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Abstract: Quantum imaging leverages correlations between pairs of photons and has the24

potential to obtain image information beyond what classical sources provide. Extending this25

approach to the X-ray regime has been limited by low photon-pair generation rates and the26

lack of suitable detectors. Here, we demonstrate X-ray coincidence imaging using spontaneous27

parametric down-conversion (SPDC) and a pixelated area detector with time- and energy-resolved28

capabilities. This configuration enables simultaneous detection of correlated X-ray photon pairs29

and coincidence-based imaging of test objects, including a biological specimen. The increased30

coincidence rate and spatially resolved detection establish a basis for future quantum-enhanced31

and low-dose X-ray imaging.32

1. Introduction33

The generation, manipulation, and detection of single photons has led to numerous advancements34

in quantum information science and technology. Spontaneous parametric down-conversion35

(SPDC) is a key method for producing pairs of correlated single photons [1–4]. SPDC is a36

transformative technique used in both fundamental quantum physics [5–8] and various quantum37

technologies [9–14]. During the SPDC process, a photon from a pump beam is down-converted38

in a non-linear material into a pair of correlated photons, commonly called the signal and idler.39

This process has been widely applied in the visible and infrared spectral regimes. However,40

adapting this method to X-ray energies poses significant challenges, including the low conversion41

efficiency of commonly used media, such as single crystal diamond, and the absence of rapid,42

energy-resolving X-ray detectors [15–31].43

In this study, we report new insights into both the theoretical and experimental aspects of44

X-ray SPDC. We performed quantum correlation imaging (twin-imaging) of various objects,45

including a structurally complex biological sample (E. cardamomum seed), using X-ray SPDC46
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Fig. 1. Quantum X-ray correlation imaging. (a) A conceptual schematic of the non-
linear X-ray diffraction (SPDC) imaging setup. 15 keV pump X-rays from a synchrotron
light source produce a ring of SPDC biphotons resulting from the non-linear diffraction
of a diamond crystal. Imaging objects, including a patterned tungsten test object
(cat-shaped) and an E. cardamomum seed, are placed within the ring on the lower
two chips of the detector, while the upper chips remain unobstructed. Coincidence
measurements yield twin images, one in the signal plane (lower chips) and one deformed
due to energy non-degeneracy in the idler plane (upper chips). (b) Reference image of
the cardamom seed captured using a classical light source of scattered 15 keV pump
X-rays. (c) The quantum correlation image of the seed on the signal plane with photon
energies probing the samples ranging from 5 to 10 keV. (d) The quantum correlation
twin image of the seed on the idler plane, rotated to align with the signal detector’s
frame of reference for easier comparison, showing distortion due to the non-degeneracy
of the X-ray photon pairs. Figures (b)-(d) were generated using the same number of
photons for accurate comparison.

photon pairs detected at rates approximately 25 times higher than previously reported synchrotron47

values [29] and approximately six times higher than recently reported at an XFEL [30]. We48

also investigated the influence of the crystalline quality of the non-linear medium and beam49

divergence on the properties of the generated biphotons. Furthermore, we discuss the prospects50

of using such correlated photons for quantum-enhanced transmission measurements, including51

sub-shot-noise imaging modalities. These results demonstrate the practical feasibility of using52

quantum correlations for X-ray radiography, representing an important step toward reducing53

radiation exposure in dose-sensitive materials [32,33]. Compared with earlier demonstrations54

using one-dimensional detectors [31], this work extends such approaches through high-throughput55

detection with area detectors and the first demonstration of X-ray coincidence imaging of a56

biological sample. Together with related studies exploring nonclassical and correlation-based57

imaging modalities in the optical regime [14, 34–39], our findings clarify the feasibility and58

broader significance of quantum X-ray methods for both applied imaging and fundamental studies59

in quantum optics.60

2. X-ray Quantum Correlation Imaging61

Quantum imaging offers significant advantages over classical imaging in several metrics [14,40,41].62

