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Abstract: With the advancement of non-classical light sources such as single-photon and
entangled-photon sources, innovative microscopy based on quantum principles has been
proposed for traditional microscopy. This paper introduces the experimental demonstration
of a quantum polarization microscopic technique that incorporates a quantum-entangled
photon source. Although the point that employs the variation in polarization angle due to
reflection or transmission at the sample is similar to classical polarization microscopy, the
method for constructing the image contrast is significantly different. The image contrast
is constructed by the coincidence count of signal and idler photons. In the case that the
coincidence count is recorded from both the signal and idler photons, the photon statistics
resemble a thermal state, similar to the blackbody radiation, but with a significantly
higher peak intensity in the second-order autocorrelation function at zero delay that is
derived from the coincidence count, while, when the coincidence count is taken from
either the signal or idler photon only, although the photon state exhibits a thermal state
again, the photon statistics become more dispersive and result in a lower peak intensity
of the autocorrelation function. These different thermal states can be switched by slightly
changing the photon polarization, which is suddenly aroused within a narrow range of the
analyzer angle. The autocorrelation function g?(0) at the thermal state exhibits a sensitivity
that is three times higher compared to the classical coincidence count rate, and this concept
can be effectively utilized to enhance the contrast of the image. One of the key achievements
of our proposed method is ensuring a low power of illumination (in the order of Pico-joules)
for constructing the image. In addition, the robustness without any precise setup is also
favorable for practical use. This polarization microscopic technique can provide a superior
imaging technique compared to the classical method, opening a new frontier for research
in material sciences, biology, and other fields requiring high-resolution imaging.

Keywords: quantum imaging; quantum-entangled photon source; thermal state; black
body radiation; classical optical microscopy

1. Introduction

Optical microscopy and spectroscopy play significant roles in modern research across
a wide range of disciplines, including fundamental physics, materials science, chemical
studies, and biological sciences. In optical microscopy, it is fascinating to observe how
historical advancements in light properties have consistently led to the creation of innova-
tive imaging applications. Optical imaging with classical light is limited in terms of the
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signal-to-noise ratio, resolution, contrast, and spectral range [1]. To overcome these limi-
tations, quantum properties of light utilizing correlated, entangled, or squeezed photons
have been innovated for optical imaging [2-6]. In addition to this, quantum imaging might
serve the extremely robust and highly resistive measurements against various kinds of
perturbations such as mechanical vibration, the fluctuation of surrounding circumstances
or the light source, and so on. The initial demonstration of entangled-photon sources,
known as the bi-photon state, has led to numerous applications in quantum imaging [7-9].
In particular, the essential features of entangled-photon sources are the polarization state,
momentum, energy, and position correlations of the entangled-photon pair [10,11]. The
entangled-photon source can enable the imaging technique in spectral ranges where effi-
cient detection is challenging, or even imaging with light that does not directly interact with
the sample [12-15]. Moreover, utilizing specific quantum states of light and their photon
statistics allows for sensing and imaging beyond the constraints of classical techniques.
The quantum optical microscopy with an entangled-photon source can construct an image
with extremely low light intensity when applying quantum light, enabling new insights
into photosensitive biochemical applications. At present, polarization-entangled-photon
sources have been a key for these works of research due to their simplicities in generation,
control, and measurement. The entangled-photon pairs from these sources can be pro-
duced through spontaneous parametric down-conversion (SPDC) [16]. In classical imaging
methods, the key technology is extracting the phase information by interfering with a
reference beam. It is impossible to extract phase information from classical interference
measurements when incoherent and unpolarized beams are used, whereas the coherence
of the polarization-entangled state allows for the extraction of images despite dynamic
phase disorder and significant classical noise [5]. In optical microscopy, there are some
challenges for biological measurement such as the need to increase the power to improve
the resolution while also decreasing the power to prevent photo damage to the biological
structure. This creates a trade-off between the resolution and photo damage. Moreover,
the low illumination power leads to a reduction in the resistivity against noise. In contrast,
quantum polarization microscopy with an entangled-photon source can be carried out at
an extremely low light intensity to enable new insights into photosensitive biomedical
applications.

