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A quantum-enhanced wide-field phase imager

Robin Camphausen'*, Alvaro Cuevas'*, Luc Duempelmann’, Roland A. Terborg’, Ewelina Wajs',
Simone Tisa?, Alessandro Ruggeri?, Iris Cusini®, Fabian Steinlechner*?, Valerio Pruneri

Quantum techniques can be used to enhance the signal-to-noise ratio in optical imaging. Leveraging the latest
advances in single-photon avalanche diode array cameras and multiphoton detection techniques, here, we intro-
duce a supersensitive phase imager, which uses space-polarization hyperentanglement to operate over a large
field of view without the need of scanning operation. We show quantum-enhanced imaging of birefringent
and nonbirefringent phase samples over large areas, with sensitivity improvements over equivalent classical
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measurements carried out with equal number of photons. The potential applicability is demonstrated by imaging
a biomedical protein microarray sample. Our technology is inherently scalable to high-resolution images and
represents an essential step toward practical quantum-enhanced imaging.

INTRODUCTION
Entanglement can enhance precision measurements beyond the
possibilities of classical optics (1, 2). This is of particular importance
to applications that necessarily involve low-photon flux, where shot
noise becomes a limiting factor. Such a situation may be encoun-
tered when imaging organic or living samples that can suffer from
photosensitive effects (3), including chemical changes at the molec-
ular level or disruption of cell functions (4, 5). In the biomedical field,
label-free analysis involving classical illumination is usually consid-
ered a noninvasive approach. However, recent evidence shows that,
for some applications, even relatively low classical light levels suf-
fice to induce changes in the sample, ranging from permanent pho-
todamage (6) to more subtle alterations that, nonetheless, affect
measurement accuracy (7). Photosensitivity must also be taken into
account when probing fragile quantum gas states (8) or atomic en-
sembles (9). In all the above cases, it therefore becomes attractive
to perform phase imaging using nonclassical states of light, such
as NOON states consisting of N entangled photons between two
optical modes, which are well known to yield a signal-to-noise ratio
(SNR) enhancement of VN over equivalent classical measurements
(1, 2, 10-13). This effect is known as supersensitivity.
Entanglement-enhanced phase imaging was demonstrated al-
ready for both birefringent (14) and nonbirefringent (15) phase
samples. However, neither of these works represents true imaging
platforms as the entangled photons probing a sample were detected
with single-pixel detectors and images were constructed by scanning
the sample point by point. This inherently limits scalability owing
to a range of practical drawbacks, which can include mechanical
vibrations and long-term reliability issues caused by moving parts,
synchronization between pixel-scanning and light detection neces-
sitating complex calibration procedures, and prohibitively long
scanning times.
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Here, we show an entanglement-enabled supersensitive phase
imager operating in a wide-field configuration. By exploiting hype-
rentanglement, that is, simultaneous NOON state entanglement in
the polarization degree of freedom and correlations in a massive
pixel mode state space, our system is made scan free. This enables
the retrieval of phase information with a large field of view (FoV),
using a single-photon sensitive single-photon avalanche diode
(SPAD) array camera and computational methods adapted from
digital holography. The holographic phase retrieval method used
has the advantage over conventional interferometric measurements
that phases can be accurately retrieved regardless of sample absor-
bance and without requiring a priori knowledge of the illumination
brightness and phase offset (16). Our work is made possible through
recent advances in quantum imaging (17, 18) and fabrication of
SPAD array cameras (19), allowing us to acquire spatially resolved
multiphoton images with very high SNR. We demonstrate the ex-
perimental feasibility of our approach by retrieving precise phase
images of birefringent and nonbirefringent test samples, including
a protein microarray sample that demonstrates the applicability for
biomedical diagnostic applications. The ability to measure birefrin-
gent phase samples has also important applications in material sci-
ence and crystallography (20). We show a sensitivity enhancement
over equivalent classical measurements of 1.39 + 0.11 and 1.25 +
0.06, for the birefringent and nonbirefringent samples, respectively.
Our method is inherently scalable to larger images with more pixels
and represents an essential step toward a practically useful quantum-
enhanced biological and material inspection imaging platform.