These include super-resolution capabilities that surpass the Rayleigh diffraction limit [37, 42, 43],63

noise reduction by measuring signals only coincident in two independent detection systems [12,38],64

and an enhanced signal-to-noise ratio (SNR) in transmission imaging under ultra-low light65

levels by correlating the so-called signal and idler photon coincidence counts (sub-shot-noise66

imaging) [39,44,45]. Despite significant advances in the optical regime, to date these techniques67

have remained largely inaccessible in the X-ray regime owing to the aforementioned challenges68

in the generation and detection of a sufficient number of correlated X-ray pairs.69

In our proof-of-concept experiment of imaging complex biological samples, we utilized the70

simultaneous detection of X-ray biphotons with a high-speed, two-dimensional pixelated area71



detector. This setup enabled the production of quantum correlation radiographs of various objects,72

including the intricate biological structure of an E. cardamomum seedpod. To the best of our73

knowledge, this is the first demonstration of quantum correlation X-ray imaging on a biological74

specimen.75

As illustrated in the conceptual schematic describing the experiment (Fig. 1a), the characteristic76

ring generated by the correlated SPDC photon pairs is recorded by a Lynx T3 pixelated area77

detector, which consists of four Timepix3 silicon ASICs. The top two chips are used to detect78

idler photons that are unobstructed by the objects under study, whereas the bottom two chips79

detect signal photons on the paths of the objects. By correlating coincident photon events in80

both detector arms, we generated two distinct quantum images, each from the respective frame81

of reference of the detectors (signal and idler, respectively). Fig. 1b-d show images of the82

cardamom seed using a classical source (scattered pump X-rays from the diamond crystal), as83

well as the quantum images with comparable photon counts. The image distortion (Fig. 1d)84

is due to the presence of non-degenerate pairs, which distribute on the ring non-linearly to85

satisfy conservation of momentum. The use of quantum correlations has the inherent property of86

reducing detector noise, as any electronic noise or cosmic rays incident on the sensor would have87

to exist simultaneously in both the signal and idler arms to be marked as coincident. On the other88

hand, other sources of noise, such as those from the scattered background, are always present89

because their arrival time is within the time resolution of the detector, and therefore require a90

more sophisticated pair-selection process. The improved detection capability of non-correlated91

single photons will reduce the uncertainty of the number of incident photons for projection92

imaging, which is useful for roentgenography and computed tomography measurements with93

significantly reduced doses [39].94

3. Generation and Identification of X-ray SPDC95

The SPDC process occurs if conservation of energy and conservation of momentum are satisfied,96

the latter commonly called phase matching. In our case, phase matching for X-ray down-97

conversion occurs when the crystal is detuned very slightly from the Bragg condition [15–17,20].98

The extremely low SPDC conversion efficiency of <10−10 significantly limits the number of99

generated photon pairs compared to similar processes in the optical regime. This difficulty is100

exacerbated by the substantial background of scattered pump photons that also reach the detector.101

The Timepix detector technology measures two additional timing parameters along with the102

(x, y) pixel coordinate of an event: the time-of-arrival (ToA) with 1.5625 ns precision, and the103

time-over-threshold (ToT) with 25 ns precision. The former allows us to time-stamp detection104

events for coincidence detection, while the latter acts as a proxy for the measurement of the105

energy of the detected photon. These two parameters facilitate the pairing of photons based on106

the smallest time differences after filtering out high-energy background events. Selecting such107

events allows for the detection of photon pairs with strongly correlated emission angles emerging108

from the diamond crystal and a robust time coincidence signal. Although the time precision of109

the Timepix3 chip is 1.5625 ns, the “timewalk” phenonemon [46,47], along with variations in110

the X-ray conversion points in the silicon detector, results in an effective time resolution on the111

order of ∼20 ns. Further refinement of the selected events based on spatial properties, such as112

pairs that are seen to conserve both the diffracted pump energy and momentum, allows for the113

isolation of SPDC photon pairs with high SNR (>100) [48].114

In our experiments, the detuning angle was set to 0.040◦, which was chosen to position the115

half-energy ring on the detector between the detector edges and a tungsten beamstop, which116

blocks the direct Bragg reflection. Despite the detuning angle being locked in such a way, the117

SPDC photon pairs were measured to have a spread of emission angles 𝛼𝑠 and 𝛼𝑖 on the order of118

