamma quanta to the scintillator strips of
the detector. The measurement of the arrival time difference between the two photons
(t2-t1) gave the opportunity for improving the resolution of the tomographic image via
determination of the annihilation point relative to the LOR's center which denoted as
Ax is shown in Figures 4.4 and 4.5.

A single module of the J-PET scanner consists of a 50 cm length of scintillator strip

connected and read out by two photomultipliers. In the first approximation, the
distance of gamma photon interaction from the center of the scintillator (Al) is
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determined based on the difference between arrival times of light measured at both
ends of the strip. In the case of the e+e- annihilation into two-photons, the position
(Ax) along the line of annihilation is determined from time difference which is
measured between any two modules. In practice, more advanced methods of hit-time
and hit-position determination were developed which take advantage of the variation
of the signal shape as a function of the hit position [71]. Practically, due to the finite
resolution of the time measurement, it would be possible to determine only a range
along the LOR in which the annihilation point is located, which also improves the
resolution of the J-PET images. In addition due to the large solid angle covered by the
J-PET detector construction, the decrease of the efficiency of the detector will be
compensated by the increase of the detector acceptance.

In the case of annihilation into three photons, the positronium annihilation point is
reconstructed based on the trilateration method [46].

PET With TOF Conventional PET, without TOF
N S P Slabl et
4 *
8 )
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Figure 4.4: Left: Scheme of the PET with TOF, the idea of PET-TOF is Ax = (12 —t1) ¢/2.
Right: Scheme of the conventional PET, without TOF.

A schematic view of the TOF calculation method using two strips module of the
J-PET is shown in Figure 4.5. The determination of hit position versus the central
position of the scintillator (Al) is based on time difference measured on both sides of
the scintillator strip (L and R), and the position (Ax) along the line of response (LOR)
between them is estimated from the time difference measured between two opposite
modules. AL and Ar are a pair of photomultipliers connected to the left and right
edges of the scintillator A, respectively. Similarly, BL and Br are the photomultipliers
connected to two edges of the scintillator strip B.
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Figure 4.5: Scheme of the TOF calculation method, showing two-strips of the J-PET module
setup. Place of 511 keV y quanta interaction with scintillator material (Al) measured relative
to the strip center is determined from the difference between light signals arrival times to both
photomultipliers. Place of the two-photon annihilation event (Ax), along with the line of
response (LOR), is defined by the time difference between two modules as described in detail
in references [66,67,68].
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5. Conducted measurements of 0-Ps decay in J-PET detector

5.1. The annihilation chambers
5.1.1. The small annihilation chamber

The first long measurement with the J-PET detector was done using a small
annihilation chamber which was prepared in the Maria Curie-Sklodowska University
(UMCS) in Lublin. This chamber had a 7 cm radius. The whole small annihilation
chamber was made of aluminum and located at the center of J-PET scanner.
Positronium source activity was equal to about 10 MBq. In this experiment, we
mostly detected the annihilation into 2y rays from both direct annihilation and 3y rays
from the direct e+e- annihilation, because the positronium formation-enhancing
medium was not included in this measurement (compare to the setup described in
5.1.2). Therefore, the test of 3y event reconstruction was based on direct 3y
annihilation of positrons with electrons of the aluminum chamber inner walls, with a
yield smaller by a factor of about 370 than the rate of e'e'—2y.

The details of annihilation chamber preparation are shown below. Also, the chamber
mounting is shown in Figure 5.1. One can find schematic of annihilation chamber
tube from J-PET detector mounting plate in x-axis and z-axis in Figure 5.2. The small
annihilation chamber was connected to the vacuum pump in order to remove the
molecules of air and other gases from the vacuum chamber.

Figure 5.1: The photographs of small annihilation chamber, chamber cover, and the e+ source
with the four arms holder. The diameter of the source holder is equal to the inner diameter of
the annihilation chamber.
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Figure 5.2: Scheme of the small annihilation chamber devised for positron polarization
determination in J-PET experiment. Positrons are produced by a B+ source mounted at the
center of the cylindrical annihilation chamber which is coaxial with the J-PET detector.

5.1.2. The large annihilation chamber

For the main experiment studied in this work, the large annihilation chamber was
used, also prepared at Maria Curie-Sklodowska University in Lublin. The large
chamber, made with the cylindrical polymer, has a 12 cm radius with 3 mm thickness
and two aluminum covers on the bases of the cylinder. One of them has a hole in
order to connect to the vacuum pump. The inner walls of the chamber were coated
with porous silica R60G, a medium for positronium production. The setup presented
in Figures 5.3-5.6 was constructed and tested in 2018. The experiment was done using
the large annihilation chamber for a set of measurements which was dedicated to the
identification and reconstruction of the 3y events from o-Ps.
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Figure 5.3: The large annihilation chamber devised for positron and positronium polarization
determination in J-PET detector experiment.

The activity of the 2Na sources enclosed in Kapton foil envelope which was made in
UMCS has been measured before starting the experiment and calculated in reference
to UR450 sodium-22 source of known activity and the activity was equal to 10 MBg.
The positron source was then placed inside the vacuum chamber using a holder with
three arms as shown in Figure 5.4, which shows the holder inside the chamber and the
inner wall of the large chamber coated with the porous silica R60G. Figure 5.5 (left)
also shows the positron source fixed on the holder. The measurements were
performed at room temperature while maintaining the pressure in the chamber at the
level of about 102 Pa. The preparation and the test of the large annihilation chamber
are shown in Figure 5.6, where few requirements were asserted: source is in a central
position, the chamber is symmetric and its walls have low gamma-ray absorption as
shown in Figure 5.7.
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Figure 5.4: The inner wall of the large chamber showing the porous silica R60G and the
three-arm source holder. The diameter of the source holder is equal to the inner diameter of
the larae annihilation chamber.

Kapton foil

Radioactive
source

Figure 5.5: The three-arm holder with the ?2Na source inside the large chamber (left), the 22Na
source (right) which is used with large annihilation chamber. Positrons are produced by a ?Na
radioactive source mounted at the center of a cylindrical annihilation chamber which is
coaxial with the J-PET detector. Positronium atoms are formed by the interaction of positrons
in a porous layer covering the chamber inner walls. Determination of an 0-Ps—3y
annihilation position in the cylinder provides an estimate of positron momentum direction.
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Figure 5.6: The preparation procedure of the large annihilation chamber, coating with the
R60G silica porous material on the inner walls of the large annihilation chamber [89].
Plastic annihilation chamber

R60G silica porous material /

/

30

Connection to
the vacuum
B+ source

pump

Figure 5.7: Scheme of the large annihilation chamber devised for J-PET experiments.
Positrons are produced from an e+ source mounted at the center of a cylindrical annihilation
chamber (see Figures 5.5 and 5.6). The chamber is coaxial with the J-PET detector [89].
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5.2. The porous material target (Characteristics of porous silica R60G, SiO2
powders).

Porous silicon is a form of the chemical element silicon that has introduced a porous
in its microstructure (see Figure 5.8) rendering a large surface to volume ratio in the
order of 500 m?/cm?3. The porous materials with open pores at the surface are
important and necessary to produce a high yield of positronium atoms as well as
positronium moderators through collisions with the inner walls of the pores before
emerging in the free space outside the porous target. The previous experimental
results indicate that aerogel and porous silica are good candidates for an efficient
formation of thermal Ps atoms [90].

Figure 5.8: Scanning electron microscope (SEM) images of the non-porous silica particles
(left), and porous silica particles (right) [91].

Micropores Mesopo

¢

res Macropores
’ - r

Figure 5.9: The typical morphology examples of micro porous, meso porous, and macro
porous materials [92].

The porous silica R60G is a form of silicon with unique properties, distinct from those
of crystalline or amorphous silicon. The porous silicone materials can be classified
into three main categories based on the pore size: microspores silicon with pore
diameters smaller than 10 nm, mesopores silicon with pores diameter in the range of
10-50 nm, and macropores silicon with pores larger than 50 nm as shown in
Figure 5.9 [92].
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5.3. The positronium production setup
5.3.1. Positron sources based on p+ decay

Most positron source experiments usually used the B+ emitters in order to prepare a
polarized slow positron source. There is a large variety of B+ emitting nuclides which
have different lifetimes, as shown in the Table 5.1 which includes the most important
relevant data like end-point energy (Emax), helicity (v/c), average energy (Eav), energy
(Ey) and the intensity (ly) of the most dominant gamma transition. The yield of
positron (le+) is usually below 100% due to competing electron capture (EC).

Table 5.1: The main properties of radioactive beta+ emitting nuclides mainly used in positron
experiments. The Table is adapted from [93].

Nuclide Half life  I.+ FEmax (keV) E. (keV) v/c E, (keV) I5
1g 20.4min  0.998 960.0 385.6 0.822
13N 9.97min  0.998 1198.3 491.8 0.860
150 2.04min  0.999 1731.7 735.3 0.912
18 110min  0.967 633.2 249.8 0.741
22Na 2.60y  0.898 545.4 215.5 0.711 1275 0.999
0.001 1819.7 835.0 0.925
A1 7.4-10°y 0.818 1173.2 543.5 0.875 1809 0.997
27Si 4.16s  0.997 3788.8 1719.8  0.973 2211 0.002
AT S 49.0y  0.943 1475.3 632.6 0.895 1157 0.999
By 16.0d  0.499 694.6 290.3 0.770 984 1.000
0.004 2006.6 878.6 0.930 (1312) (0.975)
5TNi 35.6h  0.353 865.0 368.7 0.814 1378 0.817
0.070 738.0 313.7 0.785 (1920, 127) (0.123, 0.167)
58Co 70.8d  0.150 475.2 201.3 0.697 811 0.994
64Cu 12.7h  0.179 652.5 278.1 0.762 1346 0.005
68Ge/%8Ga 271d  0.880 1899.0 836.0 0.925 1077 0.030
0.011 821.7 352.6 0.806
2Se/™As  840d  0.642 2500.0 1117.0  0.949 834 0.795
0.163 3334.0 1528.5  0.968
07 3.27d  0.228 902.0 395.8 0.826 909 0.999

5.3.2. The preparation of the positron source

The design of the annihilation chambers was motivated by the requirement to estimate
the e+ momentum direction event by event as described in Section 3.1. The positrons
emitted in the decay of a ?Na radioactive source are longitudinally spin-polarized
(right-handed) along the direction of motion as a result of parity non-conservation in
the weak interaction. The degree of polarization is proportional to the emitted
particle's speed. In the case of 2Na, an average polarization calculated from an
average velocity of positrons from the positron source is around 67 %. In the two
measurements studied in this work, two low-energy positron sources have been built
based on B+ sources. However several setups have been tested at (UMCS) in Lublin
in order to produce a positron source appropriate for linear polarization estimation. In
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the J-PET experiments, we used 2?Na radioactive source with activity equal to 1 MBq
and 10 MBq dated on November 2017. The radioactive source was placed in the
middle between two layers of Kapton foil. The source was located in the geometrical
central of the cylindrical annihilation chamber.

5.3.3. Producing highly polarized slow positrons

The polarization of the positron at the moment of the positronium formation depends
on the type of the beta+ source, absorber material, moderator and on changes in the
directions of spins caused by passing through all of those materials. The
backscattering can be reduced by depositing the ?Na on a low-z material (e.g. Be).
Some of the positrons are absorbed in the source material, and the source holder, and
any additional absorbers located between source and annihilation chamber. The
Kapton foil act as absorber which also increase the positrons polarization by
preferentially absorbing those positrons that are emitted at low energy and large
angles relative to the axis of the tomograph, where the axis of the tomograph is
perpendicular to the surface of the radioactive source. While absorbers increase the
degree of polarization for the above reasons, they also reduce the positron intensity.

