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In state-of-the-art positron emission tomography (PET), information about annihilation photon polarization is
unavailable. Here, we present a PET scanner built from plastic scintillators, where annihilation photons primarily
interact via the Compton effect, providing information about both photon polarization and propagation direc-
tion. Using this plastic-based PET, we determined the distribution of the relative angle between polarization
planes of photons from positron-electron annihilation in a porous polymer. The amplitude of the observed distri-
bution is smaller than predicted for maximally quantum entangled two-photon states but larger than expected
for separable photons. This result can be well explained by assuming that photons from pick-off annihilation are
not entangled, while photons from direct and parapositronium annihilations are maximally entangled. Our result
indicates that the degree of entanglement depends on the annihilation mechanism in matter, opening avenues
for exploring polarization correlations in PET as a diagnostic indicator.

INTRODUCTION

Positron emission tomography (PET) is an established imaging tech-
nique for noninvasive in vivo diagnosis of disease in clinical practice
(1-3). Its potential for quantitative assessment of metabolic alteration
in biological tissues makes it useful for various medical applications by
assessing physiology (functionality) of human organs or tissues (4). In
PET, a biomolecular tracer labeled with a positron (¢*) emitting radio-
nuclide is administered into the human body. The emitted e* interacts
with electron (e”) in the tissue and annihilates predominantly into two
511-keV photons moving in opposite directions.

The principle of PET is based on the registration of places and
times of interactions of these two photons, and reconstruction of the
site of annihilation along their direction of propagation referred to
as the line of response (LOR). The information from the LORs is
used as input to reconstruct the density distribution of annihilation
points. However, annihilation photons carry more information than
just about the site where they originated. In general, annihilation
photons carry information in the form of energy, direction of prop-
agation, polarization, and the degree of entanglement (5-7). Polar-
ization of annihilation photons is not accessible by current PET
systems, but in principle, it can inform us about the contributing
annihilation mechanisms, which, in turn, may tell us about the cell
molecular composition. In the body, a positron emitted from the
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isotope attached to the biomolecule may annihilate with an electron
either directly or via formation of positronium (8, 9). Positronium
in the tissue intermediates the positron-electron annihilation in
about 40% of cases (10-12). Positronium may be formed as a long-
lived (142 ns) spin-one orthopositronium (oPs) or as a short-lived
(125 ps) spin-zero parapositronium (pPs) (13). In vacuum, oPs decays
into three photons (oPs — 3y) and pPs into two photons (pPs — 2y)
(9). Theoretically, photons from the decay of positronium in vacu-
um are maximally entangled in polarization (14-16). However, in
matter when positron from positronium annihilates with the elec-
tron bound to the atom, it is natural to ask the question of whether
the photons resulting from this annihilation are maximally entangled
(17-20). Annihilation photons have energy in the range of mega—
electron volts and hence interact in matter with single electrons.
Therefore, their polarization cannot be studied using optical meth-
ods. However, polarization of these high energetic photons can be
estimated by Compton scattering (Fig. 1A). The Compton scattering
of photons is most likely in a plane perpendicular to the polarization
of the incoming photon (21), and therefore polarization orientation
of the primary photon (€) at the moment of scattering can approxi-
mately be determined as a vector product of momentum vectors of

initial k and scattered photon K (22)
k xk

g=—2%
£ x¥| W
Figure 1B describes the distribution of n (23), the relative angle
between the polarization plane and the scattering plane, as a func-
tion of the scattering angle 0. It indicates that, in the case of 511-keV
annihilation photons, the correlation between the polarization direc-
tion € and the scattering plane is maximal at about 8 = 82°, decreasing
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Fig. 1. Relation between scattering angle and photon polarization in the Comp-
ton scattering of annihilation photons. (A) Pictorial illustration of the photon-
electron Compton scattering with the definition of the photon scattering angle (0),
photon polarization (€), photon momentum before (E) and after (F) the scattering,
and the angle () between the polarization and scattering planes. (B) Normalized
Klein-Nishina cross section for 511-keV photons as a function of angles n (horizontal
axis) and 0 (vertical axis). For normalization, the two-dimensional plot (n and 6) was
weighted such that for each value of 6, the integral of the cross section over the entire
range of nfrom — n to mis equal to unity. The yellow dotted line indicates the value of
6=82°, for which visibility is maximum (75), and dashed lines indicate a range of high
visibility for © = 82° + 30° (23). (C) Schematic representation of annihilation photons
and their Compton scattering, including polarization and scattering planes. 6;and 0,
denote the Compton scattering angles. n;and n, denote angles between the scatter-
ing and polarization planes. A represents the angle between the scattering planes
of annihilation photons and thus is a measure of the relative angle between their
polarization planes.

to a negligible effect for forward (8 = 0°) and backward (6 = 180°)
scattering. In general, the analyzing power (A;) of the Compton po-
larimeter is expressed as (15, 24, 25)

A, =sin’0/ (E/E' +E'/E—sin’0)

2)

where E and E’ denote the energy of primary and scattered photons,
respectively (25). For 511-keV photons, the maximum value of A,
equal to 0.69 is reached at 6 = 82°.

