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In this contribution, a concept for a new phantom for positronium imag-
ing with PET scanners is described. The proposed phantom is based on
the NEMA IEC phantom in which six high-activity spheres are filled with
solutions characterized by a different mean ortho-positronium lifetime. A
method for controlling ortho-positronium lifetime is discussed along with
preliminary results. The XAD4 suspended in various fractions of water was
tested as a potential model of a sample with a controlled mean lifetime of
ortho-positronium. The mean lifetime of ortho-positronium for six samples
was estimated by means of the Positronium Annihilation Lifetime Spec-
troscopy (PALS). Obtained spectra were fitted with the PALS Avalanche
analysis program and components corresponding to the ortho-positronium
annihilation in the XAD4 pores were established. As a result, the corre-
lations between the lifetime and production intensity of ortho-positronium
and the concentration of XAD4 in water were determined.

DOI:10.5506/APhysPolBSupp.15.4-A4

1. Introduction

The positronium imaging method was invented and is being developed
at the Jagiellonian University [1–6]. It utilizes positronium bound-state life-
time information to provide additional insight into internal structure of the

∗ Presented at the 4th Jagiellonian Symposium on Advances in Particle Physics and
Medicine, Cracow, Poland, 10–15 July, 2022.

(4-A4.1)

https://www.actaphys.uj.edu.pl/findarticle?series=sup&vol=15&aid=4-A4


4-A4.2 G. Łapkiewicz, Sz. Niedźwiecki, P. Moskal

studied objects and is promising as a tool for raising the specificity of medi-
cal diagnostics [5, 7]. This method can be applied in the PET examination,
but unlike a standard PET procedure, it involves registration of more than
two annihilation gamma quanta [2–4]. To perform that, it is necessary to
adjust the scanner for multiphoton detection. The first scanner with that
ability, J-PET, was constructed at the Jagiellonian University [8, 9].

Based on an ex vivo study conducted using positronium imaging, it is
anticipated that inside the patient’s body, about 40% of positron annihila-
tion can occur through the production of positronium [2, 10]. Most of the
ortho-positronia annihilate by the emission of two photons by the pick-off
process [11] and ortho–para conversion [12–14]. In the first case, positron
from ortho-positronium annihilates with an electron from surrounding mat-
ter, in the latter case, interaction of ortho-positronium with surrounding
molecules leads to conversion of ortho-positronium into para-positronium
[2, 7]. Probabilities of pick-off and ortho–para conversion are dependent on
tissue structure and metabolism, respectively, and could provide informa-
tion about the disease progression, as described in more detail in [5, 7].
Feasibility of employing these phenomena to determine positronium images
was evaluated in [3, 4]. Later, the first ex vivo study was conducted using
a phantom with cardiac myxoma and healthy adipose tissues [2]. Results
have shown differences in mean ortho-positronium lifetimes between healthy
and cancerous tissues [2, 5, 15]. This observation indicates that positronium
imaging may increase specificity of medical imaging [2, 5–7, 16]. Recently,
statistical methods for positronium imaging were proposed [17, 18] and it
was argued that the total body PET systems (both based on crystals [19–
22] and plastics [8]) may be used for effective positronium imaging in clinics
[6, 23].

In order to apply positronium imaging in medical practice, it is crucial
to elaborate a method for assessment of the precision of the multi-photon
PET systems for the positronium lifetime determination.

β+ emitters, such as 18F, are the most commonly used isotopes in prepa-
ration of phantoms for the current PET systems adjusted for registration
of double annihilation photons coincidences. However, for the purpose of
positronium imaging, it is important to use a β+ emitter that is capable of
sending additional prompt gamma quanta. For the positronium imaging in
clinics, 44Sc, 68Ga, or 82Rb are considered [23–25].

