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From Physics to Medicine

Physics has always driven medical Imaging:
» X-ray - Radiography

» Nuclear Physics = Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT)

» Electromagnetism - Magnetic Resonance Imaging (MRI)
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Principle of Quantum Mechanics

THE NOBEL PRIZE THE NOBEL PRIZE
IN PHYSICS 2022 IN PHYSICS 2025

o QMO

3 B ‘\( \ ~\7\

i = = ’Q\ %

: z = A ﬁﬁ@aﬁug‘@:x .
3 77 /( \Q ﬂ’

i \Y 7

2 S Z

payawl|3 sepiN suoljedisnj|

\\ “ |
;
. v ¢
S Y &
~ I 16
NL Y] 4
\ PR Y
NS 8 , AR/
i

4

John Michel H. John M.

Alain John F. Anfon Clarke Devoret Martinis
Aspect Clauser Zeilinger
! . “for the discovery of macroscopic quantum
“for experiments with entangled photons,

establishing the violation of Bell inequalities mechanical ’rgnnelllng ar?d e'ner_gZ’ quantisation
and pioneering quantum information science” in an electric circuit

THE ROYAL SWEDISH ACADEMY OF SCIENCES THE ROYAL SWEDISH ACADEMY OF SCIENCES

f, ¥ [T STNTACAUL



From Physics to Medicine

Physics has always driven medical Imaging:
» X-ray - Radiography

» Nuclear Physics = Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT)

» Electromagnetism - Magnetic Resonance Imaging (MRI)
The Next Leap
»Quantum Physics = Quantum Imaging
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¥ Principle of Quantum
Entanglement

1 Superposition
Quantum particles can exist in multiple states
simultaneously before measurement!.

2 Inseparability
Entangled particles are interdependent,

with their properties linked?.

3 Instantaneous Connection
Changes to one entangled particle instantly

affect the other, even across large distances.

1Zeilinger, A. (1999). Experiment and the foundations of quantum physics. Reviews of Modern Physics, 71(2), S288.
2Vértesi, T., & Brunner, N. (2012). Quantum nonlocality does not imply entanglement distillability. Physical review
letters, 108(3), 030403.




Quantum Entanglement in Positron Annihilation

Positron Annihilation gammas are produced in a singular entangled Bell
State [1-4]:

1 Positron
W) = E(IX)-IJM = |y)-1x)+)

511 keV
photon

511 keV
photon

[1] Wheeler, J. A. Polyelectrons. Annals New York Acad. Sci. 48, 219-238, DOI: https://doi.org/10.1111/j.1749-6632.1946. tb31764 (1946).  Anihilation event

[2] Bleuler, E. and Bradt, H.L. Correlation between the states of polarization of the two quanta of annihilation radiation. Phys. Rev. 73, 1398 (1948).

[3] Bohm, D. and Aharonov, Y. Further discussion of possible experimental tests for the paradox of Einstein, Podolsky and Rosen. Il Nuovo Cimento (1955-1965), 17,964-976 (1960).
[4] Pryce, M. & Ward, J. Angular correlation effects with annihilation radiation. Nature 160, 435—435, DOI: https://doi.org/10.1038/160435a0 (1947).
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Quantum Entanglement in Positron Annihilation

Positron Annihilation gammas are produced in a singular entangled Bell
State [1-4]:

1 Positron
W) = E(IX)_IJM = |y)-1x)+)

“Entanglement” implies correlations in the photon properties:

Polarization, Spatial/momentum, Time/Frequency

511 keV
photon

511 keV
photon

[1] Wheeler, J. A. Polyelectrons. Annals New York Acad. Sci. 48, 219-238, DOI: https://doi.org/10.1111/j.1749-6632.1946. tb31764 (1946).  Anihilation event

[2] Bleuler, E. and Bradt, H.L. Correlation between the states of polarization of the two quanta of annihilation radiation. Phys. Rev. 73, 1398 (1948).

[3] Bohm, D. and Aharonov, Y. Further discussion of possible experimental tests for the paradox of Einstein, Podolsky and Rosen. Il Nuovo Cimento (1955-1965), 17,964-976 (1960).
[4] Pryce, M. & Ward, J. Angular correlation effects with annihilation radiation. Nature 160, 435—435, DOI: https://doi.org/10.1038/160435a0 (1947).
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Clinical Applications of PET Imaging

Oncology Applications

Cancer detection and staging with FDG
tracer.

