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Polarimetric imaging, a technique that captures the invisible polarization-related properties of given
materials, has broad applications from fundamental physics to advanced fields such as target

recognition, stress detection, biomedical diagnosis and remote sensing. The introduction of quantum
sources into classical imaging systems has demonstrated distinct advantages, yet few studies have
explored their combination with polarimetric imaging. In this study, we present a quantum polarimetric

imaging system that integrates polarization-entangled photon pairs into a polarizer-sample-
compensator-analyzer-typed polarimeter. Our system visualizes the birefringence properties of a
periodical-distributed anisotropic material under decreasing illumination levels and diverse disturbing
light sources. Compared to the classical system, the quantum approach reveals the superior
sensitivity and robustness in low-light conditions, particularly useful in biomedical studies where the
low illumination and non-destructive detection are urgently needed. The study also highlights the
nonlocality of entangled photons in birefringence measurement, indicating the potential of quantum

polarimetric system in the remote sensing domain.

Polarization, one of the fundamental properties of light, exhibits various
physical features of the tested specimen that are invisible to the human eye.
The polarimetric imaging technique is used to visualize these polarization-
related properties of the imaged objects or media. It can be used to enhance
the contrast between the background and the target, which is difficult to
distinguish in conventional imaging'. It also provides a way to measure
invisible parameters undetectable by conventional imaging, such as optical
constants’, chiral properties’, and stress/strain distributions*’. Nowadays,
polarimetric imaging has been widely used for a variety of practical sce-
narios, such as 3D shape reconstruction®’, solar and atmospheric
phenomena’, terrestrial vegetation and ocean detection™’, biomedical
diagnosis'""?, navigation'’ and so on.

The introduction of a quantum light source into conventional imaging
opens up a new way to enhance the measurement accuracy especially in low
illumination fields"*". The ability to break the standard quantum limit has
been substantiated both theoretically and experimentally, demonstrating
great promise for the field of metrology'®”. Furthermore, the nonlocal
properties of the entangled photon source facilitate the separation of the
control and measurement processes'’, a feature of great value in the field of
remote sensing applications. So far, the mainstream of the quantum imaging
work focuses on accurately measuring the external morphology of the tested

sample”. The “invisible” polarization-correlated quantum imaging has only
a limited amount of research, and most of them are single-spot detection of
the homogeneous materials”*’. The works combining the polarimetric
imaging and quantum imaging are extremely rare”, and the corresponding
researches are still remained to be explored.

In this work, we introduce polarization entangled photon pairs into a
polarizer-sample-compensator-analyzer-typed polarimeter to form a two-
dimensional quantum polarimetric imaging system. An anisotropic mate-
rial with periodically distributed birefringence properties is selected as the
sample to be imaged under diminishing illumination intensity and different
sources of disturbance light. By comparing the classical and quantum
polarimeters under the same conditions, we use the structural similarity
index (SSIM) to quantitatively show the minimum measurable source
intensity and the impact of stray light on both systems. Furthermore, we
exploit the nonlocality inherent in entangled photon sources to remotely
adjust the polarization state incident on the sample, which allows us to
extract birefringence information without any interference on the
measurement arm.

Unlike the aforementioned experimental works on quantum polari-
metry, our experiment performs a two-dimensional anisotropic material
characterization instead of the single-spot polarization measurement for the
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homogeneous materials, and further provides a direct and intuitive com-
parison between the quantum polarimetric imaging system and its classical
counterpart, demonstrating its abilities to accurately characterize birefrin-
gent properties under extremely low illumination, leveraging its distinctive
non-locality for the remote manipulation of measurements, and exhibiting
its robustness to efficiently shield the impact of stray light perturbation. Our
system differs from classical quantum polarimeter mainly for the unique
and useful non-local properties, the entanglement in polarization, as well as
the correlations in the time/frequency and spatial degrees of freedom, allows
various applications in the measurement of photosensitive materials, active
biological samples and remote monitoring scenarios.

Results

The experimental setup of the quantum polarimetric imaging system is
shown in Fig. 1. It consists of three main parts: An entangled photon source
part for the generation of polarization-entangled photon pairs based on the
Sagnac interferometer configuration’ and the spontaneous parametric
down conversion of a type-II phase-matched periodically poled KTiOPO,
(PPKTP) crystal. A sample measurement part that allows photon-sample
interaction and collecting the polarimetric information using the raster
scanning method". Note that a QWP, whose optical axis angle is always
parallel to the input photon polarization, is introduced after the target
sample. This technique is called the Senarmont compensation method, and
the advantages for this technique can be found in our previous work™, or in
the Supplementary Materials (A). Two polarization analysis parts used for
each of the separated photon pairs in both the upper control path and the
lower measurement path for polarization base selection and joint
measurement.

