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We present an entanglement-based quantitative phase gradient microscopy technique that employs
principles from quantum ghost imaging and ghost diffraction. In this method, a transparent sample
is illuminated by both photons of an entangled pair—one detected in the near-field (position) and the
other in the far-field (momentum). Due to the strong correlations offered by position-momentum
entanglement, both conjugate observables can be inferred nonlocally, effectively enabling simul-
taneous access to the sample’s transmission and phase gradient information. This dual-domain
measurement allows for the quantitative recovery of the full amplitude and phase profile of the sam-
ple. Unlike conventional classical and quantum phase imaging methods, our approach requires no
interferometry, spatial scanning, microlens arrays, or iterative phase-retrieval algorithms, thereby
circumventing many of their associated limitations. Furthermore, intrinsic temporal correlations
between entangled photons provide robustness against dynamic and structured background light.
We demonstrate quantitative phase and amplitude imaging with a spatial resolution of 2.76 pm and
a phase sensitivity of A\/100 using femtowatts of illuminating power. This technique opens new pos-
sibilities for non-invasive imaging of photosensitive samples, wavefront sensing in adaptive optics,
and imaging under complex lighting environments.

INTRODUCTION

Phase contrast microscopy, first developed by Frits Zernike in the 1930s [1, 2], was a groundbreaking technique that
enabled the visualization of transparent specimens by converting subtle variations in optical path length within a
transparent sample into intensity variations in an image. This method revolutionized biological imaging by producing
high-contrast images of live cells and tissues without the need for staining. While phase contrast microscopy provides
qualitative information, it does not yield absolute measurements of optical phase. Building on this foundation,
quantitative phase imaging (QPI) has emerged as a powerful class of techniques that measure optical path length
variations with nanometric sensitivity and spatial precision and has found widespread application in biomedical
imaging and materials science. The primary approaches to achieving QPI are through interferometry, wavefront
sensing, and phase-retrieval algorithms [3, 4]. Across these approaches, there is often a trade-off between spatial
resolution, phase sensitivity, acquisition speed, hardware complexity, and robustness. For instance, interferometric
methods [5] offer high phase accuracy but are susceptible to environmental noise and instability in the reference beam.
Wavefront sensing techniques such as the Shack-Hartmann sensor [6, 7] operate without a reference beam and have
relatively simple setups, yet their spatial resolution is limited by the microlens array. Phase retrieval algorithms can be
compact and cost-effective but often have slow imaging speeds due to requiring multiple intensity measurements—at
different planes (e.g. transport of intensity equation [8] and Gerchberg—Saxton algorithm [9, 10]) or at different angles
(e.g. Fourier ptychography [11, 12] and differential phase contrast microscopy [13, 14])—and the algorithms may
sometimes suffer from convergence instability.

Utilizing the properties of quantum entangled photons for sensing and imaging applications has been an active
area of research in recent decades [15-20]. Quantum light offers a range of potential advantages over its classical
counterpart, this includes super-resolution [21-25], robustness against noise [26-30], allows probing and imaging a
sample at different wavelengths [31, 32] and technical advantages such as immunity to dispersion in optical coher-
ence tomography [33, 34], achieving higher spatial and spectral resolution in hyperspectral imaging [35] and larger
volumetric depth in 3D imaging [36-38].

The use of entangled photons has also been extended to phase imaging. Interferometric quantum phase retrieval
techniques include the use of photonic NOON states [39, 40] and the interference between successive laser passes
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of spontaneous parametric down-conversion (SPDC) events [41]. Phase imaging has also been demonstrated by
holography with entangled photons [42, 43]. Non-interferometric methods using entangled photons include ghost
diffraction [44], single-pixel ghost imaging [45], using transport of intensity equation [46, 47], Fourier ptychography [48],
and asymmetric illumination [49]. These techniques offer various advantages such as sub-shot-noise sensitivity [39,
40, 46, 47], background-noise tolerance [42, 48], resilience to global phase drifts [43] or allowing for scanning-free
measurement [49]. Recently, measurement of the biphoton spatial wavefunction of SPDC has also been realized
through using a Shack-Hartmann sensor [50] and the Gerchberg—Saxton algorithm [51]. Despite many potential
advantages, many of these quantum techniques still suffer from limitations similar to those of their classical analogs,
such as sensitivity to interference instabilities or the need for taking multiple sample images. A demonstration of
quantum QPI achieving spatial resolution and phase sensitivity comparable to that of classical QPI microscopes also
remains lacking.

