
ACTA PHYSICA POLONICA A No. 6 Vol. 148 (2025)

2nd Symposium on New Trends in Nuclear and Medical Physics, Poland, September 24�26, 2025

Monte Carlo Assessment of Entanglement-Based

Positron Emission Tomography

K. Nakamuraa,∗, P. Caradonnab, M. Fujimotoc,

M. Uenomachid and K. Shimazoeb,c

aDepartment of Systems Innovation, School of Engineering, The University of Tokyo,
Bunkyo-ku, Tokyo 113-8656, Japan
bDepartment of Nuclear Engineering and Management, Graduate School of Engineering, The
University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
cDepartment of Bioengineering, Graduate School of Engineering, The University of Tokyo,
Bunkyo-ku, Tokyo 113-8656, Japan
dInstitute of Science Tokyo, 2-12-1 Ookayama, Meguro-ku, 152-8550 Tokyo, Japan

Doi: 10.12693/APhysPolA.148.S138 ∗e-mail: nakamura-koki0626@g.ecc.u-tokyo.ac.jp

Monte Carlo simulations were conducted to evaluate the coincidence selection performance in the con-
ventional and Compton-based positron emission tomography systems under identical geometric and
activity conditions. A ring detector composed of eight 8× 8 Ce:GAGG crystal array modules was mod-
eled using the Geant4 toolkit, with annihilation events generated to mimic �uorine-18 decay. Two
performance metrics were examined, i.e., the relative true event detection e�ciency and the true event
fraction (both computed as functions of the coincidence time window). The Compton con�guration
yielded fewer total true coincidences than conventional positron emission tomography but achieved a
consistently higher true event fraction, indicating improved rejection of random and scattered events.
Simulations performed for low- and high-activity conditions, incorporating both entangled and non-
entangled annihilation photon states, showed that entanglement further enhanced the true event frac-
tion, particularly at lower activity, where accidental coincidences were less dominant. The enhancement
observed at A ≈ 0.167 GBq corresponded to only a few percent increase in true event fraction, but
the e�ect was systematic across the tested coincidence windows. These �ndings demonstrate that coin-
cidence selection using quantum polarization correlations can enhance selection �delity under relaxed
timing conditions and suggest a potential pathway toward more timing-tolerant positron emission to-
mography architectures.

topics: positron emission tomography (PET), Compton scattering, quantum entanglement, Monte Carlo
methods

1. Introduction

Positron emission tomography (PET) is an imag-
ing modality that plays a central role in clinical
diagnostics and preclinical research [1�3]. By detect-
ing pairs of 511 keV photons from positron�electron
annihilation, PET provides functional images of
biological processes. The spatial resolution and
quantitative accuracy of these images are strongly
in�uenced by the method used to select coincident
photon pairs. Conventional PET systems rely on
coincidence timing and energy windows to identify
photon pairs, but �nite window widths make them
susceptible to accidental coincidences and scattered
events, which degrade image quality [4, 5]. Increas-
ing the width of these windows improves event

statistics by including more true coincidences, but
it also introduces additional random and scattered
events; conversely, narrower windows reduce noise
at the cost of lower sensitivity.
These trade-o�s highlight the need for new dis-

crimination methods that can extend coincidence
selection beyond conventional timing and energy
criteria. To address these challenges, the use of
quantum correlations between annihilation pho-
tons, an approach referred to as quantum-entangled
positron emission tomography (QEPET), is under
investigation both theoretically [6�10] and experi-
mentally [11�18].
In this study, we present a direct comparison

of the true event fraction (TEF) achievable with
conventional PET and QEPET using the Geant4
simulation toolkit [19, 20]. A compact, ring-shaped
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Fig. 1. Schematic of a single detector module com-
posed of an 8 × 8 array of cerium-doped GAGG
(Ce:GAGG) crystals optically coupled to a multi-
pixel photon counter mounted on a printed circuit
board (MPPC + PCB), together with a BaSO4 re-
�ector plate. This module is one of eight forming
the simulated ring detector (see Fig. 2).

detector system was simulated to generate annihila-
tion events representative of �uorine-18 decay. The
TEF of both systems was evaluated as a function of
the coincidence time window to determine whether
entanglement-based polarization correlations can
improve the identi�cation of true coincidences.

