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In positron annihilation, exploration of the polarization correlations of the emerging gamma quanta has gained 
interest, since they offer a possibility to improve signal-to-background in medical imaging using positron 
emission tomography. The annihilation quanta, which are predicted to be in an entangled state, have orthogonal 
polarizations and this property may be exploited to discriminate them from two uncorrelated gamma photons 
contributing to the background. Recent experimental studies of polarization correlations of the annihilation 
quanta after a prior Compton scattering of one of them, had rather different conclusions regarding the strength 
of the correlation after the scattering, showing its puzzling nature. The scattering was described as a decoherence 
process. In the present work, we perform for the first time, a study of the polarization correlations of annihilation 
quanta after decoherence via Compton scattering in the angular range 0◦ − 50◦ using single-layer gamma 
ray polarimeters. In addition, we compare the measured polarization correlations after Compton scattering 
at 30◦ with an active and a passive scatterer element. The measured azimuthal correlation of back-to-back 
annihilation quanta is consistent with the Pryce-Ward formulation, as confirmed by Monte Carlo simulations. 
Further, the results indicate that the correlation, expressed in terms of the polarimetric modulation factor, shows 
no significant difference at small scattering angles (0◦ − 30◦) compared to the correlation measured for direct 
photons, while a moderate indication of a lower modulation is observed for 50◦ scattering angle. The measured 
modulation is larger at all scattering angles than the one expected from the simulation of orthogonally polarized, 
independent annihilation quanta.
1. Introduction

The correlation of gamma photons emerging from a positron annihi-
lation process has recently become an increasingly interesting research 
topic with a potential to bring substantial innovations to medical imag-
ing with Positron Emission Tomography (PET) [1–5]. In positron an-
nihilation resulting in two back-to-back 𝛾 quanta of 511 keV, they are 
produced with orthogonal polarizations and are predicted to be in an 
entangled state. This state can be described by the so called Bell state 
wave function |𝜓⟩ = (|X⟩− |Y⟩+ − |Y⟩− |X⟩+)∕√2, where, |X⟩+,− and |Y⟩+,− represent a quantum polarized in (X,Y) propagating in (+,-) �̂�
direction [10,11,6,7]. The measurement of correlations of annihilation 
quanta has a long history in physics, starting from the experimental 
scheme proposed by J. Wheeler [8] to test the predicted correlation of 
the polarizations of the annihilation photons, where the azimuthal an-
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gle difference (Δ𝜙) between the scattering planes in double Compton 
scattering process should have maxima and minima at 90◦ and 0◦, re-
spectively. Similar behavior is also predicted by Pryce and Ward [9]
and Snyder et al. [6] by employing the Klein-Nishina approach [12], 
where the cross-section of a double Compton scattering process is given 
by [7,9],

d2𝜎
dΩ1dΩ2

=
r40
16

[
F(𝜃1)F(𝜃2) − G(𝜃1)G(𝜃2)cos(2Δ𝜙)

]
(1)

with r0 being the classical electron radius, dΩ1,2 are the solid angles, 
𝜃1,2 are the Compton scattering angles, Δ𝜙 = (𝜙1 − 𝜙2) is the azimuthal 
scattering angle difference of gamma particle 1 and 2, respectively. 
F(𝜃1,2) =

2+(1−cos𝜃1,2)3

(2−cos𝜃1,2)3
and G(𝜃1,2) =

sin2𝜃1,2
(2−cos𝜃1,2)2

are kinematic factors. 
The ratio,
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𝐴(𝜃) = 𝑁(𝜃,𝜙 = 90◦) −𝑁(𝜃,𝜙 = 0◦)
𝑁(𝜃,𝜙 = 90◦) +𝑁(𝜃,𝜙 = 0◦)