Treatment response monitoring and
recurrence detection.

Radiation therapy planning and target

delineation.

S. Abbaszadeh | sabbasza@ucsc.edu

Cardiology Applications

Myocardial perfusion and viability
assessment studies.

Coronary flow reserve measurements
accurately.

Pre-surgical evaluation for

revascularization procedures.

Neurology Applications

Alzheimer disease and dementia
evaluation protocols.

Epilepsy focus localization for surgical
planning.

Parkinson disease and movement

disorder assessment.
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Positron Emission Tomography (PET)
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Positron Emission Tomography (PET)

Radiotracer &
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> What are the requirements for the signal:
q 8 Random
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Positron Annihilation Photons
Are Entangled—But Does it
Matter?



* The correlation in time and
space of annihilation photons
is a fundamental principle
already  utilized in  PET
imaging.

19




* The correlation in time and
space of annihilation photons
is a fundamental principle
already  utilized in  PET
imaging.

* In recent years, physicists have
observed the polarization
correlation of the entangled
photons via the Compton
scattering kinematics

20




Quantum Entanglement in Positron Annihilation

The photons resulting from para-positronium annihilation not only always have orthogonally
linear polarization...

Positron

...but also entangled Compton scattering kinematics [1-3].

511 keV
photon

511 keV
photon

[1] Wheeler, J. A. Polyelectrons. Annals New York Acad. Sci. 48, 219-238, DOI: https://doi.org/10.1111/j.1749-6632.1946. tb31764 (1946 )Anihilation event

[2] Bleuler, E. and Bradt, H.L. Correlation between the states of polarization of the two quanta of annihilation radiation. Phys. Rev. 73, 1398 (1948).

[3] Bohm, D. and Aharonov, Y. Further discussion of possible experimental tests for the paradox of Einstein, Podolsky and Rosen. Il Nuovo Cimento (1955-1965), 17,964-976 (1960).
[4] Pryce, M. & Ward, J. Angular correlation effects with annihilation radiation. Nature 160, 435—435, DOI: https://doi.org/10.1038/160435a0 (1947).
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Double Differential Entangled Cross Section

This entanglement manifests in photon’s paired scattering kinematics [1].

; 2
................. PE Absorptlon 2 d Gdouble 1
— 2
V = —1¢|Kq(0;,0;) — Kp(04,6;) - cos(2A0)]
_______ dQ.dQ, 16
sonttor 3 T memions 1+ Here, the z-axis is aligned with the LOR trajectory

X : * 0O is the classical polar scattering angle off the z-axis

— * ¢ is the azimuthal scattering angle in the x-y plane

. Compton | A * K, and K, are collections of terms dependent on 6

Y b3 e

1] Watts, D. P,, J. Bordes, J. R. Brown, A. Cherlin, R. Newton, J. Allison, M. Bashkanov, N. Efthimiou, and

N. A. Zachariou. "Photon quantum entanglement in the MeV regime and its application in PET imaging."
Nature Communications 12, no. 1 (2021): 2646.

Double Compton Scatter Event (DCSc)
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Double Differential Entangled Cross Section

This entanglement manifests in photon’s paired scattering kinematics [1-2].

................. PE Absorption 2

d*Cgoubte 1
0,40, 16" Ka(01,62) = Ky(81,62) - cos(2Ad)],

Likelihood of a pair of photons scattering with specific angles.

Compton

Sl PRI Clearly, the double differential cross section is
7 . maximized with respect to ¢ when A¢p = +90° and is
e — minimized at 0 and 180 — both important to
y scamer1 | remember.

[1] Pryce, M. H. L., and J. C. Ward. "Angular correlation effects with annihilation radiation." Nature 160,
no. 4065 (1947): 435-435.

[2] Watts, D. P, J. Bordes, J. R. Brown, A. Cherlin, R. Newton, J. Allison, M. Bashkanov, N. Efthimiou, and
Double Compton Scatter Event (DCSC) N. A. Zachariou. "Photon quantum entanglement in the MeV regime and its application in PET imaging."