RESULTS

Quantum-enhanced large FoV phase imager

Our system integrates a source of space-polarization hyperentangled
NOON states, a large FoV lens-free interferometric microscope (LIM)
(21), and a SPAD array camera, with computational methods for co-
incidence imaging and holographic phase retrieval. As can be seen
in Fig. 1A, hyperentangled photon pairs are generated by sponta-
neous parametric down conversion (SPDC) within a Sagnac inter-
ferometer (SI). Entanglement in the polarization degree of freedom
is generated by combining the clockwise and counterclockwise
photon pair generations in the SI, resulting in a two-photon NOON
state (|250v) + |0g2v))/N2, where H and V represent the hori-
zontally and vertically polarized modes, respectively (22). The

10f9

202 ‘2T AInC Uo Oue|IA 1Q 001US110d T8 BI0"80US 195 MMM,/:SANY WO | P3PE0 JUMOQ


mailto:robin.camphausen@icfo.eu
mailto:alvaro.cuevas@icfo.eu
mailto:alvaro.cuevas@icfo.eu
mailto:valerio.pruneri@icfo.eu

SCIENCE ADVANCES | RESEARCH ARTICLE

correlated nature of SPDC photon pair generation on the other hand
yields space-momentum entanglement (23). As shown in Fig. 1A,
the near field of the entangled state, where both photons are spatially
correlated (approximately in the same spatial position) (24), is im-
aged onto a spatial light modulator (SLM), reimaged into our LIM,
and detected by the SPAD array camera. After propagating through
the entire setup, we express the quantum state as

¥y = Y| IHe) [Hyw + e [ V) | Ve (1)

where we neglect normalization coefficients for clarity. Here, r and
r’ are the transverse coordinates of the two spatially correlated pho-
tons, which are close in space and thus acquire approximately the
same phase [O(r) = O(r’)]. The sample and setup therefore cause
the two-photon entangled state to acquire a total phase difference
between H and V of 20(r) = O(r) + O(r’). See Materials and Meth-
ods for details of the setup and Supplementary Materials, Section 1
(SM-S1) for the derivation of Eq. 1.

The LIM measures phase differences by interfering laterally dis-
placed polarization states (21) and can be used for the inspection of
large area material and biological samples such as microarrays of
proteins or microorganisms for diagnostic applications (25). As
shown in Fig. 1, the crucial components of the LIM are two Savart
plates (SPs; SP; and SP5). For an input beam, SP; laterally displaces
the H-polarized photons in one direction and the V-polarized pho-
tons in the orthogonal direction, thereby introducing a shear (S)
between the two polarization components. Later, SP; is placed with
an opposite orientation to SP; to revert this shear, which effectively

dp(r)

B,(r)

forms a Mach-Zehnder interferometer (MZI) at each (lateral)
spatial location, with the MZI modes separated from each other by
the shear distance. Motorized tuning of the pitch angle of SP; with
respect to the light propagation axis induces a controlled bias phase
o between the two sheared spatial modes and associated polariza-
tion components after SP; (21, 26), over a large scanning range 0 <
o < 507, with no measurable beam deviation.

In the birefringent phase imaging configuration, the total phase O(r)
after SP, equals to Op(r) = ¢y (r) + 0, where ¢, (r) is a spatially dependent
birefringent sample phase. This is illustrated in Fig. 1B, where the
shown phase profile is always between H and V polarized light. On the
other hand, for measuring a nonbirefringent phase sample, the sam-
ple is placed between SP; and SP; of the LIM. In this configuration, the
LIM imprints a nonbirefringent sample phase ¢pp(r) between the SPs
onto a birefringent phase between H and V after SP,. This results in the
total phase Op(r) = Onp(r + S/2) — dnp(r — S/2) + 0, where S is the
shear distance between H and V induced by the SPs, as shown in Fig. 1C.

Low-noise two-photon interference measurement using

a SPAD array camera

The total phase factor 20(r) in Eq. 1 acquired by the two-photon
state | ) is transformed into a measurable change in photon coin-
cidences by projecting into the diagonal polarization bases. This is
achieved by a half-wave plate (HWP) at 22.5° after SP,, and a lateral
displacement polarizing beam splitter (dPBS), which directs the
photons with diagonal [D = (H + V)/2] polarization to the left half
of the camera sensor and those with antidiagonal [A = (H - V))/\2]
polarization to the right half. Using our SPAD array camera, we

SP2 Hwp

LIM

dPBS

SP, A SP,
I---> --\
/-- .> -.-\
i b S
- N L L
dno(r) Onb(r)

Fig. 1. Description of the experiment. (A) Scheme of the entanglement-enhanced imaging setup. SI, Sagnac interferometer; PBS, polarizing beam splitter; HWP, half-
wave plate; L, lenses; P, polarizer; DM, dicroic mirror; M, mirror; ¢y, birefringent sample (SLM); ¢n,, nonbirefringent sample; SP, Savart plate; dPBS, lateral displacement
polarizing beam splitter; BPF, band-pass filter. (B) Detecting birefringent phase samples with the LIM. (C) Detecting nonbirefringent phase samples with the LIM. In (B) and
(Q), three example trajectories are shown through the LIM, dashed lines correspond to H, and dotted lines correspond to V polarized light. SP; is tilted using the pitch

angle with respect to the optical axis.
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then measure spatially resolved photon coincidences (18) in the three
possible polarization bases, corresponding to (DD | y), (AA | y), and
(DA | y) measurements (see Materials and Methods for details). We
experimentally characterized and then optimized the SNR of the
measured coincidences, which depends on the entangled photon
generation rate and camera acquisition parameters (see SM-S5 for
details) (27, 28). We note that, here, a critical factor is the SPAD
array camera’s negligible read noise and very high frame rate, en-
abling the ultralow-noise acquisition of spatially resolved coinci-
dences across 2048 spatial modes defined by the camera’s pixels.
The SPAD array camera is therefore an essential enabling technolo-
gy for the supersensitive phase imaging presented in this work.