Ref. [17] demonstrates an optical microscopy technique capable of optical phase
measurement beyond the standard quantum limit (SQL). In this case, improving the signal-
to-noise ratio (SNR) is crucial, and entanglement plays a fundamental role in achieving
this enhancement [18,19]. However, one limitation of their approach is that it requires
optical path length accuracies on the order of several tens of micrometers [17]. Addi-
tionally, quantum imaging utilizing spatial and polarization entanglement for biological
organisms is described in Ref. [20]. This approach, known as imaging by coincidence
from entanglement (ICE), provides a high SNR, a greater resolvable pixel count, and a full
birefringence-quantified quantum imaging technique that produces high-quality images of
biological samples. Quantum microscopy at the Heisenberg limit, proposed in Ref. [21],
involves coincidence quantum microscopy (QMC) with balanced path lengths, enabling
super-resolution imaging with substantially higher speeds and contrast-to-noise ratios
(CNRs) compared to existing wide-field quantum imaging methods. Despite these advan-
tages, these techniques are significantly affected by a low SPDC efficiency or detector limits.
For example, in the case of quantum holography using polarization entanglement [5], it
requires tens of hours for image acquisition due to the low frame rate of EMCCD cameras.
In contrast, our proposed method achieves image acquisition in much less time.

In this paper, to overcome the issues above, we propose an imaging technique in-
volving measurements of coincidence counts and the autocorrelation function at zero
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delay, g2(0), using a quantum polarized type II entangled-photon source. According to
our method, the variation in polarization angle due to reflection or transmission at the
sample is detected using two distinct thermal states of SPDC photon statistics. Namely,
since it switches between the two different states depending on whether either the signal
or idler port is in a vacuum state or not, by setting the analyzer at the sample side to block
the photon, the image contrast is constructed due to the transition between the states. It
should be also noticed that our method offers a significant advantage in that it does not
require precise optical setups, such as beam alignment, path difference adjustments (delay
lines), or phase drift cancellation, which are commonly needed in quantum phase-sensing
measurements. Instead, we employ polarization-sensing measurements to provide a more
convenient and robust measurement technique. By adopting this approach, we aim to
develop a high-performance and reliable imaging technique with a simple setup based on
polarization sensing.

2. Methods

The entangled-photon-pair source used in this experiment exhibits bunching char-
acteristics, a phenomenon associated with the photon statistical properties of light. This
behavior, where photons arrive in pairs or “bunches” rather than independently, is typ-
ical in SPDC and confirms the photon-pair generation. Actually, the bunching effect is
observed in the second-order autocorrelation measurement, gZ(T), between signal and idler
photons [22]. In general, thermal state exhibits bunching characteristic, as shown by the
autocorrelation at zero delay larger than 1 (¢%(0) > 1.) However, different from the case of
ordinary thermal state like black-body radiation, a higher bunching peak is seen in the case
of SPDC photon statistics because the time interval between photon pairs [Signal and Idler]
is longer compared to the Poisson case (¢2(0) = 1) or super-Poisson (g%(0) > 1) [23], leading
to the enhancement in photon-bunching. Here, this photon state is called ‘hyper-Poisson
state.” Figure 1a shows the schematic illustration of the variations of ¢%() with respect to
the time delay (7) in the cases of hyper-Poisson and super-Poisson states. On the other
hand, when either the signal or the idler photon is blocked using an analyzer (or polarizer),
a bunching peak with lower intensity is seen as the super-Poisson state. This is due to the
fact that the time interval tends to cluster together more than in a Poisson distribution [23]
and the photon number for each photon pulse becomes more dispersive than in the case of
a hyper-Poisson state. This will be experimentally confirmed in Figure 2. It is noticed that
the coincidence window for measurements should be sufficiently smaller than the width of
the bunching peak (A7) to observe the bunching peak correctly. The transition between
the hyper-Poisson and super-Poisson state occurs when either the signal or idler photons
are blocked /transmitted by the analyzer introduced into the beam path. This transition
happens rapidly and smoothly, even with minimal perturbation, resulting in a sharp dip in
the ¢%(0) curve, as shown in Figure 1b.

In this research, optical imaging is constructed through the coincidence count rate
or the autocorrelation function at zero delay ¢?(0) between signal and idler photon with
respect to the polarizer angle. These functions are schematically illustrated in Figure 1b.
The coincidence count rate mostly follows a sinusoidal curve, as does the transmitted light
intensity when the polarizer is rotated. When the coincidence rate approaches zero, which
induces the switching from the hyper-Poisson state to the super-Poisson state, the ¢2(0)
curves indicates a sharp dip as shown in the figure. Therefore, these count rate variations
can be used for constructing an image. Conversely, in the polarizer angle range where
these count rates are almost constant such as the flat regions in gz(O) or the coincidence rate
at minimum or maximum points, contrast is hardly obtained. Since the sharpness of this
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dip correlates directly with the image contrast, the autocorrelation imaging may have the
capability to provide a higher contrast than that of a coincidence rate.
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Figure 1. Concept of the imaging methodology: (a) second-order autocorrelation function g2(r) for
hyper-Poisson and super-Poisson states; and (b) coincidence rate and autocorrelation function at zero
delay ¢?(0) as a function of polarization angle.
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Figure 2. Experimental results of g?(T) versus time delay (1) between signal and idler port for
hyper-Poisson state and super-Poisson state.

