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* Biological matter is highly sensitive to X-rays 1.0E+14
1.0E+13
* Resolution d is limited by radiation damage 106412 | |
* Not by X-ray wavelength! LOBRY | s NNENC o or e
* Maximal tolerable dose limits number of photons — R I W 5
H . 4_ ’; MAXIMUM TOLERABLE \‘\‘\:‘:‘\:é 0 = ==
* Required number of photons scales with 1/d S | evos | 120 s ‘
2
. . QO 1.0E+08
 Damage-free resolution is 10 nm at best B
* Even when cryogenically frozen - ==
1.0E+06 | REQUIRED DOSE FOR IMAGING } :
(ROSE CRITERION)
* Sets fundamental limits to imaging with X-rays L ) . N
Resolution (nm)
 Compromises imaging of subcellular structures Howells et. al, J. Electr. Spect. Rel. Phen., 170, (2009).

 When dose cannot be distributed over many duplicates
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X-ray Quantum Imaging (XQl) with entangled photons reduce dose, and thus damage
* Allows to obtain the same Signal-to-Noise Ratio (SNR) with /ess photons

Principle is analogous to Quantum Imaging with visible light
* Similar imaging modalities apply

Entangled X-ray photons generated by Spontaneous Parametric Down-Conversion (SPDC)
* Biphotons, entangled in Momentum, Energy and Time
* Theory: Freund & Levine, Phys. Rev. Lett. 23, 1143 (1969)
* Experiment: Eisenberger & McCall, Phys. Rev. Lett. 26, 12 (1971)

In practice this is challenged by a very low conversion rate of 1019 — 10-11
* Conventional X-rays sources are not suitable

Exploit new generation of synchrotrons and X-ray Free-Electron Lasers (XFEL)
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Detector

Measurement of a photon reveals Position and Energy of its conjugate

Peter Schwander
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The Quantum Advantage

‘Thought Experiment’: Measure Transmission Coefficient T

‘Classical’
Exact # of photons unknown

‘Quantum’
Exact # of photons known

— Ny T — N
T, = wm = ﬁl
52 — 01\215 _T(N) T 52 = T2 01\215 N 01%1. 3 cov(Ns, N; ) _ T(1-T)
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Quantum allows to obtain the same accuracy at a fraction of the dose !
Substantial advantage for high transmission objects

o2 1

Quantum Advantage: QA = - = ——

2 1 _
aqlT

Advancing X-ray quantum imaging through
Monte-Carlo simulations, Espoukeh,
Biener, Baxter, Aquila and Schwander,
Scientific Reports, 15, 2025
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Tavg = 99.5%

# ph/pix = 400

Quantum SNR = 0.230 Ground Truth

Classical SNR = 0.001
J [ | m . = .f ] - | |

Peter Schwander
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800,000 ph/pix
Classical R2 = 0.685

4000 ph/pix

Classical R2 = 0.004

TAVg — 99.5% 10 r..h

‘Classical’ 20 &
SNR =2

10 20 30 40 50

Equiv. Image Quality

‘Quantum’

~200x less
Photons

Peter Schwander
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For Detector Quantum Efficiency DQE < 1

1
A =
QA=1T (2DQE — 1)T
1
This limits the Quantum Advantage to QA ax 1— (2DQE — 1)

The detector thus plays a key role for the QA!
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LCLS-Il Beamtime June 2024, XPP instrument

y Detector

6.7

SASE mode
Photon pump energy 9.81 keV

Pulse repetition rate 120 Hz

. Diamond Crystal

* Under Vacuum o8ikey  Slits iamond Crysta
- : | | O + AO ‘

* Diamond CVD-grown, 0.1 mm thick wnPUmR :

(400) reflection, advantage of Brewster angle!
e Detector ePix100 single photon, AE = 0.5 keV

James Baxter & Andrew Aquila
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Expected vs. detected photon energy
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Clearly reveals evidence for SPDC photons

Peter Schwander

Normalized Counts
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Pair images for different detuning angles A8

AO =0.009°

Confirmed predicted behavior from SPDC
Obtained ~ 10,000 pairs/h

Peter Schwander 12



UNIVERSITY OF WISCONSIN

MILWAUKEE Advancing XQl by Modeling

* Implemented simulation end-to-end pipeline for XQl in silico
* Ray tracing combined with a Monte-Carlo approach
* Modular software includes elements: source, crystal, sample, detector etc.
* SPDC process modeled according to the laws of Physics

Advancing X-ray quantum imaging through

° SUCh Simulations a”OW to Monte-Carlo simulations, Espoukeh,

Biener, Baxter, Aquila and Schwander,

. . ] ) ] . Scientific Reports, 15, 2025.
Assist in planning, design and execution of experiments

1

2. Refine simulation pipeline from results of measurements, in turn
3. Save valuable beamtime at facilities
4

Accelerate development of XQl for biological applications
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Ideal Source Divergence 2 prad Beam Size 200 pum Combined

{2 --‘-" l’ R -,

Classical

Quantum

Talk by Gabriel Biener tomorrow morning!
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e XQl with entangled X-ray Photons could reduce dose significantly
* Damage-free resolution no longer limited to 10 nm

* Quantum Advantage becomes significant for biological objects!
* Dose can be reduced up to afactor 1/(1 —T)

* Simulation with Ray tracing and Monte Carlo helps in the design and planning of experiments
* Saves valuable beamtime the the XFEL by mitigating risk

* First successful XFEL experiment for SPDC at LCLS-II, ~ 10k biphoton pairs per hour

e LCLS-II-HE upgrade can potentially produce ~ 10M biphotons per hour

* Quantum Advantage of XQl not demonstrated yet!
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Exploit Synergies

X-Ray
Facilities

Theory ..' Material
SPDC Science
\ X/

Data Detector
Analysis Science Please attend our Discussion

‘Collaboration & Funding’
today at 5pm
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Thanks for your Attention!

Funding

Biological and Environmental Research (BER)
BER DE-FOA-0002603, DE-SC0023170

B R, U-S- DEPARTMENT OF Office of

g \&
g 5
2 3 .
e /&)
A cience
§ 3
ZATES O%

17