Entangled state characterization

To characterize the quality of the entangled state, we first acquired
a series of coincidence count measurements (using Eq. 9 from Ma-
terials and Methods) while scanning through the LIM offset phase o,
with no sample present. In Fig. 2, we see that quantum two-photon
interference manifests twice the periodicity of the single-photon
interference, which is the expected signature of phase superresolu-
tion for NOON state interference (10, 12). That is, for an offset phase
o that is applied by a given tilt of SP, in the LIM, the classical state
acquires the phase o, while the NOON state acquires the phase 20.
When integrating coincidences across the whole SPAD array cam-
era (Fig. 2B), a relatively low fitted visibility of Vgyeran = 0.670 +
0.022 is obtained. However, when analyzing the coincidences of one
fixed pixel with those surrounding it (Fig. 2C), the fitted visibility is
Viocal = 0.94 + 0.06. This result indicates high local fidelity with re-
spect to the theoretical state | ), validating the supersensitive capa-
bilities of our quantum resource (14, 29). The discrepancy in visibility
between Fig. 2B and Fig. 2C indicates a spatially dependent phase
background across the NOON state wavefront, which we characterize
and remove when imaging samples (see SM-S6 for details).

Holographic phase imaging from coincidence counts

The processed coincidence counts ccg, calculated from Eq. 9 (in
Materials and Methods), represent a four-dimensional quantity (two
spatial dimensions per pixel). This was transformed into a two-
dimensional coincidence image (ci) using the following mapping

w Z

where W (Z) is the image width (height), that is, the number of pix-
els in the x (y) dimension of the camera sensor, and ccg(x, y, x', ¥')
is the number of coincidences between pixels with coordinates [x, y]
and [x, ¥']. Equation 2 produces a two-dimensional image with the
same number of pixels as the camera sensor, representing the
two-photon counts at each pixel (see SM-S3 for details).

Entanglement-enhanced phase images were retrieved using phase-
shifting digital holography (PSDH) (30), taking advantage of the
tunable LIM bias phase. Coincidence images were acquired for four
different bias phases o = {0, n/4, n/2, 3n/4}, where the spatially re-
solved coincidence image ci(r, o) depends on the bias o and is cal-
culated using Eq. 2. The sample phase image is then retrieved
according to

_1] ci(r,m/4) —ci(r,3n/4) 3)
ci(r,m/2) —ci(r,0)

where the circumflex on $N00N indicates that it is an estimator of the
sample phase, calculated from the experimental NOON state inter-
ference. In the birefringent phase imaging configuration, Eq. 3
estimates ¢p, whereas, in the nonbirefringent phase imaging config-
uration, it estimates 0np(r + S/2) — dnp(r — S/2), the sheared non-
birefringent phase. The phase image is retrieved for each of the
three polarization projections ((DD |, (AA |, and (DA |) and then
combined for a more accurate estimation.

Onoon(r) = %tan

Supersensitive imaging of a birefringent sample

We first investigated the entanglement-enhanced phase imaging
capabilities of our system by measuring a birefringent test sample
generated by the SLM (pattern shown in Fig. 3A). An equal number
of photodetections was used to retrieve a phase image using classical
(single-photon) intensity interference and entanglement-enhanced
(two-photon) NOON state interference. Over all four phase-shifted
images, a total of I, = 8.18 x 10° single-photon detection events
and cigr = 4.06 x 10° two-photon coincidences were recorded (i.e.,
ot = 2ciio), in acquisition times of 2.9 s and 24 hours, respectively.
Figure 3B shows the classical phase estimate image O Classicals calcu-
lated from Eq. 10 (in Materials and Methods). Figure 3D, on the
other hand, shows the entanglement-enhanced phase estimate
$NO0N> calculated from Eq. 3. Figure 3 (C and E) shows cross sec-
tions of the background noise in the classical and entanglement-
enhanced phase estimate images, respectively. Figure 3 (B and D)
shows the recovered sample phase well, whose accuracy is further

cilx,y)= X > ccr(x,y,x,y) ()

