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Why are X-rays good for biological imaging?
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The resolution limits of biological imaging
Motivation: The resolution of X-ray imaging, for biological samples, has not improved for 
the last ~20 years!
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The issue with atomic imaging

ÅFor classical imaging 
techniques of single 
objects ~10 to 20 nm 
resolution is the best 
obtainable for 
biological samples.

ÅFor identical objects 
we can do better: 
Single particle 
imaging & 
crystallography for 
example. Journal of Electron Spectroscopy and Related Phenomena 170, 4Ɖ12 (2009),

J Synchrotron Radiat. 11, 432-8 (2004),
J. Phys.: Condens. Matter 28 493001 (2016),

Ultramicroscopy 2, 337-349 (1977) & Scanning 37, 54-62 (2015) 



Sample sectioning is required for samples >300 nm

There are similar issues with electron tomography

200 nm20 µm
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The LCLS: High peak brightness, sub-fs pulses, and coherent

Nature Photonics 6, 693 ς698 
(2012)

Rev. Mod. Phys. 88, 015007 
(2016) 



Objective: beat damage limits using correlated photons

ᵞ Surpass the poissonian limit. SNRclassical~ N1/2 but SNRcorrelated ~ N

ᵞ Calculate a quantum advantage:
Espoukeh, P., Biener, G., Baxter, J. et al. Advancing 
X-ray quantum imaging through Monte -Carlo 
simulations. Sci Rep15, 25359 (2025)

Modeled reduction in 
photons ~1% sample 

transmission



Our first, and only, test at LCLS was parasitic

FEL beam with most of the beam transmitted through the first crystal



First tests at LCLS-1 was to determine the fundamental physics and background in a parasitic 
mode 

No one knows what the exact nonlinear cross-section is 



What did we see? 

¢ȅǇƛŎŀƭ ΨǎǇŀǊǎŜΩ ƛƳŀƎŜ -ǳǎŜ ΨphotonisedΩ ƻǳǘǇǳǘ ǘƻ 
count photons and their energy in each frame

Energy of each photon 



epix100 detector calibration: Fluorescence data from Zn, Fe, Ti.

Å Calibrated detector to ~0.5 keV accuracy over 3-10 keV range
Å Still not perfect



Finding evidence of single photon downconversion during 
beamtime!

positive detuning data
(expect SPDC)

negative detuning data
(control)- isolated SPDC signal

From difference of positive and negative detuning we see an enhancement of photon counts at a radius that 
matches the expected downconversiondegeneracy line. 



Finding Evidence of X-ray parametric downconversion
detuning of 0.009°
See a ring !



This work was done by James Baxter

Photon Pair Finding (really doing the analysis) 

~11,000 pairs/hour (1 per 40 frames) 



Trying different detuning angles

0.009° 0.015° 0.022°

Why did this work so well?
ÅPulse nature of FEL means every frame is from the same X-ray bunch 
ÅCalibration of detector and droplet model for energy resolution
ÅHaving the system in vacuum was exceedingly useful
ÅWorking at the Brewster angle reduced scatter background



We have accurate cross-section measurements for diamond 400



Imaging of a real object: Can we gain a quantum advantage? 

Ǐǒ ěª ¦J°º­« |J´ ƚǔǍӆ
transmission at 8 keV
Quantum Kat-pton

Quantum kitten
6 NXӃÉ ´|J°XT żMJ³¦ «zż T­z

(Keith Haring)



Imaging of a real object: Can we gain a quantum advantage? 

ᵞ Ǐǒ ěª ¦J°º­« Ç º| º³J«´ª ´´ ­« ƚǏǍӆ Jº Ӆ ¦XE
ᵞ Quantum advantage is higher for transmissive 

samples



We did not have enough correlated photons to image it

This should give us pause on how much background we were seeing and how to 
address it



Next steps: prove quantum advantage & make a µ-scope!

Planned experimental setup (note: angles not to scale)



Schematic (more to scale version) 

2D optic

Sample

Detector

Diamond ?

