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Why X-ray Photon Pairs?

> X-ray quantum effects were Ghostimaging/
not measured in 2D single pixel imaging

»Were demonstrated in optical
regime

»Photon pairs - correlated e e
beams

»Enhance measurements by:

»Improve signal to noise ratio
(SNR)

»Sub shot noise imaging

»Beneficial for x-ray:
»lonizing radiation

Object

P.A. Morris, et al. Nat. Comm. 6, 5913 (2015)
Twin beam correlation
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How to Generate
X-ray Photon Pairs

» X-ray spontaneous parametric
down conversion (SPDC) @

»In SPDC:

» Pump photon — nonlinear interaction — photon pair is generated

» The pair conserve energy with the pump:
»hwp = hwq + o,

» Origin of nonlinearity - Plasma-like nonlinearity of nearly free
electrons at X-rays wavelengths
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Photon Pairs Spatial Distribution

» X-ray phase matching (n~1):
>7€p order of magnitude of G

>G - Reciprocal lattice vector
>k, + G =ky + Ik,
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Photon Pairs Spatial Distribution

»2D photon pairs distribution - ring shape
» Simulation result —

» All combinations of wq, w-
are generated
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>Different radii around k, + G for each energy! _.

»Smaller energy (w1< w-,) larger radios
»Larger bandwidth — thicker ring
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X-ray Photon Pairs —
Established Observation Method

»Main challenge: strong background noise!

»Photon pairs rate < background noise rate

By 4 orders
of magnitude

»Random background - “false pairs”
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X-ray Photon Pairs —
Established Observation Method

»|n phase matching — we measure off Bragg
»Malin background — Compton

»What to do?

»Synchrotron radiation is polarized

»Low energies (electron rest mass) - Compton
Cross section is approximately Thomson

»Suppress Compton by 90° geometry

D. Borodin et al., Phys. Rev. A, 94, 013843 (2016)
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X-ray Photon Pairs —
Established Observation Method

» Limitations of 90° geometry:
» Synchrotron radiation is not 100% polarized

» Contribution from terms beyond the dipole
approximation

»Measurement not at exactly 90°
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X-ray Photon Pairs —
Established Observation Method

»Use properties of Photon pairs:
»Generated at the same time >

Coincidence
measurement

Energy resolving
detectors

»Conserve energy with the pump mm)p

»Pair of single pixel detectors
Silicon Drift Detectors (SDD):

» Temporal resolution: ~100 ns
» Energy resolution: ~200 eV
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X-ray Photon Pairs —
Recent Works

» 1D energy-position correlations
» 1D slice of the ring
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A. Schori et al., Phys. Rev. A, 97, 063804 (2018)

» Took few days

»2D measurement is not practical!
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Single Pixel Detectors -

Challenges

»Complicated setup:
» Scanning with slits and motorized stages

»For each pair of w4, w, -
change positions
»Each detectors position — few hours of scanning

2D gquantum effects —
~F 2D pixilated detectors needed!

i
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Options for detectors

Detector Photon Energy Temporal
type number resolution resolution
resolving | (eV) (ns)
Silicon drift  Yes 150-300 20-1000 oD
detector
Avalenche Yes 1000 1 0D
photiodiode
Timepix Yes 2000 10 2D
< ___pnCCD Yes 150-200 106 2D >

» Energy vs temporal resolution

»To explore energy dependence and far field
correlation in 2D — pnCCD

> But how without coincidence measurements?
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X-ray Photon Pairs

Extension to 2D

» 2D x-ray detector (camera) — pnCCD:
»Energy resolution better than 200 eV
»Pixel size 48 um, 264 x 264 pixels
»Frame rate — 1000 Hz
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S. Send et al., Nucl Instrum
October 2025 Research Methods Phys Res A 711, 132 (2013)
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Experimental Setup

»Pump 21 keV

»Measure in ~90
degree to suppress
Compton

»Nonlinear crystal — Diamond @
diamond o

»pnCCD - energy
resolving 2D
detector

»P09 - PETRAII,
DESY, Germany

27/\'e|/
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The Challenge: Photon Pairs
within Dominant Background

»Low temporal resolution (1 ms)
»Only energy resolution - Insufficient

»High rate of random background photons
(“false pairs”)
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The Challenge: Photon Pairs

within Dominant Background

»Naive Approach

» Choose frames with only 2 photons:
» 1 left and 1 right of ring center
» Conserve energy with pump

> Problem:

» Loose useful data
» Large background contribution to

signal

»Low contrast (especially at low

energies)
»What to do?
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Solution — Use Small Pixel Size!

»Each pixel is a detector

»Much smaller area (50 mm? vs 0.0046 mm?)
»Low probability for “false pairs”

»Scan over detector area | R YA
> Select regions with counts |
above threshold e
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Results

Left energy: 125¢0.2keV | 115#0.2keV  110.520.2 keV
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Importance of Results

Left energy: 12.5%0.2 keV 11.5%0.2 keV 10.5%0.2 keV
Right energy: 8.5%0.2 keV 9.5%0.2 keV 10.5%0.2 keV
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» The radii depends on energy as predicted by theory
»Results agree with simulations



Importance of Results

»In the same measurement:

>Wide energy range (7-14 keV)
» 2D distribution of photon pairs

» Simple alignment:
1. Bragg reflection from the crystal

2. Positioning the detector at correct
distance
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Radii - Energy Dependence
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Radii - Energy Dependence

» How the ratio between the L

photon radii depends on
photon energy?

1.0

» For small angular deviations —
linear dependence
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Summary

»Observation of x-ray photon pairs 2D
correlations

»Direct measurement of radii dependance on
energies

» Measure broadband x-ray photon pairs
distribution In a single measurement

Outlook

»Paves the way for sub shot-noise imaging
»Quantum enhanced x-ray diffraction and scattering

Thank youl
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