As mentioned above, since the coincidence rate varies almost sinusoidal with respect
to the polarization angle, the width of peak (dip) in the curve is 71/4 radians, which corre-
sponds to the dynamic range of the measurement, while the width of the autocorrelation
function is attributed to fluctuations in the SPDC process. In an entangled-photon source
based on SPDC, the time interval of the entangled-photon pair varies slightly due to inher-
ent statistical fluctuations in the emission process. These fluctuations result in a spread in
the photon’s arrival times at the detectors which corresponds to the width of the dips in
¢%(0) plots.

In the present work, the schematic arrangement of quantum polarized microscopy is
depicted in Figure 3. The correlated photon-pair source with a collinear type II spontaneous
parametric down-conversion (SPDC), operating wavelength (810 & 2 nm), and maximum
photon pairs per second (>450 kHz) were used as the entangled-photon source. In this
system, the signal photons are vertically polarized, while the idler photons are horizon-
tally polarized, and both are transmitted through polarization-maintaining single-mode
fibers. Two analyzers are positioned in front of the photon-counting detector—one remains
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fixed, while the other can be rotated—followed by a band-pass filter (810 & 5 nm) used
to minimize stray light. The signal and idler photons were detected using avalanche pho-
todiode (APD) detectors connected via multimode optical fibers. The photon counting of
each detector, and coincidence counts and delay adjustment between two detectors, were
performed by a time correlator.

Signal Port
Vertical Detector 1 Time Correlator

Polarization Sample Photon Count (R,) Coincidence of A

4 Photon (R5g)

Rotating Analyzer

\"4‘ ﬂ 0
i e
¥
I’
Entangled-Photon Idler Port Lens ) Band pass Detector 2 Computer
Source Horizontal Fixed Analyzer Filter Photon Count (Rg)
Polarization s— Multi-Mode Fiber

— Single-Mode Fiber
Figure 3. Schematic view of the imaging system.

To demonstrate the proposed imaging method, a first-order (m = 1) optical spiral
retarder sample has been used in this experiment. This sample converts a linearly polarized
source into radially or azimuthally polarization. Figure 4 illustrates the phenomenon where
a linearly polarized beam is incident on the first-order optical spiral retarder. When a
linear polarization beam is incident (Figure 4a), since the fast axis orientation of the sample
is designed to rotate by half-angle of azimuth angle, as shown in Figure 4b, the output
polarization is aligned radially (Figure 4c).

(@ (b)

(©

Figure 4. Schematic illustrations for the optical spiral retarder: (a) linearly polarized input beam
incident on optical spiral retarder; (b) fast axis orientation of optical spiral retarder; and (c) output
polarization after a linearly polarized beam passed through the optical spiral retarder.

The sample is scanned using a motorized stage and photon counting for each point
is recorded via the time correlator. By analyzing the experimental data, including the
coincidence count and autocorrelation function g%(0), the final images are constructed.

3. Results

First of all, to obtain proper coincidence windows (At) under the hyper-Poisson state
and super-Poisson state, we measured the autocorrelation function gz(T) as a function of
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the time delay (7) between channel A and B with the analyzer angles at 110° (hyper-Poisson
state) and 20° (super-Poisson state). Figure 2 shows the experimental results of g?(t) for
both cases of the hyper-Poisson state and the super-Poisson state. The hyper-Poisson
state exhibits a significantly higher bunching peak compared to the super-Poisson state as
mentioned above. In addition, it was found that a coincidence window of 15 ns is sufficient
for simultaneously counting signal and idler photons for both the hyper-Poisson state and
super-Poisson state.