Recently, certified materials were suggested for verifying the accuracy
of positronium imaging [26]. Here, we propose a phantom for positronium
imaging that will contain volumes with different set mean lifetimes of ortho-
positronium. It will allow for simultaneous determination of annihilation
density distribution and mean positronium lifetimes for specific voxels of
activity. The proposition of such a phantom is presented along with prelim-
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inary results of a mean ortho-positronium lifetime in the XAD4 [27] water
mixtures, that will be used to fill the high-activity volumes in the NEMA
IEC phantom [28]. It is also worth considering if such a new phantom would
provide some new insight into the currently developed positronium image
reconstruction and analysis algorithms [2, 9, 17, 18, 29–31].

2. Positronium imaging phantom concept

The proposed phantom will consist of six volumes of high-activity accu-
mulation immersed in the lower-activity background. Each of the six vol-
umes will exhibit the same activity accumulation and a different mean life-
time of ortho-positronium as presented in figure 1. This will be accom-
plished by controlling the ortho-positronium lifetime by creating mixtures
of the XAD4 polymer and aqueous isotope solution in different proportions.
The expected mean lifetime of ortho-positronium in studied mixtures will
be assessed by the means of the PALS technique. In the final phantom con-
struction, the desired values of the mean ortho-positronium lifetimes will be
obtained by choice of the proper concentration of the XAD4 sample in water.

Fig. 1. The proposition of NEMA-like [28] phantom for assessment of the precision
of the J-PET positronium imaging method. For each of the volumes, there is
the same activity concentration but different mean lifetimes of ortho-positronium
(arrows pointing to the different lifetime spectra). The spectra show the results
of the measurements described in the text. They were determined for different
mass percentages of the XAD4 in water, from the analysis of the respective PAL
spectrum. The mass percentage of XAD4 was equal to 100%, 46%, and 0% for
upper-left , upper-right, and lower-right spectrum, respectively. τo-Ps indicate mean
ortho-positronium lifetimes extracted from the measurement by using the PALS
Avalanche program [29]. The fit components are explained in Section 4.
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3. Ortho-positronium lifetime

The results of this study were obtained by using the Positronium Anni-
hilation Lifetime Spectroscopy (PALS) method. Measurement of the mean
lifetime of positronium is a subject of research of both positronium imaging
and the PALS methods. In those methods, it is essential to use β+ isotopes
that after the emission of positron can emit an additional photon, often re-
ferred to as a prompt photon, used for setting a reference time for positron
lifetime estimation for a single event. In such cases, collected time differences
between registration of the annihilation and prompt photons constitute the
positron lifetime spectrum. 22Na was used as a β+ emitter in the conducted
research. Its decay scheme, alongside the scheme of the measurement on the
time scale, is shown in figure 2 [3–5, 32]. In this study, data for 3.6 million
events were collected in each measurement.

Fig. 2. The order of processes in a single event used in the PALS and positronium
imaging.

4. Experimental setup and measurements

The experimental setup, schematically depicted in figure 3, consisted of
two detectors, each composed of BaF2 scintillation crystal and a photomulti-
plier. A chamber was placed between the detectors, shifted off their axis by
a radius of a crystal scintillator to prevent from registering both annihilation
gamma quanta. The bottom detector was registering deexcitation gamma
quanta (with the energy of 1274 keV) and the upper detector was registering
annihilation gamma quanta (with the energy of 511 keV). To obtain the same
gains for the detectors, different voltages were applied to the detectors: 2.5
kV and 2.32 kV for the upper and the bottom detector respectively. Signals
were delivered to the LeCroy 608C constant fraction discriminator (CFD),
where different thresholds were applied to both signals. For the bottom de-
tector, signals with amplitudes higher than 70 mV were gathered, for the
upper detector, signals with amplitudes higher than 14.5 mV were gathered.
The coincidence window was set for 110 ns. Data was acquired using the
digitizer DRS4. The source, 22Na isotope, was encapsulated in a Kapton foil
and sealed additionally with parafilm to prevent the water from the sample
from damaging the source.
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Fig. 3. Scheme of the measurement setup.