(2)

defines the analyzing power of the polarimeter [13], where N(𝜃,𝜙) is 
the number of incoming photons measured at scattering angle 𝜃 and az-
imuthal angle 𝜙. The product of the analyzing powers A(𝜃1) and A(𝜃2)
is known as the modulation factor (𝜇) and it measures the polarimetric 
sensitivity of the detection system. Bohm and Aharonov [10] recog-
nized the azimuthal angle correlation in the double Compton scattering 
of annihilation photons could be considered an example of entangle-
ment discussed by Einstein, Podolsky, and Rosen [14,15]. Initially, it 
was shown theoretically that the ratio, R = (1 + 𝜇)∕(1 − 𝜇) of the scat-
tering probabilities at Δ𝜙 = 90◦ and Δ𝜙 = 0◦, for the wave function 
in the predicted entangled (separable) state is R ≈ 2.8 (1.63) [10,6,7,9]. 
However, the question of evidence of entanglement in Compton scatter-
ing of annihilation quanta has been recently readdressed by theoretical 
works [16,17] and it remains an open topic. The early experiments mea-
sured the modulation factors [18–25], among which the most precise 
measurements were performed by Langhoff [19] and Kasday et al. [22], 
obtaining R = 2.47 ± 0.07 and R = 2.33 ± 0.10, respectively, which were 
in good agreement with the predicted value (eq. (1)) considering the fi-
nite geometry of the detectors.

Recently, Watts et al. [4] used a simple polarimetric setup based on 
two Cadmium Zinc Telluride matrices to measure the azimuthal angle 
correlations of annihilation quanta directly from the source and in an-
other configuration with a passive scatterer. In the latter, a Compton 
scattering may occur in the path of the photon prior to its detection 
in the polarimeter. In the measurement of the quanta direct from the 
source, they obtained a clear modulation of the azimuthal distribution 
with the measured 𝑅 = 1.95 ± 0.07 for 𝜃1,2 = 93◦ − 103◦. In the con-
figuration with the scatterer positioned at 33◦ relative to the initial 
direction, the results indicated the lack of modulation, within the ex-
periment’s precision, which they described as a “decohering” process.

In another experiment, Abdurashitov et al. [26,27] used a setup 
of two gamma-ray polarimeters, each consisting of 16 NaI(Tl) scin-
tillator detectors positioned on a ring, with a plastic scatterer placed 
at the center. Such geometry enabled precise measurement of the az-
imuthal angle correlations in events when both annihilation quanta 
underwent Compton scattering at 𝜃1,2 = 90◦ yielding the modulation of 
R (𝜇) = 2.44 ± 0.02 (0.418 ±0.003). In the modified version of the setup, 
an active scatterer (GAGG scintillator) was placed in front of one plas-
tic scintillator to induce decoherence by Compton scattering one of the 
photons before entering the polarimeter. The scattered photons then un-
derwent another scattering in the polarimeters yielding the modulation 
of the azimuthal angle difference of R (𝜇) = 2.41 ± 0.10 (0.414 ± 0.017), 
a result compatible with the one obtained without intentional decoher-
ence.

The results of Abdurashitov et al. [26,27] suggest that the correla-
tion of the azimuthal angles of Compton scattered annihilation quanta 
is not affected by a prior scattering, at least at small scattering angles 
𝜃𝑠𝑐𝑎𝑡 ≈ 0◦, which disagrees with the finding of Watts et al. [4] sug-
gesting the loss of correlation at 𝜃𝑠𝑐𝑎𝑡 ≈ 30◦. The clarification of these 
findings is important on it own merits, but it is also relevant for the im-
plementation of the polarization measurement in PET, where in-silico 
studies suggested a potential benefit of discriminating the correlated 
signal events from the uncorrelated background [2].

To resolve the “decoherence puzzle” arising from the previous re-
sults, we performed the most comprehensive set of measurements to 
date. The necessity to resolve this puzzle has also been brought up by 
Sharma et al., [28]. Our setup based on the single-layer gamma-ray po-
larimeter concept [3] was able to measure the azimuthal correlation 
of the annihilation quanta [29,5]. An active scatterer was placed in the 
path of one annihilation photon to tag the events where that gamma un-
dergoes a prior scattering. One of the detectors could be rotated around 
the initial direction of the annihilation gamma, enabling the azimuthal 
correlation measurements at different angles of the prior Compton scat-
2

tering, 𝜃𝑠𝑐𝑎𝑡. Thus this setup enabled recreation of the kinematic condi-
Physics Letters B 852 (2024) 138628

Fig. 1. Schematic diagram of the experimental setup, (a) top view in lab frame, 
(b) vectors indicating 𝛾1 and 𝛾2 propagation direction (𝑧′1,2) and 𝑦′-axis used to 
define each gamma’s reference frame, Ps and PNa are the coordinates of the scat-
terer center and 22Na source, respectively, and (c) definition of the azimuthal 
angles 𝜙1,2 (eq. (3)) from relative positions of the fired pixels in gamma’s refer-
ence frame.

tions similar to those in [26,27] (𝜃𝑠𝑐𝑎𝑡 ≈ 0◦) and [4] (𝜃𝑠𝑐𝑎𝑡 ≈ 30◦), while 
also significantly extending the explored phase-space to measurements 
with 𝜃𝑠𝑐𝑎𝑡 = 10◦ and 𝜃𝑠𝑐𝑎𝑡 = 50◦.