5.3.4. The preparation of the positron source for large annihilation chamber

The 2Na isotope was used as a source of positrons for the large annihilation chamber
experiment. The source was prepared by sealing a few drops of ?Na solution (NaCl
solution) placed in the middle, between two Kapton layers with a thickness equal to
8 um each as one can see in Figure 5.5 (left). The layers of the Kapton foil were glued
using Eccobond 144A glue, compressed by a cylindrical piston and holed using two
thin aluminum rings connected together by four aluminum rivets, as one can see in
Figure 5.5 (right). The ?Na has a half-life of 2.6 years and its other properties are
shown in Table 5.1. The Q value for the nuclear transition of 22Na to 2!Ne is equal to
2.843 MeV. This is the maximum energy available for the particles involved in one of
the three possible decay modes of 22Na. The positron decay occurs in about 90.6% of
the decay cases and has an end-point energy of 545.4 keV. The positron emission is
always followed by the prompt emission of a 1.27 MeV photon (3.7 ps mean delay)
which comes from the de-excitation of ?’Ne to the ground state. There is also about
9.944% of the decays by an electron capture process (EC) that takes place when an
orbital electron is captured by the nucleus. It means that the main decay mode of ?’Na
is through the emission of positron (90.6%) which is followed by gamma emission
with energy 1.275 MeV. The B+ transition directly to the ground state of ?’Ne is also
observed with a small probability (0.056%). This transition is through the emission of
a positron with the maximal possible value of endpoint energy (1.821 MeV). The
emitted positrons that pass through the vacuum chamber, enter the porous material
(porous silica R60G) target where they have the possibility to bind to an electron and
form positronium atoms. The R60G silica is a porous material with a density of
85 mg/cm3 [90], and it has an average grain size of about 50 - 100 nm [94], see
Figure 5.8. During the experiment data taking, a three days period of measurements
were done without vacuum in order to check the effect of the air quenching, which
arises from spin exchange of Ps with the O present in the air.
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5.3.5. Positron source preparation for small annihilation chamber

The design of the positron source capsule was done as shown in Figure 5.10. The
basic concept is similar to that positron source which was designed to be used with
large annihilation chamber (section 5.3.5). A few drops of liquid 2Na radioactive
material were dropped to the middle of Kapton foil disc, after drying the liquid for
several hours using a special light bulb, it is covered with a second layer of Kapton
foil (8 pwm thickness). The air leak is prevented by rigid contact of the edges of the
source. The Eccobond 144A glue was used between the foil layers, outside the
internal piston by pressing the foils with glue with another external piston and heat it
for hardening the glue. Finally, we obtained small circle without air or glue (just foil
and radioactive isotope) in the central part, and an external ring with glue. Thus, the
source can be used in a vacuum condition. The two layers of Kapton foil had glued
together, surrounded with aluminum rings inside the source holder (Figure 5.10 right).
The source holder and the source frame should be made of low-z materials to reduce
the backscattering probability of positrons. Therefore, both are made of aluminum.

Figure 5.10: Left: Photo of the positron source used inside the small chamber. Right: The
source and the four arms holder which is used with the small chamber, where the diameter of
the holder is 138 mm which is equal to the inner diameter of the annihilation chamber [89].

The positrons pass through the vacuum and eventually stop at the surface of the Al
material, during the bombardment of the inner wall of the small annihilation chamber
with positrons as shown in Figure 5.2.
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6. Calibration procedures of the J-PET detector

6.1. Calibration of effective light velocity in scintillator strips
6.1.1. The collimator

The design of lead collimator has taken the advantage of the symmetries of the J-PET
detector, and thus the collimator assembly consists of two lead cylinders which are
connected with screws placed in such a way that the beam of gamma quanta from the
source will irradiate the central positions of all the detection modules strips at the
same time. It also has an arms assembly, collimator support assembly and motor for
collimator movement. In Figure 6.1 one can find a photograph of disks and arm
assembly, and also collimator assembly inside the J-PET detector.

In order to hold this relatively heavy collimator, dedicated mechanical support arms
are needed. Moreover, it should provide a precise determination of the position of the
gamma emission plane along the z-axis. It turns out that the main difficulty which we
have to deal with is the weight of the cylinders. Since the lead density is quite high,
and arms supporting the collimator are exposed to big bending moments which may
destroy the symmetry of the whole system and prevent precise measurements. Thus,
to find dimensions of the lead cylinders giving best collimated beam with possibly
lowest weight we have made calculations neglecting gamma quanta scattering. These
calculations give also first approximations of expected beam profiles for the new
collimator. The ??Na source was placed inside of lead collimator with a 1.5 mm slit.
Sodium source had an activity of around 18.5 MBq. Each lead cylinder of the
collimator has dimensions of 3 cm (thickness) x 10 cm (radius) as shown in
Figure 6.2. A mechanical step motor was used to move the collimator to the exact
position along the whole length of scintillators with an accuracy better than 0.1 mm.

Figure 6.1: Photo of the J-PET detector with the collimator at the center.
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6.1.2. Effective light velocity calibration measurements

The assembled collimator was placed at several positions along z-axis inside the
J-PET detector. Each measurement took 30 minutes, the collimator was moved from -
200 mm (close to A-side of the detector) through the center to the +200 mm position
(close to B side). Then additional measurement at the central position was performed
for 5 hours. Photomultiplier voltage and threshold settings were the same as during
the long measurement with annihilation chamber.
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Figure 6.2: Left: Scheme of collimator disks. Each cylindrical disk of the collimator has 3 cm
thickness. Middle:top scheme of source capsule with dimensions of the ?Na source and
placed inside collimator for big barrel. Distance from flat surface to an active element is equal
to 0.5 mm. Middle bottom and Right: Proper placing of the source inside collimator disc. In
side B there is a spring which pushes the source and prevents it from moving and shaking.
Source is placed in the hole inside side A. Under the source in hole on side A there is placed
one pad with 1 mm height, so the source protrude above collimator's disk surface. The size of
slit of mounted collimator is equal to 1.5 mm [95].

The scan with the collimator for the four set of thresholds has been performed
including the central position and for each position along z-axis.

6.1.3. The velocity calibration

The calibration measurements for the velocity of light signals in the scintillator have
been done using the collimator. Using a scan at several positions along the whole
length of the scintillator strip, with a predefined steps along z-axis (Figure 6.3).
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Figure 6.3: Different position of collimator according to scintillator inside J-PET detector.
Center of the J-PET detector was marked as O position.

There was a series of measurements with collimator irradiating different z positions.
Assuming that the effective length = L, as shown in Figure 6.4.

Z — position = Velocity * (Time B side - Time A side) /2 (6.1)

For different assumed effective length the same calibration procedure was applied, to
check how calibration constants changes with the change of effective length.

L=Path of light which needs to travel

Gamma quantai

The collimator

Figure 6.4: Scheme of the path of light which needs to travel through the scintillator strip of
the J-PET detector.
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6.2. Time calibration

The time calibration method of the J-PET detector based on the experimental
measurements performed with a ?Na radioactive source and a reference detector.

6.2.1. The reference detector measurements

The reference detector is a single PMT pointing in the direction of the measured
scintillator strip (see Figure 6.5). It was mounted on a metallic arm. The angular
position of this detector in the XY plane of J-PET was automatically set by a motor.
A single measurement was performed with the reference detector pointing at the
center of each scintillator strip and lasted 5 minutes. The radioactive source was
pointing from a small distance to the J-PET strips, thus minimizing the error on
gamma position with respect to the strip center.

6.2.2. Time calibration with reference detector

The measurements have been performed in counter-clockwise and anti-clockwise
directions of moving the reference detector arm between irradiation of subsequent
scintillator strips. Time of measurement for each strip was equal to 5 minutes. The
reference detector settings were the same for both measurement orientations. The ?’Na
source (UR451) has been inserted at the plastic cover on the top of the reference
detector and connected with the reference detector arm in the J-PET detector. HV on
reference detector was set to 1350 volts.

PMT I/ ; PMT

lead scintillator

radioactive

reference PMT S0UTCe

(1
\ ﬂ
4)/[1 y

Figure 6.5: Left: Reference detector inside the J-PET detector seen from B side with a marked
reference detector and #Na radioactive source. Top-Right: the reference detector and the
plastic scintillator strip module alignment. Bottom-Right: The reference detector, PM tube
and the detector arm holder.
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The calibration measurements were performed with the reference detector such that
radioactive source is pointing at the center of each strip as shown in Figure 6.6. The
collected data of the reference detector measurements allow performing time
calibration for each scintillator strip (synchronization between the photomultiplier
signals from A and B side) as well as synchronization between neighboring strips and
layers.

/

Scintillator strip

22Na Radioactive

source

Figure 6.6: Scheme of the performed measurement for a single scintillator strip in J-PET.
Scintillator strip, reference detector and photomultipliers are marked with blue, yellow and
gray rectangles, respectively.

6.2.2.1. Determination of the time calibration offsets

This section presents the recipe of the time calibration of the J-PET taking into
account the A-B sides synchronization and synchronization between strips and layers.

6.2.2.2. The A-B sides time synchronization

The A-B sides time synchronization of each strip in the J-PET has been done by
assuming/fixing the following convention:

ta = ta'"® - offseta and tg = tg"™ — offsetp, (6.3)
where:

ta, ts - times measured on side A and B, respectively,

ta'"®, ts'™ - the true times on side A and B, respectively,

offseta, offsets - time offsets for side A and B, respectively.

The time difference between the left (B) and right (A) side of the strip is:
Atag = tg -ta as shown in Figure 6.7. (6.4)
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Figure 6.7: Scheme of J-PET single strip with marked z-axis and the time difference between
both sides.

3. Taking into account (6.3) and (6.4) we obtain following relation:

Atag = tg - ta = tg"™® - offsetg — (ta™® - offseta) (6.5)
In case of the measurement with the reference setup irradiating the center of the strip,
tg'"® - ta™® = 0 which allows for obtaining the first calibration constant:

C1=Atas= Offseta- offsets (6.6)

6.2.2.3. The synchronization between strips

In order to perform simultaneous synchronization of the left-right sides and also
between all strips in a layer, we should take into an account the time difference
between each strip and the reference detector by using the following method:

Athit = tagav - tref (6.7)
where:

tasav = (ta + tg)/2 is the average time for strip,

trer IS the time measured by a reference detector.

Which represents the times of recording photons from the same e+e- annihilation (the
same event), where one photon goes to the scintillator strip and the other one to the
reference detector.

Taking into account the equations (6.5) and (6.7) we obtain the following relation:
Athit= (ts"™ - offsets + (ta"™ - offseta))/2- tref

(ts™™® + ta"®)/2-tr = constant, since calibration is with respect to the reference
detector. Further on we assume that constant =0

Thus:

Atnie= ((t"™® + ta'™®)/2-trr) -( offseta+ offsets)/2 = -( offseta+ offsetg)/2=C> (6.8)

By solving equations (6.5) and (6.8), we obtain following time offsets:
offseta = C1/2 - C», offsetg = -C1/2 - C2 (6.9)

66



Chapter 6

6.2.2.4. The synchronization between layers

The synchronization between the three layers in the detector was carried out with
respect to the first internal layer by applying the following method:

Athte = thb., = trefs (6.10)

where:
tap,, average time for strip in i'th layer (i=1,2,3),
trer time measured by the reference detector.

Equation (6.10) refer to the case of recording times for photons emitted from the same
e+e- annihilation, where one photon in the scintillator strip and the other one in the
reference detector.