The autocorrelation function at the zero-delay, ¢?(0), can be determined using the
following equation [24]:

2 RaB (0)
8°(0) = Ra-Rg Af ey
where Rp, Rp, and Rap are the count rate of the beam pass with the rotating analyser
(channel A) and that of the fixed analyser (channel B), and coincidence count rate of channel
A and B, respectively. Figure 5 shows the coincidence count and the autocorrelation function
gz(O) versus the analyzer angle for different integration times, including 10, 20, 40, and
80 s. All the coincidence count rate exhibits a sinusoidal curve with respect to the analyzer
angle, similar to the classical polarization measurement. However, unlike normal optical
interference measurements, it should be noted that the interference-like pattern is obtained
from the coincidence of photons on the two different paths, rather than the two paths of
light waves interfering with each other. On the other hand, the plot of the autocorrelation
function concerning the analyzer angle distinguishes between the super-Poisson state,
which features a sharp dip region, and the hyper-Poisson state, characterized by a flat
region. From these results, it is expected that the proposed method enables us to realize
an imaging technique with high robustness and high stability because it requires no real
light-wave interference but only the time-correlation of electrical pulse signal.

Here, we assume that the sharp dips in the super-Poisson state can be described using
the Gaussian distribution function. The measurement of time-correlation experiments
typically follows a Gaussian distribution due to the statistical nature of random fluctuations,
arbitrariness, and timing uncertainties, which contribute to the spread of the measured
experimental values.

In this case, the dip expressed with the following equation was obtained through a
curve-fitting analysis of the experimental data:

(x — x¢) 2
—4In2 x {FWHM } ] 2)

The red solid lines in the ¢%(0) plots in Figure 5 show the fitted curves using
Equation (2). Note that curve fitting has been performed twice for each integration time

y =y, +Aexp

because there are two dips in the analyzer angle range measured (0—220°). The standard
deviations obtained from the curve fits to the measured data are shown in Table 1.

As the integration time increases, the error is progressively reduced, leading to an
improvement in the SNR. Meanwhile, the increase in integration time leads to an increase
in total measurement time. It is suggested that the integration time of 20 s is enough to
obtain a moderate image contrast.

The coincidence rate exhibits a sinusoidal curve, similar to the methodology used in
classical polarization microscopy. Therefore, the contrast of a coincidence rate image can be
regarded as similar to a classical image. However, it is suggested that the coincidence rate
image can be obtained by an extremely low-power illumination. Additionally, the image
contrast might be further enhanced using the autocorrelation function compared to the
coincidence rate image, owing to the abrupt change in the polarization angle dependence.
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Figure 5. Coincidence count and autocorrelation function at zero delay g?(0) versus analyzer angle at

different integration times.

Table 1. Standard deviation, maximum sensitivity, and dynamic range obtained from curve fits for

the autocorrelation function at different integration times.

Integration Time

Standard Deviation (%)

Maximum Sensitivity [/°]

Dynamic Range [°]

1st Dip 2nd Dip 1st Dip 2nd Dip 1st Dip 2nd Dip
10s 9.1 11 0.057 0.028 154 27
20s 54 7.1 0.037 0.031 21.1 26.4
40s 5.1 55 0.035 0.024 23.6 28.9
80s 5.8 5.2 0.027 0.028 25.6 26.5




Photonics 2025, 12, 127

8of 11

Here, we defined that the maximum sensitivity and dynamic range correspond to the
maximum gradient and the full width at half maximum (FWHM), respectively. For the
coincidence rate, the maximum sensitivity and dynamic range are found to be 7t/180 [/°]
and 90 [°], respectively. The maximum sensitivities and dynamic ranges obtained from
curve fitting for the autocorrelation function are presented in Table 1. As shown in the
table, the maximum sensitivity for the autocorrelation function is several times higher than
that of the coincidence rate in general, while the dynamic range is lower.

As mentioned before, the depth of the dip in the autocorrelation function corresponds
to the ¢?(0) value in the super-Poisson state. As the thermal photon generation rate increases,
the ¢g?(0) value decreases, which makes the dip more pronounced.

To demonstrate our imaging method, a spiral retarder optical sample has been utilized.
Figure 6a presents the photo of the spiral retarder optical sample with a diameter of
25.4 mm, consisting of a black part and areas of free space. The dimension of the image is
30 x 30 mm. The images are obtained using predefined experimental parameters, including
the integration time (20 s) and coincidence window (15 ns). The two-dimensional (2D) scan
images of the coincidence image and the autocorrelation image are displayed in Figure 6b,c,
respectively. As shown in the figures, the image derived from the coincidence counts shows
that the image contrast is given in a sinusoidal manner according to the azimuth angle;
namely, the contrast becomes stronger in areas corresponding to nodes (coincidence count
at around 70 or 160° shown in Figure 5), while it becomes weaker in areas corresponding
to antinodes (coincidence count at around 25 or 115° shown in Figure 5).