The distribution shown in Fig. 1B indicates that the Compton
scattering may be effectively applied as a polarimeter in the scatter-
ing angle range of about 8 = 82° & 30°, in which the analyzing pow-
er varies from 0.69 to 0.42. This range is indicated by horizontal
dashed lines. For the 2y annihilation process (Fig. 1C), when each y
interacts via Compton scattering with an electron, one can estimate
the relative angle between the polarization directions of the photons
[n; — 1, | by measurement of the relative angle A between the scat-
tering planes (23). Bose symmetry and parity conservation in the
decay of pPs imply that the state |y ) of the resulting two photons is
maximally entangled and that the photon polarizations are orthogo-
nal to each other (15). In the linear polarization base, the two-photon
state from pPs decay reads

L
V2
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where H and V correspond to the horizontal and vertical polariza-
tion directions. Taking into account the Compton scattering of each
of the photons, the double Compton scattering differential cross
section can be expressed as (26)

d*s(6,,6,,Ag)

o, - [A(6,,0,) —B(6,,0,)cos(2(Ag))|

)
where A and B describe the dependence of the cross section on the
Compton scattering angles 6, and 0,. At given scattering angles (6,
and 6,), the cross section is maximal for Ag = 90° and minimum for
A@ = 0°. The strength of the polarization correlation of the annihila-
tion photons may be described by the R factor (referred to as entangle-
ment witness), which is the ratio of the probabilities of the scattering
at Ag = 90° and A@ = 0°. This implies

=A(61,92)+B(61,92)
A(6,,6,) —B(6,,6,)

)

The maximum of the cross section at Ap = 90° reflects the fact
that the polarizations of the photons are perpendicular to each other.
For maximally entangled photons, the value of R reaches a maxi-
mum of R,y = 2.84 at the scattering angles of 6, = 6, =82° (15, 26—
34), while for separable photons, the maximum value of R is equal to
Ryep = 1.63 (32, 33). The shape of the distribution of the angle Ag
can, in principle, carry information about the molecular composi-
tion of annihilation sites. In matter, 2y annihilations (used in PET)
occur either by (i) direct electron-positron annihilation, (ii) via self-
annihilation of pPs, or (iii) via oPs annhilation due to the interaction
with surrounding electrons. The oPs, in addition to self-annihilation
into three photons, may annihilate into two photons when the posi-
tron from oPs picks off an electron from the surrounding molecular
environment (pick-off process) (9). Here, we hypothesize that the
Ag distribution may depend on the annihilation mechanism. In
general, we assume that in an a fraction of 2y annihilations, the pho-
tons are maximally entangled, and in the remaining (1 — a) fraction,
the produced photons propagate independently of each other. Thus,
without loss of generality, the measured A distribution F(A@) may
be decomposed as

F(A@,o) = aF (A, R, ) + (1—)F(Ag, R (6)

max ) sep )

Using this formula, one can show that

[T+ (R = 1)/ (R +1) + (1 =) (R, = 1) / (R, +1)]

[1-0(Rpax = 1)/ (Rpax +1) =(1 =) (R, = 1) / (R +1) |
™)
Trying to estimate an expected effect of R variation in the mate-
rial, we assume further that photons from the pick-off annihilations
are separable (R = Ryp), and photons from other processes (direct
annihilation, pPs decay, and oPs conversion) are maximally entan-
gled (R = Rpay). The assumption about maximal entanglement for
direct annihilation is justified because previous investigations of the
A distribution for annihilation in metals are consistent with the
predictions for maximally entangled photons (24), and, in metals,
positrons annihilate only directly with electrons. In addition, self-
annihilation of pPs theoretically leads to a pair of maximally quantum
entangled photons (14). However, in the case when oPs annihilates

R(o)=
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via interactions with an electron from the surrounding atoms (pick-
off process), the initial state will be a mixture of electron-positron
states with many possible quantum numbers, and, therefore, it is
plausible to assume that, in this case, for the mixed and not the pure
quantum state, the resulting photons will not be entangled. This
would mean that value of R depends on the material and may serve
as an indicator of the intramolecular environment surrounding the
positronium. In this work, we present a dedicated PET scanner,
called the Jagiellonian PET (J-PET), built from plastic scintillators,
in which annihilation photons interact solely via Compton scatter-
ing (with photoelectric effect at the level of 107°) (35). In the J-PET
scanner, the average distance between the primary and secondary
scattering of 511-keV photon is equal to about 25 cm (compared to
about 0.6 cm in crystal PET systems), rendering possible measure-
ment of the A@ distribution with high angular resolution of 2° (23).
We substantiate the capability of the J-PET scanner in effectively
imaging the A distribution and hence for imaging of the parameter
R, in addition to the standard PET imaging of the density distribu-
tion of annihilation points. As an example of application, we deter-
mine that the value of R for photons from the positron-electron
annihilation in porous polymer is substantially lower than expected
for maximally entangled photons, and, by comparison to the value
of R determined for aluminum, we demonstrate that R is sensitive to
the type of the material. This result opens up prospects for using
entanglement witness R as a diagnostic parameter of tissue type and
tissue pathology. Last, we estimate and discuss the sensitivity of the
total-body J-PET scanner for the simultaneous PET and R value im-
aging in clinical diagnostics.