2. Methodology

2.1. Experimental setup

The experimental setup consists of two single-layer gamma po-
larimeters [5], denoted as Detector A and B and a scatterer scintilla-
tor, denoted Detector C as shown in Fig. 1(a). Each polarimeter en-
compasses 8 × 8 GAGG:Ce scintillator matrix with crystal dimensions 
1.9 × 1.9 × 20 mm3 and 2.2 mm pitch. The matrix is read out on one 
end by a silicon-photomultiplier (SiPM) array, with one-to-one match 
of crystals and SiPMs. The mean energy resolution (FWHM) of the 
GAGG:Ce detectors was 8.1 ± 0.5% at 511 keV. The scatterer (Detector 
C) was a single scintillating crystal of GAGG:Ce of 3.0 × 3.0 × 20 mm3

wrapped with teflon. It was read out by one SiPM of a 8x8 SiPM array 
(KETEK PA3325) and its energy resolution was 12.1 ±0.3% at 511 keV. 
The experiment was performed in the temperature controlled environ-
ment keeping the temperature of the Detectors A and B at 18 ± 1 ◦𝐶 . 
The temperature of the scatterer was further reduced to 15 ± 1 ◦𝐶 by 
a Peltier-based cooling system, to improve the sensitivity for low en-
ergy events. The data were acquired using the data acquisition and 
processing system TOFPET2 [30,31]. A modified set of ASIC parame-
ters together with a lower value of time and energy thresholds were 
used for the data acquisition to enable the acquisition of events with 
low energy deposits. To do so, the trigger threshold parameters were 
tuned globally to lower the baseline for dark count rejection and en-
able trigger for low energy events. The energy measured in each pixel 
was corrected for SiPM saturation and calibrated using the 511 keV 
photo-peak from the direct 𝛾 -rays. The calibration was independently 
checked with the 32 keV and 662 keV peaks of 137Cs and was found to 

be consistent to the level of ≤ 1%.
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Fig. 2. Energy correlation between two pixels fired in a Compton event in Detector A (a), energy correlation between Detector B and the scatterer Detector C at 
𝜃 = 10◦ (b), at 𝜃 = 30◦ (c), and at 𝜃 = 50◦ (d). The selected events are shown with an ellipse.
𝑠𝑐𝑎𝑡 𝑠𝑐𝑎𝑡 𝑠𝑐𝑎𝑡

In the experiment, Detector A was detecting the 𝛾 − ray coming di-
rectly from the annihilation event (denoted 𝛾1), while Detector B was 
detecting the 𝛾2 after scattering in the Detector C (the scatterer), which 
was introduced to induce decoherence by Compton scattering the an-
nihilation photon and to tag such events. Detectors A and B were kept 
at a fixed distance of 5 cm from the scatterer. Their angular coverage 
was ±10.1◦ in this geometry. A 22Na-source (1 mm diam., activity ≈
370 kBq, enclosed in 5 mm thick plastic disk) was placed 10 mm from 
the scatterer between the scatterer and Detector A. Since the expected 
mean positron range is ≈ 0.5 mm, we assume a vast majority of annihi-
lations occur in close proximity of the source. The events were recorded 
with Detector B placed at different mean scattering angles, 𝜃scat , of 0◦, 
10◦, 30◦, and 50◦, while the Detector A was fixed. An additional mea-
surement was performed with Detector B at 30◦, in which the scatterer 
was made passive by being switched off, so it would not contribute to 
trigger or data acquisition. Such measurement is easily comparable to 
the one reported by [4], although we note a difference in scatterer ge-
ometry.

2.2. Simulations using GEANT4

The experimental scheme shown in Fig. 1 is simulated under the 
GEANT4 Monte Carlo simulation package version-10.06.p03 [33]. The 
physics list includes the G4EmLivermorePolarizedPhysics and G4Radioac-

tiveDecayPhysics models. The simulated geometry includes active vol-
umes of the crystals in both detectors and GAGG scatterer, an isotropic 
22Na source (dia. 1 mm, thickness 1 mm), encapsulated in PMMA (5 
mm thick). The crystals are placed inside the detector housing filled 
with epoxy with a silicon photomultiplier attached at the back of each 
module to keep the simulated geometry and materials as close to the 
3

laboratory experiment as possible. The energies registered inside the 
crystals are smeared with the experimental energy resolutions of the 
detectors.