For the autocorrelation function ¢g?(0) image, the dark area, corresponding to the dip
region under the super-Poisson state, reveals the strong contrast and the bright area (i.e.,
the flat region under the hyper-Poisson state) weak contrast. Figure 6d, e compare the
contrast from the coincidence rate with the autocorrelation function ¢?(0) at the purple
solid bars and the black solid bars, respectively, shown in Figure 6b,c. In Figure 6d, the
line profile along the purple solid line exhibits a greater contrast in the autocorrelation
function compared to the coincidence count. Conversely, in Figure 6e, the line profile
along the black solid line shows a better contrast in the coincidence count than in the
autocorrelation function. These results can be attributed to the fact that the autocorrelation
function produces a sharp dip near a coincidence count of approximately zero, where
the coincidence count remains relatively unchanged. In contrast, in regions where the
coincidence count varies significantly, the autocorrelation function remains nearly constant.
Therefore, even if the sample induces a slight polarization rotation, it is expected to obtain
a high-contrast image by setting the polarization direction of the sample-transmitted light
to be in the dip bottom under a super-Poisson state.

In the measurements, the optical power applied to the sample for obtaining the image
was about 0.1 pJ, which is a remarkably low irradiation power compared to conventional
imaging techniques. Therefore, it is suggested that our proposed method can be applicable
for biological systems that are easily damaged against photo-irradiation. Furthermore,
a sample in a dispersive interference medium such as wet organ tissues can be clearly
observed because dispersive interference can be avoided owing to the basis of quantum
interference. Obviously, these advantages can pave the way for a new frontier in biomedical
imaging for biological systems.
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Figure 6. (a) Photograph of optical spiral retarder sample (diameter of sample: 25.4 mm); (b) coin-
cidence image of spiral retarder; (c) autocorrelation Image of spiral retarder; (d) one-dimensional
line-scanned profile highlighted in purple solid line from the coincidence rate and autocorrelation
function image; and (e) one-dimensional line-scanned profile highlighted in black solid line from the
coincidence rate and autocorrelation function image.
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4. Discussion

According to Ono et al. [17], the quantum entanglement is crucial for enhancing
the signal-to-noise ratio (SNR) in phase measurements beyond the standard quantum
limit (SQL). In their work, the SNR achieved with quantum entanglement is 17.7 £ 1.22.
Moreover, in the method proposed in Ref. [5], the SNR values range between 19 and 21.

To compare our proposed method with these existing works, the systematic analysis
of the signal-to-noise ratio in bipartite is defined as the ratio of the “mean contrast” to its
standard deviation (mean fluctuation) [25]. The SNR value for the proposed method can be
derived using the following equation [3]:

|< Sin — Sout >|
< 82(Sin — Sout) >

SNRg = 3)

where S;, represents the average photon count rate at the signal port section before inserting
the sample, Sout is the average photon count rate at the signal port section after inserting
the sample, and 52(Sin — Sout) represents the statistical fluctuation or uncertainty in the
difference between Sj, and Sout. Consequently, the value of the SNR for the present

experiments was found to be 19.7, which is comparable to the SNR value reported in the
Ref. [5] and Ref. [17].

5. Conclusions

In summary, we proposed a new polarization microscopic method, in which the
switching super-Poisson state and hyper-Poisson state of entangled photons by the polar-
ization angle variation can significantly enhance the image contrast in microscopy. Our
method was demonstrated through the observation of an optical spiral retarder sample.
We revealed that this imaging technique is enabled by a quantum-source, which does
not rely on classical optical coherence, offering substantial improvements over classical
polarization imaging techniques in terms of robustness and stability. Furthermore, this ap-
proach mitigates the susceptibility to photo-damage and photo-bleaching often associated
with high-intensity laser beams. This technological breakthrough promises to expand new
horizons in exploring the mechanical properties of live biological systems. However, the
fluctuation noise is suggested as the current issue of our imaging technique, resulting in
the increase in measurement time. In addition, although the entangled-photon beam was
not focused at present, it should be focused with the lens to improve the spatial resolution,
S/N ratio, and so on, but the throughput of photon might be reduced because the spatial
coherence of the entangled photon is not as high as that of laser light. In conclusion, we
anticipate that quantum polarization microscopy, utilizing a quantum-entangled photon
source, will soon advance toward practical applications in biological imaging and sens-
ing beyond the classical limit, if further improvements such as a reduction in noise and
measurement time can be achieved.
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