RESULTS
This work experimentally demonstrates the dependence of the degree
of entanglement of annihilation photons on the type of the material
in which the positron annihilates and presents the capability of the
newly developed J-PET scanner to image the quantum correlation
of annihilation photons. Figure 2 (A and B) shows photographs of the
J-PET scanner developed and constructed by the J-PET group (35-
38). The technical details of the J-PET scanner and the annihilation
chamber are outlined in Materials and Methods. In this section, we
highlight the key features that set J-PET apart from the current PET
scanners and make it capable of imaging quantum entanglement of
annihilation photons. The J-PET scanner is built from plastic scin-
tillator strips arranged axially with the photomultiplier readout at
the ends. The application of plastic scintillators, instead of crystals
used in the state-of-the-art PET systems, and the application of ded-
icated triggerless data acquisition system are the two crucial novel-
ties enabling efficient detection of events in which both photons
from e*e~ — 2y annihilation undergo Compton scattering. In plas-
tic scintillators, 511-keV annihilation photons interact via Compton
scattering only (the fraction of photoelectric effect is at the order of
107%) (35), and triggerless acquisition enables simultaneous detec-
tion of four interactions due to annihilation and scattered photons.
Contrary to the state-of-the-art PET systems in which signal process-
ing and acquisition are confined to two interactions only (39, 40),
the registration of Compton-scattered photons is mandatory for the
determination of the annihilation photon’s polarization.

The linear polarization of the ith annihilation photon is deter-
mined using Eq. 1 (22, 23). A typical topology of events used in this
study is superimposed on the photograph of the scanner (Fig. 2A)
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Fig. 2. Experimental setup used in this study and exemplary distributions of
registered events. (A) Photograph of the 192-strip J-PET tomograph with a super-
imposed illustration of the example event with annihilation photons (red solid
arrows) and scattered photons (red dashed arrows) used in this study. (B) Close-up
photograph of the annihilation chamber, which comprises a positron-emitting
22Na radionuclide surrounded by XAD-4 porous polymer (41). In this photograph,
scintillator strips covered with black light tight foil and aluminum photomultiplier
housings are visible. (C) The cross section of the 192-strip J-PET scanner together
with the annihilation photons (red solid lines) originating from the electron-positron
annihilation in the chamber and the scattered photons (red dashed lines). (D) Tomo-
graphic image of the annihilation source with a pixel size of 5 mm by 5 mm. (E) Experi-
mentally determined distribution of scattering angles 6, versus 6, The maximum
density of events determined at 6, = 6, = 94° is due to the geometry of the detec-
tor, as can be seen in (A) and (B). The superimposed blue solid curve indicates the
value of entanglement witness R calculated for the cases where 8, = 6,. The maxi-
mum of R = 2.84 is visible for 6, = 8, = 82°, while the experimental data concen-
trate around 0, = 6, =94°, where R=2.4.

and on its schematic cross section (Fig. 2C). Positron-electron anni-
hilation occurs in the porous cross-linked styrene-divinylbenzene
copolymer XAD-4 (41) surrounding the positron-emitting **Na
source placed in the annihilation chamber (Fig. 2B). The two anni-
hilation photons are emitted in opposite directions and registered in
the three-layer J-PET system, consisting of 192 plastic scintillators
of 50-cm length and a cross section of 1.9 cm by 0.7 cm (37). The
signals from photomultipliers are sampled by dedicated electronics
(42), enabling the determination of time, position, and energy depo-
sition for each registered photon interaction (37). Interactions are
referred to as hits. For an event of interest, four hits are required, two
hits from annihilation photons and two hits from scattered photons.
Hits in the detector caused by the annihilation photons are distin-
guished from hits due to scattered photons based on the registered
energy deposition and angular correlations. Hits from annihilation
photons are used to reconstruct the tomographic image of the anni-
hilation source. An example image, showing the reconstructed posi-
tion of the source, is presented in Fig. 2D. Next, each scattered photon
is assigned to the appropriate annihilation photon using informa-
tion on time and positions of hits. The event selection criteria are
discussed in detail in Materials and Methods. Once the hits in the
event are identified, the scattering angles (0, and 0,) and the angle
between the scattering planes (A@) are determined. The determined
distribution of the 6, versus 6, angles is shown in Fig. 2E. It illustrates
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that the maximum of the density distribution of registered events is
around the angles of 0, = 0, = 94°. This is due to the geometric ar-
rangements of scintillators in the J-PET tomograph, as can be seen
in Fig. 2C. Solid curve superimposed on the plot in Fig. 2E indicates
the distribution of entanglement witness R for scatterings, where
0, = 0,, calculated under the assumption that the annihilation pho-
tons are maximally entangled.