Two scenarios are simulated, one with the basic GEANT4 physics 
models (basic G4-V10) simulating the “classical limit” in which two 
back-to-back (independent) gammas with orthogonal polarization are 
generated and another where we implement the Pryce-Ward formu-
lation [9] for the propagation of the Compton scattered annihilation 
quanta via a so-called “FastModel”. The details of the FastModel will be 
separately published elsewhere. The same analysis procedure was fol-
lowed for the simulated and the experimental data.

2.3. Event selection

Data acquisition was triggered by coincidence events in Detector A 
and either of Detectors B or C (A∩ (B ∪ C)). Further event selection was 
done in the analysis. To select the Compton events that occur in Detec-
tors A or B we required the event to have a multiplicity of 2 fired pixels 
in the module, where a lower bound of 100 keV was applied to count 
a pixel as fired to avoid possible noise and cross-talk events. For Detec-
tor A, the events where two pixels fired were additionally filtered by 
requiring the sum of energies of the two fired pixels within 511 ± 70
keV, which corresponds to 3𝜎 around the peak value, and to obey the 
Compton scattering kinematics. The resulting selection is shown by the 
outlined region in Fig. 2 (a). To select the annihilation photons that un-
derwent Compton scattering in Detector C and a subsequent Compton 
scattering following the full absorption in Detector B we required the 
sum of energies of two fired pixels in Detector B with Detector C are 
within 511 ± 3𝜎 keV. However different types of scattering events can 
satisfy this condition, which is why we additionally filtered those events 

that obey the Compton kinematics for scattering at a given 𝜃𝑠𝑐𝑎𝑡. The 
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Fig. 3. Energies shared among scatterer and two pixels of Detector B for 𝜃𝑠𝑐𝑎𝑡 =
10◦. The total sum of energies adds up to 511 keV.

correlation of energies between Detector C and Detector B under dif-
ferent scattering angles (𝜃𝑠𝑐𝑎𝑡) is shown in Fig. 2 (b)-(d), which clearly 
demonstrates that the energy deposition in Detector C increases with 
the increasing 𝜃𝑠𝑐𝑎𝑡, as expected according to Compton kinematics. An 
example of the energy share of 𝛾2 in pixels selected for 𝜃𝑠𝑐𝑎𝑡 = 10◦ is 
shown in Fig. 3.

A correlation-baseline measurement (without intentional decoher-
ence), at 𝜃𝑠𝑐𝑎𝑡 = 0◦, was performed by selecting events where Detector 
C did not fire and both energy deposits in Detectors A and B were within 
511 ± 3𝜎 keV.

An additional measurement was done with the passive scatterer, 
where the bias voltage of Detector C was switched off. In that case, 
event selection was done solely based on data from Detectors A and 
B. The angle of Detector B was set to 𝜃𝑠𝑐𝑎𝑡 = 30◦ and its distance 
from the scatterer was increased to 7.5 cm to avoid direct coincidences 
between Detectors A and B. In this case, Detector B had an angular 
coverage of ±6.8◦. Although direct coincidences were avoided by the 
setup geometry, random coincidences of two annihilation photons from 
different events could contribute to the expected kinematic region. To 
avoid such unwanted events we additionally selected true coincidences 
based on their coincidence time. Hence, the events in which triggering 
time difference of the corresponding pixels in Detectors A and B was, 
Δ𝑡 = |𝑡1 − 𝑡2| < 1.95 ns, were selected corresponding to ±3𝜎 cut on the 
coincidence time peak. The energy of the selected Compton events in 
Detector B for 𝜃scat = 30◦ is shown in Fig. 4 and is consistent with the 
energy spectrum of such events obtained with the active scatterer.