After correcting for the time offset, we obtain:

tﬁzzam, = tﬁzlam, + Aty 14 (6.11)
taB,, = tABy, + Atiz_p1 (6.12)
where:

Aty 11 = AR;,_11 /¢ = time difference of the photon propagating from layer 1 to
layer 2,

At;s_;1 = AR;5_;1 /c = time difference of the photon propagating from layer 1 to
layer 3,

AR;,_;, is the distance between layer 1 and 2, AR;5_; is the distance between layer
1 and layer 3, c is the speed of light.

Taking into account equations (6.10), (6.11), and (6.12) we obtain:
Co=tfib,, = tref: (6.13)

We can define analogous constants for layer 2 (C:?) and for layer 3 (C1®), which
should be obtained as in the following way:
For layer 2: CL2 = C, + At;5 14

FOI‘ |ay6I’ 3 C2L3 = CZ + AtL3—L1

6.2.3. Time calibration using 2 gamma back to back and de-excitation photon

The time calibration with the reference detector was very time consuming and
required additional measurements, and thus the procedure explained further was used
to apply additional time calibration and recalibrate the data. The new time calibration
of large annihilation chamber data have been performed by using the following
procedure [96]:

1.Select events with 3-hits in a coincidence time window of 4 ns (see Figure 6.8).
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Figure 6.8: The illustration view of the J-PET detector showing the e+e- annihilation into two

back to back photons and one de-excitation (prompt) photon in the event happening at the
center of the radioactive source.

2. Identifying annihilation and prompt photon candidates by checking if the hits have
a time over threshold (TOT) in one of the following ranges (as indicated in Fig. 6.9):

e 24 ns<TOT < 36 ns — annihilation photon candidates hits,
e 40ns<TOT <57 ns - de-excitation photon candidates hits.

=
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Figure 6.9: The time over threshold (TOT) values distributions calculated for interactions in
all modules of J-PET detector. The region of TOT used to select annihilation photon
candidates is marked with blue dashed lines, while the TOT region of de-excitation photons
candidates is located between the red dashed lines.
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Only events containing exactly 2 annihilation photons and 1 de-excitation photon
candidates are used for calibration, other events are rejected.

4. For every such 3-hit event, we reconstruct the annihilation point from the lines of
response (LORs), connecting the two hits identified as annihilation photons.

5. Accept and reconstruct the events with the annihilation points within the 2 cm
radius around the chamber center in the XY plane and in the range of 5 cm along
z-axis, as indicated in Figure 6.10.
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Figure 6.10: The annihilation points at the center (source region) within 2 cm transverse
radius and + 5 cm along z-axis, obtained using e+e- —2y and Ps —2y annihilations.

6. Correct the hit recording times for the time of flight (TOF) from the annihilation
point to the hit for all the 3 hits of the event. In order to do that we take the distance
from the annihilation point to the hit (d), and obtain the gamma emission time as:

Temission =Thit -d/c,
Where d is the distance between the annihilation point and the hit position and we

have to do it for every hit i.e 2-hit from back to back (BTB) and also for the prompt,
assuming that all of them came from the same annihilation point.

7. Accept events where the azimuthal angles between two annihilation hits measured
with respect to the center of the detector are in the range: 174° < angle < 186°.

Such selected events are used to construct two kinds of time difference spectra
separately for every detection module of the J-PET detector:

e Time difference between emission of one of the annihilation photons recorded in
the given detection module and emission of the corresponding de-excitation
photon, recorded in any of the J-PET detection modules (Figure 6.11).
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e Time difference between emission of an annihilation photon recorded in any
J-PET detection module and emission of the corresponding de-excitation photon
recorded in the given detection module (Figure 6.12).

For each of the J-PET detection modules, the mean values of the time difference
distributions defined above were extracted and used to construct time calibration
corrections for each module.
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Figure 6.11: The time difference between emission of one of the annihilation photons
recorded in the given detection module (identified by its ID on the vertical axis) and emission
of the corresponding de-excitation photon (prompt hit) recorded in any of the J-PET detection
modules.
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Figure 6.12: The time difference between emission of an annihilation photon recorded in any
J-PET detection module and the emission of the corresponding de-excitation photon recorded
in the given detection module (identified by its ID on the vertical axis).

Calculate and plot the histogram for each scintillator ID for both above cases, and
determine the mean value for each scintillator 1D, then correction for scintillator:

Correction for scintillator's IDtime=( meansTe_anninilation — Me&aNprompt)/2
From the two histograms in Figures (6.11) and (6.12), we extracted the mean for each
scintillator ID, where we have assumption that the recorded time of de-excitation and

annihilation include the offset for a given scintillator strip. As shown in
Figures (6.13-6.18).
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Figure 6.13: The histogram of the mean time for each scintillator ID for the case of BTB
versus scintillator 1D.
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Figure 6.15: The histogram of the time offset versus scintillator ID.

Time offset = 1/2 (Mean BTB — Mean Prompt)
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Figure 6.16: The time offset with error versus the number of detection module (ID)

o(At) = %\/02 (annihillation) + o?(prompt)
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Figure 6.17: The time offset with error versus the number of detection module (ID), obtained in
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Figure 6.18: The time offset with error versus the number of detection module (ID), obtained in
subsequent iterations of the procedure presented in Fig. 6.16.
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7. The data analysis
7.1. The J-PET data reconstruction and preselection

The large annihilation chamber measurements were performed for 57 days, resulting
in a total of 260 TB of collected raw data. The reduction of such a high data stream
resulting from the trigger-less mode of data acquisition of the J-PET detector [97],
requires stringent discrimination of background (coming mostly from
2y annihilations) already at the early stages of data processing to allow for effective
analysis. The data analysis was performed using the J-PET Framework Analysis
software [83]. At the first level of data analysis, single times recorded at certain
voltage thresholds values which were applied to the electric signals of the PMT were
assembled into representations of the original PMT signals. For each PMT output
signal, the Time Over Threshold (TOT) value as explained in Section 7.6.1 was
recorded using the information on all the four thresholds. Later, each pair of signals
which come from the same hit were identified and counted from two sides of the same
scintillator. The pair of signals corresponding to the same hit should be originated
from the same scintillator strip and their arrival times (the time at the leading edge on
the lowest voltage threshold) should have an interval less than 5 ns, determined by the
maximum effective time of light propagation along the whole length of a scintillator
strip.

The last stage of the data reconstruction includes collecting the event candidates as a
set of hits that were recorded within a time window of 20 ns. Such a time window
value is broad concerning the possible time differences in a real event, in order to
reduce the size of data without limiting the further fine selection criteria of the event
candidates by the strict value of the required timing interval. In the current data
analysis, only candidates with at least 2 or 3 hits in the event within 20 ns were
accepted for further analysis, and after such preselection, the data returned for further
analysis is reduced to about 0.2% of the original volume of the raw data.

7.2. The application of the calibrations

During the execution of the data reconstruction procedures, all the calibrations which
were mentioned in chapter 6, including the Time-Over-Threshold calibration,
calibration of time synchronization, the effective speed of light calibration, and TDC
non-linearity corrections, were applied.

7.3. The data pre-selection criteria

7.3.1. The criteria based on the times over threshold

Time Over Threshold is used in the J-PET detector to determine the energy response
of scintillators strips. The time over a threshold value is widely used to describe
signals from different kinds of detectors in the field of particle physics [98]. The TOT
technique is well suited to build multi-channel readout systems for pixilated
detectors [99]. The main limitation of the TOT method is that the relation between the
input charge to be measured and the width of the encoded pulse signal is non-linear.
Figure 7.1 shows a scheme of a probing signal at four thresholds with 4 points on the
leading edge and at the trailing edge of the signal, which allows for reconstructing the
original signal shape.
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Figure 7.1: The recorded signal is sampled at four voltage threshold levels (dashed black
lines). Each signal crossing a given threshold is registered at both leading and trailing edge
(red and green dots respectively). The value of deposited energy can be estimated using the
sum of registered times over threshold (TOT) for all four thresholds crossed by the signal,
which allows for reconstructing the original signal's amplitude and shape.

After the pre-selection of the event candidates, we can estimate the deposited energy
of gamma quanta interacting in the scintillator strips. The total sum of times over
threshold of the two signals constituting a hit is calculated as a measure of the
deposited energy of gamma quanta. A histogram of the sum of TOT values is shown
in Figure 7.2. However, such estimation method of the deposited energy values is
very sensitive to the detector properties such as the photomultipliers gain. Therefore, a
TOT calibration was done for the small chamber experiment in order to remove this
effect.
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Figure 7.2: The histogram of the sum of TOT values from four thresholds of each strip in the
J-PET detector in two different experiments with a different set of thresholds and a different
ratio of 3y to 2y events. Left: The experiment with small annihilation chamber. Right: The
experiment with a large annihilation chamber.

80



Chapter 7

7.4. The procedure of J-PET data reconstruction

The reconstruction procedure of J-PET data is a multi-stage process based on
dedicated framework analysis software [83]. The Data Analysis Framework for J-PET
experiment is a flexible environment software for both on-line and off-line data
reconstruction procedures, which includes: fundamental physics analyses, medical
imaging, detector calibration. The J-PET data analysis consists of several modules.
Each of them corresponds to a particular computing task e.g. time calibration
procedure or data reconstruction algorithm. The J-PET framework user can choose
between available modules of reconstruction algorithms or create special analysis
modules and easily include them in the chain of data processing. A scheme of the data
processing sequence is shown in Figure 7.3.
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Figure 7.3: Diagram of data processing by the J-PET Framework Analysis software. The
input data (TDC times) were recorded and delivered by the data acquisition system (DAQ) as
HLD (raw data) files shown in the blue rectangle. The green rectangles represent the
computational tasks responsible for some reconstruction algorithm or time calibration etc.,
yellow rectangles represent the reconstructed physical quantities e.g. signals, hits (photon
interaction points) at the scintillator strip and events, which leads to the output in the purple
rectangle.
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7.5. The image reconstruction of the cylindrical annihilation chambers

The e+e- annihilation points reconstruction (2y imaging) was performed for several
reasons: a benchmark to the 3y annihilation points, understanding the detector
acceptance, and also for checking the positioning of the chamber with respect to the
detector.

7.5.1. The 2-gamma annihilation points reconstruction

The first set of measurements using J-PET detector implementing the scheme
discussed in Section 5.3 were performed with a small annihilation chamber
(@aluminum vacuum chamber) with a radius of about 7 cm depicted in Figure 7.4 left
and 10 MBq sodium source was used as a positron source. The positron source was
placed in the form of ?2Na enclosed by two layers of Kapton foil inside the cylindrical
aluminum chamber. In these test measurements, the positrons were mostly
annihilating in the aluminum wall by emitting two back to back photons, but there
was also a small possibility for 3y events from direct three-photon e+e- annihilation.
The other criterion imposed on the two-hits events to identify annihilations into two
back to back photons was based on the angular topology of the 2y event.

The relative azimuthal angle between the locations of detection modules has been
observed which recorded photons is in the range ©=180° + 19° ( the highly populated
region around 180°) in the case of the small cylindrical annihilation chamber with
7 cm radius as shown in Figure 7.4.

This requirement imposed on the difference of azimuthal angles of recorded photon
interactions was determined using the following geometrical reasoning. The decay
point has to be located on the walls of the chamber and the angles are calculated with
respect to the center of J-PET detector (as indicated in Figures 7.4) using a following
formula:

Opmin = 2 * cos‘l(g), where, r is the radius of the annihilation chamber, and R is the

radius of the 1% layer of the J-PET detector, where it is enough to consider the effect
of the smallest radius layer of the detector (1% layer), in order to get the maximum
width of the 8-band around 180°.