ÅWe would like ~1 µm  focal spot for the 
sample / FOV

Å Geometric magnification ~100x needed 
(impacts distance sample to detector)

Å The FEL on the diamond is ~50 µm x 50 µm 
(impacts optic to focus distance and)

Å Optic working distance ~1 cm

Å Note the emission angle is ~1 degree (but 
can be reduce to ~0.5 if necessary) need to 
investigate detuning angle

Å Distance Diamond to optic can be 
adjusted.

Starting to procure and finalize design of hardware 



Can we try phase contrast imaging?

Diamond Crystal

L0 L1

Pixel array detector

Pixel array detector

What is the shift in position?
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As we know where the idler photon hits the detector, we know where the signal photon 
should as well.  Any shift in position will provide phase information not obtainable in 
classical imaging.



We should think of all the techniques where we condition the FEL and throw -out orders of magnitude 
­Z °|­º­«´ Z­³ J ż°X³ZXNºŽ MXJªŸ

LCLS in entering a new era 

103 to 10 4



How many correlated photons couldLCLS generate 

ÅWe were observing ~1 correlated pair per 40 pulses at existing fluence

ÅWe can increase the spectral fluence by going to seeded operation. This mode allows up to 
gain a factor of ~5x more monochromatic flux

ÅLCLS-II HE will generate >35,000 pulses per second when it turns on, however these will 
be reduced in fluence by a factor of 10 per pulse. ~30x gain in rep rate. 

ÅBy 2028 we should be able to generate ~1,000,000 correlated photon per hour! 
(~100,000 in parasitic operation)

ÅWe will ultimately be limited by the ~40 W input onto the mono. We expect to get 
between 0.1 and 5 W of monochromatic power downstream of the LCLS mono 
(depending on mode). (1W is about 600 bi-photons per second. Or ~2,000,000 per hour)



LCLS is planning a cavity FEL

We could operate 
parasitically inside the 
cavity where significant 
more monochromatic 
fluence!



Conclusions
ÅThese experiments do not run without a team: James Baxter, Nicolas Hartley, Alex Halavanau, Peter 

Schwander, Gabriel Biener, PakhshanEspoukeh,  Justin Goodrich, Hasan Yavas, Matthew Seaberg, 
Elyse Schriber, Vincent Esposito,  Eunice Yoon

ÅFunding from DOE grant with UWM

ÅDetermined fundamental cross-sections (for diamond at least)

ÅStarting to develop microscope setup

ÅWe need the communities help to encourage this an opportunity for investment at LCLS 



Can we get around radiation damage?

For absorption contrast the 
SNR ratio goes as:

„

See: Light: Science & 
Applications 6, e17005 
(2017)

G. Brida, M. Genovese, and I. R. Bercheraŵ ż(È°X³ ªX«ºJӃ ³XJӃ ÊJº ­« ­Z ´ÄM-
shot-«­ ´X ²ÄJ«ºÄª  ªJz «zŵŽ 6JºÄ³X ;|­º­« N´4, 277 (2010)

Quantum Imaging has been accomplished with visible light!
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For incoherent light: „ ρ
For fully coherent light: „ ρ

For quantum light: „ ρ



Can we do this with X-rays?
History of non-linear X-ray science:X-ray nonlinear science did NOT start with FELs. It started 50 

years ago with X-ray parametric down conversion.

Isaac Freund and B. F. 
Levine PRL 1969 23854

P. Eisenberger and S. L. McCall
PRL 1971 26684

ά9ƴǘŀƴƎƭŜƳŜƴǘέ ǊŜǉǳƛǊŜǎ 
conservation of energy and 
momentum



Active work in the last year at synchrotrons

arXiv:2310.13078v1 & Results in Physics 57, 107328 (2024) 

Why is the method only of 

limited used at 

synchrotrons?

·t5/ ƛǎ ŀ άƘƻƳŜƻǇŀǘƘƛŎέ 

photon technique that 

generates 1 bi-photon 

pairs for every ~1010 

Incident photons. (Best 

observed at synchrotron is 

of order 1000 

photons/hour!)