2.4. Determination of azimuthal correlations

For the events where both gammas underwent Compton scattering 
in Detectors A and B according to the conditions above, we deduce 
the Compton scattering angle (𝜃) and the azimuthal angle (𝜙) in each 
module as:

𝜃 = acos

(
mec2

Epx1 + Epx2
−

mec2

Epx2
+ 1

)
; 𝜙 = atan

(
Δy′

Δx′

)
(3)

Due to the ambiguity in the determination of the first and second pix-
els fired in Compton scattering, by the recoil electron and the scattered 
gamma, respectively, we have to assume that the first interaction (ab-
sorption of the recoil electron) occurs in the pixel with the lower energy 
deposit (Epx1 = Ee′ , Epx2 = E𝛾′ ) since the cross-section and the detec-
tor configuration favor forward scattering. According to simulations, 
for 511 keV gammas scattering at angles 70◦ < 𝜃1,2 < 90◦, this is true 
4

in approximately 52% of events [29]. This ambiguity does not play a 
Physics Letters B 852 (2024) 138628

Fig. 4. The sum of energies of two pixels fired in Detector B, for the selected 
Compton events at 𝜃𝑠𝑐𝑎𝑡 = 30◦, active (blue) and passive scatterer (red), using 
their respective selection criteria.

significant role in the determination of Δ𝜙 = 𝜙1 − 𝜙2, however it con-
tributes to a systematic uncertainty of the modulation factor up to 6.9%.

To reconstruct the Δ𝜙 = 𝜙1 − 𝜙2, we adopt the approach to deter-
mine the reference frame on event-by-event basis. In each event we first 
determine the propagation vectors of 𝛾1 and 𝛾2, based on the known 
position of the source and the impact point on detector in laboratory 
frame (see Fig. 1(b)). These vectors determine the ẑ′1, ẑ′2 axes of their
respective coordinate systems. Since the rotation of Detector B is al-
ways in-plane, we choose a common y-axis (ŷ′1 = 𝑦′2 = �̂�). Once the 
reference frame of each gamma is determined, we transform the mea-
sured coordinates in the laboratory frame (x1,2,y1,2, z1,2) to coordinates 
in each gamma’s own frame (x′1,2,y

′
1,2, z

′
1,2) from which we determine 

the 𝜙1,2 angles according to Eq. (3) as depicted in Fig. 1(c).
For the events that satisfy the Compton selection criteria and for 

a given range of the reconstructed angles 𝜃1,2, we obtained the dis-
tribution of the azimuthal angle differences, N(𝜙1 −𝜙2), where 𝜙1,2
are the azimuthal angles of the Compton events in Detector A and B, 
respectively. The N(𝜙1 − 𝜙2) distributions were then corrected for de-
tector acceptance as: Ncor(𝜙1 − 𝜙2) = N(𝜙1 −𝜙2)∕Nmixed(𝜙1 −𝜙2). The 
𝑁𝑚𝑖𝑥𝑒𝑑 is the acceptance determined by event-mixing technique [3,5], 
where (𝜙1 −𝜙2) is obtained by taking 𝜙1 and 𝜙2 from different ran-
domly chosen events. For each selected Compton event in Detector A, 
102 random uncorrelated events are sampled in Detector B.

The modulation factor, 𝜇, is determined by fitting the acceptance-
corrected distribution, Ncor (𝜙1 − 𝜙2), with

Ncor (𝜙1 − 𝜙2) =M[1 − 𝜇 cos(2(𝜙1 − 𝜙2))] (4)

where M corresponds to the average amplitude of the distribution.
The systematic uncertainty of the determined modulation factor re-

flects the uncertainty in the determination of 𝜃1,2 angles, resulting from 
the finite energy resolution of the pixels. We found this contribution 
to the systematic uncertainty to be 5.8% following the uncertainty of 
𝜎𝜃 = 6.5◦. The 𝜎𝜃 broadens the nominally selected 𝜃1,2 window by 
𝜃1,2 ± 𝜎𝜃1,2 and underestimates 𝜇 around the maximum value that is 
achieved for 𝜃1,2 = 82◦ [5]. Another contribution to the systematic un-
certainty of 𝜇 comes from the ambiguity in determination of the first 
and the second pixels fired in Compton scattering. It can be estimated 
from measured data with no prior scattering, where one can identify 
and discard events that do not satisfy the back-to-back condition (rel-
ative angle < 165◦). We estimate this contributes up to 6.9% to the 

systematic uncertainty.
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Fig. 5. A comparison between the measurement and simulations for direct 
(back-to-back) quanta with 72◦ < 𝜃1,2 < 90◦ and 𝑑1,2 > 2.3 mm. The distribu-
tions are fitted with the eq. (4), blue solid curve for experimental data, red 
dotted for simulation with FastModel, and black dashed for simulation with the 
basic GEANT4.