Nature Communications 12, no. 1 (2021): 2646.
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Double Differential Cross Section

* We name the strength of the QE effect the Enhancement Ratio (R), which is the ratio of the likelihood of the entangled
gammas scattering as A¢ = 90 degrees to them scattering with A = 0 degrees.

* Ad favors 90° for entangled gammas

* This effect is most visible for 8 ~ 81.7°

=== Randomly Polarized
=== Orthogonally Polarized
= Entangled

Double Differential Entangled Cross Section:

d*Ogouble _ 1
d0,d0, 16

do rZ/A\*(r N
d?c _dclxdcl —7 da 2\ T_I_X_Sm (6)
dQ,dq, do;  dQ,

ré|Kq (61, 65) — Kp(64,6,) - cos(2Ad)]

Enhancement Ratio

=

w

o
i

1.25 A

do rZ/A\(A N _ ,
d_Q._Z(W) (f-I_X_ZSln (G)COS ((I)) :

T T T T T T T T T
—180 —135 —90 —45 0 45 20 135 180
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Does Entanglement Enable
Advantages Beyond
Conventional Approaches?




Entanglement Manifests in Photon’s Paired

Scattering Kinematics

This becomes a game changer for detectors with high
cross-section for Compton scattering. Because if you
do not capture what is called double Compton

scatter events you cannot probe the entanglement.
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UCSC PET System

Adjustable

Adjustable panels’.
rotation T -

I\ 4
P i

CZT detectors and
- {front-end electronics

s
W

|

Back-end |
electronics

— Bed ﬁ

Greg Romanchek Greyson Shoop

,_Portable

8, L SENTH CAU




UG SANTA CRUI State of the Art: Edge-on CZT system

[1] Abbaszadeh et al, Phys Med Biol 63: 025012 (2018)
[2] Wang et al, IEEE TRPMS 6(5), pp.517-525 (2021)
[3] Enlow et al, IEEE TRPMS 7(6), pp.580-586 (2023)
[4] Enlow et al, IEEE TRPMS 8(8), pp.886-892 (2024)
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High 3D Spatial Resolution

* As pixel size increases, your ability to accurately compute the

scattering angle diminished. 90
* DOl information is also a necessity for full coordinate points. 80 -
* Pixel size also dictates the number of DCSc captured, as £ 701
) ) ) . ™~ :
scatter ranges smaller than pixel size are invalid. < 60 1 :
é: 50 7 | i
Crystal Binning | Surviving DCSc | MAE §40_ ‘ 1
1 mm 74.7% 6.8 5 5
2 mm 58.5% 9.5 é T
4 mm 35.8% 12.2 3 01T -
—
8 mm 16.2% 15.3 10 1 ! ! T
0 .
1 rhm 2 r;1m 4 r;‘lm 8 r%m
Romanchek, G., Shoop, G., Gholami, K., Enlow, E., & Abbaszadeh, S. (2024). Quantum Entanglement Filtering: A PET Crystal Binning

Feasibility Study in Imaging Dual-Positron and Prompt Gamma Emission via Monte Carlo Simulation. IEEE Transactions
on Radiation and Plasma Medical Sciences.
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Can We Improve Scatter and
Random Rejection?



Advancing Image Quality in PET [1]

e Study: Watts et al (2021), Can we extract the true image signal from randoms and-seatte+s based
on the know A¢ distribution?

* Simulated System: Four ring CZT PET system (d = 98.2 mm), (10 X 10 X 10 mm?3)

» Simulated Source: standard preclinical mouse phantom NEMA-NU4; cylinder of tissue equivalent
PMMA with five capillaries (1-5 mm in diameter) filled with a solution of water and 3+ source —
undefined scan duration

* Polar (0) Filter: 67° < § < 97°

* Delta Azimuthal (A¢) Filter:
* Low Truth Fraction Region: 0° < [Ad| < 20°
* High Truth Fraction Region: 80° < |A¢d| < 100°

— Trues
=== Randoms
— Total

0.004

0.003 +

Frequency
o
[=]
[=]
]

0.001 1

* Reconstruction: FBP + post-processing based on filters

0.000

T T T T T T T T T
—-180-135-90 —45 0 45 90 135 180
Ag

[1] D.P. Watts et al. "Photon quantum entanglement in the MeV regime and its application in PET imaging." Nature communications, vol. 12, no. 1, pp. 2646, 2021.
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The Magnitude of the Scatter Event Matters!

