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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!

Molecular Microscopy: Fundamental Limitations

Abstract. On the basis of estimates of molecular damage caused by the observa-
tion process, it is concluded that molecular microscopy of biological molecules in
which the individual atoms are resolved is impossible with an electron or x-ray
microscope. Microscopes that use low-energy helium atoms or neutrons as illumi-
nants may be capable of serving as ultimate biomolecular microscopes.
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The issue with atomic imaging
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The LCLS: High peak brightness, sulfs pulses, and coherent
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Objective: beat damage limits using correlated photons
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Our first, and only, test at LCLS was parasitic
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No one knows what the exactnonlinear cross-section Is

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

mode
detector
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What did we see?
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pix

epix100 detector cali

oration: Fluorescence data from Zn, Fe, TI.
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Finding evidence of single photon downconversion during
beamtime!

positive detuning data negative detuning data solated SPDC sianal
(expect SPDC) - (control) g
4 6000 7.0
5000 6.5 6.5 0.04
& 5000 s
4000 £ g o0 0.02
> 5.5 4000 < 55
3000 S 2
e 5.0 3000 ¢ 5.0 0.00
b o
€ 4.5
2000 g 2000 § 45 -
£ 4.0 2 40 .
1000 1000 =
3.5 3.5 -0.04
0 3.0 0 3.0
100 200 300 400 500 100 200 300 400 500
distance from center (pix) distance from center (pix)

distance from center (pix)

From difference of positive and negative detuning we see an enhancement of photon counts at a radius that
matches the expectedownconversiordegeneracy line.
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Finding Evidence of X-ray parametric downconversion

detuning of 0.009
See aring!
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Photon Pair Finding (really doing the analysis)

This work was done by James Baxter
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Trying different detuning angles

20 8

Why did this work so well?
A Pulse nature of FEL means every frame is from the samayXunch
A Calibration of detector and droplet model for energy resolution

A Having the system in vacuum was exceedingly useful

A Working at the Brewster angle reduced scatter background
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We have accurate crosssection measurements for diamond 400
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Imaging of a real object: Can we gain a quantum advantage?
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Imaging of a real object: Can we gain a quantum advantage?
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We did not have enough correlated photons to image It

Range: 3-7.5 keV Range: 4-5 keV
700 T T 700 T 32
600 185 600 31 . .
Running Histogram
500 180 500 30 0 "y : P (CXTF ,["P‘ v
1550
29
400 175 400
=
28 50
300 170 300 1525
27
200 200
165 26
100 : 100 100 1500
B : 160 25
AEhpre %&%‘ : R i i
T T —— et
] c
100 200 300 400 500 600 700 100 200 300 400 500 600 700 g 1475 5
X X [1+] (o]
- 150 O
Range: 5-6 keV Range: 6-7.5 keV n g
700 e 700 Tt o £
a2 > 1450 <
106 o
600 600
41 104 200
500 500 1425
40 102
400 39 400
- o 220 1400
38
300 300 98
37
200 200 96
36 300 1375
100 100 94
35 0 50 100 150 200 250 300
92 X-axis Label

100 200 300 400 500 600 700
X X

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



Next steps: prove quantum advantage & make a jtscope!
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Planned experimental setup (note: angles not to scale)



Schematic (more to scale version)

Detector! !
A We would like ~1 pm focal spot for the
sample / FOV
A Geometric magnification ~100x needed
Sample (impacts distance sample to detector)

. A The FEL on the diamond is ~50 pm x 50 pm
2D optic : : :
(impacts optic to focus distance and)

A Optic working distance ~1 cm

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

A Distance Diamond to optic can be
adjusted.
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Diamond ?

SLAC Starting to procure and finalize design of hardware



Can we try phase contrast imaging?

Pixel array detector

» Pixel array detector

Diamond Crystal

What is the shift in position?
GU 07
Y
As we know where the idler photon hits the detector, we know where the signal photon

-. .. shouldas well. Any shift in position will provide phase information not obtainable in
“=m%= classical imaging.




LCLS In entering a new era

We should think of all the techniques where we condition the FEL and throw -out orders of magnitude
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How many correlated photons could LCLS generate

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

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

A LCLSII 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.

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

A We 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 brphotons per second. Or ~2,000,000 per hour)
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LCLS is planning a cavity FEL

chirped e-beam
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We could operate
parasitically inside the
cavity where significant
more monochromatic
fluence!



Conclusions

A These experiments do not run without a team: James Baxter, Nicolas Hartley, Alex Halavanau, Peter
Schwander, Gabriel Biener,PakhshanEspoukeh, Justin Goodrich, HasanYavas Matthew Seaberg,
Elyse Schriber, Vincent Esposito, Eunice Yoon

A Funding from DOE grant with UWM
A Determined fundamental cross-sections (for diamond at least)
A Starting to develop microscope setup

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

ener relative relative

material reflection [ke%f]y OBrage (°) biphoton  background rate
rate (arb.) (arb.)

C (400) 9.83 45.00 1.00 1.00

Si (335) 10.85 45.00 0.44 1.14

Ge (444) 10.73 45.00 2.21 4.28
CaF; (335) 10.65 45.00 1.69 2.84
Csl (440) 10.86 45.00 3.29 9.98
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Can we get around radiation damage®?
Quantum Imaging has been accomplished with visible light!
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Can we do this with X-rays?

History of nonlinear Xray science:X-ray nonlinear science did NOT start with FELSs. It started 50
years ago with Xay parametric down conversion.
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E; (keV)

Active work In the last year at synchrotrons

Why is the method only of
limited used at
synchrotrons?

- t5/ Aa | aK2YS2LJ) 0KAOE
photon technique that
generates 1 bphoton

b) pairs for every ~1&
s Incident photons. (Best
o ] observed at synchrotron is
o i of order 1000
5 o0 B photons/hour!)
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St An arXiv:2310.13078v1 & Results in Physics57, 107328 (2024)