0.1◦ (Fig. 2a). It is possible to compute the value of the detuning angle from each measured pair119

by applying the energy conservation law and knowing the existing inverse relationship between120
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Fig. 2. X-ray SPDC Properties. (a) Calculated emission angles and photon energies (in-
set) of isolated SPDC single photons align with theoretical phase-matching predictions,
confirming energy conservation and non-degeneracy. Data from 38 hours with imaging
mask obstructing the detector. (b) Pair detuning angles, derived from emission angles,
show a spread around the nominal 0.040◦, correlated with crystalline misorientation,
beam divergence, and Darwin width (rocking curve inset). Same dataset as (a). (c)
Radial distances and relative probabilities of SPDC photons vs. angle. (d) Measured
positions of correlated pairs in a characteristic ring pattern from a single exposure.
Lossy regions occur when one photon falls outside the detector. The detector is split
into a signal region and an idler region. Ghost images appear on the idler detector
when images are placed to occlude the signal detector. (e) SPDC energy contours
and occupation density with a quantum correlation imaging mask (tungsten cat and E.
cardamomum seedpod). (f) A square grid on the signal detector (bottom) maps onto
circular contours on the idler detector (top) due to non-degenerate energy correlations.

the energy and emission angle for each photon (see Supplemental Information for derivation):121

Δ𝜃 =
𝛼𝑠𝛼𝑖

2 sin(2𝜃) (1)

This calculation suggests that SPDC photons are generated with a spread of detuning angles,122

centered around the preset angle with a standard deviation (𝜎) of 0.0014◦ (Fig. 2b). The observed123

variance in the detuning angle corresponds to the variance of the measured diamond (111)124

Bragg peak rocking curve during the crystal alignment. For reference, the Darwin width of the125

diamond (111) Bragg reflection at 15 keV is 0.75 mdeg, of the upstream Si (111) monochromator126

Bragg reflection is 1 mdeg, and the vertical divergence of the incident beam, taking account127

of the source and slit sizes and distance separating them, was 0.1 mdeg. Compared with the128

measured rocking curve (full width at half max) FWHM of 3 mdeg, the crystal mosaicity is the129

predominant contributor to the rocking curve width. This correlation provides strong evidence130

that the mosaicity of the crystal, along with beam divergence, influences the phase matching of131

the SPDC process in a way comparable to the effect of such influences when performing 𝜃 scans132

(rocking curves). Furthermore, it indicates the importance of minimizing beam divergence and133



using a high quality non-linear medium for the generation of robust X-ray photon pairs; achieving134

the latter, for a diamond crystal, entails using as perfect a crystal as possible with a minimum of135

mosaicity.136

The final selections indicate SPDC rates approaching 7.8 × 103 pairs per hour, significantly137

surpassing previous benchmarks reported in the literature [29]. This is primarily attributed to the138

improved detector performance; the large, pixelated detection area (2.8 cm by 2.8 cm) significantly139

improves the solid angle coverage in comparison to previous studies which used silicon drift140

detectors and the event-driven mode providing spatial, temporal, and energy information for each141

hit provides more information per photon than previous detector technologies. Other factors142

include the high brightness of the 11-ID Coherent Hard X-ray Scattering (CHX) beamline and143

optimization of the chosen detuning angle to our experimental setup (detector distance and144

acceptance) in order to capture the maximum number of coincidences. Detecting pairs at this145

rate with a two-dimensional area detector (Fig. 2d) substantiates the practicality of utilizing146

the X-ray SPDC source for quantum imaging experiments, which was previously limited due147

to low count rates and the utilization of slit-based detectors [31]. Additionally, identifying the148

spread of detuning angles sheds light on the influence of the pump and diamond properties on the149

generation of SPDC biphotons. This understanding facilitates the use of sharpening corrections150

for the image blurring which arises from the spread of the pair emission angles. Such corrections151

can enhance the image clarity and precision while providing important insights into the best152

pump characteristics, crystalline quality, and detuning angles necessary for the production of153

SPDC pairs with minimal emission angle dispersion.154

4. SPDC Photon Energy and Spatial Properties155

A complete understanding of the energy and spatial properties of X-ray SPDC sources is essential156

for their successful application in quantum imaging. The SPDC process generates correlated157

single photons over a broad energy spectrum, which is given by the probability [16]:158

