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Quantum-Enhanced Microscope Project

Funded by DOE BER program
“Partner User Proposal” at CHX

« Goal: Quantum-enhanced X-ray microscope for low-
dose, high-resolution imaging of hydrated biological
samples

« Approach: Extend ghost imaging / quantum
illumination to X-rays ¢ Correlated X-ray sources °
Advanced computational reconstructions

« Applications: Bioenergy crops * Non-destructive
phenotyping ¢ Link biomass structure <» omics
Assess X-ray exposure effects

* Impact: New quantum X-ray imaging tools at NSLS-I|
* Bridge nm—mm scales * Reduce radiation damage
Advance bioenergy research

L¢) Brookhaven https://www.bnl.gov/nsls2/research/gm/ 4




Project Motivations and Goals

Problem:

 The necessary X-ray flux required for high quality measurements can be destructive due to radiation
damage

 Required dose increases with resolution; below ~30-50 A, classical diffractive measurements becomes
impOSSible without damage[1] Ghost |mag|ng

s [1]
:3"‘ N l Miao(l2001)l:'0.25nm—>o PI’OjeC.t Goz_ils:
ook (simulation |« Explore te_:chnl_ques in ghost and
o JLLL| Mo 0(5230): Ll | qua_mtum imaging for the X-ray
10" Inl0.1x0.1m= 2T 1 regime at NSLS-II

Achieve reduction of dose
required to obtain high quality
images/radiographs and
diffraction patterns, particularly
from biological samples and
other dose-sensitive materials

Required X-ray Dose (Gy)

Quantum Imaging / Optics

Resolution (A) Potential VI scaling![?!

[1] Shen, Qun, Ivan Bazarov, and Pierre Thibault. "Diffractive imaging of nonperiodic materials with future coherent X-ray sources." Journal of synchrotron radiation 11.5 (2004): 432-438.
[2] Asban, Shahaf, Konstantin E. Dorfman, and Shaul Mukamel. "Quantum phase-sensitive diffraction and imaging using entangled photons." Proceedings of the National Academy of Sciences 116.24 (2019): 11673-11678.
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SPDC X-rays: Overview

« X-ray SPDC123]; Non-linear diffraction phenomenon
« Typically use diamond as the medium but others (Ge, LiF, etc.)
investigated in the literature

« Just as in the optical regime, process requires phase-matching:
 slight detuning from Bragg condition
» generates photon pairs which conserve energy and momentum

« Challenges for X-rays:
* Very low (~10-1%) conversion efficiency (compare to ~10-° for optical SPDC)
« Large background number of scattered pump photons
« Lack of ideal X-ray detectors and optics:
« fast event timestamping and energy resolving X-ray area detectors
« applicable X-ray mirrors and polarization filters

[1] Freund, Isaac, and B. F. Levine. "Parametric conversion of X rays." Physical Review Letters 23.15 (1969): 854.
[2] Eisenberger, P., and S. L. McCall. "X-ray parametric conversion." Physical Review Letters 26.12 (1971): 684.
[3] Adams, Bernhard, et al. "Parametric down conversion of X-ray photons." Journal of synchrotron radiation 7.2 (2000): 81-88.
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XSPDC: Record Rates & Novel Imaging
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« X-ray SPDC Detection Rates:

* Previous best: 317 pairs/hour (2016)!! ;%103’
« Our project: ~4,050 pairs/hour (2023)[2, ~6,300 pairs/hour (2024)13], & 2 . =
~7,800 pairs/hour (2025)4 g 8
§ Lo s ESRF
% Photon Factory
 Quantum X-ray Ghost imaging: X 200 O]
1970 1980 1990 2000 2010 2020
Year

* Previous best: 1D scanning measurements of thin slits (2018)[®!
« Our project: 2D reconstructions of a biological sample [cardamom seed] (2024)(3]
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[1] Borodin, D., et al. "X-ray photon pairs with highly suppressed background." Physical Review A 94.1 (2016): 013843.

[2] Goodrich, Justin C., et al. "Imaging of X-ray Pairs in a Spontaneous Parametric Down-Conversion Process." arXiv preprint arXiv:2310.13078 (2023).
[3] Goodrich, Justin C., et al. “Quantum Imaging with X-rays" arXiv preprint arXiv:2412.09833 (2024).

[4] Goodrich, Justin C., et al. “Quantum Imaging with X-rays” Optica (2025) [UNDER REVIEW].

[5] Schori, A., et al. "Ghost imaging with paired x-ray photons." Physical Review A 97.6 (2018): 063804.
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Lynx T3 (Timepix3) Detector(!l

Experimental Setup

p-type
silicon layer

Photon-counting

Diamond in Goniometer

anding wik-_ il B i+ 1.56 ns time resolution

(X, y, TOA, ToT)
event-based readout

Probability Density

to2 read-out cell

Distance from Bragg Spot on Detector (cm)
o

02 04 06 o8 10
SPDC Energy Fraction (x)
A

Lynx T3 Detector

o
o

15 keV

e Diamond (111) .