2. Method

2.1. Detector model and simulation setup

Monte Carlo simulations were performed us-
ing the Geant4 toolkit (version 10.6.2) [19�21].
To isolate the e�ects of coincidence selection, the
detector-level energy and timing resolutions were
not included (i.e., no Gaussian smearing was ap-
plied to the deposited energies or hit times).
The simulated detectors replicated the design re-

ported by Kim et al. [12]. For this reason, only a
brief summary is provided here.
The system consists of a ring detector compris-

ing eight identical modules. Each module includes a
2 mm-thick multi-pixel photon counter and printed
circuit board (MPPC+PCB) assembly, a scintilla-
tor layer containing an 8× 8 array of cerium-doped
gadolinium aluminum gallium garnet (Ce:GAGG)
crystals, and a 1 mm-thick BaSO4 re�ector, as illus-
trated in Fig. 1. Figure 2 shows the complete simu-
lated ring detector with eight modules arranged on
a mean radius of r = 61.7 mm.

Fig. 2. Schematic illustrations of the coincidence
pair construction for (a) conventional PET and
(b) Compton PET systems. Panel (a) shows the
eight-module detector ring, indicating the locations
where photon detection times and deposited ener-
gies are recorded for conventional coincidence se-
lection. Panel (b) illustrates the Compton PET
con�guration, in which each annihilation photon
undergoes two successive interactions (Compton
scatter and absorption) within separate crystals,
resulting in four time-correlated detections as de-
scribed in the text.

The positron�electron annihilation events, result-
ing in the production of photon pairs with an energy
of 511 keV, were simulated at the center of the ring
detector under atmospheric conditions. Each event
emitted two photons in opposite directions along
random radial axes, with polarization states entan-
gled in orthogonal correlation. The detector mod-
ules were treated as having ideal energy and spatial
resolution.
To emulate positron sources of di�erent activ-

ities, two source intensities were considered. The
lower-activity case corresponded to approximately
A ≈ 0.167 GBq, while the higher-activity case cor-
responded to approximately A ≈ 1.67 GBq.
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These activities were derived from a total of 109

simulated annihilation events divided by the respec-
tive acquisition windows W = 6 s and W = 0.6 s,
assuming constant activity within each interval.
The relationship between the simulated activity and
the acquisition window was therefore de�ned as

A =
109

W
, (1)

where A is the average decay rate in becquerels [Bq].
The timestamps of events generated by the sim-

ulation were shifted in time by an o�set denoted ts,
sampled from an exponential decay distribution,
representing the radioactive decay law. The decay
constant was de�ned as

λ =
ln(2)

T1/2
, (2)

where the half-life of �uorine-18, T1/2 = 109.8 min,
was used as a representative isotope commonly em-
ployed in PET imaging.
Since radioactive decay follows an exponential

law, for each annihilation event k, the o�set time
ts was sampled from a truncated exponential distri-
bution exp(λ) within the interval [0,W ]. The maxi-
mum cumulative probability of this distribution was
Pmax = 1− e−λW , (3)

which de�nes the upper limit of the truncated
range. For each annihilation event k, a uniform ran-
dom number uk was generated within the range
[0, Pmax), and the inverse transform method was ap-
plied to compute

t(k)s = − 1

λ
ln(1− uk). (4)

This method guarantees that each generated time
shift t(k)s satis�es the condition 0 ≤ t

(k)
s ≤ W , ensur-

ing that the random emission time assigned to each
photon lies within the observation period and cor-
responds to the instant at which the photon would
have been emitted in the simulated decay. The
higher-activity case (A ≈ 1.67 GBq) corresponds
to the shorter acquisition window (W = 0.6 s) and
thus a higher instantaneous decay rate, while the
lower-activity case (A ≈ 0.167 GBq) corresponds to
the longer window (W = 6 s).
For each scintillation hit k belonging to an ac-

cepted event, the �nal timestamp t
(k)
fi was de�ned

as
t
(k)
fi = t(k)s + t

(k)
i , (5)

where t
(k)
i is the time provided by the simulation,

representing the photon time of �ight from the anni-
hilation origin to the Ce:GAGG crystal hit position.
No detector-level timing smearing was applied, so
t
(k)
fi corresponds to the ideal detection time in the
simulation.
The higher-activity con�guration (A≈ 1.67 GBq)

produced a higher instantaneous event rate, thereby
increasing the probability of accidental coinci-
dences relative to the lower-activity con�guration

(A ≈ 0.167 GBq). The resulting set of �nal times-
tamps t(k)fi was used as the basis for all coincidence
selections and analyses described in the following
sections.