3. Results and discussion

To establish the base-line, we measured the azimuthal angle differ-
ence for the back-to-back annihilation quanta emerging from positron 
annihilation without any prior scattering. This setup was also simulated 
as described in 2.2 in the “classical limit” and with the Fast Model imple-
menting the Pryce-Ward formalism. The comparison of the simulation 
results with the experimental data is shown in Fig. 5. The simulation re-
sults of the standard GEANT4 Physics models, establishing the classical 
limit of the azimuthal modulation for the polarimeters used are incon-
sistent with the experimentally observed modulation, while simulation 
with the Fast Model is in excellent agreement with the experimentally 
observed modulation.

The modulation of the azimuthal angle difference was also mea-
sured for cases where 𝛾2 was made decoherent following Compton 
scattering in the scatterer at 𝜃scat = 0◦, 10◦, 30◦, and 50◦. For quanta 
of 511 keV, the maximum theoretical modulation (𝜇 = 0.48) is ex-
pected for 𝜃1,2 ≈ 82◦ [6,7,9], therefore, for 𝜃𝑠𝑐𝑎𝑡 = 0◦, we selected the 
angular range of 72◦ < 𝜃1,2 < 90◦. For scattering at 𝜃scat = 30◦ and 
𝜃scat = 50◦ the selected angular range in detector B was 73◦ < 𝜃2 < 90◦
and 74◦ < 𝜃2 < 90◦, respectively. This is because the analyzing power 
A(𝜃) = sin2𝜃∕(𝜖 + 1∕𝜖 − sin2𝜃) (derived from eq. (2)) [13] depends on 
incident to scattered energy ratio, 𝜖. Therefore, the maximum analyz-
ing power for E2 = 450 keV (after scattering at 𝜃scat = 30◦) is achieved 
at 𝜃2 ≈ 83◦ yielding the maximum theoretical modulation of 𝜇 = 0.51. 
The maximum analyzing power for E2 = 376 keV (after scattering at 
𝜃scat = 50◦) is achieved at 𝜃2 ≈ 84◦, predicting the maximum theoreti-
cal modulation of 𝜇 = 0.54.

The acceptance-corrected distributions of the azimuthal angle dif-
ferences, Ncor (𝜙1 −𝜙2), for 𝜃scat = 0◦, 10◦, 30◦, and 50◦ are shown in 
Fig. 6. The distribution for the direct measurement (Fig. 6 (a)) exhibits 
the expected behavior, with the maxima at ±90◦ indicating the ini-
tial orthogonality in the polarizations of the annihilation 𝛾s. Similar 
behavior can be observed in the distributions obtained after Compton 
scattering by an active scatter (Fig. 6 (b)-(e)) and the passive scatterer 
(Fig. 6 (f)). The extracted modulation factors listed in Table 1, suggest 
that the strength of the modulation is largely preserved at all measured 
scattering angles 𝜃scat , within the precision of the experiment. Such a 
conclusion seems to be in line with the recent findings of Abdurashitov 
et al. [26,27] for 𝜃scat = 0◦, additionally extending it up to 𝜃scat = 30◦. 
Moreover, the azimuthal angle modulation is observed at 𝜃scat = 30◦
with a passive scatterer, even though it was not evident from the mea-
5

surements by Watts et al. [4].
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Table 1

Polarimetric modulation factor, 𝜇, for all mea-
sured configurations. Only statistical uncertainties 
are quoted. The data acquisition time 𝑇𝑎𝑐𝑞. in each 
setup is listed.

𝜃◦
𝑠𝑐𝑎𝑡

𝜇 ±Δ𝜇𝑠𝑡𝑎𝑡. 𝑇𝑎𝑐𝑞.(ℎ𝑜𝑢𝑟)

0◦ 0.27 ± 0.01∗ (0.42 ± 0.12)∗∗ 48
10◦ 0.28 ± 0.03 256
30◦ 0.30 ± 0.03 (0.25 ± 0.05)† 205 (92)†
50◦ 0.22 ± 0.06 190

∗ Direct back-to-back gammas.
∗∗ Scattered around 𝜃𝑠𝑐𝑎𝑡 = 0◦ .

† With the passive scatterer at 𝜃𝑠𝑐𝑎𝑡 = 30◦ .