*Most probable degenerate (E; = E; = %Epump) biphoton shown,

but process generates a cone with the full spectrum of biphoton energies (0 < E < Ejyp)!

s = \/QAG sin(260)

1—=z

T

[1] Frojdh, Erik, et al. "Timepix3: first measurements and characterization of a hybrid-pixel detector working in event driven mode." Journal of Instrumentation 10.01 (2015): C01039.
[2] Goodrich, Justin C., et al. "Imaging of X-ray Pairs in a Spontaneous Parametric Down-Conversion Process." arXiv preprint arXiv:2310.13078 (2023).




The Timepix3 detector

" 25|
Hybrid pixel event-based detector S & 20 Hbunches e
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ToA precision: 1.5625 ns 2 5000 |
Readout: x,y, oA, ToT O™ |
Data rate: 40 Mhits/s/cm? .
Energy range: 2 keV - 60 keV N |
ToT (ns)
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Charge Sharing and Multi Photon Hits
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Extracting Energy

C
TOT(E) =aE +b T4
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Detection of SPDC X-rays

« |dentification of SPDC pairs vs. backgroundtt!
» Detector time-over-threshold (ToT) and
spatial filtering used to isolate SPDC pairs
« Strong time coincidence signal indicative of
biphoton detection
 Robust emission angle anti-correlation shows
process non-degeneracy and confirms energy
conservation

= E pump

o?
2A0 sin 20 + 1

» Dispersion of angles / calculated energies due to
mosaicity of the crystall?
» Spread of Rocking curve causes spread of
detuning angles (A6) of SPDC pairs!

[2] Goodrich, Justin C., et al. “Quantum Imaging with X-rays" Optica (2025) [UNDER REVIEW].
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[1] Goodrich, Justin C., et al. "Imaging of X-ray Pairs in a Spontaneous Parametric Down-Conversion Process." arXiv preprint arXiv:2310.13078 (2023).



Timewalk Observation
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Time-over-threshold difference vs. time-of-arrival
difference histogram, after spatial filtering, for
~130k pairs

Observation of ToT anti-correlation (photon
energy non-degeneracy)

Data shows timewalk phenomenon: events with
larger ToT (higher energy deposition) cross
detection threshold more quickly
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Correlat

[1] Goodrich, Justin C., et al. “Quantum Imaging with X-rays" arXiv preprint arXiv:2412.09833 (2024).
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Towards Sub-Poissonian Imaging

Shot-noise limitation:

« Photon counts ~ Poisson — intrinsic VA variance

* Fluctuations in N,,.i4ent dOMinate uncertainty in transmission
« Photon-starved regime = poor SNR, requires high dose
Applying to X-ray SPDC:

* Need high certainty detection of down-converted photons

« Major challenges: large background, limited energy
resolution (~2 keV FWHM)

« ldentification model based of Bayesian statistics:

h(t)
(t) + Bgis kev (t)

Current limits — outlook:
* Present: § ~10° — Pgppc = 4%

P(SPDC|t) = &

B (1/SNR)

108

10°

10*

102

100 !

1072 -
0.5

 2x energy resolution and 100x background reduction — Pgppc = 95%
* Timepix4 (~1 keV FWHM) + high-order/Laue geometries = path to true sub-shot-noise X-ray imaging

[1] Goodrich, Justin C., et al. “Quantum Imaging with X-rays" arXiv preprint arXiv:2412.09833 (2024).
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ML-Based
X-ray Ghost Imaging




Basics of Ghost Imaging

« Ghost imaging (Gl): Imaging of objects via photons which never locally interacted with theml1]

» Consider concept of the Fourier series — decomposition of complicated signal into a
summation of basis states (sinusoidal functions)

Ghost Imaging

« Asimilar decomposition happens in classical

ghost imaging Classical Ghost Imaging

Speckle patterns act as pseudothermal light sources representing orthogonal
basis states with amplitudes calculated from the differential integrated

intensitiesl?l

Quantum lllumination

N
sy(z) = % +3 4, .cos(%ﬂm _ cpn) Quantum Metrology/Sensing
n=1

Quantum Holography

N
1 <S>
G(xy) = 1) (5= == < Xi ) (x,)
i=1

Quantum Lithography

frequency  \where S and X are integrated intensity of B and | respectively... 3 .
& Quantum Imaging / Optics

19

[1] Shapiro, Jeffrey H., and Robert W. Boyd. "The physics of ghost imaging." Quantum Information Processing 11.4 (2012): 949-993.
[2] Ferri, Fabio, et al., “Differential ghost imaging.” Physical Review Letters 104, 253603 (2010). 253603.




X-ray Ghost Imaging Setup

» Experimental setup: coherent X-rays create

static speckle illumination pattern

» Shuttle sample in/out then move measurements

Porous ceramic
-

Yy,

Membrane EigerdM

Partially coherent
9.6 keV X-rays
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Capture both sample in and sample out
measurements using area detector

High degree of correlation between
same-pair speckle patterns, low degree
off-pair

Fitting pixel intensities to negative
binomial distribution gives contrast ~25%
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[1] Goodrich, Justin C. and D. Bollweg, et al. “Ghost Radiography of Complex Samples with Speckle Illlumination." Optica Open. Preprint. https://doi.org/10.1364/opticaopen.30223492.v1 (2025).



