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* Why using Quantum Imaging?

* Simulation Sneak Peek

* Simulation outline

* Why ray tracing?

* How ray tracing works?

 SPDC with Monte-Carlo simulation
* X-Ray quantum imaging (XQI) setup
* Photon and Pair Identifications

* Evaluation of Quantum Advantage
* Setup Optimization

e Summary
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Why using Quantum Imaging?

G. Biener et.al. (2024). KINNTREX: a neural network to unveil protein
mechanisms from time-resolved X-ray crystallography. IUCrJ, 11, 405:422.

X-ray resolution is atomic level
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Entangled Photons - SPDC
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X-ray Transport Tunnel

i 1
B TMO: Time-resolved AMO gy
B TXI: Tender X-ray Instrument
W XPP: X-ray Pump Probe
M gRIXS: Materials Science Resonant Inelastic X-ray Scattering
chemRIXS: Liquid Chemistry Resonant Inelastic X-ray Scattering
XCS: X-ray Correlation Spectroscopy
MFX: Macromolecular Femtosecond Crystallography
CXI: Coherent X-ray Imaging
MEC: Matter in Extreme Conditions
B MeV-UED

Far Experimental Hall

XFEL - LCLS Facility

Beam Time is Scarce and Expensive
Simulations can accelerate
development of quantum imaging
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https://www.xfel.eu/facility/overview/how_it_works/index_eng.html https://simple.wikipedia.org/wiki/Synchrotron

Timing Information Synchronized with fs Measured in the detector
pulses (pulse timing) for each pixel.
Detector ePix100 TimePix 3
Energy Information Measured directly by Can be assessed by
detector time-over-threshold
Source Pulse Laser (~10 fs) CW or pulses (3@ gen ~50
ps, 4™ gen can go down
to 10 fs)
Source Coherence High Low
Flux 104 photons/sec 10" Photons/sec
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Classical Image Ghost Image Quantum Image
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T — Transmission (0.8)
o2 — Classical Image Variance
0’5 — Quantum Image Variance P. Espoukeh, G. Biener, J. Baxter, A. Aquila, P. Schwander, Sci. Rep. 15, 25359 (2025)
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Simulation Outline
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Including Effects of Detection and Noise

Measured PSF

Point Spread Function

Fluorescence Compton Scattering Background
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/lb <
Diffraction X-Ray: A is ~1 A
A . .
0 ~ p Feature sizes: d is ~10nm

Diffraction is insignificant
Ray Tracing is sufficient for current studies
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Arayis a point, r, and a direction, d.
Each ray propagates to selected planes

Planes can be a part of a lens, mirror, etc.

r,=r;+d-a
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Momentum Conservation
Kp + G - KS + Ki

Energy Conservation
|Kp| — |KS| + |Kl|

G

Kyp

0p + A Momentum Space

do 1
o4
dQl 1—cosa

a=a+ a;(ag)

BC - Beam Center

@ is selected randomly from a uniform distribution
between 0 and 2x

o is selected randomly from a distribution according to
the SPDC cross section and by employing
Newton — Raphson Method
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Detector
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Test Energy Test Momentum
Test Collinearity Conservation Conservation
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r,(E,) and r,(E,) are calculated from the measured energies E; and E, using: L -crystalto detector distance
- { » K E, 10 <in 20 1) 1 n Op — Bragg angle
1, = Ltanjcos —— A0 sin 205 — _
Eq2 A0 sin 26 — 1 A0 - detuning angle
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Quantum image construction
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Quantum Image
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P. Espoukeh, G. Biener, J. Baxter, A. Aquila, P. Schwander, Sci. Rep. 15, 25359 (2025)
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P. Espoukenh, et. al.
Sci. Rep. 15, 25359
(2025)

With Slits

Conclusion

Without Slits Slits limiting the size

and divergence of
the incoming beam
are required
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* Modeling are a cost-effective means to accelerate SPDC and XQIl and optimize experiments
* Modeling of XQIl has been demonstrated by simulations using Monte-Carlo with ray-tracing
* Results have shown quantum advantage and thus allow for reduction of dose

* Optimization have been demonstrated by simulations using realistic parameters

* Simulations currently implemented for XFEL and can be easily adapted to synchrotrons

* Some noise/background sources have been implemented, more need to be addressed

P. Espoukeh, G. Biener, J. Baxter, A. Aquila, P. Schwander, Sci. Rep. 15, 25359 (2025)
GitHub Page: https://github.com/gabbiener/MCXQI-Simulation-Package
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