x'=1y'=1
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Fig. 2. Classical versus NOON state interference. (A) Classical interference integrating across whole camera. Red crosses and blue circles correspond to (D| and (A|
projections, respectively. (B) NOON state interference integrating across whole camera. (C) NOON state interference with a single fixed pixel. For (B) and (C), red crosses, blue circles,
and green diamonds correspond to coincidence counts (Coinc.) from (DA |, (DD |, and (AA | projections, respectively. Solid lines are fitting curves. The doubled periodicity
in (B) and (C) as compared to (A) is obtained by the tilting of SP; in the LIM, which induces a phase a in the classical state and 2a in the NOON state.
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Fig. 3. Retrieved phase images of a birefringent sample. (A) Phase profile applied to SLM. (B) Classical phase image $cassical- (C) Cross section of phase profile along the

yellow dashed line in (B). (D) Entanglement-enhanced phase image $xoon. (E) Cross section of phase profile along the yellow dashed line in (D). Black rectangles in (B) and
(D) indicate the area used for LU calculations. The pixel-to-pixel noise is reduced in (D) and (E) compared to (B) and (C). The reduced edge contrast in (D) is due to the
relatively large photon spatial correlation width, but can be addressed by engineering an entangled photon source with a tighter spatial correlation. Scale bars, 1 mm at

sample plane.

confirmed with the zero-normalized cross-correlation image match-
ing metric (details in SM-S7).

To quantify the sensitivity enhancement that our protocol pro-
vides, we compute the local uncertainty (LU) of the images, that is,
the root mean squared differences between all pairs of neighboring
pixels (14). The regions indicated by the black rectangles in Fig. 3
(B and D, respectively) were used to calculate the LU, yielding
LU Classical = 0.091 + 0.005 and LUygon = 0.065 * 0.004, where the
errors in LU represent the statistical SE. We therefore obtained a
reduction in noise from $c1assica1 to $N00N, which can be seen qual-
itatively by comparing the roughness of Fig. 3 (C and E) and nu-
merically as LUnoon/LUclassical = 0.72 % 0.06. The above result is
consistent with the predicted phase supersensitivity for our system
sd(@noon ) /sd(Dclassicat) = 0.79 + 0.05 (see Materials and Methods or
detailed calculation in SM-S5) and close to the theoretical bound
of 1/\2 =~ 0.707.

Supersensitive imaging of protein microarray sample

A nonbirefringent phase sample was implemented by fabricating a
microarray of protein spots on a glass slide (details in Materials and
Methods), similar to clinical microarray assays, where a range of
capture antibodies are spotted onto a glass slide, each binding with
a specific biomarker (e.g., an indicator of a disease). Measuring a
change in signal for a given spot therefore confirms the presence or
absence of a certain condition, aiding in rapid diagnosis (31). Accu-
rately imaging the phase jumps due to the presence or absence of
proteins in such a biological sample and showing a quantum en-
hancement in this measurement confirm the direct applicability of
our entanglement-enhanced imaging system to diagnostics applica-
tions. As shown in Fig. 1C, the microarray test sample (¢,,) was
inserted into the LIM for measuring. Figure 4A shows a reference
phase image retrieved under high-intensity illumination, whereas
Fig. 4 (B and C) shows the low-intensity illumination (single-
photon) and entanglement-enhanced phase estimates $c1assica1 and
dnooN respectively. As with the birefringent sample, an equal num-
ber of photodetections was used to reconstruct the phase image es-
timates $C1assical and $N00N (Lot = 3.16 x 10° single-photon detection
events and cig = 1.55 x 10° two-photon coincidences, i.e., [ioy =
2citor), permitting a fair comparison of phase sensitivity for the two
methods. The respective acquisition times were 3.2 s and 28 hours.
Horizontal cross sections of the phase images (Fig. 4, D to F) con-
firm the accuracy of the entanglement-enhanced measurement
compared to both classical ones. The contrast between spots and
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the surrounding background, indicating the presence and absence
of proteins, respectively, is clear in all measurements, which con-
firms the suitability of the technique for probing diagnostic mi-
croarrays. We again compare the LU, using the areas defined by the
black rectangles. The extracted values are LU¢lygsical = 0.059 £ 0.002
and LUygon = 0.047 + 0.001, which provides an enhancement of
LUNooN/LUclassical = 0.80 * 0.04, again consistent with the predicted
phase supersensitivity of 0.79 + 0.05 (see Materials and Methods or
detailed calculation in SM-S5) and close to the theoretical bound of
12 = 0.707.

DISCUSSION

Our proof-of-principle demonstration of quantum-enhanced im-
aging represents a first step toward a real-world advantage for spe-
cific bioimaging use cases that require imaging sample phases with
a lower photon number than classically possible. As pointed out in
(32) and (33), besides photodamage, which is readily observed upon
sample inspection, also experimentally important are photosensi-
tive effects caused by illumination levels orders of magnitude below
the damage threshold. Such effects may not be obvious to the user
but still adversely affect measurement reliability and include alter-
ing of gene expression (5), enzyme activity (7), and acceleration of
oxidation and reduction reactions in cells (4). Comprehensive
quantitative data on these phenomena are scant (32), especially for
phase imaging, which has only recently begun to supplant fluorescence
microscopy in biomedical applications (34). However, for instance,
in (7), rough calculations indicate that light-induced changes be-
come noticeable starting from only ~10” to 10'! photons at the cell
level, a light budget comparable to illumination levels enabled by
state-of-the-art entangled photon sources. A promising application
for quantum-enabled supersensitive imaging may then be the long-
term inspection of photosensitive biosamples, such as the monitor-
ing of biomarkers from a patient subjected to an evolving disease
(35) or the characterization of slow changes in neural cells (36). In
such a case, a small photon budget must be stretched across a period
of hours or days, and, therefore, even the V2 sensitivity enhance-
ment enabled by two-photon NOON states would lead to a useful
improvement in measurement capacity.

