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Polarized Light Backscattering From Turbid Media: Why Do
Rayleigh Scatterers Preserve Linear Polarization More Than
Circular Polarization?

Michael D. Singh* and Alex Vitkin

Linear and circular degree of polarization (DOP) trends are studied in
microsphere suspensions ranging from the Rayleigh regime (sphere diameter
<< 1) to larger sizes (sphere diameter =~ 1) through experimental
measurements and computational modeling. In doing so, linkages between
single-scattering and multiple-scattering effects of polarized light are
investigated to gain mechanistic insight into the question of why linear DOP
is often greater than circular DOP when light is backscattered from turbid
media comprised of Rayleigh-regime scatterers — a phenomenon which is not
yet well understood. The findings of the study may indicate that linear DOP is
enhanced by Rayleigh scatterers due to 1) increased direct backscattering
pathways (via mirror-like large-angle reflections from scatterers) and 2)
increased arc-like-pathway scattering along the plane that is perpendicular to
the incident linear polarization vector. Both 1) and 2) result in higher co-linear
intensity, also resulting in overall higher linear DOP than circular DOP.

of scattering centres in a medium.
Optical sensitivity to particle or scat-
terer size has become an important re-
search issue due to its utility in appli-
cations including cell and protein siz-
ing (microfluidics),!*) soil characteriza-
tion in the agriculture industry,®! and ep-
ithelial cancer detection.[®”] Thus, polar-
ized light scattering is a subject of active
investigation.

In a seminal study several decades
ago, MacKintosh et al.l®l performed de-
gree of polarization (DOP) measurements
of backscattered light from suspen-
sions of polystyrene microspheres. The
DOP is often used to study depolariza-
tion effects, quantifying the fraction

1. Introduction

Backscattered polarized light exhibits interesting depolarization
effects which are strongly influenced by the average “scatterer
size” of the interacting medium.!'! Depolarization refers to the
decorrelation between electric field waves which comprise a
beam of light,!?] and “scatterer size” quantifies the average size
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of light that remains polarized and is

calculated as DOP = 1 - depolariza-

tion. In that study, it was found that
linear depolarization rates differ from circular depolarization
rates, depending on the average sphere diameter of the medium.
Specifically, it was found that:

Circular DOP > linear DOP for suspensions of larger spheres
(sphere diameter ~ A)

Linear DOP > circular DOP for suspensions of smaller
spheres (sphere diameter << 4, i.e., the Rayleigh regime)

These findings have been corroborated by several follow-
up studies, both experimentally and numerically, including our
owr[19-20]

The differences in linear and circular DOP are thought to arise,
at least in part, from the different “geometrical” depolarization
effects for backscattered linearly and circularly polarized light.
Specifically, linear polarization vectors can be geometrically ro-
tated to any orientation in the wavefront plane ranging continu-
ously through 0°-360° (with 0° = vertical, 90° = horizontal, etc.),
whereas circular polarization vectors may only be geometrically
reorientated between right-handed and left-handed circular po-
larization states.[11921.22] Tt is thus posited that linearly polarized
light will typically depolarize more readily and is the underly-
ing reason for higher circular DOP in various media (originally
termed “circular polarization memory”),’®! which tends to be ob-
served in media comprised of larger scatterers (i.e., “Mie regime”
media).#239] 1t is therefore curious that linear polarization can
actually be better preserved than circular polarization in some
media, which tends to occur in media comprised of Rayleigh-
regime scatterers, despite the additional degrees of rotational
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freedom and thus scrambling mechanisms of linear polarization
vectors.

Many of the studies on polarized light scattering in turbid me-
dia have been performed in the context of bio-polarimetry (i.e.,
polarization measurements of biological tissues to extract useful
biophysical information),[?*?% since biological tissues are hetero-
geneous and hence turbid.[?®] In particular, depolarization signa-
tures have been shown to provide information on the optical scat-
tering and physical properties of tissues, which may become use-
ful in detecting various diseases (e.g., scatterer size changes have
been related to cancer progression).”-#-3 Indeed, due to the con-
sistent finding in microsphere suspensions (and other non-tissue
media) of the association between 1) higher circular DOP (rela-
tive to linear DOP) and larger scatterers, and 2) higher relative
linear DOP and small Rayleigh-like scatterers,!!' 1% when these
depolarization behaviours are observed in biological tissues, au-
thors often interpret them as indicators of scatterer size. This
is particularly true for the observation of linear DOP > circu-
lar DOP in tissues, prompting suggestions that the tissues are
likely composed of small Rayleigh-like scatterers.[*3¢3] Inter-
estingly though, to the best of our knowledge, despite the con-
sistency of these depolarization relationships in phantoms (i.e.,
non-biological media) and their usage to interpret tissue data, we
still lack a clear mechanistic understanding of how linear DOP
becomes greater than circular DOP in backscattered light as scat-
terer size decreases into the Rayleigh regime.