It shows that the value of R expected at the maximum of the den-
sity distribution of registered events is equal to R = 2.4, and it is
lower than the maximal value of R = 2.84 for 0, =6, ~ 82°. For
further analysis of the experimental data, we selected the region
around 0, = 6, =82° (112,943 events), where the highest correlation
is expected, and the region around 6, = 6, = 94° (181,186 events),
where the highest number of events is recorded. Figure 3 (A and B)
shows the Ag distribution determined for events with the 8,, 6, scat-
tering angles from the circle of radius = 20° centered at 0, = 6, = 82°
(Fig. 3A) and at 8, =0, = 94° (Fig. 3B), respectively. The studied
regions on the (6,, 6,) plot are shown in the Materials and Methods.
The formula A — Bcos(2A@) was fitted to the determined distribu-
tions to extract the value of Ry =(A+B) / (A — B). The blue curves
depict the results of the fits superimposed on the data, and the resul-
tant values of Ry, are represented by blue circles in Fig. 3 (C and D).
The experimental values of Reyp, that were obtained correspond to the
weighted average of R values, where the weights are based on the den-
sity distribution of registered events over the selected region on the
(8,,6,) distribution. In the figure, the experimental results are com-
pared to the theoretical predictions obtained under two assumptions:
(i) that the photons are maximally entangled (green triangles pointing
upward) and (ii) that the photons are in a separable state (magenta
triangles pointing downward). The shown theoretical predictions
account for the effects of the detection system, which were modeled
using Monte Carlo simulation methods, as described in detail in
Materials and Methods. The measured experimental values of the
entanglement witness Rey, (given in Table 1) are smaller than the pre-
dicted values for maximally entangled photons R7<* and larger than
the expected values for separable photons R;eri. The difference between
the experimental and theoretical values of the entanglement witness
R remains consistent across all studied regions with radius r ranging
from r = 10° to r = 30°. As the radius increases, the experimental
value of Ry, decreases, and the statistical errors also decrease. For
the mean radius of r = 20°, the determined values of Rey;, for the distri-
bution of scattering angles centered at 0, = 6, =82°and 0, = 0,=94°
are estimated to be 2.00 + 0.03 and 1.93 + 0.03, respectively.

DISCUSSION

This study demonstrates the full-scale PET scanner capable of deter-
mining the polarization of annihilation photons by registering their
Compton scatterings. The scanner is constructed from three cylin-
drical layers of plastic scintillator strips, in which annihilation photons
interact almost exclusively through Compton interaction, compared
to crystals where Compton effect constitutes, e.g., 59% Bismuth
Germanium Oxide (BGO) or 69% Lutetium-Yttrium Oxyorthosili-
cate (LYSO) (35, 43, 44). Therefore, plastic scintillators are best suited
for the quantum entanglement PET system. Another crucial charac-
teristic of the scanner presented in this work is the large relative
distance between subsequent Compton interactions in plastic scin-
tillators. In the J-PET system, it is equal, on average, to 25 cm com-
pared to about 0.6 cm in BGO crystal scintillators. This enables one
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Fig. 3. The distributions of the Ap angle and the values of the R factor deter-
mined for the XAD-4 porous material. (A and B) Experimental results for events
within a circle with the radius of 20° centered around 6, =6, =82°and 6, =0, =
94°, respectively. The solid curve represents the best fit of the function A-Bcos(2A @),
with A and B as free parameters. Vertical bars denote statistical uncertainty, while
horizontal bars indicate bin width. The tabulated data are provided in tables S1 and
S2. (C and D) R values determined for events within circles with the radii of r cen-
tered around 6, = 0, = 82° and 0, = 0, = 94°, respectively (see also Fig. 4). Experi-
mental results are shown with blue points. Gray bars denote the statistical uncertainty.
The maximum possible value of R in the case when photons are maximally entan-
gled (R = 2.84), achievable at 6, = 6, = 82°, is indicated by the red horizontal
dashed line. The blue dashed lines indicate the values of R in the case when the
photons are not entangled for the scatterings at6; = 6,=82°(R=1.63)and6, =0,=
94° (R =1.51) in (C) and (B), respectively. Upward-pointing green triangles and
downward-pointing magenta triangles demonstrate R values determined from the
simulated data. Upward-pointing green triangles correspond to the result simu-
lated assuming maximally entangled photons, while downward-pointing magenta
triangles indicate results obtained assuming that the photons are separable. The
pink rectangles correspond to simulated results for porous medium XAD-4 assum-
ing that photons from the pick-off annihilation are not entangled. The shaded
boxes show the range of theoretical R values, in a given selected circle, calculated
for the case of maximally entangled photons.

to achieve with J-PET a high angular resolution of about 2° and a
high purity of up to ~95% (23), for the identification of first and
second interactions, compared to only about 55% purity and about
6° angular resolution achieved in pixelated crystals (34, 45). More-
over, in the presented J-PET system, the maximum efficiency for
detecting double Compton interactions is within the angular range
of 82° + 30°, where the correlation is the highest (see Fig. 2D). Using
the data collected with the J-PET scanner, we determined the distri-
butions of the relative angle between the scattering planes of 511-keV
photons (A) originating from e*e™ — 2y annihilation in the po-
rous polymer XAD-4. The obtained shape of the A distributions
exhibits cos(2A@) oscillations with a maximum at 90°, as expected
for photons with perpendicular polarizations. The experimental Ag
distributions were compared with predictions obtained under the
assumptions that the photons are maximally entangled and that
they are separable. The main observation reported in this work is
that the correlations between the annihilation photons originating
from the positron-electron annihilation in the porous polymer are
larger than for the separable state, but they are smaller than expected
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Table 1. Parameter R, determined for the range of scattering angles centered around 82° and 94° with the radius r = 20 cm. The values are compared
to the simulations of experimental result, assuming that photons are maximally entangled (R"2¥), separable (R*P), and originating from annihilations in XAD-4