Before analyzing unknown samples using the above experimental
setup, we initially assess the entangled photon source and calibrate our
quantum polarimetric imaging system using a commercially available
quarter wave plate (QWP). In the calibration process, we introduce the
conventional four-step phase-shifting method and further improve it to
calculate the phase retardance and optical axis angle of each pixel here and in
all the following experiments. The system accuracy is defined as the
deviation between the images captured by our quantum polarization
measurement system and the standard reference images obtained from a
commercial automatic polarimeter whose retardance measurement accu-
racy is within +1 nm. After the careful calibration, the system can achieve a
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nanometer-level accuracy in phase retardance measurements and ensuring
anaccuracy within 1° for the angle of optical axis, feasible for imaging the 2D
inhomogeneous anisotropic samples in the following sections.

The details of the experiment configuration, the improved four-step
phase-shifting calculation method and the entire calibration process can be
found in the following Materials and methods section and further in the
Supplementary Materials (B-D).

Polarimetric imaging under low illumination

In this section, the sample is a polymer depolarizer characterized by a
periodic birefringence pattern. Under conditions of extremely low illumi-
nation, we record the phase retardances and optical axis orientations
obtained by both quantum and classical imaging setups. The comparative
outcomes are shown in Fig. 2.

Figure 2 illustrates the phase retardance and optical axis angle mea-
surements for the polymer depolarizer across an imaging area of
2.5mm % 2.5mm. Utilizing a 0.25mm incremental movement in two
orthogonal directions, we capture a total of 11 X 11-pixel images in each
measurement. For each pixel, we collect the coincidence photon pairs with a
1.6 ns coincidence window and 1 s acquisition time. The left two columns
present the results from a quantum imaging system using local operations,
specifically by rotating the HWP right after the sample in the measurement
arm, while maintaining a fixed position for the HWP on the control side to
determine the polarization state of the input photons. The HWP in the deep
purple box of Fig. 1 is temporarily removed for these measurements. The
middle two columns display the results from a classical imaging system.
Notably, the transformation of the measurement arm into a classical
polarimeter is achieved by inserting an additional HWP (as indicated in the
deep purple box) ahead of the focal lenses, thereby altering the polarization
of the input photons. Consequently, variations in the single photon count at
different HWP orientations provide valid information for the sample’s
birefringence properties.

Comparing the measurement results depicted in Fig. 2, it is evident that
both systems exhibit comparable trends and periodic pattern for the tested
sample. However, as the input intensity decreases, the classical system shows
a noticeable deviation from the original result. From 2 % 10* cps to 2 x 10°
cps, the maximum and minimum values remain the same, while the width
of the peaks gradually increases. Upon further reduction of the input
intensity to 1% 10° cps, the phase retardance value appears a significant
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Fig. 1 | Experimental setup. Entangled photon source part: WP, waveplate set,
including a quarter wave plate and a half wave plate (HWP); PBS, polarizing beam
splitter; DM: dichroic mirror; DPBS, dichroic PBS; DHWP, dichroic HWP; PSM,
off-axis parabolic silver mirror; PPKTP, periodically poled KTP crystal; Sample

measurement part: Motorized translation stage; FL, focal lens; S, sample. Polariza-
tion analysis part: F, filter; FC, fiber collimator. SPAD, Single-photon Avalanche
Diode. TDC, Time-to-digital converter.
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Birefringence properties of polymer depolarizer
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Fig. 2 | Phase retardance and optical axis angle under different input illumina-
tion. The left numbers show the input photon numbers for the images in the same
row. The left, middle and right two columns show the phase retardance and the

optical axis angle measured by the quantum imaging system with local operation, the
classical imaging system and the quantum system with nonlocal operation,
respectively. The bottom sub-figure shows the SSIM of each phase retardation image.

deviation from its initial value. And the periodic pattern completely dis-
appeared for both phase retardance and optical axis angle when the input
intensity reduces to 5% 10% cps. In contrast, the quantum system con-
sistently demonstrates high fidelity in both shape and value from 2 x 10* cps
to 5% 102 cps.