Thus, through both experimental measurements and compu-
tational modeling, we investigate the linkages between single-
scattering and multiple-scattering effects of polarized light, and
how they are influenced by changes in scatterer size, to bet-
ter understand linear and circular DOP differences in Rayleigh
and non-Rayleigh media. To do so, we examine how scatterer
size affects the 3D single-scattering directionality of spheres
(i-e., polarization-sensitive intensity distributions), and how such
single-scattering directionality then modulates multiple scatter-
ing pathways of backscattered light. Since circular polarization
vectors are rotationally symmetrical in the wavefront plane, as
opposed to bisymmetrical (two lines of symmetry) linear polar-
ization vectors, there are geometrical effects to consider when
comparing multiple scattering pathways of the two polarization
states. Linear and circular DOP values depend on the relative in-
tensities of parallel and orthogonal polarization states; thus, these
geometrical effects become important since they significantly in-
fluence parallel and orthogonal polarization intensity fractions.
Notably, to aid in this investigation, we employ modified Stokes
DOP formulae to track the relative fractions of helicity-flipped/co-
linear polarization and helicity-preserved/cross-linear polariza-
tion intensities, in addition to the magnitude of DOP.

2. Methods

2.1. Degree of Polarization Calculations

Circular DOP is typically calculated via Stokes calculus as

DOCP, =/ (S;)"/Sy = \/ (R— 1)’/ (R+1) (1)
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where “R” and “L” are right-circular and left-circular polarization
intensity, respectively*’l (note that S, can be the sum of any two
orthogonal states). However, it can also be expressed as a signed
value, whereby circular DOP is calculated as (R — L) /(R + L).[*%
If, say, right circular polarization is the incident state, circular
DOP is calculated as (RR — RL)/(RR + RL), where “RL” is in-
cident right-circular polarization and measured left-circular po-
larization (and “RR” = right-circular incident and right-circular
measured). Thus, it follows that circular DOP can be expressed
as

DOCP = (HP — HF) / (HP + HF) )

where “HP” is helicity-preserved intensity (e.g., right-circular in-
cident and right-circular measured) and “HF” is helicity-flipped
intensity (e.g., right-circular incident and left-circular measured).
Indeed, this is how circular DOP is often calculated, such as in
refs. [8,41,15,42]. Thus, circular DOP is positive when helicity-
preserved intensity > helicity-flipping intensity, and negative
when helicity-flipped intensity > helicity-preservation intensity.
Equation (2) thus provides the same magnitude that would be
calculated using the conventional circular DOP calculation; how-
ever, it also encodes the helicity response into the sign. This be-
comes useful when characterizing the scattering properties of a
turbid medium, particularly particle/scatterer size.[*]
Interestingly, linear DOP can also be calculated in a similar
manner. The conventional Stokes calculation for linear DOP is

DOLP, =1/ (S,)" + (S,)"/S, = \/(H — V) + (457 = 457)"/5,(3)

for any given incident polarization state. Thus, say, for in-
cident vertically polarized light, the linear DOP becomes

\/ (VH — VV)? 4 (V45 — V45’)2 /S, For purely scattering, non-
birefringent media, such as microsphere suspensions, the sec-
ond term in the numerator, (V45* — V457), becomes zero since
the measured linear 45 intensity must be the same as linear
45" intensity for incident vertically polarized light (there is no
mechanism which will cause the non-birefringent medium to
scatter linear 45 differently than linear 45~ since they are both
effectively treated the same with respect to the incident vertical
linear polarization). Therefore, linear DOP can be expressed as

1/ (VH = VV)?/(VH + VV) (again, note that the denominator S,
is the sum of any two orthogonal states). To have a signed value,
the above equation becomes (VH — VV)/(VH + VV). It follows
that linear DOP can then be expressed as

DOLP = (L—[)) / (L+ ) 4

where L is cross-linear polarization intensity (e.g., vertical linear
incident and horizontal linear measured), and || is co-linear polar-
ization intensity (e.g., vertical linear incident and vertical linear
measured). Indeed, this is how linear DOP is often calculated,
such as in refs. [44—48].