If the azimuthal correlation would be completely preserved after 
the prior Compton scattering, the maximum theoretical modulation fac-
tors for scattering at 30◦ and 50◦ are 0.505 and 0.538, respectively, 
while 𝜇 = 0.48 is the maximum for the back-to-back case. Experimen-
tally, the measured modulation factor is lower due to the acceptance 
and resolution of the detectors, which has been confirmed by the con-
ducted simulation for the back-to-back case. In that case the ratio of 
the measured to ideal modulation is 0.27∕0.48 = 0.56. If we assume this 
scaling, being a detector property, is valid for other scattering angles, 
we would expect to measure 𝜇 = 0.28 at 30◦. This is what we observe 
(Table 1), within the experimental precision. At 𝜃scat = 50◦, we would 
expect 𝜇 = 0.30, however, we observe an indication of lower modula-
tion, 𝜇 = 0.22 ± 0.06, which may be a hint of a partial depolarization of 
𝛾2, expected for larger scattering angles [34], although firmer conclu-
sions are limited by the statistical precision.

To constrain the possible effects of the experimental apparatus, in 
addition to the simulation of the back-to-back case, we performed the 
Geant4 simulation of the scatter setup at 𝜃scat = 30◦ and 𝜃scat = 50◦, 
simulating the “classical limit”, i.e. the positrons from the source anni-
hilating to two orthogonally polarized independent annihilation quanta. 
We obtain 𝜇 = 0.14 ± 0.03 and 𝜇 = 0.09 ± 0.04, respectively. This is 
shown in Fig. 6, panels (d) and (f), demonstrating that the modulation 
expected in this scenario remains significantly lower compared to the 
measured data.

4. Conclusions

We measured the azimuthal correlations of the back-to-back gamma 
quanta emerging from positron annihilation, based on their Compton 
scattering in the single-layer gamma-ray polarimeters. Comparison of 
the base-line measurements of back-to-back quanta establishes their
consistence with the Monte Carlo simulation implementing Pryce-Ward 
formula, given the detector acceptance and resolution. Measurements 
were also performed with one of the quanta undergoing a Compton 
scattering as a decohering process prior to entering the polarimeter and 
they are compared with the baseline measurement where the annihi-
lation quanta are detected directly from the source. The results show 
that the strength of the correlation reflected in the measured polari-
metric modulation factor does not significantly differ for the case of 
direct quanta or the case of decoherent quanta for 𝜃𝑠𝑐𝑎𝑡 = 0◦, 10◦, and 
30◦. This conclusion differs from indications obtained by Watts et al. 
[4] for 𝜃𝑠𝑐𝑎𝑡 ≈ 30◦, but it is in line with the results of Abdurashitov et 
al. [26,27] for 𝜃𝑠𝑐𝑎𝑡 ≈ 0◦. For 𝜃𝑠𝑐𝑎𝑡 = 50◦, we observe an indication of 
lower modulation compared to smaller scattering angles, however firm 
conclusions are limited by the statistical precision. For PET this implies 
that the polarization correlations cannot discriminate true and scatter 
coincidences at low angles, however they still may be used for random 
coincidence rejection.

In conclusion, the measured correlations of annihilation quanta 
show an interesting behavior that is explored in the broadest kinematic 
range yet. The experimental results show that their correlations remain 

strong even after one of them is scattered. Compared to the simula-
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Fig. 6. Azimuthal angle difference distributions for (a) direct gammas from the source, with scatterer (b) 𝜃scat = 0◦, (c) 𝜃scat = 10◦, (d) 𝜃scat = 30◦, (f) 𝜃scat = 50◦, and
(e) 𝜃scat = 30◦ with passive scatterer, respectively. The blue points are the experimental data fit with eq. (4) (red line) to calculate 𝜇. The black triangles represent 
the Geant4 simulation of the “Classical limit” (dashed line being the fit) for the respective setups in panels (a), (d) and (f). The range of Compton scattering angles, 
𝜃1,2, in each plot was selected to target maximum expected modulation (see section 3). The uncertainties on 𝜇 are scaled by 

√
𝜒2∕ndf , in cases where 𝜒2∕ndf > 1

following recommended error treatment by the Particle Data Group [32].
tion of the independent orthogonally polarized photons, the measured 
modulation factors remain approximately a factor of two larger at all 
examined scattering angles.
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