2.2. Conventional coincidence selection scheme

We �rst consider the conventional coincidence
pair detection scheme used in PET systems, as illus-
trated in Fig. 2a. Each annihilation event k gener-
ates a pair of photons, labeled γ

(k)
1 and γ

(k)
2 , which

are emitted from the center of the detector ring and
detected, for example, by modules M4 and M8 at
times t(k)f1 and t

(k)
f2 , respectively.

An event is accepted as a coincidence when the
absolute di�erence between the two detection times
is smaller than the coincidence time window∆t, i.e.,∣∣∣t(k)f1 − t

(k)
f2

∣∣∣ < ∆t, (6)

provided that the detections occur in di�erent mod-
ules (Ma ̸= Mb) and that the registered photon en-
ergies satisfy

E
(k)
1 = E

(k)
2 = 511 keV± 51.1 keV. (7)

A pair is classi�ed as true if and only if γ(k)
1 and γ

(k)
2

originate from the same annihilation event, as illus-
trated in Fig. 2a.

2.3. Compton PET coincidence selection scheme

In a Compton camera-based PET system, we
consider the case in which each annihilation photon
undergoes two successive interactions within a de-
tector module � �rst a Compton scatter and
then a photoelectric absorption, yielding four time-
correlated detections per event within the coin-
cidence window ∆t (Fig. 2b). For photon γ

(k)
1

detected in module M8, the recorded interaction
times are t

(k)
f11 and t

(k)
f12, while for photon γ

(k)
2 de-

tected in module M4, the times are t
(k)
f21 and t

(k)
f22.

The index j = 1, 2 in t
(k)
fij labels the �rst and second

interactions, respectively.
The timing di�erences between the two crystal

interactions in each module are∣∣∣t(k)f11 − t
(k)
f12

∣∣∣ = ∆tM8 ,
∣∣∣t(k)f21 − t

(k)
f22

∣∣∣ = ∆tM4 ,

(8)
where only horizontally or vertically adjacent crys-
tal pairs were included in the analysis. Diagonal
neighbors were excluded (see Fig. 3).
An energy constraint was applied in each module

(Ma ̸= Mb), yielding

E
(k)
i0 = E

(k)
fi1 + E

(k)
fi2 = 511 keV± 51.1 keV (9)

(for i = 1, 2), with E
(k)
i0 being the total deposited

energy for annihilation photon γi.
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Fig. 3. Front view of the Ce:GAGG crystal array
in a detector module. A coincidence pair can form
only between crystals that are directly adjacent hor-
izontally or vertically; diagonal neighbors are ex-
cluded.

To compare arrival times between modules, each
photon is assigned an average detection time, i.e.,

τ
(k)
f1 =

t
(k)
f11 + t

(k)
f12

2
, τ

(k)
f2 =

t
(k)
f21 + t

(k)
f22

2
.

(10)

The di�erence between these average times de�nes∣∣∣τ (k)f1 − τ
(k)
f2

∣∣∣ = ∆tM(4−8)
, (11)

where ∆tM(4−8)
serves the same role in Comp-

ton PET as the coincidence time condition de�ned
in (6) for conventional PET.
All timing gates were set equal, i.e.,

∆tM4
= ∆tM8

= ∆tM(4−8)
= ∆t, (12)

so that a single coincidence window ∆t governs all
timing comparisons between and within modules,
enabling a direct assessment of random-coincidence
e�ects under consistent conditions.

2.4. Interaction sequence determination

We adopted the de�nition of the relative az-
imuthal angle |∆Φ| between the scattering planes
of γ(k)

1 and γ
(k)
2 as given by Kim et al. [12]. This

angle characterizes the relative orientation between
the two Compton-scattering planes originating from
the same annihilation event.
To tailor selection to this simulation, only events

with 85◦ ≤ |∆Φ| ≤ 95◦ were accepted, and both
photons were required to satisfy 70◦ ≤ θ ≤ 121◦.
Detector modules cannot determine the order of

two interactions occurring within the same module,

so both possible sequences were evaluated for a two-
hit crystal pair (a, b) with deposited energies E

(k)
fia

and E
(k)
fib. For the sequence hypothesis a 7→ b,

cos
(
θ
(k)
ia

)
= 1−mc2

(
1

E
′(k)
ia

− 1

E
(k)
i0

)
, (13)

where mc2 = 511 keV, E′(k)
ia = E

(k)
i0 −E

(k)
fia is the ki-

netic energy of the photon scattered from crystal a,
and E

(k)
i0 = E

(k)
fia + E

(k)
fib, consistent with (9). The

reversed ordering b 7→ a gives

cos
(
θ
(k)
ib

)
= 1−mc2

(
1

E
′(k)
ib

− 1

E
(k)
i0

)
, (14)

where E
′(k)
ib = E

(k)
i0 −E

(k)
fib is the kinetic energy of

the photon scattered from crystal b.
Although each photon in the simulation pos-

sesses a de�nite linear polarization, the ensemble
is statistically unpolarized because the polarization
directions are randomly distributed in azimuth.
Consequently, the polarization-averaged Klein�
Nishina kernel was used to estimate the relative
sequence probabilities between the two possible
interaction orderings.
If exactly one of the angles θ