Moreover, it is straightforward to extend our protocol to larger
NOON states or other nonclassical light states with N > 2 photons.
Analogously to what is shown here, if all N photons of the state are
spatially correlated, a SPAD array camera can measure the N > 2
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Fig. 4. Retrieved phase images of a nonbirefringent protein microarray sample. (A) Reference phase image from high-intensity classical illumination. (B) Low-intensity

(single-photon level) classical illumination phase image Sctassical- (C) Entanglement-enhanced phase image $NOON. (D to F) Cross sections of phase profiles along the yellow
dashed lines in (A) to (C). Black rectangles in (B) and (C) indicate the area used for LU calculations. All three experimental conditions show clear contrast between regions
of high protein binding (circular spots) to regions with no binding (background). The entanglement-enhanced method (C) manifests less pixel-to-pixel noise than its
classical counterpart (B) for an equal number of photons detected. Scale bars, 2 mm at sample plane.

multiphoton coincidence images, so the phase can be retrieved us-
ing PSDH with a theoretical sensitivity enhancement of VN, rather
than the V2 factor currently afforded by entangled photon pairs.
However, using SPDC to generate NOON states with many photons
is experimentally very challenging, with past demonstrations show-
ing only probabilistic generation of NOON states with relatively small
N (10, 37). On the other hand, recent progress in quantum dot and
cavity-based entangled photon sources has been promising (38-40),
and we are therefore hopeful that NOON state sources with high N
may become available in the future, which will enable greater sensi-
tivity enhancements in our system.

In our experiment, the image resolution of 32 pixels by 32 pixels
was only limited by the sensor of our SPAD array camera. On the
basis of recent developments of SPAD arrays with up to megapixel
resolution (41), we expect that our protocol can be fully exploited
for highly detailed quantum-enhanced phase imaging. We note that
our protocol becomes susceptible to errors when the correlation
width between photons is comparable to the sample feature size, as,
in this case, it is likely that the two photons acquire different phases.
This implies a breakdown in the approximations that leads to Eq. 1
(details in SM-S1) and leads to reduced edge contrast, as can be seen
in the blurred edges of the “¢” pattern in Fig. 3D. Future work will
focus on developing an entangled photon source with a tighter pho-
ton pair correlation width to improve spatial resolution.

Sensitivity comparisons between the classical and quantum-
enhanced measurements were made here for an equal number of
photons counted, with postselection used for coincidence counting.
Photon losses due to imperfect optical efficiencies were not taken
into account, which is standard practice in almost all works on
quantum-enhanced phase measurements to date (10, 11, 14, 15).
However, as NOON state phase measurements are highly sensitive to
loss, a real sensitivity advantage can only be shown by comparing an
equal number of photons at the sample (29), which necessitates very

Camphausen et al., Sci. Adv. 7, eabj2155 (2021) 17 November 2021

high optical efficiencies (42). To this end, future work will focus
on developing entangled photon sources at shorter wavelengths in
combination with enhanced efficiency SPAD array cameras (43) to
markedly improve system optical efficiency. Another promising
approach would be to use superconducting nanowire single-photon
detectors (SNSPDs), which routinely achieve detection efficiencies
of close to unity (44). In particular, SNSPD image sensors have re-
cently been demonstrated (45, 46), which, while currently having
some limitations, could, in the future, be used for the required
high-efficiency coincidence image detection. Last, future work will
also focus on modifying our method to achieve enhanced phase im-
aging using other quantum states that have less demanding optical
efficiency requirements than NOON states (47-51). We are therefore
optimistic that the technological requirements for our method to
yield a true quantum advantage over classical phase measurements
will soon be met.