Ghost Imaging as an Inverse Problem

A Is a matrix containing m measurements of illumination patterns of size n total pixels, x is the true image,
and y contains the m bucket detector measurements. The measurement process can be modeled as:

y=Axr + ¢

where € ~ N(0, 62l) is measurement noise. The posterior probability is given by:

W X Ir — 2
plat) = PP _ e { 42—y }p(x)

and we can estimate the original image via:

. . 1 ‘
IMAP = arg min {—2|A’I‘ — ?j‘Hz — 1ng(:r:)]
r |20

[1] Goodrich, Justin C. and D. Bollweg, et al. “Ghost Radiography of Complex Samples with Speckle Illlumination." Optica Open. Preprint. https://doi.org/10.1364/opticaopen.30223492.v1 (2025).
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Choice of p(x) - TV and DruNet Priors

The prior p(x) acts as a “regularizer,” but what is the right functional form?

Classical Priorsl]

PSNR

Years Core concept Formulae for p(-)

~ 1970 Energy regularization x5

1975-1985 | Spatial smoothness |Lx||3 or [|D,x| + || Dpx|3
1980-1985 | Optimally Learned Transform | || Tx||5 = x' R~ 'x (via PCA)
1980-1990 | Weighted smoothness | Lx |3

1990-2000 | Robust statistics 17 {Lx} e.g., Hubber-Markov
1992-2005 | Total-Variation Jpeq |VX(V)|dv = 17,/|D,x|? + |Dpx|?
1987-2005 | Other PDE-based options Joeo 9 [VX(v), Vx(v)] dv
2005-2009 | Field-of-Experts 2ok A1 { Lpx }

1993-2005 | Wavelet sparsity | Wx||

2000-2010 | Self-similarity 2ok 2 iean) AREex, Rjx}
2002-2012 | Sparsity methods llallo s.t. x = Da

2010-2017 | Low-Rank assumption >k 1 X I«

29.5

29

28

27.5

[1] Elad, Michael, et al. “Image denoising: The deep learning revolution and beyond-a survey paper." SIAM Journal on Imaging Sciences 16.3 (2023).

ML-based Priorslil
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ADMM for Solving Inverse Problems

Solving the minimization problem with “alternating direction of method multipliers” (ADMM) —
an optimization algorithm that decomposes the problem into smaller, easier subproblems that are solved
iteratively and coordinated through variables (Lagrange multipliers)

Algorithm 1 ADMM with TV regularization Algorithm 2 PnP-ADMM with denoiser f,
Input: A,y,4,p Input: A,y,o,p
Set: x0=0,20=0,up=0,k=0 Set: X0 =0,20=0,u90=0,k=0
while A, < € do while A, < € do
-1 -1
xke1 = (ATA+pD'D) " (Aly + pD” (zk — uy)) xie1 = (ATA+p1) (ATy + p(zx — uy))
Zk+1 = shrink(Dx g4y + ug, 1/ p) Zit1 = fo(Xke1 + )
Uiy = U+ DXjyy — Ty Uyl = Uk +Xfy] — Tkl
k=k+1 k=k+1
end while end while

[1] Goodrich, Justin C. and D. Bollweg, et al. “Ghost Radiography of Complex Samples with Speckle lllumination." Optica Open. Preprint. https://doi.org/10.1364/opticaopen.30223492.v1 (2025).
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Ghost Imaging Reconstructions

Original

ADMM+TV ADMM+DruNet
d
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[1] Goodrich, Justin C. and D. Bollweg, et al. “Ghost Radiography of Complex Samples with Speckle Illumination." Optica Open. Preprint. https://doi.org/10.1364/opticaopen.30223492.v1 (2025)



Reconstruction Metrics
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[1] Goodrich, Justin C. and D. Bollweg, et al. “Ghost Radiography of Complex Samples with Speckle Illlumination." Optica Open. Preprint. https://doi.org/10.1364/opticaopen.30223492.v1 (2025).




Conclusions

This work: Exploration of ghost imaging and quantum imaging techniques for use in the X-
ray regime at high intensity X-ray sources

Achieved Important Steppingstones:
* Very high rates of X-ray SPDC
« 2D X-ray quantum correlation images
« Employing modern ML techniques in image reconstructions

Future Work:

« Demonstration of the “quantum advantage” using idler information in low photon count
transmission measurements

« Using beam splitter to study dynamics (i.e., XPCS) at faster time scales and shorter length
scales: XQCS

« Extending computational techniques beyond traditional ghost imaging formulations to improve
Image reconstructions (multi-pixel/super-resolution ghost imaging, structured illumination, etc.)

L:.‘ Brookhaven

National Laboratory 26
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Timewalk Corrections
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