𝜂(𝐸𝑆𝑃𝐷𝐶 ) ∝ 𝐸𝑆𝑃𝐷𝐶 (𝐸𝑝𝑢𝑚𝑝 − 𝐸𝑆𝑃𝐷𝐶 ) (2)

where 𝐸𝑆𝑃𝐷𝐶 is the energy of an SPDC photon and 𝐸𝑝𝑢𝑚𝑝 is the energy of the X-ray159

pump. The highest probability of generating an SPDC pair occurs at degeneracy, where160

𝐸𝑠𝑖𝑔𝑛𝑎𝑙 = 𝐸𝑖𝑑𝑙𝑒𝑟 = 1
2𝐸𝑝𝑢𝑚𝑝. However, a significant number of photons are generated in161

non-degenerate conditions. The angle between the wave vector k𝑆𝑃𝐷𝐶 and the diffracted pump162

k𝑜𝑢𝑡 is given by the function 𝛼(𝑏), where b = 𝐸𝑆𝑃𝐷𝐶

𝐸𝑝𝑢𝑚𝑝
. The distance 𝑟 between the SPDC photon163

and the diffracted pump on the detector is given by:164

𝑟 = 𝐿 tan(𝛼(𝑏)) (3)

where 𝐿 is the distance between the detector and the diamond crystal. Considering the165

phase matching condition and conservation of momentum, with some approximations (see166

Supplemental Information) one can relate the energy of a photon with its position using the167

following equation:168

𝐸𝑆𝑃𝐷𝐶 (𝑟) ≈
𝐸𝑝𝑢𝑚𝑝

arctan2 ( 𝑟
𝐿
)

2Δ𝜃𝑠𝑖𝑛(2𝜃 ) + 1
(4)

Based on Equations 2 and 4, we derive the expected photon occupation and spatial distance169

as a function of the single photon energy fraction 𝑏 (Fig. 2c). The detected degenerate and170

non-degenerate photon pairs distribute on precisely defined energy rings, allowing the sample171

under study to be exposed to different X-ray energies over its cross sectional area, depending172

on the momentum transfer vector (Fig. 2c,e). A down-converted photon detected at position173



(𝑥, 𝑦) with a radial distance 𝑟 from the diffraction center will have its idler counterpart incident174

at position (𝑥′, 𝑦′) with radial distance 𝑟 ′ given by:175

𝑟 ′ ≈ 𝐿 tan
(
2Δ𝜃 sin(2𝜃)
arctan ( 𝑟

𝐿
)

)
≈

tan
(√︃

2Δ𝜃 sin(2𝜃) 𝑏
1−𝑏

)
tan

(√︃
2Δ𝜃 sin(2𝜃) 1−𝑏

𝑏

) (5)

The effect of this mapping is demonstrated in Fig. 2f, where an image of a square grid on the176

signal detector is twinned as circular contours on the idler detector.177

The non-degenerate properties of the source indicate the possibility of engineering a system to178

perform lensless geometric magnification by correlating high energy X-rays probing a sample179

with their lower energy counterparts at steeper emission angles. It also suggests the capability of180

an imaging mechanism in which the detuning angle is swept across a range of angles, exposing181

the samples to different energies over time, allowing for quantum X-ray absorption and quantum182

fluorescence spectroscopy schemes.183

5. Spatial Correlations and Detuning Corrections184

A key property of the X-ray quantum signal and idler correlation images (Fig. 3a) is their dual185

mirroring and flipping relationship. This can be most clearly observed with the cat-shaped test186

object, whose head is positioned on the inner side of the ring on the signal detector (lower left187

quadrant), appearing on the outer part of the ring in the idler detector (upper right quadrant).188