Until recently, it was an open question whether scatter events broke entanglement —
what we call a decoherence event [1,2].

* Interim scatters modulate entanglement strength rather than fully breaking it.

* Polarization correlations may be used for random coincidence rejection.

6 =0° 0 = 10° 6 = 50°
~ 1.87 R = 1.52
R ~ . z . ~ .
— —~ 200 2
b 6. = 0° (backto-back) 2éIndf = 62,1216 T wE g, = 10° (scatterer) 13Indf = 12.5/16  "Fe =50 (scatterer) xIndf = 7.2116
g: 14000 scat 1= 0.27 +0.01 _e: 60 1 =0.28 +0.03 = b scat u=022 +0.06
z 2§ C
sl
ol
“« -
1éndf, ., = 841316 F gty o = 14616
Fagyip = 015 £ 0.01 F @ gy o = 009 £0.08
o % 5 5 T & : b 0 — ]
150 150 -150 -1 -5l 0 E 1 150 - -
0,70, o,- 9, 0,76, [

The conclusion is that the magnitude of the scatter event matters in whether it is decohering [1,2].

[1] Parashari, Siddharth, et al. "Closing the door on the “puzzle of decoherence” of annihilation quanta." Physics Letters B 852 (2024): 138628.
[2] Hiesmayr, B.C., et al. “Quantum error channels in high energetic photonic systems,” Scientific Reports, 14 (2024): 9672.
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Can We Use It as a Feature to
Discriminate Different
Physics?



Multimodal (B*y) Imaging and Challenges

UG3/UH3 EB034686 Benefits:

v’ Increase sensitivity

v Additional information allows for better placement of
radiotracer in reconstruction.

v’ Distinguishing between two positron-emitting
Isotopes

Challenges:
* Need Compton Imaging to get information about
prompt gamma
 Third gamma invokes complication in pairing the
The emissions detected in B*y imaging, showing annihilation gammas
the distinction between the origins of the * Increased random rate, more difficult coincidence
annihilation and gamma photons . . . I
pairing due to energy window filling, etc.

[1] Conti, Maurizio, and Lars Eriksson. "Physics of pure and non-pure positron emitters for PET: a review and a discussion." EJNMMI physics 3 (2016): 1-17.
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Quantum Entanglement:
A Physics-informed Handle for Event Discrimination

Photoelectric (x4,y4,24) ¥

Photoelectric
(x2,y2,22)

Projected onto
x-z plane

Romanchek, G., Shoop, G., Gholami, K., Enlow, E., & Abbaszadeh, S. (2024). Quantum Entanglement Filtering: A PET Feasibility Study in Imaging Dual-Positron and Prompt Gamma
Emission via Monte Carlo Simulation. IEEE Transactions on Radiation and Plasma Medical Sciences.
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Quantum Entanglement:
A Physics-informed Handle for Event Discrimination

Photoelectric (x4,y4,24) A ee"lr

Yog

P
o‘pﬂ
_ Photoelectric
0 (x2,y2,22)

Projected onto
x-z plane

91,1105 gz,pos Ql,ene 92,ene Ag

Config. 1 -114.7 5458 7.389 -118 76.27 -9.54 109 -52.06 -6.968 100.7 -47.96 -11.96 0.19 0321 0329 0.182 65.906 148.34 65.914 143.871  44.532
Config. 2 -118  76.27 -9.54 -114.7 5458 7.389 109 -52.06 -6.968 100.7 -47.96 -11.96 0321 0.19 0.329 0.182 119.66 152.062 133.588 143.871 128.215
Config. 3 -114.7 54.58 7.389 -118 76.27 -9.54 100.7 -47.96 -11.96 109 -52.06 -6.968 0.19 0321 0.182 0.329 66.852 32982 65.914 63.461 -135.872
Config. 4 ;118 76.27 -9.54 -114.7 54.58 7.389 100.7 -47.96 -11.96 109 -52.06 _-6.968 019 0321 0329 0.182 118.962 29.06 65.914 143.871 -51.291