In this work, the coincidence acquisition speed was limited by
the SPAD camera readout scheme and photon detection efficiency
(PDE), which resulted in much longer quantum imaging acquisi-
tion times than for the classical case. First, we used a SPAD camera
intended for general use, which, thus, reads out and transfers infor-
mation for all pixels regardless of whether they detected a photon or
not in every frame. Thus, the shortest achievable frame time is sim-
ply the readout time per pixel multiplied by the number of pixels,
which in our case is 10.4 ps. This is ~10° times longer than the
exposure time per frame, leading to a very low duty cycle and
correspondingly slow acquisitions. Moreover, as we image with
low-photon numbers, a large overhead of useless data (pixels with
no detections) is generated. To solve this issue, future work will
make use of emerging SPAD arrays specialized for sparse event
detection, with optimized asynchronous or event-driven readout
schemes that only read out and transfer useful coincidence infor-
mation (52). Second, for a given PDE 1, the coincidence detection
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efficiency is n”°—in our case, yielding an available coincidence
detection rate ~30 times lower than single-photon detection. We
anticipate further improvements in detection technology that will
allow this problem to be addressed in the foreseeable future. See
SM-S8 for more details and a comparison with single-pixel detec-
tor scanning-based imaging.

Note that despite also using holographic phase retrieval, the
entanglement-enhanced microscope presented in this work is quite
different from the quantum-enabled holography technique in (53).
In that work, two photons are spatially separated and nonlocal pho-
ton correlations are needed for holographic reconstruction. In our
system, on the other hand, both entangled photons pass through the
sample together, which is the crucial aspect that enables our system
to achieve supersensitive phase imaging.

In conclusion, we have successfully implemented a practical large
FoV, scan-free quantum-enhanced phase imaging protocol, capable
of retrieving phase images with decreased noise compared to equiv-
alent classical measurements. Our system uses space-polarization
hyperentanglement, generated by an integrated source of quantum
light, and combines a LIM with robust phase-scanning mechanism
and several data processing steps of images produced by a SPAD
array camera. Polarization entanglement is exploited as a resource
for phase supersensitivity, while photon pair spatial correlations
ensure that coincidence detections are confined to nearby pixels,
thereby enabling scan-free simultaneous multiphoton imaging on
many spatial modes across the whole FoV. For birefringent and
nonbirefringent phase samples, we measured reductions in noise of
the retrieved phase images, by factors of 0.72 + 0.06 and 0.80 +
0.04, whose inverse values yield the sensitivity enhancements of
1.39 £ 0.11 and 1.25 * 0.06, respectively. Precise measurement of a
protein microarray demonstrate that biomarkers can be well iden-
tified. We expect systematic calibrations of the phase response of
specific samples to allow identifying biomarker concentration. This
advance shows the compatibility of our quantum-enhanced method
with medical diagnostic applications, with further use cases extending
to a range of material and biological inspection tasks such as monitor-
ing photoresist-based microfabrication, inspection of semiconductor
and crystal materials, and observation of living organisms without
inducing cellular damage or photosensitive effects. We believe that,
with realistic future developments, our technique will be highly
competitive with respect to classical alternatives in which delicate
samples cannot be analyzed without risks of being substantially
altered or even damaged and that this work is thus an important
step toward practically useful quantum imaging.

MATERIALS AND METHODS

Details of experimental setup

As shown in Fig. 1A, a continuous wave single-mode laser (TOPTICA
TopMode) at 405.6 nm wavelength is used to pump a type 0 period-
ically poled potassium titanyl phosphate (ppKTP) crystal inside the
SIL. A superposition of SPDC processes takes place, which generates
the quantum state |w), composed of photon pairs at 811.2 nm
wavelength (22). The ppKTP crystal is temperature-controlled
using a Peltier oven to satisfy the degenerate phase matching condi-
tion. The laser power, measured before the SI, was fixed to 3 mW
for background measurements and fixed to 0.6 mW for sample
measurements. The entangled photon pairs are imaged onto the
SLM (HOLOEYE PLUTO-2) using two lenses of focal lengths L, =
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300 mm and L, = 2500 mm in a 4f configuration and then reimaged
with two further lenses (L3 = 250 mm in the measurement of the
birefringent sample, L3 = 500 mm in the measurement of the non-
birefringent sample, and L, = 500 mm) again in a 4f configuration
into our LIM and SPAD camera (Micro Photon Devices SPC3) (see
Fig. 1A). The LIM and camera are separated by less than the
Rayleigh range of the imaging system. Therefore, the SLM, the LIM,
and the SPAD camera are at conjugate planes of the SPDC plane,
where photon pairs are spatially correlated (24). A 810 + 5 nm
band-pass filter (BPF) is placed before the camera to remove envi-
ronment noise and spurious pump light. Our SPAD camera has a
pixel pitch of 150 pm and is fitted with a microlens array, giving an
effective pixel fill factor (FF) of =75%. Therefore, the overall PDE
at 811.2 nm (taking into account FF) is approximately 3%. The SPs
(United Crystals) in our LIM induce a shear of 450 um.