Thus, Equation (4) yields a linear DOP with the same mag-
nitude as given by the conventional calculation; however, the
sign encodes the preponderance of cross-linear intensity (posi-
tive sign) or co-linear intensity (negative sign). Akin to the signed
circular DOP equation above (Equation (2)), this signed linear
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DOP equation offers additional information compared to the
magnitude-only linear DOP value. For example, media of small
scatterers are known to backscatter more co-linear polarization
intensity than cross-linear polarization intensity.[1049:50511 (Co.
linear backscattering is analogous to helicity-flipped backscatter-
ing since they both occur upon mirror-like reflections).

Important to note, the conventional circular and linear Stokes
DOP equations (Equations (1) and (3)) are agnostic to the incident
state of the light, whereas the modified DOP equations (Equa-
tions (2) and (4)) yield signed DOP measurements which are rel-
ative to the incident state of light. Equations (2) and (4) are thus
advantageous since they may offer the same information in mag-
nitude as the conventional Stokes DOP equations; however, they
also indicate which of the orthogonal states are dominant via the
sign (e.g., a negative sign indicates that co-linear > cross-linear, or
that helicity-flipped > helicity-preserved). The latter yields inter-
esting information on scatterer size, as will be shown below, and
enables fair comparison between linear and circular DOP since
both take on negative values upon direct backscatter events such
as specular reflection and remain positive otherwise.

2.2. 3D Single Scattering Intensity Distributions

The angular distribution of singly-scattered polarized light can
be calculated by multiplying the Mueller matrix of a sphere with
a given Stokes vector:

Sout (0) = Mg (0) X S, ©)
Iout (0) Mll (9) MlZ (0) 0 0 Iin
Qout (6) = MIZ (9) Mll (9) 0 0 X Qin (6)
Uout (6) 0 0 M33 (9) M34 (9) Uin
Vout (0) 0 0 _M34 (9) M33 (9) Vin

M, represents the Mueller matrix of a single scatterer, S, and
S, are the scattered and incident Stokes vectors, respectively, and
0 represents the scattering angle as depicted in Figure 1. The ma-
trix elements are calculated using Mie theory, whose expressions
are derived and shown in detail in ref. [52]. Briefly, the Mueller
matrix relationship in Equation (6) is derived by relating the in-
cident and scattered field amplitudes of light through the “scat-
tering amplitude function” of a single spherical particle:

Eus (@] _ g ilutikz S, (0) S;(0) E||i 7)
E  (0) ikr S, (0) S1(0)/ \Ey;
where E; and E, are orthogonal field amplitudes (subscript “s”

and “i” denote scattered and incident fields, respectively), the ma-
trix of S, S,, S5, and S, is the scattering amplitude function of

—ikr+ikz

the spherical particle, and <—— is the wave equation (“k” is the
wave number, “r” is the radialllirdistance). Notably, for spheres, S,
and S, equal zero in Equation 7 due to symmetry relations, giving
rise to M;; = M,, and M;; = M,, equivalencies. The reader is re-
ferred to the works of Van De Hulst (Ch. 4 and Ch. 5),53] Bohren
and Huffman (Ch. 3 and Ch. 4).3] and Rakovi¢ et al.l"] for the
rigorous mathematical details derived from first principles.

In order to calculate the scattering intensity in three-
dimensions, as seen in Figure 2, the scattering plane was rotated
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Figure 1. Depiction of the coordinate system for 3D single-scattering in-
tensity distributions. The scattering angle § spans 360° in the counter-
clockwise direction (viewing from above) in the X-Z (Y = 0) plane, as de-
picted by the orange-shaded region. The scattering plane is incrementally
rotated along the ¢ direction about the Z-axis (centered at X,Y = 0,0) in
order to generate 3-D intensity distributions; see related text for details.

about the Z-axis (centred at X,Y = 0,0) in 5° increments along
the ¢ direction shown in Figure 1, and for each incremental ro-
tation, the scattered intensity of each polarization state, S, (6), is
calculated using Equations (5) and (6). Note that the incident lin-
ear polarization orientation changes with respect to the scattering
plane at each ¢ rotational increment (hence the incident Stokes
vector, S,,, changes), whereas the incident circular polarization
orientation remains constant due to its azimuthal symmetry.