— -1 7 — (4]
Omin = 2 * cos (Fs) =161
Omax = 360° — 161° = 199°

The events from two gamma photons annihilations, which contain two photons with
opposite momenta, are expected to be congregated in a vertical band. Figure 7.4
shows that indeed there is an excess of events in the expected range of 180°+19°.
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Figure 7.4: Left: The illustration view of the J-PET detector showing the maximum and
minimum values of the range of angles between two gamma back to back decay at the wall of
the small cylindrical annihilation chamber with 7 cm radius, measured with respect to the
center of the detector. Right: The distribution of the © angles between 2-hit in the case of
asmall annihilation chamber experiment showing the events from two gamma photons
annihilations, which contain two photons with opposite momenta, are congregated in
a vertical band symmetrically around 180°.

In the case of the large annihilation chamber with 12 cm radius, the possible min/max
values of the azimuthal angles between the two hits are equal to:

Omin = 2 * cos™ 1 (%) =147°

Omax = 360° — 147° = 213°

In this case, the relative range of angles between the two photon's momenta has the
range ©=180° + 33°, as shown in Figure 7.5 left.
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Figure 7.5: Left: The illustration view of the J-PET detector showing the maximum and
minimum values of angles between two gamma back to back decay at the wall of the large
cylindrical annihilation chamber with a 12 cm radius, measured with respect to the center of
the detector. Right: The distribution of the © angles between 2 hits concerning the
geometrical center of the detector for the case of large chamber experiment. The events from
two gamma photons annihilations, which contain two photons with opposite momenta, are
congregated in a vertical band symmetrically around 180°.

The single event can be described as a set of two hits happened within a narrow time
window of about 4 ns. In the case of the event which has only two hits recorded
within the same time window, the probability that one of the two observed hits
corresponds to a high-energy de-excitation photon (1.275 MeV when the ?’Na
radioactive isotope is used in the measurements) is comparable to the chance of
observing a photon from the 2y annihilation. Conversely, for the pre-selection criteria
which required more hits in coincidence, the influence of de-excitation photons on the
spectrum of TOT is decreased.

For each event, registered time values were corrected with time calibration constants.
The field of view of the imaging by J-PET detector in x and y plane was limited to
circle with a diameter equal to 50 cm. Consequently, only those events which have a
distance between the line-of-response (LOR) connecting hits and the geometrical
center of the J-PET detector smaller than 25 cm were accepted for the annihilation
points reconstruction [100].

The data pre-selection procedure was also done by using the criterion based on the
reconstructed energy loss of the photon. The energy loss was estimated based on the
sum of time-over-threshold (TOT) values measured at four thresholds values which
have been discussed in details in Section 7.3.1.

The TOT spectrum contains the structures from Compton spectra for photons from
annihilation candidates and high energetic de-excitation photons candidates.

The lower limit of TOT value corresponds to the low values of deposited gamma
energy. Applying this criterion reduces the contribution of hits that originate from
secondary photon scatterings in the strips of the J-PET detector, while the upper limit
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of the TOT values decreases the contribution from the photons with energy of
1.27 MeV which come from the 22Ne” de-excitation.

Moreover, the z-coordinate of the place of interaction of quantum within the
scintillator strip was limited to +23 cm within the active range of the scintillators. The
events with hits that have larger values of z-coordinate were rejected. This limitation
was motivated by the possibility of gamma quanta scattering on mounting plates near
the edges of the strips where the scintillators are connected to the PMTs as well as by
worsening of the resolution for hits close to strip ends.

The annihilation points distributions for the large plastic annihilation chamber with a
12 cm radius and a small Al annihilation chamber with a 7 cm radius are shown in
Figure 7.6 after applied cuts which allowed for background rejection. The hit time and
hit position of each gamma guantum interaction with the J-PET scintillator strips were
used for image reconstruction of the large and small annihilation chambers walls
performed by a dedicated MLEM algorithm as shown in Figure 7.7.

85



Chapter 7

o
o

Position Y [cm]
(=

|
=
Position Y [cm]

-20

-30

-20 -10 0 10

Position X [cm] Position X [cm]

30
8000

7000

6000

5000

4000

Position Y [cm]

I
o

3000

2000

1000

-10 0 10
Position X [cm]

Figure 7.6: The distribution of annihilation points of the large annihilation chamber using
10 MBq source (top-left), large annihilation chamber using 1 MBq source (top-right), the
small cylinder annihilation chamber (bottom), obtained using e+e- — 2y annihilations used as
a benchmark for the 3-gamma annihilation reconstruction, where z=+5 cm has been excluded
to reduce the effect of annihilations taking place in the f* source setup.
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Figure 7.7: Tomographic images in the transverse view (xy) of the cylindrical annihilation
chambers obtained using e+e-—2y annihilations and MLEM images reconstruction. Top:
images of the large chamber in measurements with 10 MBq source (left) and 1 MBq source
(right). Bottom: the image of the small chamber in the measurement with 10 MBq source.

The 2y images were used to check the positioning of the annihilation chamber and the
source setup, reveling imperfect alignment in case of the measurement with a 10 MBq
source.

The transverse image for the large annihilation chamber measurement with 10 MBq
22Na source, and longitudinal image in the yz-plane (top view) is shown in Figure 7.8
and side image xz-plane is shown in Figure 7.9. The observed distribution shows that
that the source holder is tilted (rotated) by a few degrees around x-axis and also
shifted about -6 mm along z-axis. It means the source was not exactly aligned at the
geometrical center of the detector as expected from the considerations presented in the
Section (5.3). The discovered offset along z-axis was taken into account in the
analysis presented in the next sections.
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Figure 7.8: 2y longitudinal images of the central region of the large annihilation chamber in
the measurement with 10 MBq source. Left: The YZ view reveals an effect of the source
setup being tilted with respect to the transverse (xy) plane. Right: The XZ view shows that the
source position along the z-axis was not at the geometrical center of the detector.
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Figure 7.9: 2y longitudinal images of the central region of the large annihilation chamber in
the measurement with 1 MBq source. Left: The YZ view of the annihilation points
distribution which shows that the source is located at the geometrical center of the detector.

Right: The XZ view shows that the source position along the z-axis is aligned at the
geometrical center of the detector.
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Figure 7.10: Left: Tomographic image of the source region in the measurement with 10 MBq
source, obtained using MLEM image reconstruction. An offset of the source is visible along
the Z-axis. Right: Zoom of the source region of the XZ view from Figure 7.8 (right). The shift
of the source along Z-axis amounts to about -6 mm.

7.6. The identification and reconstruction of 3-gamma annihilation points

In the experiment performed with a large cylindrical chamber, the 0-Ps decay location
was expected to lie within a porous material target which covers the internal surface
of the large annihilation chamber. None of the previous experiments [5,6,4,3]
attempted to reconstruct the exact position of the o-Ps decay point. In J-PET,
however, due to the relatively high angular resolution and high timing resolution of
the detector, the reconstruction of the 0-Ps decay into 3y process is possible using a
new trilateration-based reconstruction method described in Section 3.6. The suggested
reconstruction method can be also successfully used in the tests of the CP and CPT
symmetries with the J-PET detector, allowing for background reduction as well as the
determination of 0-Ps spin on an event-by-event basis.

7.6.1. The time over threshold (TOT) criterion

The first criterion is based on calibrated time over threshold (TOT) values. We select
the hits whose TOT values range is 16 ns < TOT < 36 ns, which correspond to
annihilation photons candidates. Similarly, the location of the measured TOT value in
the rightmost part of the TOT spectra presented in Figure 7.11 may be used to identify
the candidates for interactions of high-energy prompt gamma quanta from the positron
source. In order to select candidate events for 3y annihilations, three-photon
interactions with TOT in the above range recorded within a time window of 2.5 ns
were required for further analysis.
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Figure 7.11: Distribution of TOT values for photon interaction recorded in all modules of the
J-PET detector in the measurements with the large annihilation chamber. For each interaction,
TOT is calculated as a sum of times over threshold at four energy thresholds applied to each
of the two photomultiplier electric signals. Two characteristic regions of the distribution used
in the analysis are highlighted. The region of TOT used to select annihilation photon
candidates is marked with pink color, while the TOT region of de-excitation photons
candidates is marked with a blue color.

The second TOT region from Figure 7.11 may be used to select prompt photon
candidates, providing start signals for the determination of o-Ps decay time. The
actual decay of o-Ps to 3-hit events, comparing to e+te-—3y direct annihilation
observed in case of small aluminum chamber measurements, will involve a lifetime
characteristic, the interval of time between an associated de-excitation photon (prompt
gamma) and the recording of the annihilation photons. This property can be used for
more sophisticated identification of the o-Ps decay. However, requirement of a
de-excitation photon registered in coincidence with a 3y annihilation would
significantly reduce the number of accepted events, therefore, in the following
analysis prompt photon and, consequently, lifetime information is not used for event
selection.

7.6.2. Reconstruction of the annihilation point

In this point, the three annihilation photon candidates are used to reconstruct the 3y
annihilation point using the methods described in Section 3.6. The angular resolution
of the annihilation points reconstruction constitutes one of the important factors for
control of the linear polarization in the measurements and can be enhanced by the
kinematic fit requiring the radial cylindrical coordinate of the annihilation points to be
fixed at the radius of the annihilation chamber. The additional time calibration of the
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J-PET detector has been achieved and improved in order to enhance the time
resolution which has a crucial impact on the performance of trilateration
reconstruction for the three-gamma events.

7.6.3. Calculation of the energies of the three photons

Using the J-PET detector, it has not been possible to measure directly the photon
energy (Where no direct measurement method of the photon energy is available).
However, we are able to reconstruct the momentum of each photon from the 0-Ps—3y
decay based on the measurements of the photon hit-positions and the o-Ps annihilation
point which allows for the determination of the relative angles between the three
decay photons with respect to the annihilation point.

The reconstruction of these angles and the use of energy and momentum
conservations permit to reconstruct the momenta of all decay photons. In order to
analyze the J-PET data, we save the data events where we identified all three photons
decay events, then we reconstructed the annihilation points and their normal to the
decay planes. Then we tested the asymmetry in the decay planes with respect to the Ps
spin direction.

Let us define:

o _ FH1—FAn o FHZ_FAn o FHS_FAn

ky =—"Fk),=—"—7—ky =—— (7.2)
[PH1-Tanl [PH2-Tanl [PH3-Tanl

Where:

Ty1, Tz, Tyz are the 1 hit position, 2" hit position and the 3 hit position
respectively.

74y the vector of the annihilation point position.
di = |FHL' - FATLl fori = 1,2,3 (72)

where ds, d2, and ds are the distance for each hit from the annihilation point as shown
in Figure 7.12.
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Figure 7.12: Schematic view of the cross section of the J-PET detector showing the case of
0-Ps annihilating into 3y recorded by the scintillators. Red dot located in the center indicates
22Na radioactive source emitting positron (e+) and de-excitation gamma quantum (orange
arrow). The o-Ps is produced in the porous layer on the inner wall of the annihilation chamber
(purple band) in which o-Ps formation and decays take place (yellow dot) and decays into
three photons which are subsequently recorded in scintillators (marked with blue rectangles).