Similarly, the cardamom seed projects a direct image on outer ring radii, which are mirrored189

and flipped on the idler detector onto inner radii near the beam stop. This effect is due to190

the correlation of low emission angle, higher energy X-rays being absorbed by the objects191

being correlated with steeper emission angle, lower energy X-rays. In addition, the mapping of192

straight segments into circular contours is due to the energy non-degeneracy. The effect of this193

transformation becomes more significant when the object is positioned further away from the194

degenerate energy ring.195

Furthermore, an aberration is present in the twinned correlation images because biphotons are196

generated with a spread of detuning angles. This indicates the necessity of minimizing the pump197

divergence, using a high quality single crystal medium, and maximizing the detuning angle in198

order to reduce the impact of 𝜎𝜃

Δ𝜃
, i.e. the ratio of the rocking curve width (𝜎𝜃 ) to the detuning199

angle (Δ𝜃). However, increasing the detuning angle leads to other trade-offs: the emission angles200

of the biphotons increase, which requires either a larger detector while maintaining the detector201

distance or moving the detector closer to the diamond, thus sacrificing the effective resolution.202

One possible approach to correct this blurring is to scale the radial distances of events on the203

idler detector to distances that would have resulted from the nominal detuning angle (Fig. 3b) via204

a form factor expressed by the ratio 𝜃𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝜃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
:205

𝑟 ′𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐿 tan
(
Δ𝜃𝑛𝑜𝑚𝑖𝑛𝑎𝑙

Δ𝜃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
𝛼′
)

(6)

This sharpening correction applies a deterministic scaling to all idler events based on the206

calculated detuning angle via Equation 1. The form factor represents a geometric correction207

derived from the experimentally determined detuning-angle spread. Simulations (Fig. 3c,d) of208

the detuning angle spread matched well with the experimental data and verified the utility of the209

correction Equation 6. The simulated correlation image in Fig. 3c was generated by introducing210

Gaussian-distributed angular deviations (𝜎 = 0.0014°) to the calculated emission directions of211

each photon pair, reproducing the experimentally observed spread due to crystal mosaicity (Fig.212
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Fig. 3. X-ray correlation imaging simulations and experimental data. (a) Experimental
X-ray correlation image before correction (38 hour exposure). (b) Experimental data
after applying corrections from Equation 6 to photons on the top (idler) detectors. (c)
Simulated X-ray correlation image with the SPDC detuning angles following a normal
distribution centered at 0.040◦ with a standard deviation (𝜎) of 0.0014◦. (d) Simulated
correlation image with the SPDC detuning angle fixed at 0.040◦.

3a). The SPDC correlation images clearly illustrate the distinct ring pattern characteristic of the213

spatial correlations between the X-ray photon pairs. This pattern is a direct manifestation of214

the quantum mechanical nature of photon pairs and validates the theoretical predictions of the215

SPDC X-ray properties. The ring pattern observed includes regions where the correlation is lost216

because one of the single photons is off the plane of the detector or occluded by the beamstop.217

This reveals the importance of controlling the experimental parameters (detector size, distance to218

the detector, and detuning angle) in efficient photon pair detection. Differences in image quality219

between corrected experimental and simulated data indicate the presence of other noise sources220

which could not escape the limited time and the spatial resolution of the detection system.221



6. Towards Sub-shot-noise Transmission Imaging222

One of the goals of the quantum imaging scheme presented herein is to demonstrate sub-shot-223

noise imaging. Sub-shot-noise imaging refers to reducing the noise below the shot-noise limit,224

which is determined by the Poissonian statistics of classical light sources [39, 44]. In traditional225

transmission imaging, photon statistics inherently follow a Poisson distribution, introducing226

uncertainty in the number of photons incident on the detector.227

Consider imaging with a mean photon flux 𝜆 per pixel. In a classical imaging scheme, the228

number of photons (𝑘) detected in a pixel follows a Poisson distribution where the standard229

deviation is
√
𝜆. This statistical uncertainty leads to variability in the measured transmission,230

defined as:231

𝑡 =
𝑁measured
𝑁incident

, (7)

where 𝑁measured is the number of photons detected after the sample, and 𝑁incident is the number of232

photons incident on the sample. In classical imaging, 𝑁incident is approximated as the mean value233

𝜆 of the incident photon distribution. However, at low photon counts, the relative uncertainty in234