The scattered circular polarization intensity is calculated as
Vour/ Lo for each scattering angle 6, at each ¢ rotation, with
Sin = [1,0,0,1]" (incident right-circular polarization) using Equa-
tion (6); similarly, the scattered linear polarization is calculated as
Quui/ Iy With S, =[1,-1,0,0]" (incident linear vertical polariza-
tion). The following input parameters were used for Mie scatter-
ing calculations: incident light wavelength 4 = 632.8 nm, scat-
terer refractive index n, = 1.59 (polystyrene), and host refractive
index n,, = 1.33 (water).

2.3. Microsphere Suspensions

Monodispersed polystyrene microspheres (Bangs Laboratories,
Inc) with diameters of 0.03, 0.50, and 1.04 ym were suspended
in deionized water to yield a reduced scattering coefficient of
#! =3.4cm™ (this was the highest available turbidity for the 0.03
um microsphere suspension from the manufacturer; thus, the
other two suspensions were set to match that). The 0.03, 0.50,
and 1.04 um spheres had scattering efficiencies (Q), g-factors (g),
and concentrations (p) of [Q =6.38 x 10~%, g =0.007, p =7.50 X 10°
spheres um~3], [Q =0.77, g =0.82, p =1.50 spheres um~], and [Q
=2.73, g =0.92, p =0.16 spheres pm~?], respectively. These Mie
values were determined using the calculator in ref.[54] with the
following input parameters: incident light wavelength 4 = 632.8
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Figure 2. a,b,e,f) 3D single-scattering plots of scattered circular polarization intensity (the red-shaded lobes indicate helicity-flipping) and c,d,g,h)
scattered linear polarization intensity for a 0.03 pm diameter sphere (top row) and a 1.04 um diameter sphere (bottom row). Note that the scattered
intensities of the 0.03 um sphere are smaller by 5 orders of magnitude compared to the 1.04 um sphere (see the scattering efficiency values in the

“Microsphere suspensions” paragraph in Methods); this is not visually apparent since each scattering intensity is normalized to 1.

nm, sphere refractive index n, = 1.59, and the host medium re-
fractive index of n,, =1.33 (deionized water).

2.4. Experimental Polarimetric System

The configuration and detailed description of the polarimetric
imaging system can be found in ref. [43]. Briefly, a helium-
neon laser source at 4 = 632.8 nm was employed, along with
an intensified-CCD camera (PI-MAX 3, Princeton Instruments)
configured into an exact backscattering § = 180° detection
scheme using a beam-splitter. The Mueller matrix of the beam-
splitter was measured and accounted for in the calculation of
each polarimetric image; see ref. [43] for details. Each suspension
was contained in a cuvette of 1.1 cm diameter and illuminated by
a pencil beam of ~2 mm diameter (full width at half maximum),
which was linearly or circularly polarized. The backscattered light
was filtered with polarization analyzers to enable detection of a
co-linear and cross-linear image (for incident linear polarization)
or a helicity-flipped and helicity-preserved image (for incident cir-
cular polarization). Vertical illumination of each suspension’s ex-
posed liquid surface was performed to avoid the use of a physical
window and any potential accompanying artifacts (e.g., multiple
reflections between the window and medium, or interference ef-
fects).

2.5. Monte Carlo Simulation Platform

The simulation parameters were configured to match the phan-
tom experiment: 10® polarized photon packets (4 = 632.8 nm)
were launched intoa 1.1 X 1.1 X 3 cm medium of monodispersed
0.03, 0.50, and 1.04 um spheres, each with a refractive index of
1.59, suspended in a host refractive index of 1.33, and a reduced

Laser Photonics Rev. 2025, €01487 e01437 (4 of 1 1)

scattering coefficient of 4/ = 3.4 cm™'. Additional sphere diam-
eters of 0.20 and 0.75 um were also simulated for the data in
Figure 6. The photons were launched as a 2 mm diameter beam
for the data in Figure 5a—f, whereas the photons were launched
as a broad beam of diameter 4 cm (to cover the entire face of the
medium) for the data in Figure 6; see the Results and Discussion
section for details. The specifics of the Monte Carlo simulation
platform can be found in refs. [20,55,56].

