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PET medical imaging

Observing high-energy photonic
entanglement

Mysteries of Decoherence of
Entanglement

Novel method of PET Imaging
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Positron Emission Tomography

Patient is injected with a
radiopharmaceutical.:
Positron emitter labeled
to biological molecule.



Positron Emission Tomography

Patient is injected with a
radiopharmaceutical.:
Positron emitter labeled
to biological molecule.

30-60 min wait in which
tracer is distributed and
absorbed by natural
processes within patient.
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Positron Emission Tomography

Patient is injected with a
radiopharmaceutical.:
Positron emitter labeled
to biological molecule.
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30-60 min wait in which
tracer is distributed and
absorbed by natural
processes within patient.

Patient enters scanner,
positrons annihilate with
electrons in the patient
generating photons.
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Challenges in PET Images

Good Event

Two back-to-back photons
detected in the scanner and
true LOR reconstructed



Challenges in PET Images

Good Event Scatter Event

Two back-to-back photons Photon(s) scatter(s) in the
detected in the scanner and patient leading to incorrect
true LOR reconstructed LOR reconstruction
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Challenges in PET Images

Good Event Scatter Event Coincident Event

Two back-to-back photons Photon(s) scatter(s) in the =~ Two e* annihilations occur
detected in the scanner and patient leading to incorrect  generating four photons and
true LOR reconstructed LOR reconstruction incorrect LOR reconstructed



-
. PET AC IMAGE
o’ :".
~0‘ .
.

| Ll
[ 3 "
3

S

-
»

FUSED PET-CT
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Joshi et al. (2014) doi:10.4103/0972-3919.125783
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i A) MIP Maximum

Intensity Projection
B) AC-PET Attenuation
corrected PET

C) CT image
® D) fused PET-CT
E) PET NAC Non
attenuation corrected
PET

Diagnosis: Abnormal
update of FDG tracer in
D10 vertebrae, CT shows

PET NAC IMAGE

increased bone cement.
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Photonic Entanglement THork

w=—7( X =12 ))

For two photon annihilation, the photons are emitted
back-to-back and orthogonally polarised.

Bell state for entangled polarisation
D. Bohm and Y. Aharonov. (1957) doi:10.1103/PhysRev.108.1070. 5
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Compton polarimeters

Compton scattering (CS) A

V + e —))}’ + e_’

The scattering plane, ¢, is dependant on the polarizatiéh""

e sin?¢
r’m?c* 0 [1+a(1—cose)]®

CS described by Klein Nishina is proportional to sin¢
Therefore CS depends on y polarization.

Yazaki, 2017,doi:10.2183/pjab.93.025 7



Double Compton Scattering

9 =5 (11>~ 9,1 g

Taking the wavefunction of \ |
entangled photons, |¥), and -
incorporating it into Klein
Nishina for CS gives double
differential cross section:

dec _rt
00.d0, 16 \(0102) = K.(0,0) cos(2Ad))

Watts et al. (2021) doi:10.1038/s41467-021-22907-5
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GithubRepository:https://github.com/Geant4/geant4/blob/master/source/processes/electromagnetic/lowe

nergy/src/G4LivermorePolarizedComptonModel.cc
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Triple Compton Scatter (TCS)
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Triple Compton Scatter (TCS)
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Triple Compton Scatter (TCS)

Bordes et al. (2024) doi:10.1103/PhysRevlLett.133.132502

Enhancement ratio (R)
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Triple Compton BackScatter (TCBS)
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Triple Compton BackScatter (TCBS)
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Triple Compton BackScatter (TCBS)
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Triple Compton BackScatter (TCBS)
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Triple Compton BackScatter (TCBS)




Triple Compton BackScatter (TCBS)

Bordes et al. (2024) doi:10.1103/PhysRevlLett.133.132502
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Future Experiment  GrirrIN

GRIFFIN coupled with dedicated DSSD (double-sided silicon strip detector) polarimeter
hopes to give access to higher order compton scatter measurements.




Towards Environmental
Sensitivity and PET

Biomarkers
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Positron Annihilation
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Positron Annihilation

o

Unstable
nucleus
labeled to
Biological
molecule

Free positron
Annihilation
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Positron Annihilation
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Unstable
nucleus
labeled to
Biological
molecule
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Free positron
Annihilation
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Positron Annihilation

Unstable ! % t @ ! %

nucleus
labeled to p PS >
Biological 125 ps
molecule
I I
Free positron Para-Positronium
Annihilation Annihilation
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Positron Annihilation
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Positron Annihilation
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Positron Annihilation
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Positron Annihilation
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Cross section Magnetic field
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Positronium in Tissue
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First 3y/2y Ratio Image!
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Fujimoto et al. (2025) pre-print doi:10.21203/rs.3.rs-7272322/v1

14 UNIVERSITY

> o York

18



First 3y/2y Ratio Image!
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First 3y/2y Ratio Image!
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First 3y/2y Ratio Image!
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First 3y/2y Ratio Image!
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e First QE measurement of tripartite system from O-Ps decay
e First nuclear Cascade QE studies (In-111 & Lu-177)
e Al medical image reconstruction - QE adds powerful new information
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Thank you

Any Questions?
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Multiple Scattering Deconvolution
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BackScattering Increased Enhancement Ratio

1.0 (91‘[0 P(Q)W
< 0.8 0.75 0.75
= 0.6 0.50
= 0.50
7 04 0.25
0§ 54 0§ §&m 0§ 54
0 0 0

Figure 2: The differential cross section (a), concurrence (b) and two-photon degree
of polarization (c) of the photon pair created in the annihilation process ete™ — 2y.
These results are for ¢ = 0 and an interval of polar angles 6 € [0,27t] and initial
electron-positron CM momenta |p| € [0.1,1] MeV.

Analysing power increases when the energy of the gamma decreases!
Figure and caption reproduced from Smeets et al. (2025) doi: 10.48550/arXiv.2509.12127
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Detector Photographs LYSO + GAGG
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Cross section!! Magnetic Field®
(ov) = (V_m> A Mo ps(H) = Ao—ps + EXp—py) Surface Tension!']
Ny 1+ &2 A, = 0.0617%5°
£ = 1+mm2_1 T = éﬁ% Ay = 0.046~°-5

Electron Polarisation!! :
Pore Sizel?
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—p (0.6 Pz () 140 T
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Temperature!' T ior(82°C)=2.17 £ 0.09 ns  [4] ' porermtusm "
+ 14 -1
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[1] S. J. Tao. 1972 DOI:10.1063/1.1677067. [2] PM Gordo et al. 2013, DOI: 10.1088/1742-6596/443/1/012055. [3] Petra Castellaz,
Andreas Siegle, and Hermann Stoll. 2002, doi: 10.14494/jnrs2000.3.2_R1. [4] Peter R. Gray, Charles F. Cook, and Gene P. Sturm Jr. 1968 25

doi: 10.1063/1.1668776. [5] Sergey V. Stepanov et al. (2011) doi: 10.4028/www.scientific.net/MSF.666.109.



Attenuation Coefficients (AC)
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Ore Powell Plot

FiG. 2. Energy spectrum of photons resulting from three-
photon annihilation of an electron and a positron. The
abscissa is the photon energy in units mc? and the ordinate
is proportional to the number of photons per unit energy
interval. (Dashed curve: statistical estimate.)

Ore, Powell, (1949) doi:
10.1103/PhysRev.75.1696
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Photon Energies 3y Analysis

Single hit energy distribution, 80.0-450.0 keV
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Interphotonic angels in 3y Analysis

Angular Distribution (Area Normalized)
Cuts: 80-450 keV
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Preliminary Results
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