O O O -

Romanchek, G., Shoop, G., Gholami, K., Enlow, E., & Abbaszadeh, S. (2024). Quantum Entanglement Filtering: A PET Feasibility Study in Imaging Dual-Positron and Prompt Gamma
Emission via Monte Carlo Simulation. IEEE Transactions on Radiation and Plasma Medical Sciences.
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Quantum Entanglement:
A Physics-informed Handle for Event Discrimination

Photoelectric (x4,y4,24) } "ea#e .
¥’ '7'79
Y o4 [
True LOR
C
Nay; Class 0
f e S@q Ciai@
. (77 - L Class 1
.\1’\ - Class 2
X o(l-"" ~Class 3
_ Photoelectric
‘:f Ad ° (x2,y2,22) False LOR
W o e, W Class 4
Projected onto
x-z plane
x -
/
]
Input Layer 1st Hidden 2nd Hidden 3rd Hidden Output Layer

Layer Layer Layer

91,1105 gz,pos Ql,ene 92,ene Ag

Config. 1 -114.7 5458 7.389 -118 76.27 -9.54 109 -52.06 -6.968 100.7 -47.96 -11.96 0.19 0321 0329 0.182 65.906 148.34 65.914 143.871  44.532 1
Config. 2 -118  76.27 -9.54 -114.7 5458 7.389 109 -52.06 -6.968 100.7 -47.96 -11.96 0321 0.19 0.329 0.182 119.66 152.062 133.588 143.871 128.215 0
Config. 3 -114.7 54.58 7.389 -118 76.27 -9.54 100.7 -47.96 -11.96 109 -52.06 -6.968 0.19 0321 0.182 0.329 66.852 32982 65.914 63.461 -135.872 0
Config. 4 ;118 76.27 -9.54 -114.7 54.58 7.389 100.7 -47.96 -11.96 109 -52.06 _-6.968 019 0321 0329 0.182 118.962 29.06 65.914 143.871 -51.291 0

Romanchek, G., Shoop, G., Gholami, K., Enlow, E., & Abbaszadeh, S. (2024). Quantum Entanglement Filtering: A PET Feasibility Study in Imaging Dual-Positron and Prompt Gamma
Emission via Monte Carlo Simulation. IEEE Transactions on Radiation and Plasma Medical Sciences.
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Multiple-interaction Photon Events (MIPE)

|
Point : :
1 A-B o source | |
= - _— o |
Op = cos 2B <8 _________ 1 :
L
Cathodes No ambiguity
1 1
_ —1 2
b = cos (1 - mce (i B Interaction set 1 (°) Interaction set 2 (¥)
S 1

/ \ o G 6 =

—_— L 3

: — g
scattered Incident .- i
photon photon
energy [
energy

667“7” — ‘ QLOR — QE ‘ Abbaszadeh et al, Phys Med Biol 63: 025012 (2018)
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Quantum Entanglement:
A Physics-informed Handle for Event Discrimination

Mean ROC Curve Across All Folds

Class Config Area under curve
(AUC)
Mean Standard
Deviation
0 0 0.841 0.013
1 0.864 0.002
2 0.864 0.005
3 0.846 0.012
1 4 0.971 0.005

e

B WNEO
2TETETZ

S. Abbaszadeh | sabbasza@ucsc.edu

False Positive Rate
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Can We Use it to Reduce
Noise Beyond Classical Limit?



Ghost Imaging

SPAD
. . . Camera,
* Signal beam: Interacts with the object but St Fourier plane
is measured by a "bucket" detector (no N e

spatial resolution).

 |Idler beam: Never touches the object but
is recorded with a spatially resolving
detector (e.g., a camera).

* The image is formed from the Correlations
between signal beam and reference
(idler) beam.

Nonlinear crystal

Moreau, P. A., et al (2018). Ghost imaging using optical
correlations. Laser & Photonics Reviews, 12(1), 1700143.
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Combine Concepts from Ghost Imaging & Entanglement of
Positron Annihilation Photons

Signal
Detector

Rotation axis

-
- o

-~ -
== ==

Blue dashed: Source-
Detector Assembly
Rotation Orbits

~o
-~
-

Idler
Detector
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Maintaining Strong Contrast Relative to Background Breast
Tissue at 511 KeV

>1 keV Breast

Tumor

/ Microcalcification .

l ®1 — 5mm

T

L 00 Fibroglandular .-'|

|[BREAST TUMOR - FIBROGLANDULAR] | | | | 511 kevE

|[MICROCALCIFICATION - BREAST TISSUE]

|FIBROGLANDULAR - BREAST TISSUE]
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Initial Result
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Conclusion and Key Takeaways

» Quantum Entanglement and classical understanding of Compton
kinematics are useful to inform selection criteria for event sorting.