To quantify the above qualitative analysis and to define the imaging
accuracy of both systems, we compare the measurement results of the
quantum measurement system with the reference image pixel-by-pixel. In
between, the SSIM (Structural Similarity) is considered as the image quality
assessment metric. It provides a normalized measurement of the similarity
in average detection intensity and contrast between two images, which is
more closely aligned with human visual perception, thus making it more
suitable for assessing the similarity of images with certain structural shapes.
The calculation formula is*

(Z#x.uy + CI)(zoxy + CZ)

SSIM = .
(nuxz + nuyz_{_cl)(axz + Uyz + CZ)

¢y

Where ), 0,,) and o, represents the average, standard deviation and
covariance of the two compared images, respectively. C;, = C, = 0 when
w2+ #yz oro?+ 0'},2 are far from zero. This definition provides a nor-
malized accuracy estimate, with values closer to 1 indicating that the esti-
mated image is closer to the reference image. At the same time, considering
the imprecision caused by quantum fluctuation, we calculate the standard

deviation of each SSIM, which reflects the precision of our measurement
system.

The calculated results are illustrated in the bottom inset of Fig. 2.
Regarding the images measured with the maximum intensity as the refer-
ence, the SSIMs of other images captured from the quantum polarimetric
imaging system are 0.9336 +0.0002, 0.8926 +0.0012, 0.8989 +0.0014,
0.9171 + 0.0009 and 0.8270 + 0.0021 for the photon levels from 1 X 10* cps
to 5% 10% cps, respectively. As a comparison, the classical system’s SSIM
progressively declines as the input intensity decreases. The values are shown
to be 0.9353 +0.0004 for 1x10* cps, 0.8742+0.0004 for 5% 10° cps,
0.8544 + 0.0009 for 2x10° cps, 0.7279+0.0031 for 1x10° cps and
0.1348 + 0.0067 for 5 X 10% cps. Compared with the quantum system whose
average SSIMs are all above 0.8, the classical system shows a steadily
decreasing when the photons gradually reduced from 2 x 10* cps to 1 x 10°
cps, and finally has an obvious deterioration with 5 X 10? cps input photons.
Meanwhile, the standard deviation of SSIMs in the quantum and classical
measurements are basically within the same order of magnitude. Only when
the classical images are almost indistinguishable amidst the noise, the pre-
cision shows an obvious difference compared with quantum system. This
phenomenon is mainly because of the entanglement-assisted configuration
in the quantum system, where only one photon in the pair is passing
through the sample while the other serves as the ancilla bit. It has been
demonstrated theoretically that the entanglement-assisted system has no
enhancement on the precision limit, but has advantages in estimating
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Phase retardance under perturbance
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Fig. 3 | Phase retardance and optical axis angle under perturbance. The left
subplot (Reference) presents the measurement outcomes under 2 X 10* cps condi-
tions without any interference. In contrast, the remaining subplots depict mea-
surements conducted at a 1 X 10° cps illumination level. (P/A-q1) to (P/A-q4):

Illustrate the phase retardance/the optical axis angle obtained by the quantum
system, under conditions of no perturbation, weak perturbation, strong perturba-
tion, and flashing perturbation, respectively. (P/A-c1) to (P/A-c4): Obtained by the
classical system under the same conditions as quantum system.

channel-correlated parameters in a non-ideal transmission channel com-
pared to the coherent state input”**,

Based on the above comparison, the quantum polarimetric imaging
system shows apparent advantages in enhancing the measurement accuracy
and maintains better measurement precision under extremely low-

illumination conditions.

Nonlocality
As a unique feature of entangled photon pairs, we also show the
nonlocality of photons when measuring sample birefringence. The
corresponding results under varying illumination conditions are
presented in the right two columns of Fig. 2. Compared with the
experimental configuration depicted in Fig. 1, we have relocated the
QWP compensator to the control arm and adjusted the angle of HWP
within the control arm for each measurement. Consequently, without
any changes in the measurement arm, we are able to obtain the phase
retardance and optical axis angle of the sample located in the mea-
surement arm by only adjusting the components in the control side.
The results of the quantum nonlocal test show similar trends to
those of the quantum local experiment. As evidenced by the images in
Fig. 2, the phase retardance and the optical axis angle exhibit very
little sensitivity to diminishing illumination levels. When the input
photon number gradually decreases from 1 X 10* cps to 5 x 10% cps, the
SSIMs are shown to be 0.9258+0.0011, 0.9184+0.0019,
0.9434 +0.0020, 0.8720 +0.0045 and 0.8153 +0.0082, respectively.
Moreover, the remote-control capability offers distinct advantages
over the quantum local experiment by significantly minimizing the
disturbance to the measurement arm. This feature suggests promising
applications in specialized environments, including but not limited to
the remote sensing and biomedical diagnostics.