In this work, we present a proof-of-concept demonstration of an entanglement-based quantitative phase gradient
microscopy technique that harnesses the principles of quantum ghost imaging and ghost diffraction. Our method
exploits position—-momentum entanglement in photon pairs generated via SPDC, which are strongly correlated in
position and anti-correlated in momentum. The position of the signal photon is measured in the near-field (NF) of
the sample, while the momentum of the idler photon is measured in the far-field (FF). Although only one observable
is recorded from each photon, their joint correlations provide simultaneous nonlocal access to both position and
momentum information. This approach effectively unifies ghost imaging (recovering idler position via signal detection)
and ghost diffraction (recovering signal momentum via idler detection). By leveraging the correspondence between
phase gradients in the NF and momentum shifts in the FF, we can quantitatively reconstruct the phase profile of the
sample. This technique eliminates the need for interferometry, spatial scanning, microlens arrays, or iterative phase
retrieval algorithms, thus avoiding many of the associated limitations of many conventional QPI techniques. We refer
to this method as quantum correlation phase gradient microscopy (QCPGM).

Using QCPGM, we demonstrate quantitative phase microscopy with a spatial resolution of 2.76 ym and phase
sensitivity of A/100 using just 100fW of illuminating power. This capability is exemplified by the acquisition of
both phase and amplitude images of epithelial cheek cells. The technique is also shown to be resilient to complex
background illumination conditions. The broad applicability of QCPGM includes phase imaging of photosensitive
samples, wavefront sensing for adaptive optics and imaging under complex lighting environments.

RESULTS
Experimental Concept

The conceptual setup of QCPGM is depicted in Fig. 1. Position-momentum entangled photon pairs, denoted as
“signal” and “idler” photons, with orthogonal polarization are generated through Type-II SPDC. In the low gain
regime, the position-momentum entangled state of SPDC in position space r = (x,y) can be written as:
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where ¥(rs,7;), the biphoton correlation function, under the double-Gaussian approximation is [52-54]:
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with oy = 1/(20,), o being the pump beam width, and §, ~ @ where L is the crystal length, A, is the pump

wavelength, and o = 0.455 is a constant factor from the Gaussian approximation of the phase matching function in
momentum space.

The photon pairs jointly illuminate a target with complex transmission 7'(r) = A(r)e’*("), placed in the NF of the
nonlinear crystal. The coincidence pattern directly after the target is given by

2
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A polarizing beamsplitter then separates the photons, sending the signal photon through a 4f system to a time-
tagging camera (TPX3CAM [55, 56]) for NF imaging and the idler photon for FF imaging on another camera. Knowing
each photon pair is created at the same instance in time, they are identified through a time-correlation measurement
using the detection time information from the camera.



The resulting coincidence pattern for each combination of signal photon position 7, and idler photon momentum
k; = (u;,v;) is given by
2
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where 7 [f(rs,7;)],, is the 2-dimensional Fourier transform with respect to ;.
When assuming a slow varying phase over the dimensions of a pixel, the expectation value of the phase gradient
Vig(r) + ¢o(r)] is proportional to the beam centroid in the FF (see Supplementary Information for derivation),
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with f the lens focal length, % (rs) and ¥ (rs) the centroid positions in the 4 and 9 directions for all idler photons
that are correlated with the signal photons detected at position r; and % (r) and ¥;(r) being the reference centroid
positions obtained without the target in place.

Finally, the phase ¢(r) is reconstructed by solving the two-dimensional partial differential equations aqgg«) and

%Ef). For this, we use the Frankot and Chellappa method [7, 57]
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where .Z[-] and % ~![-] represent the Fourier and inverse Fourier transform, respectively. Compared to the finite
difference method, the Frankot and Chellappa method provides better handling of real-world data, which can contain
noisy, non-integrable gradient fields, and, based on the Fast-Fourier transform, it is more computationally efficient.
A derivation of this method can be found in the Supplementary Information.