The angles between the three hits positions with respect to the location of the
annihilation point (see Figure 7.13) can be calculated as follows:

0;; = acos(k;.k;),fori#j =123 (7.3)
Based on the angles between the three hits positions with respect to the annihilation

point we can get the values of energy per each decay photon using the following
formulas [51]:

E2 = —2m, (cos 0,3 + cos 0, * cos031)/((1 + cos 0;,) = (1 + cos B;,) — cos B3 * cos O3;)

E1 = —2m, (cos 03, + cos O, * cos8,3)/((1 + cos 0;,) * (1 + cos B;,) — cos B3 * cos ;)
(7.4)
E3 =-2m, (1 + cos 912)/((1 + cos 6;,) — cos B,3 * cos 931)

where me is the electron mass.
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Figure 7.13: Schematic view of the J-PET detector showing the case of 0-Ps annihilating into
3y recorded by the scintillators. Paths travelled by the photons are marked with solid red
arrows and yellow arrow indicates the de-excitation photon, 6,,, 6,3,and 65, are the angles
between vectors indicating hits positions with respect to the annihilation point, ordered so that
031 > 033 > 01, .

After the reconstruction of 3 photons energies, events with unphysical kinematical
configurations are identified and discarded at this stage.

7.6.4. Determination of the shortest distance between the o-Ps decay plane and
the cylindrical target

The Ps spin direction can be estimated by using the trilateration method from the
points of 3y annihilations (see Figure 3.1). And from the same 3y hits, we can
determine the decay plane for each o-Ps annihilation. The shortest distances between
the 0-Ps decay planes and the center of the J-PET can be calculated by means of
determining the projection of the section between the reconstructed o-Ps decay point
and the center of the chamber onto the normal of the decay plane (see Figures 7.14
and 7.15). Some decay planes examples are shown in Figure 7.16.
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Figure 7.14: Schematic view showing the determination of the shortest distance (D) between
the center of J-PET and the 0-Ps —3y decay plane, where 7 is normal to the decay plane, D is

the projection of d on 7.
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Figure 7.15: Distribution of the shortest distance (D) between the 0-Ps decay plane and the
geometrical center of the J-PET detector which is required to be less than 27.7 cm. Extreme
values allow for the rejection of artificial decay planes obtained for accidental 3-hit
coincidences.

In this data analysis, we decided to use shortest distances between the 0-Ps
annihilation planes and the center of the J-PET detector (presented in Figure 7.15) in
the event's selection to reject the background which comes from the artificial
annihilation points reconstructed in case of for example the accidental coincidences
where the annihilation points are located outside the wall of the decay chamber or
those which are located at the edges of the chamber. Figure 7.16 depicts two cases of
events which can be distinguished by this value. As the maximum distance of the
geometrically allowed annihilations happening at the farthest point of the chamber
surface from the center is 27.7 cm, events with D > 27.7 cm are rejected.
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Figure 7.16: Visualization of two different exemplary orientations of the recorded decay plane
(violet) with respect to the cylindrical decay chamber (green). Left: In the case of a genuine
0-Ps—3y decay occurring in the positronium production medium located in the cylinder wall,
the point of closest approach of the plane to the geometrical center of the detector cannot be
larger than the distance of the furthest allowed annihilation point on the chamber surface.
Right: In the case of a decay plane resulting from an accidental 3y coincidence, the decay
plane may be distant from the center [101].

This criterion does not depend on the resolution of the 0-Ps—3y reconstruction. While
in principle the distance between the reconstructed 0-Ps—3y annihilation point and
the detector center could be used to identify artificial 3y coincidences, such criterion
would be affected by the resolution of the annihilation point reconstruction.
Therefore, the criterion described above was chosen to avoid signal events rejected
due to finite annihilation point resolution.

7.6.5. The shortest distance between the LORs and the reconstructed
annihilation points

The major sources of the background for 0-Ps — 3y events at this stage are the 2y
annihilations which may happen in the aluminum holder of the source at the central
part of the cylindrical annihilation chamber inside the J-PET detector and one
scattering photon or random three photons in coincidence.

In order to identify events containing a back-to-back 2y annihilation, we have
considered all the possible choices of possible pairs of hits out of three in an event
candidate, then three hypothetical lines of response (LORs) (see Section 4.4) have
been reconstructed (LOR for each pair of every 2-hits out of 3-hits). After that, for
every three such possibilities, one hypothetical 2y annihilation point has been
reconstructed per each LOR. A detailed description can be found in Figure 7.17 and
Figure 7.18. Eventually, we had 3 possible distances between the hypothetical 2y
annihilation points and the reconstructed 3y annihilation point for each of the
reconstructed o-Ps decay points, out of each, we selected the minimal, maximum and
the sum of the three distances referred to as total distance.
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The applied criterion includes the shortest distance (dmin), longest distance (dmax) and
total distance (dital) between the 2y annihilation point located on the LOR and the 3y
annihilation point obtained from trilateration based on all three hits. This criterion
remove most of the possible artificial 3-hit events.

Figure 7.17: Schematic view of the J-PET detector showing the distances (dmin) marked with
dashed black lines between the hypothetical 2 gamma annihilation point on each LOR (green
lines) and the 3y annihilation point (green star) on the wall of the large annihilation chamber.
Left: Genuine 0-Ps annihilation into 3 photons (marked with solid red lines). Right: e+e-
annihilation into 2y back-to-back and one secondary photon scattering (solid red lines).
Dashed red lines indicate artificially identified 3y annihilation photons.

The true 3-hit events from the annihilation chamber can be distinguished from
artificial 3-hit events shown in Figure 7.19, which are mostly combinations of 2y
events with an accidental or scattered photon, or the coincidence of three random
photons via the relation between the shortest distance versus the total distance which
shows a distinctive structure corresponding to the target region and the radioactive
source region. The explanation, how particular kinds of events can be identified by
specific values of dmin and dotal, is as follows:

In case the event contains a pair of back-to-back photons, one of the considered
LOR-s would be true, resulting in one of the distances being very small and close to
zero like ds1 in the case presented in the right panel of Figure 7.17, which means the
2y hypothetical annihilation point (indicated as a yellow star) which corresponds to
the LOR3; could be true. In this case, one of the hypotheses will be true about the
LOR location, so this distance has to be small. On the other hand, in the case of
scattering, the 2y annihilation point reconstructed on the LOR which represents the
hypothetical annihilation point location would usually be as far from the chamber as
the location of one of the layers of the J-PET detector. Therefore, one of the distances
should be rather large as you can see in the case of di2 in Figure 7.17.
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The 2" criterion based on the total of the three distances diwta, Which would be
sensitive to large distance from scattering as shown in Figure 7.18. Also we
considered the cut on the maximum distance dmax (Where dmax <77.3 cm), this cut was
used as an additional criterion, in order to remove any events which include
unphysical values of the distances with respect to the geometrical size of the J-PET.
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Figure 7.18: The shortest distances (dmin) Vs. the total distances (dwt) between the 0-Ps—3y
annihilation point and 2y annihilation points on all possible hypothetical LORs. Top-Left:
The distribution of dmin VS. dwotar fOr all the events at this stage of the data analysis. Top-Right:
The XY distribution of the decay points with the same conditions for the same set of events.
The value of the cuts at dmin and dwta Was selected by looking at the subset of this events
selected from the ring marked in the top-right figure, where the largest contribution of 3y
events is expected. For these events only we obtained the distribution shown in the bottom-
right figure and after applying the cuts shows in the bottom-left Figure, where the small black
rectangle indicates the selected ranges which were applied in the event selection which is
between (0-50) cm for dmin and (50-150) cm for the diotal.
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Figure 7.19: The pictorial illustration of the four possible responses of the J-PET detector to
three gamma quanta annihilation o-Ps— 3y (top-left) and annihilation of e+e— —2y. Circularly
arranged purple rectangles represent scintillator strips, purple and orange colors indicate strips
where the gamma quanta were registered. The solid red arrows represent gamma quanta
occurring in the events, while dashed black lines indicate the artificially identified primary
photons. ©;; are the ordered angles between registered gammas.
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7.6.6. The study of the angular configuration of the events

The analysis of the obtained J-PET experimental data revealed that the main source of
the background for the o-Ps annihilation studies is composed by the contribution of
different processes like pick-off annihilations and ortho-para spin conversion due to
the spin-orbit interaction or due to the exchange of electron [7], which leads to 2y
back to back annihilations, which may scatter and mimic the o-Ps — 3y decay. The
contribution from these processes depends on the used target material [102].

The background can be suppressed by considering the distribution of the sum versus
the difference of the two smallest angles between the momenta of the reconstructed
decay photons. Background events will correspond to points at the broadening line at
180°. It should be noted that two kinds of angles have been calculated, the first kind of
angles (2-D angles) were calculated with respect to the geometrical center of the
detector as shown in Figures 7.20 and 7.22, where the 2y band is visible. The possible
selection criteria can be applied to the ordered values of the opening angles
(012<623<0O13) between registered photons.

We cannot cut on the 2D angles because the o-Ps region partially overlaps with the
2y band, so such a cut would reject a lot of signals. We expected that the 0-Ps (3-hit)
events in the rightmost part of the above figures [103], where this was confirmed with
simulations.

The second kind of angles (3-D angles) were measured with respect to the position of
the reconstructed o-Ps annihilation points as you can see in Figures 7.21. In the case
of 0-Ps —3y decay and due to the conservation of the momentum, the two smallest
angles fulfill: ©1,+623>180° which means that the events corresponding to the
0-Ps — 3y decay lie in the right part of the triangle, as shown in Figure 7.21.
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Figure 7.20: The sum of the 1% and 2™ smallest angles vs. the difference between them
measured with respect to the center of J-PET detector. Left: The case of small Al annihilation
chamber. Right: The case of large annihilation chamber with a layer of porous material. The
broadening of the band around 180° is caused by calculating the angles between 2-hit with
respect to the center of the detector as explained in Section 7.5.1.
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Before use the scatter test criterion, we tried to use another criterion, by simply cut the
small angles between hits, where the minimum angular distance in the XY-plane
between two strips which registered y quanta was set to 20 degrees. This condition
allowed for the reduction of scattered photons from the neighboring strips in the
J-PET detector, see Figure 7.21 (right).

One can consider this cut to remove the scattering events but it is not optimal, because

while this sharp cut remove all the events at the top part of the triangle were most of
the scattering expected to be located, there might be some scatterings in the other
populated regions of the distribution. Instead of this cut a more sophisticated criterion
was used, as described in Section 7.6.7. In the result of the scatter test criterion, one
can see that this criterion by looking at the properties of the events not only the
angles. The scatter test remove everything from the top part of the triangle but also
identified a lot of events as a scatterings in the rest of the regions ( as shown in the
Figure 7.24).
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Figure 7.21: Left: The sum of the 1 and 2" smallest angles versus the difference between
them which was measured with respect to the o-Ps annihilation points in the case of large
annihilation chamber with a layer of porous material. The part of the sum of the smallest
angles which less than 180° has been removed by the criterion of the allowed kinematics
configuration. Right: The distribution after cut of the smallest angle. Bottom: The distribution
before applying the pre-selection cuts.
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Figure 7.22: Left: The distribution of the difference versus the sum of the two smallest angles
measured with respect to the geometrical center of the detector in the case of a small
annihilation chamber experiment. With such a choice of variables on the x, y axes, events
from two gamma photons annihilations, which contain two photons with opposite momenta,
are congregated in a vertical band symmetrically around 180°. Right: The distribution of the
difference versus the sum of the two smallest angles with respect to the geometrical center of
the detector for the case of a large chamber experiment. With such a choice of variables on
the X, y axes, events from two gamma photons annihilations, which contain two photons with
opposite momenta, are congregated in a vertical band symmetrically around 180°. This band
is wider comparing to the band in the case of the small chamber, also it's unsymmetrical,
where there are more counts on the right of 180° because of 0-Ps which is overlapping in this
region.