Polarization imaging under perturbance

In this section, we introduce an interference light source to investigate the
robustness of quantum polarimetric imaging under conditions of pertur-
bation. A light-emitting diode (LED) in the measurement arm, as depicted
in Fig. 1, operates in three distinct illumination modes: weak illumination
(50 Im), strong illumination (150 Im) and intermittent flashing mode. In
between, the intermittent flashing mode is that the white LED light switches
between strong brightness (150 Im) and off at a constant interval. In strong
illumination mode, the LED can introduce approximately 2 x 10* cps of
additional stray photons for single arm detection. In order to introduce
enough perturbance, we decrease the measurement illumination to the same
level, i.e. 1x10° cps, to compare the performance of two systems. The
comparative analysis of the systems’ performance is presented in Fig. 3.

Figure 3 presents the birefringence property variations of the polymer
depolarizer under three distinct types of perturbation. The imaging area,
which remains at 2.5 mm X 2.5 mm with a total of 11 X 11 pixels, differs
from the area analyzed in the previous section. The first row of images
corresponds to the results obtained from the quantum polarimetric imaging
system. It is observed that all four images exhibit a high degree of con-
sistency. The average SSIM values and the standard deviations, indicated in
the lower corners of each image, are all above 0.8. Specifically, they are
0.9171 £ 0.0004 for the none perturbation mode, 0.8524 + 0.0006 for the
weak perturbation mode, 0.8059 + 0.0027 for the strong perturbation mode
and 0.8218 + 0.0005 for the flashing perturbation mode, signifying excellent
agreement with the reference.

In contrast, the second row displays the results from the classical sys-
tem, which exhibit variability in both values and patterns. Notably, the
measurement under zero perturbation already deviates from the reference
(0.5068 + 0.0001), consistent with the result shown in the row 1 X 10° cps of
Fig. 2. The presence of perturbation further degrades the detection
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SSIM under different illuminations
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Fig. 4 | Comparison of SSIMs in unperturbed and strong-perturbed environ-
ments. The left bar in each group represents the SSIM values obtained under
unperturbed conditions for 1 X 10,5 % 102, 3 X 102, 1 X 10 cps input illuminations,

respectively. Right bar of each group shows the SSIM with strong perturbance under
the same illuminations.

outcomes. Specifically, the SSIM values for the phase retardances decline to
0.2757 £ 0.0009 for weak perturbation, 0.1173 +0.0015 for strong pertur-
bation, and 0.2312 £0.0012 for flashing perturbation, indicating a sig-
nificant reduction in similarity to the reference image.

Based on the above data and images, the average SSIM values
demonstrate that the quantum images have stronger resistance towards the
stray-light-induced image deterioration, thus maintaining high accuracy
under a noise environment. One thing that need to be further discussed is
that the accuracy (average SSIM) of the angle measurement seems to be
higher than that of the retardance measurement, while the precision
(standard deviation) is lacking under same conditions. The reason lies in the
calculation method stated in the Supplement Materials (C), in which we
identify the quadrant of the optical angle 6 based on the sign of sin26 and
cos 20 to extend the measurement range from 26 € [0, 7] to [0, 27]. This
extension is crucial for accurately measuring the current sample, as the
variation of the optical axis is periodically distributed within 26 € [0, 27],
and utilizing the original four-step phase-shifting method would introduce
errors in both the range and the number of cycles for the optical axis angle
distribution. With the improved four-step phase-shifting method, we can
recognize a general trend of the angle variation by determining the quadrant
in which the angle lies. This trend contributes a portion of the structural
similarity, thus induce higher SSIM average values in the angle measure-
ment compared to that of the retardance measurement. However, also
because of this method, when the value of sin26 and cos 20 are close to zero,
a small variation would cause an obvious numerical change, causing a
deterioration in the measurement precision. The above analysis shows that
the differences in SSIM values between the angles and the retardance are all
attributed to the new calculation method introduced to resolve the multi-
valued issue of the angle measurement. Noted that this method has the same
effects on both classical and quantum systems, therefore has no influence on
their performance comparison when measuring the same parameter.
Besides, we tend to use the SSIM values calculated from the retardance
measurement rather than the angle measurement as the representation of
the system performance in the low-illumination environment, since the
retardance measurement does not need to deal with the multi-valued pro-
blem and shows a more intuitive distribution changes caused by the per-
turbance or the decreasing input photons.