Coincidence counting using a camera

Under low-light conditions, where a pixel receives either zero or
one photon, the coincidence counts cc between any two arbitrary
pixels i and j can be calculated from N intensity image frames ac-
cording to (18, 27)

N
2 Im,iIn,j

m,n=1

. 1
cc(ij)= X Il - N (4)
i1

where I} ; € {0,1} represents the value returned by the ith pixel in the
Ith frame. The first term on the right side of Eq. 4 calculates the real
and accidental coincidences across all frames, while the second
term subtracts the accidentals, leaving only genuine photon co-
incidences (18). In this work, we calculate three cases for the
above formula:

1) cepp(i, j): Pixels i and j both on the left half of the camera,

i.e., a (DD| polarization projection;

2) ccaa(i, j): Pixels i and j both on the right half of the camera,

i.e.,, a (AA| polarization projection; and

3) ccpa(i, j): Pixels i and j on different halves of the camera,

i.e., a (DA| polarization projection.

The SPAD camera was operated at a frame rate of 96 kHz, with a
dead time of 120 ns. For sample and background measurements, we
used an exposure time of 10 and 70 ns per frame, respectively. To
collect enough events for accurate statistics and high SNR (as de-
tailed in SM-S5), large numbers of frames were acquired: For the
birefringent case, sample and background acquisitions consisted of
2.07 x 10° and 2.76 x 10° frames (6- and 8-hour acquisition times)
per PSDH step. For the nonbirefringent case, sample and back-
ground acquisitions consisted of 2.42 x 10° and 1.38 x 10° frames
(7- and 4-hour acquisition times) per PSDH step.

During acquisitions, frames are first read into the camera’s in-
ternal memory, which is then emptied via a USB3 link into an ex-
ternal PC random access memory. In parallel, the PC executes a
control and analysis script, which calculates Eq. 4 from the incom-
ing frames, and saves the coincidence data to disk.

SPAD array cross-talk removal

Coincidence counts ccpp and ccay, as calculated by Eq. 4, also in-
clude cross-talk. In SPAD cameras, cross-talk coincidences ccq(i, )
occur because, after a real photon detection in pixel i, photons can
be emitted from that location and detected by a nearby pixel j with
probability P(j | i) (54) or vice versa (55). This is modeled by
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ceelirj) = ceilj) +cceljl i)

e e (5)
= Pa(ilj) X 1Iij+ Pu(jli) X1
=1 =1

ccpa, on the other hand, is not affected by cross-talk because, in
this case, the monitored pixels are far apart on separate halves of
the camera.

Characterizing P.(i| ) is a highly nontrivial task, because it re-
quires individual illumination of every single pixel. However, one
can approximate the spatially dependent cross-talk to be uniform
across the camera, depending only on the distance between two
pixels (55, 56)

N
cee(ij) = Pe(Ax, Ay) IZ(Il,j + 1) (6)
=1

where Ax = | x; — xj| and Ay = | y; - y;|, with i and j now explicitly
expressed in terms of their x and y coordinates.

We characterized P.(Ax, Ay) by counting coincidences with the
camera sensor covered, such that detections were only generated by
dark counts. As dark counts of different pixels are uncorrelated, any
coincidences measured are due to cross-talk (57). We then obtain
the cross-talk probability

M
Pe(Ax, Ay ) = % > cc(iyi + Ar) (7)
oti=1

where Ar = [Ax, Ay] and cc(i, i + Ar) is the coincidence count, cal-
culated using Eq. 4 between the pixels with coordinates [x;, y;] and
[xi + Ax, yi + Ay]. M is the total number of pixel pairs with equal
separation Ar, and I, is the total number of detections on all pixels
over all frames. See SM-S3 for an image of P(Ax, Ay).

Therefore, the coincidences for the (DD | and (AA | polarization
projections, with cross-talk subtracted, are calculated simply as
cckkli, j) = ccli, j) — ccali, j), with k = {D, A}. This calculation is
performed in postprocessing, after an experimental acquisition has
completed.

Spatially uncorrelated noise removal

When imaging coincidences, additional sources of noise can appear
because of the detection of spatially uncorrelated coincidences.
However, these can be removed in postprocessing; as with our ex-
perimental apparatus, the probability of genuine coincidence detec-
tions becomes negligible for pixel pairs that are well separated. We
determine the SPDC photon pairs’ spatial correlation width (og),
which characterizes the maximum possible distance between cor-
related photons [see (58)], by fitting the following Gaussian model
to the measured coincidence counts

== x0)% + (v - )’0,:‘)2)}

2
205,

(8)

G(i,j) = exp [

with [xo,;, ¥o,i] = [%; ] for ccpp and ccqa. For ccpa, we have [xoj, yo, 1] =
[xi + dy, yi + dy], where d, and d, are additional fitting parameters
(details in SM-S3). We then apply the following condition, yielding
the filtered coincidence counts ccg with spatially uncorrelated noise
coincidences to be removed

cc(ij), ifG(,j)> ¢t
0, otherwise

ccr(in]) = { ©)
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where cc(i, j) is calculated as described in the previous section for
cCpps €Caa, and ccpy. t is a threshold between 0 (no filtering) and
1 (filtering out all coincidences). For the phase imaging measure-
ments in this work, a threshold of t = 0.5 was used (details in SM-S3).