𝑁incident, given by
√
𝜆
𝜆

, becomes significant. This high uncertainty degrades the signal-to-noise235

ratio (SNR) and necessitates the use of a larger photon dose to achieve reliable transmission236

measurements, as the limit of the uncertainty approaches 0 as 𝜆 grows large.237

Quantum imaging addresses this limitation in the photon sparse regime by utilizing biphotons238

generated through spontaneous parametric down-conversion (SPDC). In this scheme, the perfect239

number correlation between the paired photons allows the direct measurement of 𝑁incident in240

the reference arm, significantly reducing the resulting uncertainty in 𝑡. The joint distribution241

exhibits sub-Poissonian covariance, reducing uncertainty in the inferred transmission [45]. This242

correlation underlies sub-shot-noise behavior observed in optical biphoton experiments [39].243

This enables precise measurements, even in the low photon count regime, minimizing the dose244

delivered to the sample.245

To perform such measurements, it is necessary to detect both coincident events, when paired246

photons are detected in the reference and test arms, and non-coincident events, which occur when247

a photon is absorbed or otherwise not transmitted through the sample. The accurate identification248

of SPDC photons versus background photons (e.g., diffusely scattered pump photons) is critical249

in this process. The ability to successfully classify SPDC photons versus the background depends250

on the energy resolution of the detector and the ratio of SPDC photons to background photons.251

For X-ray SPDC, achieving high energy resolution is challenging due to material limitations252

in current X-ray detector technologies, along with the large amount of background scattering253

produced in the non-linear diffraction process. Nevertheless, this capability is essential for254

effectively rejecting background events and achieving sub-shot-noise imaging in the X-ray regime.255

A simple model using Bayesian probability (see Supplementary Information for detailed256

derivation) was developed to determine the capability of the detection system to identify single257

SPDC photons, as a function of the energy resolution and SNR of the down-converted and258

background photons. In this model, the aggregate likelihood of correctly identifying an SPDC259

photon as such is given by:260

P𝑆𝑃𝐷𝐶 =

∫ ∞

0
ℎ(𝑡)𝑃(𝑆𝑃𝐷𝐶 |𝑡)𝑑𝑡 (8)

where ℎ(𝑡) is the detector ToT spectra of the down-converted photons and 𝑃(𝑆𝑃𝐷𝐶 |𝑡) is the261

conditional probability that a measured event with time-over-threshold 𝑡 is an SPDC photon,262

given by:263

𝑃(𝑆𝑃𝐷𝐶 |𝑡) = ℎ(𝑡)
ℎ(𝑡) + 𝛽𝑔15 keV (𝑡)

(9)
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allow for high-likelihood identification of SPDC photons against background, enabling
advanced quantum imaging modalities such as sub-shot-noise imaging.

where 𝑔15 keV (𝑡) is the ToT spectrum of the pump (15 keV) photons and 𝛽 is the ratio of264

background photons to SPDC photons on the detector. Both ℎ(𝑡) and 𝑔15 keV (𝑡) can also be265

functions of a resolution improvement factor 𝜁 , which impacts the standard deviations of the ToT266

spectra (e.g., 𝜎′
𝑇𝑜𝑇

= 𝜎𝑇𝑜𝑇/𝜁).267

In our setup, the energy resolution is approximately 2 keV FWHM, with an SPDC-to-268

background photon ratio of the order of 𝛽 ≈ 105. Given these parameters and the pump photon269

energy of 15 keV, the numerical calculation of Equation 9 indicates an aggregate probability of270

approximately 4%. Modest improvements, such as improving the energy resolution by a factor of271

two (𝜁 = 2) to 1 keV and reducing the background ratio by a couple orders of magnitude (𝛽 ≈ 103),272

could increase the identification probability of single SPDC photons to over 95% (Fig. 4). Such273

enhancements appear feasible with advances in detector technology. For example, Timepix4274

detectors, which are commonly known for their enhanced timing resolution, are also designed to275

achieve a twofold improvement in energy resolution (<1 keV FWHM) [49]. Additionally, the use276

of high-order crystalline reflections, such as (400) or (660) reflections at 2𝜃 angles approaching277

90◦, SPDC at the Brewster angle, and in Laue geometries, have been shown to significantly278

suppress background photons [26, 27, 29]. These improvements would enable precise SPDC279



photon identification, a critical step for realizing sub-shot-noise imaging. We anticipate that280

these measurements will be achievable and plan to target them in future studies.281