Given that the perturbations examined so far have not yet revealed the
limitations of the quantum system, we have conducted an additional
investigation focusing solely on the quantum system. Due to the fixed mode
intensity of the interference source, which prevents us from further
increasing the perturbance level, we have opted to reduce the intensity of the
photon source instead. This approach allows us to further compare the

measurement results between an unperturbed environment and a strongly
perturbed scenario for the quantum system.

Figure 4 illustrates that the periodic distribution characteristic of the
sample diminishes as the input illumination decreases to 100 photons
per second. The bars at the left side of each group show the retardance
measurement results with no perturbance while the right bars are obtained
when the measurement arm is exposed to the strong perturbance. The
average values and standard deviations of the bars are shown to be
0.9175+£0.0005 and 0.8004 £0.0029 for 1000 photons incidence,
0.8344£0.0014 and 0.7817+0.0012 for 500 photons incidence,
0.7096 +0.0016 and 0.6884+0.003 for 300 photons incidence,
0.5605 + 0.008 and 0.5179 + 0.03 for 100 photons incidence. As the light
source intensity decreases, the average SSIM values of the measured images
gradually decreases, while the corresponding standard deviation shows an
upward trend. This suggests that a reduction in signal intensity leads to a
decrease in both the accuracy and precision of measurements taken under
noisy conditions, which aligns with the intuitive inference. Moreover, even
with an incidence of 100 photons, the SSIM remains above 0.5, which is
significantly higher than the classical case where the SSIM drops to 0.1348
with an incidence of 500 photons (Fig. 2), showing a significant advantage in
measurement accuracy under low-light conditions. Notably, the strong
perturbation at 1501m has a negligible impact on the measurements
obtained by the quantum polarimetric system across all input levels. This
resilience can be attributed to the dual-path structure of the quantum sys-
tem, where the coincidence photon detection mechanism demonstrates a
high degree of perturbance resistance due to the presence of an unperturbed
control arm. In fact, it is noted that even when both arms are subjected to
perturbance simultaneously, as long as the stray light enters the reference
and measurement arm with a time difference larger than the coincidence
window (1.6 ns), the system still has the ability to resist these perturbances.

Discussion

In summary, we build a quantum polarimetric imaging system to measure
the birefringence properties of anisotropic samples with high accuracy
under low illumination conditions. By combining an improved four-step
phase shift method with the Senarmont compensation technique, our sys-
tem achieves nanometer-level accuracy in phase retardance measurement
and 1° for the optical axis angle measurement. Taking a periodically dis-
tributed polymer depolarizer as a sample, we compare the image quality
between the quantum system and its classical counterpart over a range of
decreasing illumination levels. Besides, we also investigate the impact of
different perturbation modes on the obtained images and explore the
unique nonlocal property of the quantum system.

npj Quantum Information | (2025)11:57


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01014-z

Article

The results show that quantum system has higher sensitivity, enabling
it to accurately detect samples even at significantly lower input illumination
levels, down to as few as 100 photons per second. As the input illumination
gradually reduces from 2 X 10* cps to 5 x 102 cps, the SSIM for each mea-
surement in the quantum system remains consistently high, exceeding a
similarity of 0.8. In contrast, the classical system experiences an obvious
decline in performance at 1 % 10* cps and retrieve to 0.1348 with a 5 x 10?
cps input. Furthermore, the quantum system demonstrates enhanced
robustness against stray-light-noise compared to the classical system. It can
feasibly resist perturbations from various interference modes, ranging from
strong (150 Im) to weak (50 Im) perturbance, with only minimal degrada-
tion (<0.1) in SSIM. While the classical system suffers a deterioration of 0.39
in SSIM for strong perturbance and 0.23 for weak perturbance.

Our experiment highlights the quantum polarimetric imaging system
with its dual-way structure and coincidence measurement, which efficiently
shields against background noise and perturbations affecting the single-arm.
This design significantly enhances the signal-to-noise ratio, greatly
improving the accuracy and noise resistance of the birefringence mea-
surements under low-illumination measurement. The future development
of the experimental system aims to extend its measurement capabilities to
more complex media and to enhance imaging quality and efficiency by
increasing photon source intensity and by utilizing imaging single-photon
detector arrays.