material (RXAD—4).
sim

sim sim

o max sep XAD—4
Range radius Range center Rexp Rsim Rsim Rsim
r=20° 6, =0,=82° 2.00 +0.03 244 1.54 2.08
r=20° 0, =0,=94° 1.93 + 0.03 2.15 1.46 1.97

for the maximally entangled two-photon state. To our knowledge,
this finding is reported for the first time. Previous investigations of
the A distribution for annihilation in metals resulted in the R value
consistent with the assumption that annihilation photons from the
electron-positron annihilation are maximally entangled (46, 47). The
most precise experiment so far, performed for photons from positron-
electron annihilation in aluminum, yielded R = 2.435 + 0.018 (24),
which, taking into account the detector geometrical acceptance, is
consistent with expectations for the maximally entangled two-photon
state (24). In metals, positrons exclusively annihilate directly with
electrons (9), whereas in the porous polymer XAD-4 used in this
study, positrons annihilate directly in only 32% of cases, and in the
remaining 68% of cases, the annihilation proceeds through the for-
mation of positronium atoms (41). In this study, the conversion of
oPs on oxygen molecules is suppressed because air has been pumped
out of the XAD-4 material to 10™* Pa using the dedicated chamber
and the vacuum system (48). We hypothesize that the nonmaximal
entanglement can be attributed to the annihilation of positrons with
electrons bound to the molecules, when a positron from positroni-
um annihilates with an electron from the surrounding atoms (17-19).
In general, when annihilation is from the mixed state, the entangle-
ment may be partially or fully lost (20, 49). Using Eq. 7 and taking
into account that, in the case of XAD-4 material, the pick-off pro-
cess constitutes 31% of 2y annihilations (see Table 2), we obtain
R(XAD-4) =2.36. Pink squares in Fig. 3 (C and D) show the prediction
for the measured value R simulated using the value of R(XAD-4) =
2.36, taking into account the properties of the detection system and
the data selection criteria. The result obtained under the assumption
that photons from the pick-off process are not entangled (pink squares)
is in quite good agreement with the experimentally determined val-
ues of R (blue circles). In Table 1, the calculated and measured val-
ues are compared for r = 20°. To further explore the origin of the
observed nonmaximal entanglement, dedicated experiments are
required in which the annihilation mechanism can be identified,
e.g., by additional measurements of the positron lifetime. The obser-
vation reported in this work, based on measurements in the XAD-4
porous polymer, demonstrates that the degree of entanglement of
annihilation photons, expressed via the R parameter, is not maxi-
mal. This observation can be explained by assuming that photons
from the pick-off annihilations are not entangled. The rate of the
pick-off process in matter is determined by the size of the pores (free
voids between atoms) in which positronium atoms are formed. The
smaller the size of the free voids, the larger the pick-off contribution.
It is well established that the larger the pick-oft rate, the smaller the
positronium lifetime (9). Here, we anticipate that the R value will
also be smaller. The oPs lifetime is known to vary with tissue type,
and it has been argued that the observed lifetime changes are pre-
dominantly due to the differences in the molecular tissue structure
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(9). Therefore, the result of this work opens perspectives to apply R
as a new diagnostic indicator that may be available in PET imaging.
The nonmaximal entanglement of annihilation photons observed in
this work, created in electron-positron annihilation in porous poly-
mer, is well explained by the assumption that photons from the pick-
off process are not entangled, while photons originating from direct
and pPs annihilations are maximally entangled. However, the assump-
tion that photons from direct annihilation are maximally entangled
is based on previous measurements of the R value in aluminum (24),
and the maximal entanglement of photons from pPs annihilation is
predicted theoretically (14) but not yet confirmed experimentally.
Thus, the main limitations of the studies presented in this article are
the lack of R value measurements for different materials with the
same detector system and the lack of disentanglement between dif-
ferent annihilation mechanisms. Therefore, further systematic mea-
surements with different materials are required to understand how
variations in molecular structure affect the R value. The parameter R
has been used as an entanglement witness in annihilation photon
studies to date. Recently, a strategy based on the fact that the analyz-
ing powers and measure of correlations in the visibility function can
be factorized was put forward in (50), which allows for the extrac-
tion of these dependencies and thus the definition of a measure of
entanglement degree independent of the scattering angle. The meth-
od proposed in (50) could reduce the required statistics and facili-
tate the comparison of results from different experiments. In the
future, we intend to apply this approach to the J-PET detector.
Moreover, to unambiguously answer the question of how the A
distribution (and hence the R value) depends on the annihilation
mechanism, the registration of prompt gamma, in addition to an-
nihilation photons, will be required. Simultaneous registration of
annihilation photons and prompt gamma will enable the determina-
tion of the positron lifetime in the studied material and hence will
enable to disentangle annihilations proceeding directly, via pPs or
via pick-off processes.

