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Abstract: Polarization-sensitive quantum optical coherence tomography (PS-QOCT) is used to image
and characterize birefringence effects in biological samples. Entangled photons are generated via
spontaneous parametric down-conversion and split into a reference arm and a sample arm of a Mach
Zehnder interferometer. Interferometric patterns between two entangled photons reveal information
about tissue birefringence. Biological tissue samples are imaged and characterized, and their quantum
interference patterns and birefringence profiles are presented.

Keywords: polarization-sensitive quantum optical coherence tomography; quantum imaging;
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1. Introduction

Quantum Optical Coherence Tomography (QOCT) is a technique that incorporates Op-
tical Coherence Tomography (OCT) principles with entangled photons to achieve enhanced
imaging capabilities. Classical OCT is a well-established non-invasive imaging modality
used in medical and biological applications. The technique utilizes low-coherence interfer-
ometry to image samples of interest with micron-scale resolution. A broadband light source
is split into two arms: a reference arm and a sample arm. Measuring classical interference
between the two beams reveals transverse and cross-sectional images of a sample [1]. In
QOCT, entangled photons are generated via spontaneous parametric down-conversion in
a non-linear crystal. QOCT employs fourth-order interference, otherwise known as the
“photon bunching” effect, to capture and reconstruct the profile of the sample [2-8]. The
quantum interference effect is inherently different from classical and offers a reduction
of the wave dispersion and is expected to improve image quality and resolution [9-14].
Polarization-Sensitive Quantum Optical Coherence Tomography (PS-QOCT) extends the
capabilities of QOCT by providing additional information about polarization and enables
measurement and visualization of tissue birefringence [15-18]. In our paper, we present
experimental PS-QOCT imaging and characterization of a biological sample.

Classical optical techniques were used in [19-21] to image carcinoma cells of lung
tissue via Polarization-Sensitive Optical Coherence Tomography (PS-OCT). The authors
reported a birefringence signature. In this work, we use PS-QOCT to image and characterize
birefringence in similar histological samples.

Polarization-Sensitive Quantum Optical Coherence Tomography (PS-QOCT) is a
fourth-order interferometric technique that uses quantum-entangled photons [15,16]. PS-
QOCT eliminates dispersion and enhances the resolution capability that is present in
classical OCT [14]. A brief overview of the dispersion cancelation effect in quantum inter-
ference is outlined in the next section. The technique provides both axial and transverse
optical sectioning capabilities that are also polarization-sensitive. In the experimental
setup, entangled photon pairs undergo fourth-order quantum interference in a Mach
Zehnder interferometer. In the presence of localized birefringence, interference patterns
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change, and these changes are used to image and characterize birefringence within the
biological samples.

2. Materials and Methods
2.1. Polarization in Quantum Interference

Figure 1 shows the quantum interference pattern between entangled photons in a
Mach Zehnder interferometer obtained by scanning the reference arm relative to the sample
arm while measuring the coincidence rate [17]. In a dispersionless sample, the wavenumber
of the entangled photons remains unchanged, and the interference profile resembles the
standard Hong-Ou-Mandel dip, displayed in Figure 1, scan of a blank microscope slide. For
a dispersive medium, we express the wavenumber k(w) in the Taylor series about the center
wavelength of the entangled photons wy and the down-converted shifted frequency w:

k(w) = ko +a(w — wp) + B(w — wp)* + .. (1)
and approximating the group velocity with the first two terms

vgf:l/tx—Z‘B(w—wo)/ocz (2)
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Figure 1. Normalized coincidences, HOM interference pattern. The sub-graph shows single counts.

The annihilation operators corresponding to the two output ports of a 50:50 fiber beam
splitter are then described as [14]

i
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where 4; and a5 are the reference arm and signal arm operators, d is the sample thickness,
o1 the optical path length translation along the direction of propagation, and |s) is the Jones
vector that describes the polarization profile of the sample photons after the birefringent
medium and |r) is the Jones vector of the reference beam. In an isotropic medium |s) = |r),
all sample photons have the same polarization as the reference photons. T and R are the
transmission and reflection coefficients where T + R = 1 [2]. The probability of detecting a
coincidence between the two detectors is:
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Substitution of Equations (1) and (3) into Equation (4) and considering the canonical
commutation relation of the operators
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re-writing w’ = w1 — wp = Wy — wy, also the coincidence window is much larger than the
bandwidth of the entangled photons the time integral yields an effective ¢ function [14]:

1
= 116wy — @1 — @) PIf(@) PR + T2

—2RT (s, r|r,s)cos(2w’(61/c — ad))]

(6)

The function f describes the spectral profile of the down-converted light and is propor-
tional to the coherence of the entangled photons emitted from the crystal. The coincidence
rate is:

P o /da/|f(w’) 2[R* + T? — 2RT(s, r|r,s)cos (2w’ (81 /c — ad))] 7)

The second term responsible for the group velocity dispersion, the term containing j,
is effectively canceled. The interference dip is centered around 6//c = ad. The interference
profile is defined by the coherence times of the photons emitted from the crystal | f(w’)|?
and the polarization projection of signal and reference photons. The above expression is
identical to Hong-Ou-Mandel dip [2] in a dispersionless medium, where (s, r|r,s) = 1 all
signal photons are of the same polarization as reference photons.

In the case of strong birefringence where signal and reference photons are of orthogonal
polarization (s, r|r,s) = 0 third term in Equation (7) is canceled, and the probability of
detecting coincidence is uniform regardless of the scanning position and 4! the optical path
length difference, Figure 2.

The ratio between two images, first at the interference dip where 6//c = ad and
second far outside the interference 6//c > ad, where the third term in Equation (7) is
effectively zero, normalizes and highlights the effects of the birefringence profile, while
simultaneously minimizes classical noise effects, such as scattering and absorption; for a
balanced beam splitter, the ratio is simplified to

| f(w |2[R2 + T2 — 2RT(s,r|r,s)]
Neo [ F@)PRE+ T2

N, o /d ,[05— O5sr|rs>} (8)

N, 1 - <s,r|r,s>

In a homogeneous and dispersionless medium, the sample and reference photons
are of the same polarization, and the normalized coefficient is zero, while in the highly
birefringent sample, the polarization of the entangled photons is orthogonal, and the
normalized coefficient is one. This is the central result of our paper. In the next sections, we
scanned biological tissue samples and imaged the birefringence and normalized coefficient.
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Figure 2. Quantum Interference with polarization projection of signal and reference photons between
Oand 1.

2.2. Experimental Setup

The experimental setup is shown in Figure 3. A continuous wavelength, single
longitudinal mode laser diode with a center wavelength at 405 nm is focused onto a PP-
KTP (KTiOPQy), type II crystal. Entangled photons centered at 810 nm are generated via
Spontaneous Parametric Down-Conversion SPDC. Entangled photon pairs have orthogonal
polarization and are emitted in a semi-colinear configuration with the pump. A dichroic
mirror (DM) transmits SPDC photons and reflects the pump photons. At the polarizing
beam splitter (PBS), the down-converted photon pairs are separated by polarization into
the two arms of a Mach Zehnder interferometer.

(DM) PBS NPBS 4
N n_n
- U u

[
[ .
ppKTP

o>
fl
1l

Detectors

Coincidence circuit

Figure 3. Experimental setup for Polarization-Sensitive Quantum Optical Coherence Tomography.

The s-polarized photons are directed towards a moveable delay mirror (M1). The
(M1) mirror is scanned along the direction of propagation during the experiment to match
the path length of the other sample arm, preserving indistinguishability and ensuring
interference of entangled photons. S-polarized photons are reflected from the PBS and
directed into a single mode, non-polarizing 50:50 fiber optic coupler.

The horizontally polarized sample arm photons are transmitted through the first
PBS and directed towards a non-polarizing beam splitter (NPBS). The NPBS has a 50:50
reflection/transmission ratio and transmits half of the entangled photons toward a mirror



Appl. Sci. 2024, 14, 1168

50f 8

(M2). A microscope slide with the biological tissue is placed against the (M2) mirror
for transverse plane scanning. The QWP converts the polarization of the photons into
circularly polarized photons, followed by a 20mm focusing lens. The sample and mirror
combination reflects photons towards the NPBS, where they are directed into a single
mode, non-polarizing 50:50 fiber optic coupler. The photons from the delayed and sample
arms are recombined in the fiber optic coupler. The delay arm mirror is scanned along
the direction of propagation to match the path length of the sample arm. When entangled
photons between two arms are indistinguishable in propagation path and polarization,
quantum interference is observed using a coincidence circuit. Two single photon counting
modules, along with the coincidence circuit (denoted ®), measure the coincidence rate of
the entangled photons.