7.6.7. The scatter test

The main source of the background in the case of 3y annihilations comes from single
scattering or double scattering of one of the 2 gamma (back to back) photons due to
the secondary interactions of primary photons Compton-scattered in the neighboring
scintillators strips as presented in Figure 7.19. The registration of such scattered
photons mostly happens in the detection modules neighboring to that where the
primary photon interacted and was registered, therefore, events were rejected if they
contained a pair of gamma interactions recorded in modules whose azimuthal
coordinates were equal or closer than 7.5 degrees. This criterion removes all the
possible scatterings in modules next to each other in a single layer of J-PET detector
as well in pairs neighboring between the layers.

The secondary interactions of primary photons Compton-scattered in the scintillators
strips, are registered mostly in the detection modules neighboring those ones where
the primary photons are recorded. The best way to remove those events is to reject the
events if they contained a pair of neighboring modules regardless if they belong to the
same detector layer or two neighboring layers. This criterion removes the most
Compton scatterings in modules next to each other. This selection criterion which is
intending to remove the scattered photons was based on testing a hypothesis that the
time difference between the registration of any 2-hit out of 3-hit in an event
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corresponding to a time of flight of a hit photon between the reconstructed locations
of the two subsequent interactions, which was performed via calculation of the
parameter: &;j= |dij-c*dtij|
where: dtj; =|ti-t;j|

dij = [ri-rj|
then:
Smin=Min iz -1, 2,3{ &ij}
where ti and r; denote the recording time and position vector of i-th photon interaction
in an event respectively, and c is the velocity of light. A value of &; close to zero
corresponds to a pair of hits created by subsequent Compton scatterings of the same
photon in different detection modules. Distribution of dmin, defined as the smallest (in
terms of absolute value) of three possible 612, 323 and 631 values for each event is
displayed in Figure 7.23.
To reduce the contamination of the 3-hit event sample with secondary scatterings of
the primary photons, a three-hit event was rejected if its dmin Was less than 17 cm as
indicated in Figure 7.23.
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Figure 7.23: Distribution of the minimal discrepancy between inter-hit distance and
hypothetical TOF times the velocity of light among all hit pairs in a 3-hit event. The events
with dmin > 17 cm are considered in further analysis as marked with the dashed line and green
arrow.

To remove the remaining scattering events, another selection criterion was
additionally used which is based on testing a hypothesis that the time difference
between recorded hits corresponds to a time of flight of a photon between the two
reconstructed interaction positions. This hypothesis was tested for all possible choices
of 2-hit pairs out of 3-hit in an event. The method includes the calculation of the
discrepancies between inter-hit distance and hypothetical TOF for all hit pairs in a
3-hit event.

Figure 7.24, (right) shows the effect of the applied scatter test on the relation between
the sum of the smallest angles versus the difference between them in the case of large
annihilation chamber, comparing with the same relation in the case of large chamber
before apply the scattering cuts which are shown in Figure 7.24 (left).
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Figure 7.24: Left: The sum of the 1 and 2" smallest angles versus the difference between
them in the case of a large chamber with a layer of porous material before application of the
scatter test. Right: The sum of the 1%t and 2™ smallest angles versus the difference between
them measured with respect to the o-Ps annihilation points in the case of large annihilation
chamber with a layer of porous material after application of the scatter test (17 cm cut).

7.7. The study of the distribution of the 0-Ps annihilation points

Reconstruction of annihilation points for a clean sample of o0-Ps—3gamma
annihilations at the walls of the target chamber should reproduce the chamber
cylinder. To verify this, the transverse images of the chamber were obtained with the
annihilation points reconstructed using the trilateration method presented in
Section 3.5. In order to evaluate the reconstruction of annihilations at the chamber
walls, the transverse view images of the annihilation points are shown separately for
the complete projection along the z-axis of the J-PET detector as well as for the region
of |z| > 5 cm, after excluding the annihilations in the source holder rather than in the
chamber walls (as previously demonstrated with the 2-gamma images).

Figure 7.25 shows the image before rejection of the secondary scattering events,
where no structure of the chamber is discernible due to the amount of background
events clustered in the central region.

After application of the scatter test, a ring structure becomes visible (Figure 7.26,
left), corresponding to the chamber shape smeared by the resolution of the
annihilation points reconstruction (of the order of a few centimeters). This resolution
is largely dependent on the quality of time calibration of the detector, thus after
application of the refined time calibration described in Section 6.2.2, the reconstructed
annihilation points of 3y annihilations are grouped and become more dense and closer
around the geometrical limits of the large annihilation chamber as demonstrated in
Figure 7.26, right.
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Figure 7.25: The distribution of the reconstructed o-Ps—3y annihilation points (the transverse
view of the large annihilation chamber with 10 MBq source without time calibration nor a

scatter test cut).
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Figure 7.26: The distribution of the reconstructed annihilation points of target cylinder
obtained using Ps—3y annihilations (the transverse view of the large annihilation chamber
with 10 MBq source) after application of the scatter test cut before (left) and after (right) the
refined time calibration described in Section 6.2.2.

The annihilation points were reconstructed using the trilateration method presented in
Section 3.5. In order to evaluate the reconstruction of annihilations at the chamber
walls, the transverse view images of the annihilation points are shown for the region
of |z| > 5 cm, after excluding the annihilations in the source holder rather than in the
chamber walls as demonstrated with the 2-gamma images. Figure 7.27 shows the
transverse plane location of 3-gamma annihilation points after excluding the
annihilation points with |z| <5 cm. The geometrical acceptance of the J-PET detector
is reduced for annihilations taking place closer to its edges.
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As a final step of event selection for the study of the angular correlation between o0-Ps
spin and the normal to the o-Ps decay plane which is discussed in Section 8.3, a new
selection criterion was applied by selecting only the annihilation points located in the
range of 4-20 cm on the transverse radius of the large annihilation chamber, with the
radius of 12 cm.

This cut was important to remove the events which were produced close to the central
region of the annihilation chamber which most likely are due to the direct annihilation
on the holder of the source. Also, for genuine 0-Ps—3y events reconstructed close to
the source, the 0-Ps spin resolution would be worse because of the smaller distance
between the source and the annihilation points.
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Figure 7.27: The distribution of the reconstructed annihilation points of target cylinder
obtained using 0-Ps—3y annihilations. (Top-left) The transverse view of the large
annihilation chamber with 1 MBq source. (Top-right) The transverse view of the large
annihilation chamber with 10 MBq source. (Bottom) The transverse view of the small
annihilation chamber with 10 MBq source. The black circle indicates the wall location of the
large cylindrical decay chamber. Also z=+5 cm has been excluded to reduce the effect of
annihilations taking place in the B* source setup.
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8. Determination of the CPT violation sensitive angular
correlation

8.1. The CPT symmetry test by J-PET

The test measurement of CPT violating effects in the leptonic system constituted by
positronium would be a signature of physics beyond the Standard Model. The
positronium atom offers the opportunity to test the CP and CPT symmetry in
a charged lepton system. So far, the recent measurements of CPT-violating parameter
Ccer are consistent with zero at 3.1x10° precision. The ultimate goal of J-PET is to
improve this precision by at least one order of magnitude.

The result of the best experiment to date searching for CPT symmetry violation in
positronium decays is consistent with zero, with a statistical uncertainty of about
3.1x 1072 [5]. The J-PET detector allows determining those values with an improved
precision, thanks to the unique time and angular resolution combined with a high
geometrical acceptance of the detector. This experiment has been performed using
silica R60G as a porous material target which allows collecting the required 3-hit
events with a good statistics. As discussed in section 3.1 the positrons from the
e+ decay of 2Na are a linearly spin polarized along their velocity vector due to the
violation of parity, thus knowing the direction of e+ velocity defines the spin direction
of the positron with an average uncertainty which is changing with the mean energy
of the emitted positrons [7]. The spin of the 0-Ps has an average uncertainty
depending also on the amount of linear polarization loss through the thermalization
process of the positron [104], and on the fact that only 2/3 of the formed positronium
atoms possess the same spin of the positrons [6].

The most general form of the angular correlation operator studied in this work is S-

(El X Ez), where S is the vector of the positronium spin, while El and l?z are the
vectors of the directions of the highest and second-highest energy photons from the
three-photon decay of ortho-positronium.

This operator is even under the charge conjugation (C). The above product is also
symmetric under the parity transformation as shown in Figure 8.1 left, where the spin

S of polarized o-Ps, and the normal to the decay plane N does not reverse and all the
annihilated photons vectors are reverse. But it is odd under the transformation of time

reversal (T) as shown in Figure 8.1 right, where the o-Ps spin S is reversed and k; and
k> are the momenta of the two most energetic photons emitted by o-Ps decay into

three-photons. The three photons must be co-planar, and the quantity (El X EZ)
unambiguously defines the decay plane. So S - (k; x k) is the correlation between

the spin direction of the initial 0-Ps atom and the decay plane. In order not to violate
the time-reversal symmetry, there should be no preference for the decay plane either
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parallel or antiparallel. Under the time reversal, the 0-Ps spin and the momenta of the

photons all reverse, and (El X Ez) does not reverse as shown in Figure 8.1, so it is

T-odd and since the operator is P-symmetric and C-symmetric as mentioned above,
thus it is CPT odd.

N= (El b Ez) ;= (El X ﬁz)
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Figure 8.1: Definition of the geometry and of the quantities used for the experimental tests of
CPT symmetry in the positronium. The vectors El and Ez are the momenta of the first and
second highest energy photons, respectively. The S vector indicates the spin of the o-Ps atom.
Left: In the case of parity transformation (P), the studied operator S- (El X Ez) is
P-symmetric, where 0-Ps spin S and the normal to the decay plane N do not reverse and the
momenta of the photons are reversed. Right: In the case of time reversal transformation (T),
the operator is T-odd, where the spin S and the momenta of the photons all reverse, and the
normal to the decay plane N does not reverse. As positronium and the final state photons are
all C-symmetric, the total S- (El X Ez) operator is thus CPT-odd.

So far, the results on the discrete symmetries tests including CP and CPT in the
positronium system show that there is no violation signal. The most precise
measurements studied the angular correlation operators in the 0-Ps decays into three
photons and determined mean values of the odd final state operators under the
conjugations of CP and CPT, without indicating symmetry violation at the level of
precision of 3.1x10°2 [3,5].

108



Chapter 8

8.2. Observable of CPT symmetry test

In this study, we focus on a special case of the CPT-violation sensitive operator
defined as:

OCPT = § ) (E)l X EZ)/|E1 X E2| = COS(l) (81)

Using the J-PET detector the CPT symmetry may be tested by searching for the

possible non-zero expectation value of S - (k; x k,)/|k, x k| operator, which is the
angular correlation between the spin of the o-Ps atom and the normal to the decay
plane in 0-Ps—3y. The non-zero expectation value of the tested CPT-odd operator
would imply a violation of the CPT symmetry. The non-zero expectation value
indicates a difference in the probability of the events between cases when the normal
to the decay plane is pointing up and down with respect to the spin vector S of the
0-Ps atom before its decay. It means that the CPT-symmetry violation would manifest
itself as asymmetry in the orientation of the normal to the decay plane which is

defined as ﬁl X ﬁz with respect to the direction of initial spin of the o-Ps atom [7].

8.3. Determination of the CPT-odd angular correlations in the ortho-positronium
decay

The aim of this study was to determine the expectation value of the angular

correlation S - (k; x k) operator. The direction of the 0-Ps spin $ was estimated via

the linear polarization of the positron as discussed in Section 3.1, therefore, to

estimate the direction of the 0-Ps spin we take the direction of the emission of the

positron estimated as a vector from the source location to the annihilation point.

s S 7

S=2=-An (8.2)
|S| 17 anl

where § is the spin vector of the ortho-positronium assumed to be the same as that of

the spin of the positron. Its direction is estimated by subtracting the coordinates of the

decay point from the coordinates of the center, where the B* source is located.