Quantitative phase measurement

To validate the accuracy of the phase recovery process we used quantitative phase targets (from Benchmark tech-
nologies [58]) with transparent polymer features, of refractive index 1.50 at 810 nm, ranging in height from heights
ranging from 50 nm to 350 nm, with two different patterns, the star and 1951 USAF. Having the target illuminated
at a power of ~ 100fW, we find the method is accurate from a target thickness of 50 nm, or ~ A/30 at 810nm (the
phase difference between 50 nm of polymer and air) up to 250 nm, or A/6.5. The smallest spatial feature observed in
the microscope is group 8-4 of the 1951 USAF target, which corresponds to resolving line pairs separated by 2.76 um.
The results for this are shown in Fig. 2. Based on the uncertainties in the phase measurement of approximately
0.06 rad, we would expect the technique to still be phase sensitive at approximately A\/100. The uncertainties in the
phase measurement can be reduced by increasing the data acquisition time or using a higher-efficiency camera, which
will enable even better phase accuracy and sensitivity. A more detailed discussion on this is given in the Discussions
section. Note that we are not yet imaging at the diffraction limit of the imaging system, which, given the numerical
aperture of the lens arrangement, is expected to be ~ 1 um. This is a result of the large pixel size of the camera
(55 pm) limiting the achievable resolution.

To assess performance across phase targets with different feature heights, we report both the mean peak-to-valley
(max-—min) phase and the normalized root mean squared error (NRMSE) in Fig. 2(d). The peak-to-valley value
provides a direct estimate of the absolute phase imparted by each calibrated target but does not capture noise or local
fluctuations. Conversely, the NRMSE quantifies point-by-point deviations from the ideal phase profile but cannot
distinguish between noise-dominated errors (for small phase steps) and systematic reconstruction errors (for large
steps). Reporting both metrics therefore offers a more complete and interpretable characterization of the measurement
fidelity than either metric alone.

The NRMSE between the measured and that of an ideal phase profile, is defined as

YT, By
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where O; and E; are the point-by-point observed and expected phase profile values, respectively. E is the mean of
the expected values.



The NRMSE for the Star targets of different heights are shown as red circles in Fig. 2(d), we see that the NRMSE
deteriorates for both smaller and larger feature heights. This outcome aligns with expectations. Smaller feature heights
amplify the influence of shot noise in relation to the subtle phase profile. For larger feature heights, discrepancies
between the measured and ideal phase profiles can be attributed to several reasons. One is that the large phase jump
will cause a very large phase gradient that diffracts photons to outside the numerical aperture of the FF imaging
system, resulting in measuring a smaller centroid shift. The other being that the linear relationship between the
phase gradient and the FF centroid shift no longer holds for larger diffraction angles, as the paraxial approximation
is no longer valid. Therefore, the method is most accurate for targets that do not contain phase jumps of over ~ A\/6.
It should be noted here that our analysis did not account for manufacturing irregularities in the quantitative phase
targets, which may exhibit deviations of up to 10% from the specified values, as stipulated by the manufacturer.

Lastly, in Fig. 3 we show the phase imaging of cheek epithelial cells where a refractive index of 1.35 [59] was assumed
for the cells when estimating the cell thickness.

Dynamic background mitigation

Quantitative phase imaging techniques are highly susceptible to the influence of background light, which can obscure
or distort the phase information of interest. Addressing the background typically involves either separately measuring
the background light or applying Fourier filtering techniques, which require some prior knowledge of the background
characteristics. These methods are often limited in their effectiveness, especially against dynamic backgrounds which
can fluctuate with space and time.