The imaging of polarization correlations requires coincident reg-
istration of four interactions and therefore needs high-sensitivity scan-
ners capable of multiphoton registration. New-generation PET scanners
covering the whole body provide high enough sensitivity (51-53), yet
for imaging of polarization correlation, a multiphoton acquisition is
required, which is not yet available in the current clinical PET systems.
In the case of crystal PET systems, multipixel readout will also be neces-
sary (32, 34, 45). The first total-body PET scanner based on plastic scin-
tillator is under construction at Jagiellonian University using J-PET
technology (35). With the extended 250-cm field of view, this scanner
will offer high multiphoton registration efficiency, enabling not only
conventional 2y metabolic PET imaging with high statistical accuracy
but also polarization correlation imaging and using the recently devel-
oped positronium imaging (54, 55) as a new diagnostic biomarker.
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Table 2. The fraction of the main processes leading to annihilation of positrons in XAD-4 materials.

Process Direct (ete™ — 2y) pPs — 2y oPs — 2y (pick-off) oPs — 3y
Total fraction (%) 32 17 22 29
Fraction of 2y (%) 45 24 31 0

MATERIALS AND METHODS

Positron annihilation chamber

In the reported experiment, positrons were annihilating in the XAD-4
(CAS 37380-42-0) material (41). Amberlite XAD-4 is a porous poly-
mer resin with a high surface area and a porous structure, in which
large fraction (68%) of positron annihilations proceeds via positro-
nium formation (41). In the XAD-4 polymer, positron annihilation
proceeds in approximately 32% via the direct ete™ — 2y process, in
approximately 17% via ete™ — pPs — 2y, in approximately 29% via
ete” — oPs — 3y,and in 22% viaete™ — oPs, followed by oPs pick-
off annihilation into 2y. Thus, the two-photon annihilations proceed
in 45% via direct e*e™ annihilation, in about 24% via self-annihilation
of pPs, and in about 31% via the pick-off process of oPs (Table 2).
The **Na isotope with an activity of 1.1 MBq was used as a positron
emitter. The **Na source was sandwiched between two 7-pum-thick
kapton foils and enclosed on both sides by a few-millimeter-thick
layer of the XAD-4 porous polymer. The polymer and the positron
source were situated within a dedicated chamber connected to a
vacuum system that enabled the evacuation of air from the polymer
pores to a pressure of 10~* Pa (48). The chamber was placed at the
center of the J-PET scanner as illustrated in Fig. 2B. The chamber
was constructed from 1-mm-thick polyamide 6 with a density of
1.14 g/cm’, resulting in a negligible absorption (less than 1%) of
511-keV photons (48). It is worth noting that a high vacuum was
essential to suppress mechanisms that can be triggered by the pres-
ence of paramagnetic oxygen molecules, such as the conversion of
oPs to pPs, which disrupts the oPs decay dynamics by decreasing the
oPs lifetime and also by decreasing the fraction of pick-off processes.
However, vacuum is not required for quantum entanglement studies,
and therefore, a similar methodology could be adapted for in vivo
studies where differences in molecular composition can affect en-
tanglement properties through different ratios of pick-off annihila-
tions to direct and pPs annihilations.

J-PET scanner

J-PET is the first PET tomograph composed of plastic scintillators in
which the Compton interaction is the main photon registration process
(36). The scanner used in this work consists of 192 plastic scintilla-
tors (EJ-230; 50 cm by 1.9 cm by 0.7 cm) forming three concentric
cylindrical layers (see Fig. 2A) (37). The scintillators are connected at
the ends to the vacuum tube photomultipliers (Hamamatsu, R9800).
The time and position of the interaction of photons (referred to as
hits) along the scintillators are estimated by measuring the time of
light signal arrivals to the photomultipliers (36). The signals from
the photomultipliers are sampled at four fixed thresholds (30, 80, 190,
and 300 mV) using time-to-digital converters implemented in field-
programmable gate array devices (42). The time stamps of the sig-
nals were recorded in the triggerless mode using the dedicated data
acquisition system, which can process data streams at a speed of about
8 Gbps (56). The calibration procedure and intrasynchronization of
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the timing signals between 192 detection modules are explained in
previous work. The hit time and hit position resolutions are equal to
250 ps and 25 mm, respectively (37). The maximum energy depos-
ited by a 511 keV inside a plastic scintillator corresponds to 340 keV,
with an energy resolution of about 7.5%. The angular resolution for
determining the scattering angle of annihilation photon amounts
to 2°(23).