In the course of this study, six measurements were done. One mea-
surement of distilled water, one measurement of the dried XAD4, and four
measurements of different concentrations of the XAD4 and water. Prepared
samples were placed inside aluminium or polytetrafluoroethylene (PTFE)
measurement chambers. The obtained data were analysed using the PALS
Avalanche program that fits the spectra by a model consisting of a sum
of exponential functions used to model a single positron–electron annihila-
tion component convoluted with the Gaussian function reflecting the time
resolution [29].

Fig. 4. An exemplary lifetime spectrum determined for the dry XAD4 material.
The black histogram shows the experimental data. Superimposed curves indicate
the result of the fit. The meaning of the curves is described in the text. The fit
was performed from 0 to 110 ns, but for the increased readability of the graph, it
is presented in a range from 0 to 40 ns. The background is estimated as a mean of
the first 50 values from the left.
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In figure 4 exemplary spectrum is presented. Components of the function
fitted to this spectrum were as follows: τp-Ps — para-positronium annihila-
tion (lifetime fixed), τsource — positron annihilation in the source (lifetime
and intensity fixed), τdirect — positron annihilation in the sample (value of
its intensity can change freely and its initial lifetime value can change in the
appointed range from 0.32 ns to 0.48 ns), τo-Ps0 — ortho-positonium anni-
hilation in parafilm (lifetime and intensity fixed). The values of parameters
τsource and τo-Ps0 was ascertained in the previous measurements.

Two fully free components were corresponding to ortho-positronium life-
time in XAD4 pores: τo-Ps1 and τo-Ps2. The values of those two components
were hypothesized to change in between the measurements according to the
amount of water added to XAD4.

5. Results

In figure 5, the dependencies of the ortho-positronium component with
a longer mean lifetime and its respective intensity on a mass percentage
of the XAD4 in the mixture are presented. The mean ortho-positronium
component with a longer mean lifetime and its intensity are increasing with
the XAD4 fraction in the mixture. The red lines in figure 5 are corresponding
to the arbitrary models used to fit the experimental results. The measured
values of component with longer mean ortho-positronium lifetimes and their
respective intensities are presented in Table 1.

Fig. 5. Left: Dependency of the lifetime of ortho-positronium for the XAD4 second
component on the mass percentage of the XAD4 in water. Squares indicate the
result of the measurements. The red line is drawn to guide the eye. It corresponds
to the function: y = 20.9 + 20.9 × tanh(0.06 × (x − 57.27)). Right: Dependency
of the intensity of the second component on the mass percentage of the XAD4 in
water. Squares indicate the result of the measurements. The red line is drawn to
guide the eye. It corresponds to the function: y = −0.0337 × x + 0.00207 × x2.
The error bars of the values of fitted components are smaller than the point size.
Other types of uncertainties were not accounted for in this study.
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Table 1. Results of the PALS measurements of lifetime and intensity of the ortho-
positronium second component for the XAD4. Cp denotes mass percentage of the
XAD4 in water and is described by = mx/(mx + ms) × 100%, where mx is the
XAD4 mass and ms is the solvent mass. χ2

ν is the goodness of the fit defined as χ2

per degrees of freedom. Mass percentages of 46% and 43.6% (indicated by *) were
estimated based on the initial wetness of the shipped product. The concentration
of the rest was based on assumption that the dried XAD4 had a mass percentage
of 100%. For the pure water spectrum, there was no second component present in
the fit.

Cp [%] Lifetime [ns] Intensity [%] χ2
ν

0 none none 1.44
43.6(1.0)* 7.453(75) 5.123(50) 1.24

46* 8.153(99) 4.002(45) 1.26
67.33(23) 31.76(22) 12.447(39) 1.38
69.16(23) 34.06(22) 13.170(38) 1.34

100 41.44(17) 23.467(40) 1.34

6. Conclusions

The obtained results indicate that there is a correlation between mean
lifetime of ortho-positronium in pores of the XAD4 and the mass percentage
of the XAD4 in water. Additionally, the correlation between the intensity of
the longer second component and mass percentage of XAD-4 in water was
also established.

Those results can be used to prepare a NEMA-like phantom for measure-
ments of the ortho-positronium lifetime alongside the activity concentration
that may serve for the assessment of PET systems for positronium imaging.
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