(k)
ia or θ

(k)
ib lies

within the range 70◦ ≤ θ ≤ 121◦, then this sequence
is selected. If both scattering angles satisfy this
condition, the relative probabilities are evaluated
as

Prob(a7→b) ∝
(
E

′(k)
ia

E
(k)
i0

)2[
E

′(k)
ia

E
(k)
i0

+
E

(k)
i0

E
′(k)
ia

− sin2(θ
(k)
ia )

]
,

Prob(b 7→a) ∝
(
E

′(k)
ib

E
(k)
i0

)2[
E

′(k)
ib

E
(k)
i0

+
E

(k)
i0

E
′(k)
ib

− sin2(θ
(k)
ib )

]
,

(15)
and cases yielding equal probabilities are rejected.

3. Results

3.1. Detection e�ciency comparison

To establish a baseline comparison between the
conventional PET and Compton PET systems de-
scribed in Sect. 2 and illustrated in Fig. 2, the rel-
ative true event detection e�ciency was introduced
as a performance metric. This quantity expresses
the ratio of the e�ective rates at which the two sys-
tems successfully detect and accept true coincidence
pairs.
The relative e�ciency ηrel [in %] is de�ned as

the ratio of the total number of accepted registered
events (true plus background) in a Compton PET
system, N cpet, to that number in the conventional
PET system, Npet, i.e.,

ηrel(∆t) =
N cpet(∆t)

Npet(∆t)
× 100. (16)
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Fig. 4. Relative true event detection e�ciency
ηrel (in percent) between Compton PET and con-
ventional PET as a function of the coincidence
time window ∆t for (a) A ≈ 0.167 GBq and
(b) A ≈ 1.67 GBq. In both cases, ηrel < 100% and
decreases monotonically with increasing ∆t, indi-
cating lower true event detection e�ciency for the
Compton PET con�guration.

This metric provides a direct measure of the
relative detection capability introduced by the
Compton-based coincidence logic, independent of
geometry or source intensity. Values of ηrel < 100%
indicate that the Compton PET con�guration
yields fewer accepted true coincidences than the
conventional PET system, whereas ηrel > 100%
would correspond to a net gain in detection e�-
ciency.
Figure 4a and b shows the variation of ηrel with

the coincidence time window ∆t for activities of ap-
proximately A ≈ 0.167 GBq and A ≈ 1.67 GBq, re-
spectively. In both cases, ηrel remains below 0.22%
across the entire range 0 ≤ ∆t ≤ 10 ns, indicating
that the Compton PET con�guration yields fewer
accepted true coincidences than the conventional
PET system under identical conditions.
For the lower-activity case (A≈ 0.167 GBq),

ηrel appears to decrease linearly from approxi-
mately 0.21% to 0.16% while ∆t increases from 0
to 10 ns. In contrast, for the higher-activity case
(A ≈ 1.67 GBq), the relative e�ciency exhibits
a broader variation, decreasing monotonically in a
nonlinear fashion from about 0.20% to 0.08%. The

Fig. 5. True event fraction (TEF) as a function
of the coincidence time window ∆t for the PET
con�guration (shown in Fig. 2a) and the Comp-
ton PET con�guration (shown in Fig. 2b). Case (a)
A ≈ 0.167 GBq, and case (b) A ≈ 1.67 GBq.

consistently decreasing trend in both cases re�ects
the growing contribution of accidental coincidences
at larger ∆t, which disproportionately a�ects the
Compton PET scheme.