Phase-shifting interferometry method

PSDH is a well-known technique for quantitative phase retrieval, which
requires detecting four intensity images I(¢sample» o)) with contArolled
offset phases (a = {0, m/2, 7,31/2} for classical light) to access ®sample
(30). This method originates from an algebraic inversion of the in-
terference dependence function and is usually written as

-1 I(q)Sample’ m/2) - I(¢Sample: 3n/2)
I((I)Samples T ) - I((I)Sample’ 0)

When measuring coincidence images as in our study, the NOON
state quantum interference is governed by the phase 20 = 2(¢sample +
a) in Eq. 1, where the factor of 2 represents the superresolution en-
hancement. Accordingly, the four phase offsets are set to {0, n/4,
7t/2,31/4}, so that we can retrieve 2 $Sample’ which is therefore divided
by 2 to get Eq. 3. To correctly set the four required offset phases,
we first scanned through the interference curves by tilting SP,
(shown in Fig. 2), which produces a continuous scan on o. We then
fitted a cosine to the data to extract the right SP; tilts for the re-
quired offset phases.

(10)

q)Sample = tan

Modeling sensitivity enhancement

To model the expected sensitivity enhancement, we compare the
noise (standard deviation) of the classical and entanglement-
enhanced phase estimates $Classica.l and $NOON, calculated using Eqgs. 10
and 3, respectively. Using the error propagation formula (59)

sd(f) = J;[(%) sd(xj)z]

this noise can be related to the underlying measurements. For
classical (NOON) interference, the function f corresponds to $Classical
($N00N) and x; to the experimental intensity (coincidence) measure-
ments. The standard deviations sd(x;) of the intensity and coincidence
image measurements, taking into account the real (i.e., imperfect) in-
terference visibility and photon counting noise, can be expressed as

(11)

[ VClassical COS [q)Sample(r) +j7t/2] +1
2

172
Itot/4] for Ip

sd() = (12)

[ _VClassical Cos [q)Sample(r ) +j7t/2] +1
2

1/2
Itot/4] for I

where Ip (I4) is the intensity image measured in the diagonal
(antidiagonal) polarization basis (see SM-S5 for details), and

sd(cij) =

) 12
Veos |2 Gsample(r) + jn/4| +1 .
K [ [24s PIAE ) +il4] c1t0t/4] for ccpp and ccay

(13)

) 172
—Vc08|2 Psample(T) + ju/4| +1 .
K[ 24 plz( ) +in/4] c1t0t/4] for ccpy

Here, I; (ci)) is the intensity (coincidence) measurement corre-
sponding to the jth step in the PSDH protocol, and Iy (citor) is the
total number of photons (coincidences) over all four steps. Viassical
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(V) is the interference visibility for classical (NOON) interference,
where we set V(assical t0 unity, while we measured V = 0.94 + 0.06.
Some photon counting noise is added by the coincidence counting
method used here (27, 28), which is quantified by k > 1 (where x = 1
for ideal shot noise limited measurements). We experimentally mea-
sure a value of k¥ = 1.05 (see SM-S5 for details).

For a fair sensitivity comparison, we set the total number of photons
used in the classical and the entanglement-enhanced phase estima-
tion to be equal, i.e., Iiot = 2citor. Substituting Eqs. 12 and 13 into Eq. 11
gives the standard deviations of the phase estimations retrieved for
each polarization measurement for both classical and quantum-
enhanced methods. The phase retrievals due to the individual po-
larization measurements are then combined according to

~ ¢Classical,D + ¢Classical,A
OClassical = 2

(14)

~ ~ ~
~ _ ONo0oN,DD * ONooN,44 + 2 ONOON,DA
ONooN = 7

(15)

which allows the use of the error propagation formula Eq. 11 again to
obtain expressions for both sd(@crassicat) and sd(@noon) in terms of Iy
Last, we numerically evaluate sd($NOON)/ Sd($Classical) =0.79 + 0.05
(see SM-S5 for details).

Protein microarray sample fabrication

The microarray test sample was fabricated using the commercially
available Pierce Recombinant Protein A/G (Thermo Fisher Scientific,
21186). First, the stock solution at 5 mg/ml was diluted using
Milli-Q water to a final concentration of 500 pg/ml. This was then
spotted (using a SCIENION sciFLEXARRAYER S3 spotter) onto
a borosilicate glass slide (NEXTERION Slide E, SCHOTT), coated
with a multipurpose epoxysilane layer that covalently binds most
types of biomolecules including amino- and nonmodified DNA,
RNA, and proteins. Spots of diameter 500 um were made with 1000-um
center-to-center spacing, and the sample was left to dry overnight
(24 hours) before measuring.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj2155
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