Event selection and classification

The data were collected continuously for 122 days and analyzed using
a dedicated framework developed based on C++ and Root (a data
analysis tool developed at CERN) (57) with detector-specific and
advanced features. Events useful for the study of the polarization
correlations comprise four hits within 20-ns time window, two hits
caused by primary photons (511 keV) and the remaining two hits
caused by the corresponding scattered photons with lower energy
(e.g., 275 keV for the scattering at 82°). An example of these events
is shown in Fig. 2 (A and C). Figure 4A shows the histogram of the
hit multiplicity in the event. For the analysis, only events with mul-
tiplicity equal to 4 were accepted (total events = 1,070,127,000). In
the next step of analysis, as a first criterion to disentangle between
the annihilation and scattered photons, the time-over-threshold
(TOT) value was used, which is a measure of the energy deposition
(38). For the 511-keV annihilation photons, the energy depositions
varies between 0 and 341 keV, and for the scattered photons of inter-
est, e.g., for the photons scattered at angles in the range of 82° + 30°,
the maximum energy deposition is equal to 218 and 98 keV for
photons scattered under 52° and 112°, respectively. Figure 4B shows
the distribution of TOT with superimposed vertical lines, indicat-
ing ranges chosen for selecting scattered photons candidates (1 ns <
TOT < 20 ns) and annihilation photon candidates (20 ns < TOT <
32 ns). The values of TOT are uniquely correlated with the energy
deposition and, for example, TOT = 32 ns corresponds to 341 keV
(Compton edge for 511-keV photons), and TOT = 56 ns corre-
sgonds to 1062 keV (Compton edge for 1275-keV gamma from
Na decay) (58). Furthermore, for the annihilation photon candi-
dates, the stringent back-to-back (175° < 8 < 185°) emission crite-
rion was applied.

Moreover, to ensure that photons are emitted from the source, an
information from the tomographic image (Fig. 2D) was used. The
image shows the density of annihilation points reconstructed on the
basis of the times and positions of hits identified as originating from
annihilation photons. For further analysis, only events were consid-
ered for which the distance between the reconstructed annihilation
site and the center of the image (position of the source) was less than
1 cm in the xy plane and less than 4 cm in the z direction. After se-
lecting the hits in the event corresponding to the annihilation pho-
tons, as a next step, the hits due to the scattered photons are assigned
to the proper annihilation photon. By assigning indices 1 and 2 to
the hits from annihilation photons and indices 3 and 4 to the hits
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Fig. 4. Experimental distributions used in the data selection. (A) Distribution of
hit multiplicity in events. Inset highlights four-hit events used for the analysis in this
work. The number of events with a multiplicity of 1 is suppressed by prescaling the
data with single hits in the analysis. (B) TOT histogram for all hits. Slopes at TOT
values of about 32 and 56 ns correspond to the Compton edges, resulting in maxi-
mum energy deposition by 511-keV annihilation photons and 1275-keV prompt
gamma (from 2Na decay), respectively. Vertical dashed lines indicate the range of
TOT values used to select candidates for annihilation photons (20 to 32 ns) and
scattered photons (1 to 20 ns).

from scattered photons, the next step in the analysis can be defined
as testing two hypotheses: (i) The third photon is a result of scat-
tering from the first annihilation photon and the fourth photon is
a result of scattering from the second annihilation photon, and
(ii) the third photon is a result of scattering from the second annihi-
lation photon and the fourth photon is a result of scattering from
the first annihilation photon. To test the hypothesis stating that
ith photon is a scatter of the jth photon, we define a “Scatter Test”
value: ST;; = At;; —1;; /¢, where At;; = tja“‘“hik“i‘)n — ¥ andr; ;s
the distance between the hit positions of the annihilation photon (r))
and scatter photon (r;). ST is a difference between the measured time
of flight of the scattered photon and the time of flight calculated for
the light to travel between the ith and jth hits. In the case of ideal
time and position resolution of the scanner, if the ith photon is a
scatter of the jth photon, then ST must be equal to zero. Figure 5A
shows the distribution of values ST, ; versus ST for testing the hy-
potheses whether the ith scatter photon originates from first or second
annihilation photon. If the point (ST, ;ST ;) on the plot is below the
diagonal, then the ith scatter photon is assigned to the first annihila-
tion photon. If it is above the diagonal, then it is assigned to the
second annihilation photon. For the final analysis, only these events
were selected for which each of the two different scattered photons
was assigned to a different annihilation photon.

After applying the sequential selection criteria to isolate events
of interest, the number of remaining events was reduced (relative
to the total number of initial events) to 92% following the axial
restriction on the active length of scintillators, 19% after selecting
annihilation and scattered photons based on the TOT, 2% for se-
lecting events containing exactly two annihilation photons and
two scattered photons, 0.1% after reconstructing the annihilation
coordinates and ensuring that annihilation events originated from
the source chamber, and 0.05% after applying scattering test to cor-
rectly pair each scattered photon with its corresponding primary
photon. Last, for each event, the values of scattering angles 0, and
6, and the relative angle between the scattering planes (A¢) are
determined. Figure 5B shows the distribution of scattering angle 6,
versus 0,. The maximum density of registered events is observed
for 0, =0, = 94°. This is due to the geometrical arrangement of
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Fig. 5. Experimental distributions used for events classification. (A) Distribu-
tion of STy; versus STy, used to assign the ith scattered photon to the first or second
annihilation photon. Yellow diagonal dashed line is used as a criterion for the selec-
tion. If the (ST;ST,) point is below the diagonal, then it is assumed that the ith
photon is a result of the scattering of the first annihilation photon. Contrary, if the
(ST4;ST2) point is above the diagonal, then the ith scattered photon is assigned to
the second annihilation photon. The observed split structure is due to the arrange-
ment of the scintillators (Fig. 2). (B) Experimental distribution of the 6, versus 6,
angles. Because of the geometrical arrangement of scintillators in the J-PET scan-
ner (Fig. 2), the maximum density of the (6,0, distribution is for the scatterings
around the angles of 6, = 8, = 94°. The white circles indicate regions with the radii
of r=10° 15° 20°, 25°, and 30° used in the analysis (see Fig. 2).

scintillators in the J-PET scanner, as can be seen in Fig. 2 (A and
C). The white circles superimposed on the experimental distribu-
tion in Fig. 5B illustrate angular regions centered at 0, = 6, = 94°,
for which the A@ distributions and R parameter were determined
and presented in Fig. 3D.