3.2. True event fraction between PET
and Compton PET

The true event fraction quanti�es the proportion
of detected coincidences that correspond to true an-
nihilation events as opposed to background coinci-
dences. It is de�ned as

TEF(∆t) =
Ntrue(∆t)

Ntrue(∆t) +Nbg(∆t)
, (17)

where Ntrue(∆t) denotes the number of true co-
incidence events and Nbg(∆t) denotes the num-
ber of background coincidences. The de�nition of
Ntrue(∆t) follows that of the previous subsection,
with the superscript identifying the PET con�gura-
tion omitted for clarity.
The true event fraction (TEF) obtained for

both PET and Compton PET con�gurations shown
in Fig. 2 is presented in Fig. 5 for simulated source
activities of A ≈ 0.167 GBq and A ≈ 1.67 GBq.
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Fig. 6. True event fraction as a function of the co-
incidence time window ∆t for Compton PET sim-
ulations performed with (a) A ≈ 0.167 GBq and
(b) A ≈ 1.67 GBq. Each panel compares maxi-
mally entangled and Bohm�Aharonov mixed (non-
entangled) states. In both cases, the entangled
con�guration yields higher TEF, with the relative
enhancement more pronounced at lower activity.

In both con�gurations, TEF decreases as the co-
incidence time window ∆t widens, re�ecting the
increasing inclusion of random background events.
At the lower activity of A ≈ 0.167 GBq (Fig. 5a),
Compton PET maintains a TEF above 92% across
the examined range, while the TEF in conventional
PET is more sensitive to ∆t, reaching a minimum
of about 70% at ∆t = 10 ns.
For the higher simulated activity A≈ 1.67 GBq

(Fig. 5b), both PET con�gurations exhibit
lower TEF values than in the low-activity case
(A ≈ 0.167 GBq), because the higher count rate in-
creases the number of accidental coincidences. At
low activity, Compton PET maintains a TEF value
between 0.92 and 1.00 across the full coincidence
window range 0 ≤ t ≤ 10 ns, whereas conventional
PET spans from 0.70 to 1.00. At high activity, the
TEF of Compton PET decreases to approximately
0.48�1.00, while that of conventional PET drops
further to about 0.15�1.00. These results show that
although TEF decreases for both systems as activ-
ity rises, Compton PET remains more resilient to
accidental coincidences and consistently preserves
a higher fraction of true events across all activity
levels and timing conditions.

3.3. In�uence of photon entanglement on
the true event fraction

In 1957, Bohm and Aharonov [22] proposed a
quantum mechanical reference model for annihi-
lation photons that preserves the same marginal
polarization distributions and rotational invariance
as the maximally entangled state, but lacks o�-
diagonal coherence (i.e., it is a mixed, non-entangled
state) [7]. The purpose of this reference model is
to provide a classical polarization benchmark; mea-
sured cross sections that exceed this baseline indi-
cate nonclassical, entanglement-driven correlations.
Based on the geometry shown in Fig. 2b, the TEF

was computed from (17) as a function of ∆t for
both the maximally entangled and Bohm�Aharonov
mixed states at A ≈ 0.167 GBq and A ≈ 1.67 GBq.
For A ≈ 0.167 GBq (Fig. 6a), a measurable

TEF enhancement is observed with entanglement,
and the curves diverge with increasing ∆t. For
A ≈ 1.67 GBq (Fig. 6b), the same qualitative be-
havior appears, though the relative enhancement is
smaller, consistent with higher accidental rates at
higher event densities.

4. Conclusions

This study used detailed Monte Carlo simulations
to compare coincidence selection in conventional
PET and Compton PET under identical geometric
and activity conditions. Two quantitative metrics
were analyzed, i.e., the relative e�ciencies of de-
tecting true events and true event fraction (TEF),
which allows for a direct assessment of con�gura-
tion di�erences and the in�uence of photon entan-
glement.
Compton PET records fewer total true coinci-

dences than conventional PET, but yields a higher
TEF across all tested coincidence windows. This in-
dicates stronger rejection of random and scattered
coincidences, particularly at wider timing gates
where conventional PET performance degrades.
Comparing the entanglement-correlated photon

pairs with a standard mixed state, we found
that the entangled con�guration exhibits a mea-
surable enhancement in TEF. At lower activity
(A ≈ 0.167 GBq), the ratio of entangled to non-
entangled TEF increases from approximately 1.00
at ∆t = 0.1 ns to about 1.03 at ∆t = 10 ns, corre-
sponding to an enhancement of roughly one to three
percent across the examined range. The di�erence
diminishes at higher activity, where accidental coin-
cidences become dominant, but the entangled con-
�guration remains systematically higher across all
tested conditions.
Overall, coincidence selection criteria using quan-

tum polarization correlations can maintain the pu-
rity of selection under relaxed timing conditions.
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Within the limits of the idealized model (no de-
tector resolution or pile-up), these results suggest
that timing-tolerant architectures could be feasible.
Future work incorporating detector e�ects and ex-
perimental validation will determine how much of
the enhancement persists under realistic operating
conditions.
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