3. Results and Discussion

3.1. Analysis of 3D Single-Scattering Plots

To gain insight into the backscattering pathways of circularly and
linearly polarized light in media composed of different scatterer
sizes, we analyze 3D intensity distributions of scattered polarized
light from single polystyrene spheres of diameter 0.03 and 1.04
um. Each sphere diameter has two single-scattering plots show-
ing: 1) scattered circular polarization intensity (from incident cir-
cularly polarized light), and 2) scattered linear polarization inten-
sity (from incident linearly polarized light).

The scattered circular polarization intensity distributions are
shown in Figure 2a for the 0.03 um sphere and Figure 2e for
the 1.04 um sphere. The scattered linear polarization intensity
distributions are shown in Figure 2c for the 0.03 um sphere and
Figure 2g for the 1.04 um sphere. 2D projections of each 3D inten-
sity distribution plot are shown on the X-Z plane and Y-Z plane
in Figure 2b,f for circular polarization and Figure 2d,h for linear
polarization. The red-shaded lobes in Figure 2b,f indicate helic-
ity flipping of circular polarization; the linear polarization plot
is not color-coded since the orientation of the scattered light re-
mains vertically polarized (co-linear) and only changes in inten-
sity. Note that the 1.04 pm sphere has a scattering efficiency of
Q = 2.73, whereas the 0.03 um sphere has a scattering efficiency
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of Q = 6.38 x 107>; thus, the scattered intensities of the 0.03 um
sphere are smaller by 5 orders of magnitude, but this is not vi-
sually apparent since each scattering intensity is normalized to 1

(€8 Vour/Towr and Qe /To)-

3.1.1. Small (0.03 um) Sphere

For the 0.03 um sphere, the scattering plots for circular
(Figure 2a,b) and linear (Figure 2c,d) polarization both have
roughly equal forward-scattering and backward-scattering inten-
sities, as expected for a Rayleigh scatterer.’’] However, the cir-
cular polarization plot has rotational symmetry in the wavefront
plane (X-Y plane) such that the projected profiles on the X-Z and
Y-Z planes are equivalent (Figure 2b), whereas the linear polar-
ization plot has two different axes of symmetry in the wavefront
plane such that the projected scattering profiles on the horizon-
tal plane and vertical plane are different (Figure 2d). Also, notice
that scattering is isotropic in the X-Z plane, which is the plane
perpendicular to the vertically oriented incident linear polariza-
tion vector (Figure 2d). Indeed, this is characteristic of Rayleigh
scattering due to the induced dipole effect: perpendicular to the
incident linear polarization vector, the scattering intensity with
respect to scattering angle is ~isotropic, whereas parallel to the
incident linear polarization vector, the scattering profile exhibits
two lobes with zero intensity at 90° and 270° scattering angles.’]
These zero intensity lobes are well-known because an induced
dipole cannot radiate light parallel to the dipole axis.l”]

3.1.2. Large (1.04 um) Sphere

For the larger 1.04 um sphere, as expected,®®! there is more
forward scattering for both circular (Figure 2e,f) and linear
(Figure 2g,h) polarization. Again, it is noted that the circular po-
larization plot has rotational symmetry in the wavefront plane
such that the projected profiles on the X-Z and Y-Z planes are
equivalent (Figure 2f). Contrary to the Rayleigh scattering case,
the linear polarization plot exhibits much more rotational sym-
metry in the wavefront plane such that the projected scattering
profiles on the X-Z and Y-Z planes are similar (Figure 2h), with
slightly increased back-scatter intensity in the X-Z plane, which
is perpendicular to the incident linear polarization vector.

3.2. Hypotheses on Multiple-Scattering Derived From the
Single-Scattering Plots

As discussed above, the 3-D single-scattering profiles differ
for circular and linear polarization, particularly for the small
0.03 um Rayleigh spheres. Thus, the ratio of helicity-flipping
to helicity-preserving intensity for circular polarization (which
governs circular DOP; see Equation (2)) must differ from the
ratio of co-linear-to-cross-linear intensity for linear polarization
(which governs linear DOP; see Equation (4)). To better under-
stand these differences, as was done in our previous study,!?’!
we define two types of backscattered light in a medium. Type-
1: light which has undergone a mirror-like reflection by a scat-
terer (large-angle backscattering) at some depth in the medium.