Our quantum polarization imaging system, combining the strengths of
quantum and polarization imaging, offers unique advantages in multiple
fields. For example, it enables non-destructive, high-precision detection for
the photosensitive thin-film materials under weak light conditions, mainly
focusing on the polarization-correlated properties such as optical aniso-
tropy, surface roughness and stress distribution. In biomedical field, it
provides more detailed information on pathological tissues through
polarization-sensitive detection, supporting low-light, non-invasive diag-
nostics and provided non-local remote control to against the possibly
inaccessible and complex environment. Additionally, in air-to-ground
target detection, it enhances target recognition in complex environments by
leveraging material-specific polarization responses and the robustness of
quantum imaging against atmospheric disturbances. These applications
stress the unique non-locality and interference resistance properties of our
system, demonstrating its great potential for high-accuracy polarimetric
characterization in low illumination environments.

Materials and methods

Experimental configuration

A 405 nm continuous wave diode laser (Kunteng Quantum Technology Co.
Ltd) with a 45° linear polarization enters the central dichroic polarizing
beam splitter (DPBS) of the Sagnac interferometer. The split horizontal and
vertical polarized light pass clockwise and counterclockwise through the
loop, which is formed by two symmetrical parabolic silver mirrors (PSM)
and a 45° tilted dichroic half-wave plate (DHWP). Each of the bidirectional
light pumps a type-II phase-matched PPKTP crystal (Raicol Crystals Ltd.)
to generate the orthogonally polarized photon pairs by the spontaneous
parametric down conversion. Then the central DPBS recombines the cor-
related photon pairs to form the polarization-entangled photon source.

In the sample measurement part, a two-dimensional motorized
translation stage is used to move the sample precisely with a minimal step
size of 0.2 ym. Two plano-convex lenses with focal lengths of 50 mm focus
the light onto the sample surface. The raster scanning technique, although
more time consuming, is used for the 2D imaging because of the higher
signal-to-noise ratio (SNR) compared with the full-field imaging
technique”. After the sample measurement part, we use a QWP as a
compensator to improve the performance of the system, the benefit of which
has been analyzed in the Supplementary Material.

Both the control and measurement arms have the same configuration
of collection components, i.e. a true zero-order half wave plate (HWP) for
base selection, an 808 nm PBS for projective measurement, a long pass filter
and a bandpass filter to remove the pump light. The emitted photons are

then collected in a single-mode fiber and detected by a single-photon ava-
lanche diode (Excelitas, SPCM-AQRH) with a detection efficiency of
approximately 60% at a wavelength of 810 nm.

Calculation method

We use the improved four-step phase-shifting method to derive the sample’s
birefringence information from coincidence photon counts. Following the
experimental setup in Fig. 1, the output coincidence counts for the joint
measurement of control and measurement arms are:

N = Nyltr(E, ® E,, (] ® ,)I) o (9D
=011 — siné sin(4h,, — 2q) sin(4h, +26) + cos(4h,, — 2q)
X [— cos(2q — 26) cos(4h, + 260) + cos  sin(2q — 20) sin(4h, + 29)]}.
(2)

Here, the subscripts ¢ and m stand for the control and measurement
arm, while 4 and q represent the angle of HWP and QWP, respectively.
14)., =1/ V2[|HV) + |VH)] is the initial entangled photon state gener-
ated by the Sagnac interferometer. ]'c(m) is the evolution operator of the
photons in the control (measurement) arm. Based on the experimental
setup,wehaveJ = ITand], = UQWP(q) Ummple((?, 0), where 6 and 6 stand
for the phase retardance and optical axis angle of the tested sample. Base
selection and projective measurement are contained in the projective
operator Ec(m) with HWP angle set to h,, in the control (measure-
ment) arm.

Based on Eq. (2), the birefringence parameters § and 0 can be
calculated by varying the controllable k) to get its corresponding
coincidence counts. The conventional four-step phase-shifting
method selects four angles for the analyzer, i.e., 0°,45°,90° and 135°, to
derive the birefringence parameters. However, the range of the
detectable optical angle 6 is usually limited to [0,7/2]. To meet the
requirements of our anisotropic sample, which has an optical axis angle
varying from 0 to 7, we improve the conventional four-step phase-
shifting method by performing the method twice in both H-base
(h.= 459 and D-base (h, = 22.59 in the quantum polarimetric imaging
system. In this way, we are able to extend the measurable range from
[0,7/2] to [0, 7]. Further calculation details are showed in the Sup-
plementary Materials (C).

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Materials.
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