Estimation of J-PET scanner acceptance and

registration efficiency

The correction of the measured distributions for the geometrical
acceptance and registration efficiency of the J-PET scanner is one
of the most crucial steps in determining the polarization correla-
tion of annihilation photons. Efficiency and acceptance were si-
multaneously determined in this work, and, for the sake of brevity,
we will refer to this combined quantity as “efficiency” throughout
the manuscript. Thus, in the following, we will understand by effi-
ciency the combined geometric acceptance, detection efficiency,
and event selection efficiency. This defined efficiency was estimat-
ed as a function of the Ag angle using the GEANT4 (GEometry
ANd Tracking) simulation package (59). For this purpose, the full
scanner geometry and material composition (37) were defined in
the GEANT4 structure, and the e*e™ annihilations were simulated
in the center of the detector, assuming the fraction of direct anni-
hilations, pPs and oPs formations, as it is known for the XAD-4
porous polymer (41). The method of simulations with the J-PET
scanner was validated in the previous works, as described, e.g., in
(23, 60). The response of the scanner was simulated. Next, the sim-
ulated data were analyzed using the same criteria as applied to the
experimental data. Then, these determined A distributions were
normalized to the original Ag distributions determined by simu-
lating the annihilation photon interactions in the scanner and tak-
ing for the calculations of true scattering angles (23). The resulting
normalized A spectra were used to correct the experimental Ag
spectra for efficiency. Example of corrected A spectra is shown in
Fig. 3 (Cand D).
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Simulations of A distributions for separable and entangled

annihilation photons

For simulations performed in this work, it was assumed that the po-
larizations of the back-to-back propagating annihilation photons are
perpendicular to each other. For the separable state, the interaction
of each photon was simulated independently using the GEANT4
package, in which the Compton scattering is simulated according to
the Klein-Nishina formula (21). To simulate the distribution for en-
tangled photons, we used the data simulated for separable state and
preselected events such that the resulting distributions are as ex-
pected for the entangled photons. The method used for simulations
of separable and quantum entangled photons was described in detail
and validated in (23).

Systematic uncertainties

The precision of the R value achieved in this study, at the level of
1072, is primarily limited by statistical uncertainties, while the sys-
tematics of the detector performance, as already demonstrated in
previous works, is well controlled up to the level of at least 10™*
(23, 35, 38, 60, 61). The measurement was purposely performed
with a very low activity source of 1.1 MBgq, resulting in accidental
coincidences of less than 2%. However, this was achieved at the cost
of a very long measurement time of 122 days. A signal event is com-
posed of four hits registered in four different scintillator strips
(2y + 2y’). The most important feature of the detector is that, in a
given layer, each scintillator contributes equally to the registration of
all configurations. Therefore, even if the efficiency of a given scintil-
lator was not well estimated, only the statistics would be decreased;
the shape of the A@ distribution, however, would not be changed. In
addition, only the shape is important for the results of these studies.
In total, 192 scintillator strips with an angular distance of 1.875° are
located at an average radius of ~49.5 cm. In a given layer, each single
strip contributes equally to the final result. For the sake of argument,
the full removal of a single detector (1 of 192) would have a 5 X 1073
effect on the statistics, whereas an exaggerated misplacement of a
strip by 0.1 cm would have a 0.14° effect, while the angular coverage
of a single strip in the xy plane is 0.5°. So, even if the efficiency and
geometry of a given scintillator were determined with a precision of
1077, the effect on the total efficiency would be at the level of 107°.
However, the total efficiency does not influence the accuracy of the
R determination. Here, the crucial factor is the relative efficiency
between the registration of various A@ angles. In addition, because
each scintillator contributes to the measurement of all configura-
tions, the R determination is not affected by inaccuracies in the ef-
ficiency determination of single detector strips. In addition, with the
possibility of image reconstruction, the average position of the
source can be controlled within 0.5 mm in the xy plane and 0.4 mm
along the z axis, while the thickness of the scintillators is 7 mm. The
influence on the A distribution and R extraction of the effects of
primary and secondary photon identification, assignment of sec-
ondary to primary photons, and, in general, the influence of all cri-
teria used in the data selection process were tested by changing
these criteria and reanalyzing the data. In all cases, no statistically
significant change in the result was found. It is worth mentioning
that the full geometry of the J-PET detector, including all the alumi-
num elements of the mechanical construction for possible scattered
events, was simulated. No influence of these events was found. Fig-
ure 3 (C and D) shows that the averaging of R over the angles, simulated
and measured, follows the same pattern and that the conclusion of
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this article does not change when the range of 6, versus 6, angles is
changed by using a different range of scattering angles.

Supplementary Materials
This PDF file includes:
Tables S1 and S2
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