Laser Photonics Rev. 2025, 01487 01487 (5 of 1 1)

www.lpr-journal.org

Type-2: light which is forward-scattered at small angles and redi-
rected along an arc-like pathway into the backward hemisphere
of the medium (i.e., without a mirror-like reflection/large-angle
backscattering event). Type-1 and type-2 backscattering are de-
picted in Figures 3a and 4a (red arrows are type-1, blue arrows are

type-2).
3.2.1. Circular Polarization

For circularly polarized light, as depicted in Figure 3a, type-1
backscattering results in helicity-flipping, which occurs closer to
the region of incidence, whereas type-2 backscattering results in
helicity-preservation, which occurs further away from the region
of incidence (see ref. [55] for details). Also, due to the ¢ rotational
symmetry of the circular polarization vector, type-2 backscatter-
ing results in helicity-preservation no matter the location of re-
emerging light (e.g., along the X, Y, and 45° axes) as shown in
Figure 3b - this is different from the linear polarization case as
discussed below.

Thus, one expects a distribution of helicity-flipped and helicity-
preserved light backscattered from a medium with incident cir-
cularly polarized light as depicted in Figure 3¢, such that helicity-
flipping occurs near the incident region and helicity-preservation
occurs (symmetrically) further outside of the incident region (as
previously observed).>>] Furthermore, as scatterer size decreases,
one would expect stronger helicity-flipped intensity due to the en-
hanced backward-scattering in small scatterers (mirror-like back-
ward scattering; see Figure 2a,b), and conversely, larger scatter-
ers will induce stronger helicity-preservation intensity due the
enhanced forward-scattering (see Figure 2e,f). Indeed, this is a
relatively well-observed relationship between circularly polarized
light and scatterer size.!'”)

3.2.2. Linear Polarization

It has been known for decades that co- and cross-linear polar-
ization images of turbid media illuminated by linearly polarized
light exhibit four-lobed patterns, arising from geometrical effects
due to type-2 backscattering.[¢>9-62 Type-1 backscattering results
in co-linear polarization (e.g., akin to reflection from a mirror)
as depicted in Figure 4a, whereas type-2 backscattering can yield
either co-linear or cross-linear polarization depending on the lo-
cation in which the light returns. As shown in Figure 4b, type-2
backscattering along the planes that are parallel and perpendic-
ular to the incident linear vertical polarization vector results in
co-linear polarization, whereas type-2 backscattering along the
planes that are at 45° relative to the incident linear vertical po-
larization vector results in cross-linear polarization (see ref. [60]
for a rigorous examination of these geometrical effects).

Thus, one expects a distribution of co-linearly and cross-
linearly polarized light backscattered from a medium with in-
cident linear vertical polarization as depicted in Figure 4c. Co-
linear polarization is expected to occur near the illumination re-
gion and in lobes along the parallel and perpendicular axes (rel-
ative to the incident linear vertical vector), whereas cross-linear
polarization is expected to only occur in lobes along the 45° axes
(relative to the incident linear vertical vector) — as previously
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CIRCULAR POLARIZATION BACKSCATTERING
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Figure 3. Visualization of the backscattering effects of circularly polarized light. a) Lateral-view depiction of type-1 and type-2 backscattering pathways;
type-1 results in helicity-flipping, type-2 results in helicity-preservation. b) En face view of type-2 backscattering, showing that type-2 pathways yield
helicity-preserved light along all axes (as opposed to the linear polarization case in Figure 4b below). c) Expected distribution of helicity-flipped and
helicity-preserved light resulting from an incident circular polarization beam-spot.

LINEAR POLARIZATION BACKSCATTERING
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Figure 4. Visualization of the backscattering effects of linearly polarized light. a) Lateral-view depiction of type-1 and type-2 backscattering pathways;
type-1 results in co-linear polarization, type-2 can result in either co-linear or cross-linear, depending on the backscattering plane, as shown in b). b)
3D view of type-2 backscattering, showing that type-2 pathways yield co-linear polarization along the parallel axis and perpendicular axis (i.e., parallel
or perpendicular to the incident linear polarization vector), and cross-linear polarization results from type-2 pathways along axes which are at 45° with
respect to the incident linear polarization vector. c) Expected distribution of co-linear and cross-linear polarization resulting from an incident linear

vertical polarization beam-spot.

observed.l’®>>-92] Interestingly, notice in Figure 2c,d that, as scat-
terer size decreases into the Rayleigh regime, two effects occur for
scattered linearly polarized light: 1) backscattering is enhanced
(as is the case for circularly polarized light), and 2) scattering be-
comes isotropic in the plane perpendicular to the incident linear
vertical polarization vector (X-Z plane), yielding increased side-
scattering and forward scattering along this plane. Therefore,
small Rayleigh-regime scatterers will enhance co-linear polariza-
tion through enhanced type-1 backscattering, but also through
enhanced type-2 backscattering along the perpendicular plane.
This will give rise to an overall higher linear DOP than circu-
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lar DOP in Rayleigh scattering media; circular DOP will only
be enhanced by higher type-1 backscattering and not type-2
backscattering.