3. Results

The histopathological melanoma lung tissue samples, 7 um thick, were obtained from
Carolina Biological Supply Company, PO Box 6010, Burlington NC 27216, USA item 317768.
The samples were sandwiched between a glass slide and a cover slip. The cover slip was
secured to the slide with an adhesive. The samples were stained with hematoxylin and
eosin. Figures 4a,b,f, and 5a are photos of the tissue samples. A number of biological tissue
samples were purchased at different times and scanned in the same manner, to confirm the
repeatability of the birefringent profiles imaged using the PS-QOCT technique.

Normalized coincidence

0..
-0.5 -0.4 -03 -02 -0.1 0 0.1 02 03 04 05
mm

Figure 4. (a) histopathological melanoma lung tissue sample No. 1, (b) melanoma lung tissue sample
No. 2, (c) birefringence profile of the sample No. 1, (d) birefringence profile of the sample No. 2,
(e) quantum interference profiles between glass and tissue in sample No. 1, (f) melanoma lung tissue
sample No. 3, (g) birefringence profile of the sample No. 3.
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The biological sample slide is fixed to the (M2) mirror and scanned in a transverse
plane with 10 pm resolution while recording coincidence counts of the entangled photons.
The 10 pum resolution is estimated from the diameter of the entangled beam and the 20 mm
focusing lens. The area of interest (1 mm x 1.2 mm) was scanned twice: first at the
interference dip where éI/c¢ = ad and second far outside the interference !/ /c > ad. The
ratio between two images normalizes and highlights the effects of the birefringence profile
while simultaneously minimizing classical noise effects, such as scattering and absorption.
Scanning results are shown in Figures 4c,d,g and 5b. Figure 5c includes a gradient scale
applicable to all normalized birefringent profiles and represents a degree to which the
sample arm photons differ in polarization from their counterparts, the reference arm
photons. Profiles in Figure 5c are exceptions and correspond to a separate arbitrary unit
scale. Localized birefringence in the sample alters entangled photons polarization, reducing
their indistinguishability. Reduced indistinguishability, in turn, changes the coincidence
rate and minimizes the projection coefficient along with the visibility of the Hong-Ou-
Mandel dip, as shown in Figure 4e and as captured in the normalized birefringence profiles.

Next, we explore the transverse imaging of the biological samples and associated
birefringence profiles along the direction of photon propagation. The CW arrangement
described above with the 10 mm ppKTP crystal and a highly coherent pump generates
entangled photons with FWHM interference pattern, Figure 1, of ~350 pm much wider
compared to the sample thickness of 7 um. Images were obtained for five different points
around ¢! /c = ad within the interference dip. The investigated area is shown in Figure 5a,b,
and the associated profiles are shown in Figure 5c. High contrast signifies higher birefrin-
gence effects in the tissue. Most optimal profiles, with greater visibility, were obtained
closest to the center of the interference dip, where 6I/c = ad. As the (M1) mirror moves
further from the 6//c = ad, the reconstructed birefringence pattern degrades and ultimately
completely disappears outside of the Hong-Ou-Mandel dip, Equation (8).

Normalized coincidence

Figure 5. (a) Melanoma lung tissue sample No. 4, (b) birefringence profile of sample No. 4,
(c) sectional birefringence profiles at various points of the quantum interference profile.

4. Discussion

In this study, we introduce an experimental technique for Polarization-Sensitive Quan-
tum Optical Coherence Tomography (PS-QOCT) imaging and characterization of biological
birefringent samples. Our investigation delves into the exploration of birefringence profiles.
Notably, Figure 4 illustrates normalized profiles derived from three distinct melanoma
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lung tissue samples, each subjected to scans conducted weeks apart. The results exhibit a
remarkable level of repeatability and consistency.

Figure 4c specifically displays the birefringence profile for tissue Figure 4a, fea-
turing a gradient scale aligned with the normalized projection coefficient outlined in
Equations (7) and (8). In regions beyond the tissue, such as the microscope glass slide,
where the medium is both homogeneous and dispersionless, the polarization difference
between the sample and reference photons converges effectively to zero.

Additionally, Figure 4d illustrates the birefringence profile for the tissue in Figure 4b,
and the corresponding profile Figure 4g pertains to the sample in Figure 4f. Further
insights are offered by profiles along the direction of photon propagation within the sample,
as depicted in Figure 5. Notably, we emphasize the indispensability of the quantum
interference effect for imaging birefringence. Optimal images, characterized by the highest
contrast manifest at the central point of quantum interference, where 6//c = ad.

The presented technique holds considerable promise for various applications in the
characterization of biological samples, as well as micro and nanostructures. This innovative
approach contributes to advancing our understanding and opening up new possibilities
for imaging and analysis.
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