To emulate such a scenario, we introduce an attenuated laser beam into the setup, containing approximately 67% of
the photon flux of the SPDC, giving a signal to background ratio (SBR) of 1.49. The laser beam is repositioned over
time to simulate a dynamic background; such a background could be introduced by fluorescence or auto-fluorescence
in biological samples. The resultant brightfield image of a test phase target with 200 nm feature heights, captured
by the NF and FF camera, is shown in Fig. 4(a). The recovered phase image, corresponding to that expected from
a classical phase gradient microscope (such as a Shack—Hartmann sensor) at equivalent spatial resolution to this
QCPGM demonstration, is presented in Fig.4(b). In the presence of background light, the reconstructed phase is
severely distorted, yielding a normalized root mean square error (NRMSE) of 1.5 when compared to the expected
phase profile.

Quantum imaging techniques based on photon-pair correlations offer inherent resilience to background light, s coin-
cidence detection selectively includes only photon pairs arriving within a defined temporal window [30, 60]. However,
this advantage can diminish at high photon fluxes. Specifically, because accidental (uncorrelated) coincidences scale
quadratically with total photon flux, the SBR achievable via coincidence detection may fall below that of direct
photon counting under high-brightness conditions (see Supplementary Information). In our experiment, with a pair
generation rate of ~ 3.5 x 107 pairs per second and a coincidence window of 20 ns, the post-coincidence SBR is reduced
to just 0.51. As a result, the reconstructed phase image becomes significantly distorted, with the NRMSE increasing
to 2.0, as shown in Fig. 4(c).

Despite this, coincidence detection offers a unique advantage: the ability to estimate and subtract the background
contribution directly from the data. As detailed in the Methods, this is achieved by measuring accidental coincidences
using a temporal window offset from the true coincidence peak—in this case, 50 ns earlier—where no true photon pairs
are expected. The resulting background coincidence estimate can then be subtracted from the measured FF centroid
to correct for background-induced artifacts. This procedure yields a significantly improved phase reconstruction, with
an NRMSE of 0.59 (Fig. 4(d)). For reference, the NRMSE in the ideal case with no background laser is 0.50.

DISCUSSION

In summary, we have demonstrated a scanning-free, non-interferometric quantitative phase microscopy technique
that exploits the inherent position—-momentum correlations of entangled photon pairs. By simultaneously acquiring
the position and momentum information of the photon pairs through the principles of quantum ghost imaging and
ghost diffraction, we recover the full amplitude and phase profile of a sample. This approach also offers intrinsic
robustness to complex background lighting conditions.

Our proof-of-concept implementation achieved a spatial resolution of 2.76 ym (corresponding to 362 line pairs per
mm) and a phase sensitivity approaching A/100, with quantitative phase accuracy better than A/30 at a wavelength of
810 nm, all under an illumination power of just 100 fW. Beyond imaging of photosensitive samples, the capabilities of
QCPGM naturally lend themselves to broader applications, including high-resolution wavefront sensing for adaptive
optics, especially in low-light or noise-sensitive environments.



QCPGM also does not suffer from many of the limitations inherent to other non-interferometric-based, classical or
quantum, QPI techniques. It does not require multiple images of the sample to be taken, is not reliant on iterative
algorithms which may not be convergent, and does not suffer from the resolution and sensitivity constraints in a
Shack-Hartmann wavefront sensor due to the use of microlens array. A table with detailed comparison of the pros and
cons between recent non-interferometric QPI techniques and QCPGM are provided in the Supplementary Information.
A theoretical comparison with the Shack-Hartmann sensor is also provided in the Supplementary Information.

QCPGM shares conceptual similarities with quantum correlation light-field (plenoptic) imaging [36-38], in that the
position of one photon in an entangled pair is measured simultaneously with the momentum of the partner, however,
there is a slight experimental difference. In correlation light-field imaging, only the position photon interacts with
the sample, while the momentum photon remains unperturbed and therefore carries only the illumination-direction
information. In other words, the light-field schemes are quantum implementations of structured illumination. In
contrast, QCPGM has both the position and momentum photons interact with the sample, which is essential for
capturing the sample’s diffraction-induced momentum redistribution and enables quantitative phase-gradient retrieval.
This ability to simultaneously access position and momentum information using entangled photons has only recently
become feasible with the emergence of time-tagging single photon cameras. Much remains to be explored in this
emerging direction, including the possibility of volumetric quantitative phase imaging by combining QCPGM with
the quantum correlation light-field imaging technique.