3.3. Degree of Polarization Analysis: Linear Polarization Versus
Circular Polarization

Figure 5 shows the circular DOP (a-c, g-i) and linear DOP (d-f, j-1)
images of backscattered light from beam-spot-illuminated micro-
sphere suspensions comprised of 0.03, 0.50, and 1.04 ym diame-
ter spheres, each with a matched reduced scattering coefficient of
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Figure 5. Circular DOP images a-c,g-i) and linear DOP images d-f,j-|) of pencil-beam-illuminated suspensions of 0.03 um, 0.50 pm, and 1.04 um micro-
spheres. Simulation images (top row) and experimental images (bottom row) agree well in most instances; for details, see text.

4, =3.4cm™!; simulation-based images are shown in the top row

(a-f) and experimental images are shown in the bottom row (g-1).
The experimental images exhibit reasonable agreement with the
simulations; note that the experimental images are slightly off-
centred due to specular reflection challenges from the surface of
each suspension. (Given this good agreement, we will continue
our analysis on the simulation images due to their higher clar-
ity.) Note that negative circular DOP values (red-shaded pixels)
signify relatively higher helicity-flipping intensity compared to
helicity-preservation intensity, according to Equation (2). Simi-
larly, negative linear DOP values (red-shaded pixels) signify rel-
atively higher co-linear intensity compared to cross-linear inten-
sity, according to Equation (4).

For circular polarization, as hypothesized and as previously
shown,[1:8:201263-65] helicity-flipping intensity increases relative to
helicity-preservation intensity as scatterer size decreases (the pro-
portion of negative pixels increases going from Figure 5 (a) to (b)
to (c)). This occurs due to enhanced backward-scattering from
the spheres as they decrease in size (e.g., notice that, in sin-
gle scattering, there is proportionally more backward-scattering
in Figure 2b compared to Figure 2f), giving rise to increased
type-1 backscattering (i.e., mirror-like reflections from scatterers)
and hence helicity-flipping. Additionally, helicity-flipping is most
prominent closer to the incident beam-spot whereas helicity-
preservation is most prominent outside of the incident beamspot,
as was depicted and hypothesized in Figure 3c.

For linear polarization, there is more co-linear intensity than
cross-linear intensity as sphere size decreases (the proportion
of negative pixels increases going from Figure 5 (d) to (f), as
previously observed.[3104%5051] Similar to the circular polariza-
tion case, this is due to the enhanced backward-scattering as
spheres decrease in size — notice that there is proportionally
more backward-scattering in Figure 2d compared to Figure 2h
— giving rise to increased type-1 backscattering and hence more
co-linear polarization. However, unlike the circular polarization
case, the linear DOP images are not rotationally symmetrical, in-
stead, they exhibit lobed patterns of positive and negative values,
as previously observed.[¢>%62] These lobes arise from geometri-
cal re-orientation of the linear polarization vectors to either co-
linear states (negative linear DOP values) or cross-linear states
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(positive linear DOP values) as described and hypothesized in
Figure 4. Importantly, notice that the co-linear intensity increases
along the axis that is perpendicular to the incident linear ver-
tical polarization vector as sphere size decreases (e.g., see the
prominent horizontal band of negative / red-coloured pixels in
Figure 5f). This is directly related to the enhanced isotropic scat-
tering along the perpendicular plane for linearly polarized light
(the X-Y plane in Figure 2¢,d) which gives rise to type-1 backscat-
tering along this plane in addition to type-2 backscattering —
both of which yield co-linear polarization. Therefore, since co-
linear polarization is enhanced by both types of backscattering,
whereas helicity-flipped light is only enhanced by type-1 backscat-
tering, co-linear polarization “outcompetes” helicity-flipped cir-
cular polarization. This gives rise to a higher co-linear-to-cross-
linear intensity than helicity-flipping-to-helicity-preserved inten-
sity for the Rayleigh scatterers (0.03 um spheres), which is vi-
sually apparent upon comparison between Figure 5c and f. Ac-
cording to Equations (2) and (4), higher co-linear-to-cross-linear
intensity than helicity-flipping-to-helicity-preserved intensity im-
plies that linear DOP will be higher than circular DOP (in magni-
tude), since | L— ||| > |[HP — HF|, thereby yielding | DOLP | > |
DOCP |.