The values of the Ocpr operator (8.1) for the CPT symmetry test have been calculated
using the above positronium spin estimation and photon's momenta obtained as in
equation (7.1), and the results are shown in Figures 8.2 and 8.3. The Figures show the
distributions of cos ¢ defined in equation (8.1) for the measurements with a large
annihilation chamber using 1 MBq source and 10 MBq source respectively, while
Figure 8.4 shows the combined results of both measurements.

The mean values obtained from these two measurements are:

(05)) = (—0.0068 + 7.2 ) x 10™*

for the measurement with the large annihilation chamber using 1 MBqg source
and

02y = (=734 43)x10™*
for the measurement with the large annihilation chamber using 10 MBq source.
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Figure 8.2: The distribution of the $ - (k, x k,)/|ky x k| operator, which is the observable
of the CPT symmetry test for the measurement with the large annihilation chamber using
1 MBq source.
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Figure 8.3: The distribution of the § - (y x k,)/|ky x k,| operator, which is the observable
of the CPT symmetry test for the measurements with the large annihilation chamber using
10 MBq source.
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Figure 8.4: The distribution of the $ - (k, x k,)/|ky x k| operator, which is the observable
of the CPT symmetry test for the combined results of measurements with the large
annihilation chamber.

8.4. Analysis of the systematic uncertainties of the test of CPT symmetry

The sources of systematic uncertainties in such kind of measurements should be
carefully considered and discussed. Possible sources of systematic uncertainty
comprise the cosmic radiation, non-uniform detector geometry and instability of the
setup of the annihilation chamber, radioactive source, and J-PET detector during the
whole measurements as well as imprecision of the determination of the angles
between the three hits positions for 0-Ps decays region with respect to the geometrical
center of the J-PET detector, also the determination of the angles between the three
hits positions with respect to the location of the annihilation point. The other types of
uncertainties, for example those caused by electronic devices instability are much
smaller and it can be eliminated. The dominant sources of systematic uncertainty were
identified as the influence of cosmic rays during the measurement as well as
uncertainty in the positioning of the radioactive source in the detector. The uncertainty
of the annihilation chamber geometric center determination was around 1 mm, and
from the knowledge of the positron source “positron source-target” was shifted about
6 mm as discussed in Section 7.5.1. In order to investigate the systematic uncertainty
due to the variation of the source position, a dedicated study has been performed as
discussed in Section 8.4.2.

8.4.1. The systematic uncertainties due to the cosmic rays background
The cosmic radiation can be identified as one of the main sources of the background
in our measurements, therefore, a cosmic ray measurement was done to estimate the

impact of cosmic radiation recorded during the main measurements. We calculate the
cosmic contribution separately for both experiments because the number of true o-Ps
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events passing the selection criteria per time of the measurement is different because
of using different source activity for each experiment (see Table 8.1).

Table 8.1: Summary of the results for the measurements with large annihilation chamber
using two different sources and cosmic rays-only measurement (without source).

Measurements | Measurement time | No. Of | Ocer mean value Ocpr
with: (days) entries uncertainty
10 MBq source 9.9 842326 -7.3x10* 43 x10*
1 MBq source 18.3 253016 6.8 x 1077 7.2x10*
cosmic ray 3 10 -0.125 0.1392

The rate of cosmic contribution is the same for both experiments, but the rate of 0-Ps
events is different, thus the final ratio of cosmic ray events to 0-Ps events expected in
each experiment is also different.

The upper limit of the contribution of the cosmic events to the systematic error can be
calculated as follows:

N .
S — cosmic_Measurement (83)

NOPS_Measurement

where Nosmic Measurement 1S the expected number of cosmic events recorded during
the radioactive source measurements which passed the selection criteria, and
Nops_Measurement 1S the total number of events obtained with the source.

* TOPS_meas. (84)

Ncosmic_Measurement = Ncosmic T ]
Cosmic_meas.

where Niosmic 1S the number of cosmic events in the cosmic measurements (without
source) which were done for time T¢osmic meas.-
Tops,,,,,. 1 the time of the measurement with the source.

The Ocpr mean value obtained from the 10 cosmic events passing the event selection
in the measurement without source is equal to around 1o (see Figure 8.5). However,
because of very low statistics, we decided not to rely on this value and instead
calculated the cosmic contribution to the systematic uncertainty assuming a maximum
asymmetry (i. e.{0)cosmic meas. = 1) in order to obtain a conservative estimation of
the systematic effect from cosmic events. As a result, we obtained:

oSt = S.[{0)cosmic meas.| = 1 * 3.9x10°=3.9x10°

cosmic

for the measurement with the 10 MBq source and (8.5)
a2 = S.[{0)cosmic meas.| = 1 * 2.4x10%=2.4x10"

cosmic

for the measurement with the 1 MBq source.
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Figure 8.5: The distribution of $ - (k; x k,)/|ky x k| operator obtained with cosmic events
only (measurements without using a radioactive source) during a 3 days of measurements.

8.4.2. The systematic uncertainty due to the misalignment of the central position
of the radioactive source

The another important contribution to the systematic uncertainty is the uncertainty in
the positioning of the 22Na source along the z-axis. As discussed in Section 7.5, in the
measurement with 10 MBq source the source was shifted by about 0.6 cm along the
z-axis with respect to the detector center, which was identified in 2y images. Although
this effect has been taken into account in the analysis of the corresponding data, the
impact of possible misalignment along the z-axis was carefully checked.

In order to study the effect of shifted source along z-axis, we reanalyzed the data

assuming the source position with an error along z-axis in the range + 1 cm with a
step of 0.1 cm and checking the <Ocpr> value resulting from every assumed error in
the source z coordinate. Results of such scans for the measurements with 10 MBq and
with 1 MBq sources are presented in Tables 8.2 and 8.3 respectively as well as in
Figures 8.6 and 8.7. In order to estimate the systematic uncertainty in the final
measurement we used the shift of the Ocer mean value for the source position z-axis
offset of 3 mm which corresponds to about three times the resolution of the source
positioning in our measurements.

In the measurement with 10 MBq source, we discovered that the source was shifted
by about 6 mm as shown in Section 7.5.1 (with respect to the center of the detector).
However this effect has been taken in to account, even if this effect was not accounted
for from the result of the scan presented in Table 8.2 we can see that the possible error
would amount to only 4.8 x10. Since we knew the actual source position, we only
account for the systematic uncertainty from the resolution of the estimation of the
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source position which was at the level of 1 mm, so for the possible contribution to the
systematic uncertainty, we take the shift of 3 mm with respect to the measured
position, which corresponds to about 3 times the resolution of the measured position.
Also for the measurement with 1 MBq source, the source position was identified to be
shifted by 1 mm which was taken into account. For the systematic uncertainty

estimation, we took the difference of the Ocpr Operator (AOEZP)T) between this position
and position shifted by 3 times the resolution.

Table 8.2: Summary of test of influence of the error in B source z position on the final result
in the case of the measurements with 10 MBq source.

Shift [cm] Mean value | Uncertainty | Shift [cm] | Mean value | Uncertainty
0 -7.394 x 10* | 4.333 x 10* 0 -7.394 x 10* | 4.333 x 10*
0.1 -7.385 x 10* | 4.338 x 10* -0.1 -7.378 x 10* | 4.325 x 10*
0.2 -7.400 x 10* | 4.344 x 10* -0.2 -7.384 x 10* | 4.322x 10*
0.3 -7.403 x 10* | 4.351x 10* -0.3 -7.370 x 10* | 4.320 x 10*
0.4 -7.406 x 10* | 4.359 x 10* -0.4 -7.363x 10* | 4.319 x 10*
0.5 -7.411 x 10* | 4.362 x 10* -0.5 -7.354 x 10* | 4.321 x 10*
0.6 -7.413 x 10* | 4.379 x 10* -0.6 -7.346 x 10* | 4.318 x 10*
0.7 -7.412 x 10" | 4.384 x 10* -0.7 -7.348 x 10* | 4.319 x 10*
0.8 -7.415x 10* | 4.398 x 10* -0.8 -7.351 x 10* | 4.326 x 10*
0.9 -7.417 x 10* | 4.407 x 10* -0.9 -7.363 x 10* | 4.330 x 10*
1 -7.423x10* | 4.414x10* -1 -7.375x10* | 4.332x 10*
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Figure 8.6: The change of the mean value and the uncertainty of the distribution of the

operator $ - (ky x k;)/|ky x k| as a function of an assumed error in the position of the

10 MBq radioactive source in the range +1 cm along the z-axis.

114




Chapter 8

In the case of shift 3mm along z-axis, the tested Ocpr mean value offset AOSP)T of the
result using 10 MBq radioactive source Is:

€Y
AOcpr

= (0}, — (0)s] = 1.70 x 107°

where: (0),,, and (0), is Ocpt mean value for the measured central position
and 3 mm shifted position respectively. Also the change of the Ocpr mean
value result using 1 MBq radioactive source is:

80y = [{0h = ()] = 191 x 1073

(8.6)

Table 8.3: Summary of test of influence of the error in f* source z position on the final result
in the case of the measurements with 1 MBq source.

Shift [cm] [ Mean value | Uncertainty | Shift [cm] | Mean value | Uncertainty
0 5.005 x 10° | 7.205x 10* 0 5.005 x 10° | 7.205x 10*
0.1 -6.775x 107 | 7.204 x 10* -0.1 1.084 x 10° | 7.207 x 10*
0.2 -9.029 x 10 | 7.206 x 10* -0.2 1.584 x 10° | 7.212x10*
0.3 -1.007 x 10° | 7.209 x 10* -0.3 2.211x10° | 7.219x 10*
0.4 -1.979x 10° | 7.215x 10* -0.4 2.884 x 10° | 7.227 x 10*
0.5 -2.219 x 10° | 7.222 x 10* -0.5 3.611x10° | 7.238 x 10*
0.6 -2.555 x 10° | 7.232 x 10* -0.6 4.234 x10° | 7.251x 10*
0.7 -3.499 x 10° | 7.244 x 10* -0.7 4,733 x10° | 7.266 x 10*
0.8 -3.654 x 10° | 7.257 x 10* -0.8 5.398 x 10° | 7.282 x 10*
0.9 -4.317 x 10° | 7.273x 10* -0.9 6.385x 10° | 7.301 x 10*
1 -4.877 x 10° | 7.291 x 10* -1 6.968 x 10° | 7.322 x 10*
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Figure 8.7: The change of the mean value and the uncertainty of the distribution of the
operator $ - (ky x k;)/|k; x k| as a function of an assumed error in the position of the
1 MBq radioactive source in the range +1 cm along the z-axis.
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8.4.3. Study the symmetry of the geometry of J-PET detector

The rotational symmetry of the J-PET detector and the positronium production setup
used in the measurements, combined with recording a broad range of geometrical
configurations of 0-Ps— 3y events at the same time, is expected to cancel out possible
false geometrical asymmetries to a large extent.

In order to validate this assumption, we are checking the distribution of another
angular correlation operator defined as:

_ §E1 . §-(E1XE2) _(&.1 & . (Elxﬁz)
Ocr = [57] B ~ ) (5 o] (87)

This operator would be sensitive to CP-violating effects in the presence of specific
tensor polarization of ortho-positronium. However, as such tensor polarization could
only be produced using an external magnetic field, we do not expect to see any
physical asymmetries in the distribution of this operator in our current measurements
without a magnetic field. Therefore, any asymmetries manifested in the Ocp
distribution must come only from the detector geometry and analysis efficiency.