The data acquisition speed of our technique is currently technically limited by the available camera technology. Our
camera system exhibits a quantum efficiency of approximately 7%, an 8 ns time-resolution, and a maximum photon
detection rate in the order of 107 photons per second, as detailed in [61]. A ten-fold improvement in each of the three
camera parameters mentioned could potentially reduce the required data acquisition time to under a second. With the
rapid advancements in single-photon detection technology, especially in superconducting nanowire cameras [62, 63],
the prospect of camera technologies meeting these specifications is expected to be within reach in the coming years.

METHODS
Experimental Setup

The experimental setup is illustrated in Fig. 5. A 20 mW, 405 nm continuous-wave (CW) laser, with a 1 mm beam
diameter, is used to pump a 1 mm thick Type IT periodically-poled potassium titanyl phosphate (ppKTP) crystal to
generate, through the process of SPDC, orthogonally polarized photon pairs at 810 nm that are correlated in time and
entangled in the position-momentum degrees of freedom. The photon pairs are directed through a 4f-imaging system
to illuminate a phase target placed in the NF plane of the nonlinear crystal. The photons are then separated using a
polarizing beamsplitter. The NF of the phase target is imaged onto a time-tagging camera (TPX3CAM) through the
signal photons, while the FF of the target is projected onto a corner of the camera through a separate path using the
idler photons.

To identify photon pairs, time correlation measurement is conducted with a coincidence window of 20ns. Sub-
sequently, a phase gradient measurement, as explained in the Experimental Concept section of the main text, is
performed on each NF pixel to reconstruct the phase. Before conducting these measurements with the phase target,
a one-time reference measurement without the phase target in place is performed to determine ¢g(x,y). Details on
the TPX3CAM raw data and coincidence processing can be found in the Supplementary Information.

Background generation, detection and subtraction

For creating a dynamic background light, an attenuated 780 nm diode laser is directed into the setup at a slight
angle to the SPDC as depicted in Fig. 5. The number of background photons detected is approximately 67% of SPDC.
The laser beam spot was repositioned every 100s to simulate a dynamic background as seen in Fig. 6(a).

Figure 6(b) is a typical histogram showing the difference in arrival time between two photons detected in the
two regions of the camera. The central peak is the result of time-correlated SPDC photon pairs being detected in
coincidence. On the other hand, a constant background is also visible in the histogram, which is due to the detection
of coincidences between uncorrelated photons. It is not possible to determine which of the photon pairs detected are
from background light; however, one can determine the resultant contribution of the background.

To obtain the background contribution, the coincidence window is shifted away from the central peak. All photon
pair events detected within this window will be from only uncorrelated photons. Since the background coincidence
rate is uniform in time on the nanosecond timescale, this measurement is representative of the accidental coincidence
rate in the central window. It can be verified that the resultant image formed by the uncorrelated photon pairs is



indeed the background by subtracting it directly from the coincidence image to obtain a background-free image, as
shown in Fig.6(c).

A 50ns shift in the coincidence window is used in this experiment. For a detector with better timing resolution,
which will result in a narrower central peak for SPDC, a smaller shift can be used. Note that this method of background
identification is only valid when the background fluctuation is slower than the applied shift to the coincidence window.

Now, with the position information on each detected photon pair from the background correlation measurement,
the background contribution is subtracted from the centroid shift as follows:

%('l‘ ) - fuiC(rs,ki)dui — fuiC'B(rs,k:i)dui
s fC'(’rg,k:i)dui — ICB(’I"§7’<51)dU,
f’UiC(”'S,ki)d’Ui — fUiCB(’I"S,ki)d’Ui
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where Cp(rs, k;) is the number of background coincidences detected at signal position 74 and idler momentum k;.

Statistics and Reproducibility

All experiments reported in this work were repeated independently multiple times under identical conditions,
yielding consistent results. The images shown in Figs. 3-5 are representative datasets selected from these repeated
measurements.

Data Availability

The raw data generated in this study are available from the corresponding authors upon request. Due to the large
data size, public deposition is not feasible.