7. Conclusion282

Our experimental investigation at the CHX beamline of the National Synchrotron Light Source283

II (NSLS-II) facility at Brookhaven National Laboratory (BNL) provided new data relevant284

to X-ray quantum imaging. Using a pixelated detector, we observed the characteristic ring285

pattern associated with SPDC and measured the spatial correlations of photon pairs at a rate of286

approximately 7.8 × 103 pairs per hour. This source was used to perform coincidence imaging of287

several test objects, including a biological sample (E. cardamomum seed pod). We analyzed288

the influence of crystalline imperfections and pump beam divergence on the properties of289

down-converted photons and introduced a correction procedure for related imaging aberrations.290

We also outlined the experimental conditions under which quantum-enhanced transmission291

(sub-shot-noise) measurements may become feasible, emphasizing the roles of the detector292

efficiency and background suppression.293

This study contributes to the development of quantum imaging approaches with potential294

applications in contexts where minimizing the radiation dose is important, such as the study of295

radiation-sensitive biological materials. The increased detection rates of SPDC-generated X-ray296

photon pairs demonstrate the progress toward making quantum imaging techniques experimentally297

viable in the X-ray regime. Our implementation of quantum correlation imaging offers a basis for298

the further exploration of high-resolution and low-dose imaging strategies. The combination of299

measurements and simulations enhances our understanding of X-ray SPDC and informs ongoing300

efforts to optimize imaging system performance. These results enhance our understanding of301

quantum imaging at high-brightness X-ray sources, including synchrotrons and free-electron302

lasers.303

8. Methods304

8.1. Beamline Configuration305

Our investigations were conducted at the 11-ID CHX beamline of the NSLS-II facility at BNL.306

The beamline was configured to produce a monochromatic X-ray beam of 15.000 keV. The307

average input flux of the generated pump beam was approximately 1011 photons/second, with a308

polarization of 99% in the horizontal direction and Δ𝐸
𝐸

≈ 10−4. The dimensions of the 15 keV309

input beam were set to 50 𝜇m (horizontal) x 50 𝜇m (vertical). Variabilities in flux rate over time310

can cause slightly different production rates. The double-crystal monochromator employed the311

Si (111) reflection, ensuring the absence of sub-harmonic (e.g., 5 keV) components that could312

arise from higher-order reflections such as Si (333). The beamline feedback and monitoring313

systems were monitored to ensure no significant deviation over the course of the experiment.314

The experiment used NSLS-II’s standard continuous filling mode. The storage ring held ∼500315

mA of electrons in top-off mode with 1340 RF buckets, including 1000 filled buckets with316

approximately 2 ns between, and an ion clearing gap with a singlet bunch. This thereby limited317

the time resolution to the X-ray absorption depth and hole drift time in the silicon sensor of the318

detector.319

8.2. Sample and Environment320

The incident X-ray beam was directed onto a (111) diamond single crystal with dimensions of 3321

mm x 3 mm x 0.33 mm, grown by chemical vapor deposition from Element Six [50], which was322

used as the non-linear medium for the generation of correlated photon pairs. A vacuum-pumped323

flight path beam pipe was installed between the diamond crystal and the detector surface. The324

total path distance from the crystal to the detector surface was 49.4 cm. This distance was325



confirmed from the scattering pattern of a standard SAXS distance calibration sample, silver326

behenate.327

8.3. Sample Orientation328

After the standard height alignment procedures, the diamond crystal was oriented to the (111)329

Bragg reflection at a Bragg (𝜃) angle of 11.576◦. Multiple vertical and lateral positions on330

the diamond were scanned to identify the region exhibiting the narrowest rocking-curve width,331

corresponding to minimal mosaicity. The resulting diffraction pattern peaked around a pixel332

coordinate of (260, 256) on a Lynx T3 (Timepix3) detector (by Amsterdam Scientific Instruments)333

which was subsequently employed to measure the SPDC signal.334

A tungsten beamstop was strategically positioned to obscure the direct Bragg reflection and335

nearby scattering. The Bragg alignment was then fine-tuned with a deviation of ∼0.040◦ to336