The distributions of Ocp operator which were used as a cross-check for false
symmetries via Ocp operator are shown in Figures 8.8 and 8.9 for the measurements
with a large annihilation chamber using 1 MBqg source and 10 MBq source
respectively, also Figure 8.10 shows the combined results of both measurements.
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Figure 8.8: The distribution of O¢p operator, used as a cross-check for false symmetries for
the measurements with large annihilation chamber using 1 MBq source.
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Figure 8.9: The distribution of O¢p operator, used as a cross-check for false symmetries for
the measurements with a large annihilation chamber using 10 MBq source.
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Figure 8.10: The distribution of Ocp operator, used as a cross-check for false symmetries for
the combined results of measurements with a large annihilation chamber.

The expectation values of the Ocp operators are well consistent with zero within their
statistical uncertainty (at the level of 2x10%), therefore, no significant effects from the
J-PET detector geometry are expected in the measurements of Ocpr.
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8.4.4. The comparison of systematic effects with respect to the previous
experiments

The decrease in the decay rate of the 2?Na source (T2 = 2.6 yr) was one of the
predominant sources of uncertainty in the previous experiments. The deceasing of the
radioactivity of ??Na is not a source of systematic uncertainty in our experiment,
because we are not changing anything of the setup during the whole measurements.
The #’Na radioactive source activity is decreasing, but in the meantime, there was no
change in the geometry which could cause asymmetry, which can be considered as an
advantage of the J-PET detector with respect to the previous experiments [3]. In that
case, the authors had to perform the measurements using a given direction of the
magnetic field, so they made the measurements for certain time when the magnetic
field was oriented up, and then repeated the measurements for the same time with
inversed magnetic field (down) to cancel out possible systematic effects related to the
magnetic field generation setup, but since the source was more active in the first
measurement comparing to the 2" part of the measurements, the number of events
was higher which could result in artificial asymmetry. In case of measurements
described in this work, this is not a problem, since we do not perform measurements
with magnetic field, therefore there is no distinguished direction in our measurements.
Instead, the J-PET detector is recording the broad range of possible orientations
between the decay plane and the o-Ps spin as well as possible orientations of both
with respect to the detector. This results in the cancellation of many false asymmetry
effects due to the geometry of the setup, as demonstrated in the previous section.

8.4.5. The combined result of both measurements

The estimates of the various types of systematic uncertainty for both measurements
studied in this work are summarized in Table 8.4.

Table 8.4: The various types of systematic uncertainty contributions in the two studied J-PET
measurements.

Source of systematic uncertainty | Measurements with | Measurements with
10 MBg source 1 MBq source

The cosmic background 3.93 x10° 2.41 x10*

The source alignment at the center 1.70 x10°° 1.91 x10°

Total systematic uncertainty 3.93 x10° 2.41 x10*

The statistical uncertainty 4.31 x10* 7.20 x10*

Total uncertainty 4.33 x10* 7.59 x10*

The systematic uncertainties discussed above are regarded as independent
contributions such that the total systematic uncertainty can be estimated as their
quadratic sum.
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The results of both measurements presented in Table 8.4 were combined to obtain an
average value of <Ocpt> weighted by total uncertainty of each measurement.

The weighted average and its uncertainty based on both sets of measurements can be
obtained as:

(Ocpr) = (O(ClgT) - +<O(C212T>w2 (8.8)

w1 + wy

Soern) = (w1 + w2 )72

where:
1 ~

w; = —52((05%))

> (89)

1

w, = —SZ((OE%)T))

/

o, and o, are the weights for 1% measurement and 2" measurement respectively,

(O(CIP)T) and (OEZP)T) are the mean values for 1% measurement and 2" measurement
respectively.

S(O(CQT), S(O(CZP?T) denote the total uncertainty (variance of the distribution of the CPT
operator) for 1% measurement and 2" measurement respectively.

The weighted average of the mean value and the total uncertainty for the combined
both sets of the measurements reads:

(Ocpr) = (=5.5+3.7) x 1074 (8.10)

8.5. The calculation of the CPT violation coefficient (Ccpr)

The Gammasphere [5] was the only experiment to date which performed a CPT-test
by measuring the whole angular dependence and not only the competition between up
and down alignments, where the other experiments for the previous CPT and also CP
test measurements include only a comparison of the number of configurations of up
and down alignments. Therefore, it was the first study were the Monte Carlo
simulation where used to extract the CPT violation for efficiency. As we also
determine the distribution of the angular correlation operator, in order to extract the
CPT violation coefficient from the measurements presented in this thesis, use of
Monte Carlo simulations of CPT-odd signal would be preferred in a similar manner.
To properly account for the geometrical efficiency of the detector as well as efficiency
of the event selection, high level of consistency between the MC simulations and the
experimental setup must be ensured. As of writing of this thesis, the Monte Carlo
simulations of the J-PET detector are still under elaboration, therefore we decided to
present and draw conclusions from the raw experimental result. It should be noted,
however, that despite the absence of precise description of the detector and analysis
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efficiencies, these are expected to be symmetric functions of Ocpr which is confirmed
by preliminary tests done with the MC simulations.

In the previous experiments the asymmetry was defined as a difference between the
number of up and down configurations over the sum of them.

This is a special case of the expectation value, because if we have an operator which
have only two possible values +1/-1, then the expectation value is reduced to:

Ny (FDHN_(-1
(Ocpr) = % (8.11)

In the previous experiments, the measurements of the above asymmetry were
corrected for the analyzing power mostly dominated by the polarization which is also
the case in the J-PET experiment.

If the degree of true CPT violation effect in the data is quantized with the Ccpr
coefficient, the analyzing power Ap accounts for the ability to observe this effect
through measurement of the asymmetry (A):

A= Ap * Ccpr (8.12)

In our case we can use the expectation value of the C.pr operator which was
calculated in (8.10), since it is equivalent to the asymmetry (4) in equation (8.12).
Given that the analyzing power Ap in our measurements is dominated by the average
polarization (calculated in Equation (3.1)), we can extract the CPT-violation
parameter as follows:

A _ (Ocpr)
Cepr = P i,PT (8.13)

Thus, the CPT violation coefficient determined for the measurements described in this
thesis reads:

Cepr =5 = (-13.6£9.2) x 107 (8.14)

This is consistent with the hypothesis of no CPT violation in the examined process. In
terms of sensitivity of the symmetry test, it is improving the best measurment to date
(3.1x107 [5]) by more than a factor of 3, and it is the first measurement with the
sensitivity going beyond the level of 1073
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9. Conclusions and perspectives
9.1. Conclusions

As the lightest system consisting purely of charged leptons, positronium is viable to
search for new effects not included in the Standard Model in the leptonic sector. The
discrete symmetries can be tested by searching for the forbidden decays of
positronium atom, e.g. p-Ps—3y decay, or by measurement of the expectation values
of symmetry-odd operators.

The aim of this thesis was to test the CPT symmetry by searching for the possible

non-zero expectation values of the operator Ocpr = S - (ky X k3)/|ky X k3| = cos ¢,
in the 0-Ps—3y annihilations, where S is the spin unit vector of the o-Ps atom, and

El, Ez are momenta of the most energetic 0-Ps decay photons, and ¢ is the angle
between the 0-Ps spin and the normal to the photons decay plane.

Determining the value of this operator is equivalent to measuring the angular
correlation between the spin of the 0-Ps atom and the normal to the decay plane of
0-Ps—3y. The experiment was performed using the J-PET detector at the Jagiellonian
University. The experiment was done using the large annihilation chamber for a set of
measurements dedicated to the identification and reconstruction of the 3y events from
0-Ps decay. This chamber together with silica R60G as a porous material target on the
internal surface wall of the chamber and using the reconstruction method for the
annihilation points on the chamber allowed us to estimate the spin of 0-Ps atoms on an
event-by-event basis. From these measurements, we determined the mean value of the
CPT-sensitive angular correlation operator (Ocpr) = (—5.5 +3.7) x 10™*, which
corresponds to the CPT violation coefficient of Ccpr = (—13.6 +£9.2) X 107

The result is consistent with zero, where no violation has been found at the precision
level of 9.2 x 104, which is more than a factor of 3 better than the previous
experimental results (The best previous result obtained by the Gammasphere
experiment resulted in (2.6 + 3.1) x 107 [5]).

We have demonstrated that the J-PET detector with its present setup is able to test
discrete symmetries in the charged leptonic system with higher sensitivity than all the
published results to date.

The possible improvement of precision of the CPT test achievable with the same
dataset could be obtained e.g. by using the kinematic fit discussed in Section 7.6.2
which should not only improve the angular resolution of the spin direction estimation
and thus the level of average polarization but also better resolution of the annihilation
point should increase performance of several cuts used in the analysis which rely on
the annihilation point determination. Therefore, both average o-Ps polarization and
signal selection efficiency could be improved as a result of the kinematic fit.

The efficiency of the analysis could also be improved by lowering the TOT window
used to identify candidates for annihilation photon interactions (see Figure 7.10)
provided that additional selection criteria can be devised to discriminate the scattered
photons abundant in the low-TOT region.

In the future J-PET experiments, statistical uncertainty can be easily reduced by
extending the measurements. Moreover, in the near future, two upgrades to the setup
are planned [62,105] which will increase the rate of recorded 0-Ps—3y events. Next
Section gives an overview of the planned setup upgrades.
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9.2. The perspectives

The uncertainty of the measurement of CPT-violation sensitive operator Ocpr depends
on the number of reconstructed o-Ps decays and the accuracy of 0-Ps spin
measurements. Using a cylindrical positronium production chamber and porous silica
R60G as a target material, about 10° decay points of 0-Ps into 3 photons were
recorded and reconstructed after 3 months of continuous measurement.

In the future measurements, this figure can be improved by either increasing the
detector efficiency for recording complete three-photon annihilations or by enhancing
the rate of produced 0-Ps—3y events. The former can be obtained by use of an
additional layer of scintillators with higher acceptance, whereas the latter is
achievable with a new annihilation chamber which allows for more positrons forming
0-Ps and their 3y annihilation can be recorded in the most sensitive region of the
J-PET detector.

In the next set of measurements, the annihilation chamber will be realized as the
positron source with a porous material sphere around it, where we plan to use porous
target materials on the internal surface of the sphere chamber inside an additional
cylindrical chamber. Once a spherical chamber with 0-Ps production medium is
included in the setup of the new chamber, the yield of 3 annihilations is expected to be
significantly increased, due to the higher probability of positrons interacting in the
porous layer and due to the fact than all of the porous target will be contained within
the detector region where the efficiency of recording 3y events is highest.

Regardless of the ability for long measurements with a high activity source, the J-PET
detector will be upgraded by an additional layer of plastic scintillators modules with
advanced signal reconstruction methods. This detection layer have been recently
prepared and tested to be implemented to the J-PET detector prototype and their
inclusion in the future experiments would provide more precision enhancement to the
measurement results. The fourth layer of detectors modules is read out by a silicon
photomultipliers (SiPM) and will provide almost full coverage acceptance in
azimuthal angle and provide more resolution enhancement to the final results. The
CPT symmetry operator can be investigated at J-PET more precisely taking
advantages of the additional layer of detectors.

The improvement can also performed by reducing the systematic uncertainties by
improved resolution with SiPM's which will be included in the additional digital
layer. The influence of the cosmic rays was found to be a significant source of
systematic uncertainty and it was described as one of the main sources of the
background in our measurements, therefore a cosmic ray veto detector is being
designed in order to use it in the J-PET future experiments.
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