Code Availability

The code for phase recovery from coincidence data and a sample dataset is available on Zenodo [64].
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FIG. 1. Conceptual setup of QCPGM Spatially entangled photon pairs with orthogonal polarization are generated through
a Type II nonlinear crystal. After illuminating a sample, the photon pairs are separated with a polarizing beam splitter (PBS)
such that the near field (NF) and far field (FF) of the target can be imaged separately by the signal and idler photons,
respectively. A time correlation measurement is performed to identify photon pairs between all photons captured between the
two cameras. Inset - Brightfield image of a phase target captured by the NF camera and the image formed by all idler photons
in the FF that are detected in coincidence with signal photons that passed through the indicated NF pixel. The FF beam
centroid is indicated by the yellow crosshair and is shown relative to the centroid of the reference, captured for the same NF
pixel with no phase target in place, indicated by the red crosshair. The change in centroid is proportional to the phase gradient
at the indicated NF pixel.
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FIG. 2. Results from imaging resolution phase targets (a, b) Recovered phase images for a Star (a) and 1951 USAF (b)
resolution phase target with 200 nm feature height. The corresponding measured phase gradient in the horizontal and vertical
direction used to recover the phase image are shown in (al, bl) and (a2, b2), respectively. (c) Measured cross-section phase
profile (red line) from 0 to 100 degrees of the yellow highlighted regions of (a) compared to the ideal phase profile (blue line)
of the target. (d) Measured phase (blue square) and normalized root mean square error NRMSE (red circle) as a function of
the target thickness for the Star target. The phase is measured as the mean difference between the maxima and minima in the
cross-section of the yellow highlighted regions, as indicated in (a), and NRMSE compares the point-by-point similarity between
the measured phase profile and that of the ideal profile, as shown in (c). The error bars in (d) correspond to the standard
deviation of the mean phase, calculated from the 40 max—min values extracted along the cross-section of the highlighted region
of the Star target in (a). The bright-field image of the Star phase target is shown in Fig.4, and the full cross-sections are
presented in the Supplementary Information. The measured phase of the USAF target can also be found in the Supplementary
Information. Data acquisition time for all images shown in this and subsequent figures is 500s. Background contribution has
been corrected for all results that are shown.
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FIG. 3. Results of imaging cheek epithelial cells (a) Phase image of cheek epithelial cells. (b, ¢) The measured phase
gradient in the horizontal and vertical direction for recovering the phase image (a). (d) The Laplacian of the phase. (e) Image
of the cells captured directly by the camera without performing correlation analysis, as if captured through a conventional
bright-field microscope.

FIG. 4. Results demonstrating dynamic background mitigation (a) Near field (NF) and far field (FF) images obtained
through direct imaging of the phase target with 200 nm feature heights where a dynamic background light is added through an
attenuated laser beam. (b) Expected phase image recovered with no background correction through a classical phase gradient
microscope. (c) Recovered phase image with only coincidence detection. (d) Recovered phase images with full background
correction. The cross-section for all phase images can be found in the Supplementary Information. NRMSE: normalized root
mean square error
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FIG. 5. Experimental setup of QCPGM (a) PBS: polarizing beamsplitter, LP filter: longpass filter, BP filter: bandpass
filter, ppKTP: periodically-poled potassium titanyl phosphate crystal. (b) Brightfield image of a phase target with 200 nm
feature height captured by the time-tagging camera. A time correlation measurement is then performed to identify photon
pairs between all photons captured within the two highlighted circular regions. For viewing clarity, the idler beam shown here
is scaled to be 50 times dimmer than its actual measurement, allowing the signal beam to be visible in the same image.
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FIG. 6. Background generation and detection (a) Shows the background laser being applied to the near and far field of
spontaneous parametric down-converted (SPDC) photons. (b) A typical coincidence histogram is shown, showing the number of
events detected as a function of the difference in arrival time between the photons detected in the two regions of the camera. The
location and width of the coincidence window for identifying all photons detected in coincidence and only those of background
coincidences are highlighted in orange. (c) Verifying the validity of the background identification approach illustrated in (b)
by subtracting the obtained background image from the image containing all coincidences.
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