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hybridization at EUV-wavelengths
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Wavemixing
Fundamental processes with intriguing capabilities

Sum/Difference Frequency Generation Parametric Down-ConversionAbsorption / Reflection 

One-photon processes Two- (and more) photon processes
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A short history of splitting x-ray photons

1969/1970 Theory
Freund and Levine: 
semi-classical, non-relativistic framework

1971 Experiment on x-ray tube
Eisenberger and McCall: 
first observation; signal rate yield 2.7 ∗ 10ିସ cnts/s

1981 Experiment on x-ray tube
Danino and Freund: non-degenerate case

1998 / 2000 Experiment on synchrotrons
Yoda et al. / Adams et al.: 120 cnts/h

2007 - 2011
Tamasaku et al.
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Detection by coincidence signals

10ିସ

Main challenge:

Intrinsically low conversion rates

Yoda, et al. J. Synchrotron Radiat, vol. 5, no. 3, pp. 980–982, 1998.

Freund and Levine, PRL, vol. 23, no. 15, p. 854, 1969.

Eisenberger and McCall, PRL, vol. 26, no. 12, p. 684, 1971.

Adams, et al. J. Sync Radiat, vol. 7, no. 2, pp. 81–88, 2000.

Danino and Freund, PRL, vol. 46, no. 17, p. 1127, 1981.

Tamasaku and Ishikawa, PRL, vol. 98, no. 24, p. 244801, 2007. Can we use another 
signature for detection?Tamasaku, et al., Nature physics, vol. 7, no. 9, pp. 705–708, 2011.
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From all optical to x-ray parametric conversion
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What happens for photons with higher energies?

Phase-matching
condition

Trajectory of the
emission

Karan, Suman, et al., Journal of Optics 22.8 083501 (2020)

?? ?

Phase-matching
condition

Trajectory of the
emission

Optical PDC X-ray PDC (XPDC)

How to catch the
x-ray conversion cone?
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How to detect it?
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The phase-matching condition and its characteristic signature

Elastic scattering Nonlinear scattering Scanning Rotation symmetry

Characteristic scattering signature

Boemer, et al. Faraday discussions 228 (2021): 451-469.
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Catching the cone of XPDC
First observation of parametric conversion cone with x-rays

Detector

Bent crystal
analyzer

Diamond
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Experimental setupPhase matching for XPDC
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Catching the cone of XPDC
First observation of parametric conversion cone with x-rays

Workshop on Advancing Entangled X-Ray Photon Research | X-ray Wavemixing | Christina Bömer

Phase matching for XPDC
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Conversion cone consists of two features
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Positive and negative signal (relative to background)

Resembles Fano-features 

found by Tamasaku et al.
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A new interpretation for the Fano-like feature
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A polaritonic model for XPDC

Electronic state

Photonic state

Hamiltonian

Eigenenergies
Polariton theory by

Fridtjof Kerker 

and Dietrich Krebs
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Explaining the polaritonic features
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Scattering image reveals the two branches of EUV polariton
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Explaining the polaritonic features
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Scattering image reveals the two branches of EUV polariton

Direct imaging of
avoided crossing
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Polaritonics
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Drinks were on us

What‘s next ?
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EUV-Polariton at diamond absorption edge
Towards novel spectroscopies

288.5 eV

326.7 eV

291 eV

289 eV

310 eV
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Doctoral project 
of Fridtjof Kerker
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Looking at pronounced transition
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1s  * excitation in Lithium Triborate (LBO) crystals

Master project 
of Xenia Brockmueller

IXS signature at 
Boron K-edge 
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Observing x-ray conversion in other materials
Investigating semiconductors … Silicon and Gallium Arsenide

Manuscript in preparation (2025)

Low conversion efficiencies

require dedicated setups

(development ongoing)

New physics
(different from optical regime)

Breaking of inversion symmetry
(as origin of optical nonlinearities)

no longer essential in the x-ray regime

centrosymmetric structure non-centrosymmetric structure
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Mixing X-rays at DESY in Hamburg
Junior research group

X-ray
wavemixing

Experiments

Materials
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• Dietrich Krebs

• Lennart Waltereit

• Niclas Graf

• Fridtjof Kerker

• Max Thurm

• Tom Liedke

• Xenia 
Broeckmueller

• Anna Barinskaya

• Ankita Negi

Curious to join our group?

 Feel free to contact us!
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Challenges & Opportunities
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Summary

Transfer from optical x-ray photon energies

Challenge: Beam properties of x-ray sources
Opportunity: XFEL, XFEL-Oscillator

Quantification

Challenge: quantitative studies: exp and theory
Opportunity: new physics

Exploration

Challenge: Have a ‚closer look‘ to the nonlinear signal
Opportunity: new physics

?? ?
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