» By leveraging its benefits while being mindful of its limitations and
system requirements, we can enhance the capabilities of PET.

» Combine concepts from ghost imaging and quantum entanglement
of positron annihilation photons enable alternative strategies for
event reconstruction.
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High 3D Spatial Resolution

* As pixel size increases, your ability to accurately compute the

scattering angle diminished. 90
* DOl information is also a necessity for full coordinate points. 80 -
* Pixel size also dictates the number of DCSc captured, as £ 701
) ) ) . ™~ :
scatter ranges smaller than pixel size are invalid. < 60 1 :
é: 50 7 | i
Crystal Binning | Surviving DCSc | MAE §40_ ‘ 1
1 mm 74.7% 6.8 5 5
2 mm 58.5% 9.5 é T
4 mm 35.8% 12.2 3 01T -
—
8 mm 16.2% 15.3 10 1 ! ! T
0 .
1 rhm 2 r;1m 4 r;‘lm 8 r%m
Romanchek, G., Shoop, G., Gholami, K., Enlow, E., & Abbaszadeh, S. (2024). Quantum Entanglement Filtering: A PET Crystal Binning

Feasibility Study in Imaging Dual-Positron and Prompt Gamma Emission via Monte Carlo Simulation. IEEE Transactions
on Radiation and Plasma Medical Sciences.
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True Selection Based on A Filtering?

> — Trues
0.004 4 0.004 - Ad¢ Acceptance = Randoms 0.4 1
Window — Total
From Likelihood to Frequency ) z
0.003 - s Using True and Random rates 0.003 ~ Fraction € 03] BaseTrue Rate
3 e 1/3Trues, 2/3 Randoms 9 of Trues =
2 g E
< 0.002 - E' 0.002 + 2 024
- s
2
}_

0.001 4 0.001 4 0.1 -
=== Randomly Polarized

= Entangled

0.000 —— T T T T T T T T 0.000 —— T T T T T T T T
_180-135-90 —45 0 45 90 135 180 -180-135-90 —45 0 45 90 135 180 007 > A o 20
¢ L9 Window Half-Width, 90 + x°
m— Trues
0.004 7 =~ Randoms * Filtering DCSc on A increases the True Fraction when
— Total
= compared to the base data set
_ 0o » Selection strength is dependent on the Random Rate
& * The Enhancement of the Total set is not equal to the
g 0027 Enhancement of the True portion
0.001 7 =2.8 UNDER CONSTRUCTION
oo Take Away: Regardless of True to Random Rate, filtering
TeoTIIsTI0 s 845 90 1 e based solely on Ad has limitations. NIBIB
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Simulation Results

* Filtering to 8 = 81.7° is equivalent to filtering to E- = 235 keV for the 511 keV gammas.

* The post-scatter prompt gammas have greater energy, range, and divergent polar scattering.

0.12 0.12
— Annihilation Gammas (511 keV) — Annihilation Gammas (511 keW)
— Prompt Gammas (1157 keV) — Prompt Gammas (1157 keV)
0.10 0.10
_ 0.08 - _ _ 0.08 -
o Filtered by o Filtered by
o 6 = [73.12,91.68]° S E; =235+ 10% keV
L 0.06 - L 0.06 -
4 4
= =
= =
O v
0.04 0.04
0.02 0.02
D-ﬂﬂ T T T I I I D-CIG T T T I I T
0 20 40 60 a0 100 0 20 40 60 80 100
Scatter Range [mm)] Scatter Range [mm)]
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Multiple-interaction Photon Events (MIPE)

|
Point : :
1 A-B o source | |
= - _— o |
Op = cos 2B <8 _________ 1 :
L
Cathodes No ambiguity
1 1
_ —1 2
b = cos (1 - mce (i B Interaction set 1 (°) Interaction set 2 (¥)
S 1

/ \ o G 6 =

—_— L 3

: — g
scattered Incident .- i
photon photon
energy [
energy

eerr — ‘HLOR — QE‘

Abbaszadeh et al, Phys Med Biol 63: 025012 (2018)

S. Abbaszadeh | sabbasza@ucsc.edu



MIPE-Double Compton Scatter

Class Config Area under curve
(AUC)
Mean Standard
Deviation
0 0 0.841 0.013
1 0.864 0.002 : :
» Possible two sequences of events out of 16 scenarios.
2 0.864 0.005 « one Compton interaction followed by Photoelectric
interaction (1C, 1P) in both detectors with cross-strip
3 0.846 0.012 configuration.
1 4 0.971 0.005 * Anodes are shown in gray, cathode in blue.