a 𝜃 angle of 11.618◦ to meet the phase matching condition. This adjustment instantiated the337

production of correlated X-ray pairs at a peak output angle of ∼2.8◦, an angle chosen to maximize338

the SPDC signal between the edge of the detector and the tungsten beamstop with the detector339

placed 68.3 cm away from the diamond at the 2𝜃 position.340

8.4. Detector341

To isolate the correlated X-ray photon pairs, we employed a Lynx T3 detector [51]. This detector342

combines four 256 x 256 pixel arrays of pixel size 55 x 55 𝜇m, resulting in a total detector area343

of 512 x 512 pixels [52]. The top two chips were isolated for use as the “idler" detector whereas344

the bottom two chips were considered to be the “signal" detector for the quantum correlation345

imaging experiments. This detector was chosen for its accuracy in measuring time-of-arrival346

(ToA) and energy deposition (time-over-threshold or ToT). The two photons generated in the347

SPDC process should be coincident in time when reaching the detector. However, the signal348

amplitude dependence in the timestamping process results in a "timewalk" [46, 47], whereby349

events that arrive at the same time might measure a time difference of up to 100 ns. The time350

resolution could be further deteriorated by different time delays of ionization drift in silicon.351

This is due to the variation in the X-ray conversion points, because the absorption length of352

approximately 100 𝜇m is of the same order as the sensor thickness of 300 𝜇m. The measured353

resolution (rms) for the two X-rays time difference was ∼18 ns. The detector was integrated354

into the control system of the CHX beamline through the development of an appropriate EPICS355

areaDetector driver [53–55] and Python objects for integration with the Bluesky RunEngine [56].356

A minor fraction of hot pixels (∼0.1%) was masked to avoid recording substantial amounts of357

noise hits. This system allows for multihit functionality for each pixel, independent of others,358

along with a rapid readout bandwidth of 120 MPix/sec (30 MPix/sec/chip). Occasionally, photons359

excite charge in multiple adjacent pixels; to correct for this, a k-d tree algorithm was employed to360

cluster and centroid such events together. The 512 x 512 pixel array has two columns and two361

rows along the center (x and y = 255 and 256) of large, double-length (110 x 55 𝜇m) interpixels.362

This was corrected by inserting rows and columns of two dummy pixels between the chips to363

preserve the correct physical distance between pixels.364

We calibrated the ToT dependence on the X-ray energy by allowing the detection of beams365

of monochromatic scattered X-rays, varying their energy from 6 to 15 keV in 0.5 keV steps.366

We also cross-calibrated the ToT energy estimator using the spatial information of the selected367

SPDC pairs, which agreed well with the scattering calibrations. These two calibration techniques368

provide reliable and redundant ways to determine the X-ray energy, with the second approach369

only applicable for down-converted X-rays, but providing considerably more precise energy370

determination. The dual-calibration method ensures robust accuracy by leveraging spatial371

information as a complementary validation to the ToT measurements. These calibration studies372

identified pixel-by-pixel variations in the ToT response as a function of energy, which allowed for373



the selection of cutoff values for the isolation of SPDC pairs on an individual pixel basis. These374

cutoff values were employed to reduce the high background of scattered 15 keV pump photons375

from the hits of lower energy (and thus lower ToT) SPDC single photons.376

8.5. Imaging Samples377

The tungsten cat-shaped cutout and the E. cardamomum seed studied in the quantum correlation378

imaging setup were attached to a Kapton window via a quick drying epoxy. They were positioned379

in such a way to occlude the incident X-rays towards two of the adjacent Timepix3 sensors, which380

were considered to be the signal photon detectors. The other two ASICs were left unobstructed381

and were considered as idler photon detectors. The data presented in Fig. 1 and 3 represent 38382

hours of collection.383

8.6. Data Processing and Analysis384

All data processing and analysis were conducted using custom Python code, developed in-house385

and computed using CHX’s local resources. This tailored approach facilitated meticulous386

processing of the raw Lynx T3 detector output, including hit clustering, distance corrections,387

data filtering, time coincidence searches, photon pair determinations, and analysis of spatial and388

energy correlations. Simulations were also performed using Python software.389
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