Nasiri, Nahid, and Shiva Abbaszadeh. "A deep learning approach to correctly identify the
sequence of coincidences in cross-strip CZT detectors." In Medical Imaging 2021: Physics of
Medical Imaging, vol. 11595, pp. 1011-1018. SPIE, 2021.

S. Abbaszadeh | sabbasza@ucsc.edu



Data Processing

Unprocessed Hits G i dividual C-> P Events
Data Hit 1: t;Edep;x;y;Z roup inawiaua CP 1: t, Xc, Xp, Ec, Ep

hits into C> P MIPE
] Hit2: t,Eq0p, X, Y, . - L ’ » S0
System Data Chain [ depr %, Y, Z event pairs based CP2:t, X., Xp, E¢, Ep

on energy and time

Hit N: t,Edep,x,y,Z CP N: t, Xc, Xp, Ec, Ep

Process

Double Compton Scatter (DCSc) Coincidence Pairs
Compute Compton

.So.rt DCS into DCSc 1: Xl,C’ Xl,P' XZ,C’ XZ,P' El,C' El,p, EZ,C EZ,P Scatter kinematics to
coincidences based DCSc2: X1, X1p, Xo0c, Xop, Eic) E1p, E2c Esp
. ' ’ ’ ’ ’ ’ e extractrq,, r,, 04, 05,
on time
and A¢p
DCSc N: X1¢, X1,p» X2c, X2p, Evc) E1py Exc Ezp
QE-informed Coincidence Pairs Compton Kinematic Coincidence Pairs
Coincidence 1: X1, V1,21, X2, Y2, Z3 Inform Coincidence DCScs 1: 64, 6,, AP, 15, E1c, E1p, Ezc Ezp
Coincidence 2:x1,y1,Zl, X2, Y2, Z Pairing Process to DCScs 2: 91, 92, A¢, 1y, El,C! El,P! EZ,C EZ,P

Convergence
DCScs N: 91, 92, Ad); 1y, El,C; El,PJ EZ,C EZ,P

" L SANTH CRU

Coincidence N:x1, V1,21, X2, V2, Z3




trues rands mixed

180 16977 180 15378 180 31674
150 150 150
12733 11534 23756
120 120 120
@ 90 8488 @ 90 7689 @ 90 15837
60 60 60
4244 3844 7918
30 30 30
0 0 0 0 0 0
-180 -90 0 90 180 -180 90 0 90 180 -180
Ag Ag M’
trues rands mixed
20570 20 15951 20 36521
€ B B
= 15428 £ 15 11963 £ 15 27391
Q @ @
g g g
o 10285 = 10 7976 T 10 18260
o o o
I g g
o 5142 T 5 3988 a3 5 9130
(= J J
5] i 73]
0 |"|"|"|"|"|"|"|"|"|"|"|"| 0 |"|"|"|"|"|"|"|"|"|"|"|"| 0
-180 90 0 90 180 -180 -90 180 -180 -90 180
Ad M* M’
trues rands mixed
13894 0.4 7999 0.4 21682
= = >
4] 4] [1F]
= 10420 = 0.3 5999 z 0.3 16262
=N (=X (=
0] 4 ]
W 6947 w 0.2 4000 w 0.2 10841
= = =
[=] [=] [=]
4z 4= ]
(=1 (=1 (=R
£ 3474 E 0.1 2000 E 01 5420
[=] =] (=]
(W] (W] (W]
0 0.0 0 0.0 0
180 -90 0 90 180 -180 -180
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Entangled Klein-Nishina — log()

2
d“0Ogouble

r4
dQ,dQ, 16 ©

3.939

3.151

2.363

1.575

0.788

0.000

[Kq(61,02) — K (64, 0) - cos(2Ad)]

180 3.939

135

3.151
90

® 2.363

)
57
s 1575
-90
0.788
=135
-180 0.000

-180 -135 -90 —45 0 45 90 135 180
A
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Combine Concepts from Ghost Imaging & Entanglement of
Positron Annihilation Photons

* Characterize the behavior and polarization SPAD

. f hl . h 2 Ca_mer?,
properties or anninilation photons. Object, O?tégfrcpy:{\;
Fourier plane _
N of the crystal

* Focus on scattering Kinematics as the key
measurement, not full-energy absorption.

Nonlinear crystal

8, C SANTH CRUE



Principle of Quantum Entanglement (QE)

1 Superposition
Quantum particles can exist in multiple states simultaneously before measurement [1].

2 Inseparability
Entangled particles are interdependent, with their properties linked [2].

3 Instantaneous Connection (Spooky Action at a distance) Nothing spooky about it!

Changes to one entangled particle instantly affect the other, even across large
distances.

[1] Zeilinger, A. (1999). Experiment and the foundations of quantum physics. Reviews of Modern Physics, 71(2), S288.
[2] Vértesi, T., & Brunner, N. (2012). Quantum nonlocality does not imply entanglement distillability. Physical review letters, 108(3), 030403.
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Definitions

* Compton Scatters: C; and C,
* Photoelectric Absorptions: P; and P,

* LOR Vector:
L = (Cy, C,) with unit vector L

* Scatter Vectors:
§1 = (P4,C;) and §2 = (P,, C,) with unit vectors $; and S,

8, C SANTH CRUE




Define New Reference Frame

« Define new reference frame where L = k = (0,0,1)

* To go from the original Lab Frame to the new LOR Frame,
we compute the rotation matrix R as:

R(Lab — LOR) = I3 + [v]« + [v]2 (1_(2.’})), where

llvl|2
I3 is the 3 X 3 identity matrix,
L is the LOR unit vector in the Lab Frame,
v =L x k, and [v] is the skew-symmetric

matrix of v:
0 -v; v,
[v]x =1 V3 0 —Vq1].
-V, VU 0
* We then rotate the scatter unit vectors into the LOR
Frame with:
SLOR — RS,
SAé‘OR = RSAZ

8, L SANTH CAU-



0 Computation from 3D-list mode data

6, = cos™? (ﬂ) = cos™! (M) —

|STOF ||| 1
cos(S19%

¢LOR 7 ¢LOR
0, = cos_l( S K ) = cos~ ! (—52 '(0’0’1)) =

839 |k| 1
cos (5398

where S/Q%is the k-component of S/¢F.
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A Computation from 3D-list mode data

*  Project the unit vectors SLOF and onto the ij-

plane. This is easily done by setting their I?-components
"LOR) and SLOR

GLOR
52

to zero. This yields 57 2,(i,)) -
J
A
GLOR
2,3i.j)
-} kL A |
L < »
GLOR
)

* Compute the angle between them as:
GLOR . GLOR
A = cos1 [ il 2D

cLOR cLOR
ST 152,60
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1) Rotate vectors into the LOR-frame:
a) Rotate the LOR vector Lto align with the Z-axis:
1—(2'2))

Rotation matrix R is computed as R(Z - 2) =1+ [v]x + [vI& ( vl2

where I is the identity matrix, the vector v = L x 2, and [v]y is the skew-
symmetric matrix of v.
Then, the rotated LOR vector is Z = RZ and only has magnitude inZ.

b) Rotate scatter vectors S; = C;P; and S, = C,P, by: SLOR = RS, andSLOR = RS,.

2) Compute polar scattering angles as:
a)0; = cos™! (ﬂ) and 0, = cos‘1< $300 1, )
! |STOR|IL| 2 |S3OF (I, |
b) If working with unit vectors, then these simplify to:
0, = cos ($¥%) and 8, = cos‘l(SLOR ,

where §:9Ris the 2-component of STOR.

3) Compute A¢ as:
a) Project the unit vectors SR and SLOR onto the xy-plane by setting their 2-

components to zero.
_ [ SLOR.GLOR
b) Compute the angle between them as: A¢p = cos (—|§LOR||§LOR|)
1 2
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