As an interesting aside, notice in Figure 5d,e that there is
slightly more co-linear intensity along the perpendicular axis
(the horizontal axis). Upon examination of the linear polariza-
tion single-scattering plot for the 1.04 um sphere in Figure 2h,
it appears that there is somewhat higher scattering intensity in
the backward hemisphere in the perpendicular plane (X-Z plane)
than in the parallel plane (X-Y plane). Thus, the increased co-
linear intensity along the perpendicular axis of Figure 5d and e
likely arises from the slightly increased back-scattering intensity
along the perpendicular plane. In our previous study,**! we no-
ticed this “oblong” skew to the four-lobed pattern along the per-
pendicular axis which we did not yet understand; this provides
some exploratory insights into these observations.

Figure 6 shows the simulation-obtained average linear DOP
(denoted as ‘DOCP’) and circular DOP (denoted as ‘DOCP’) val-
ues for five different microsphere suspensions with sphere di-
ameters (bottom axis) of 0.03, 0.20, 0.50, 0.75, and 1.04 um, and
each suspension with a matched reduced scattering coefficient
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Figure 6. Simulated linear DOP ('DOLP’) and circular DOP ('DOCP’) for
different microsphere diameters; the corresponding size parameter (X) for
each sphere diameter is shown on the top axis. DOP values are calculated
by averaging each pixel in the simulated DOP image of backscattered light
from a microsphere suspension (each with ;4; =3.4cm™"). The entire sur-
face of each microsphere suspension was illuminated by linearly polarized
light (for linear DOP calculations) or circularly polarized light (for circular
DOP). The total DOP, | DOP,,,! |, is calculated as the average of | DOLP
| and | DOCP |. The lines are guides for the eye.

of u, = 3.4 cm™". Also, the corresponding size parameter (X) for
each sphere diameter is shown on the top axis of Figure 6, calcu-
lated as: X = dzn,, /4, where d is sphere diameter, n, is the host
medium refractive index (1.33), and A is the illumination wave-
length (632.8 nm). The total DOP, | DOP,,,, |, is also shown and
is calculated by taking the average of | DOLP | and | DOCP |. Note
that each of these DOP values are obtained from wide-field illu-
mination images, whereby the entire suspension is illuminated
(as opposed to pencil-beam illumination in Figure 5) by either
circular polarization or linear vertical polarization; the circular
and linear DOP values are calculated by summing the DOP value
of each pixel of the linear or circular DOP image, then dividing
by the number of pixels. Central beam-spot illumination is use-
ful for understanding backscattering pathways, as was shown in
Figure 5, however, we choose to compare DOP data from wide-
field illumination images since many imaging applications illu-
minate the entire sample.

As expected for the Rayleigh-like 0.03 um spheres, it is seen
that linear DOP is higher in magnitude than circular DOP; both
linear DOP and circular DOP are negative due to the higher co-
linear-to-cross-linear intensity and higher helicity-flip-to-helicity-
preserve intensity, respectively (see Equations (2) and (4)). This
behaviour is also seen in the 0.20 um sphere suspension. As the
sphere diameters increase to the non-Rayleigh regime (sphere
diameter ~ A and greater) of 0.50, 0.75, and 1.04 um spheres,
the trend reverses and circular DOP becomes greater in mag-
nitude than linear DOP as expected; however, linear DOP re-
mains negative. Notice that | DOP,,,, | is highest for the Rayleigh-
regime 0.03 um spheres. Therefore, it is seen that small Rayleigh-
regime scatterers increase linear DOP versus circular DOP due
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to the higher co-linear-to-cross-linear intensity compared to the
helicity-flipped-to-helicity-preserved intensity. Co-linear intensity
outcompetes its helicity-flipped counterpart in this regime, since
it is brought about by both type-1 backscattering and type-
2 backscattering in the perpendicular plane, whereas helicity-
flipping is only supported by type-1 backscattering.

Interestingly, in bio-polarimetry it has often been observed that
1) the total DOP is higher in cancerous tissues compared to nor-
mal tissues [%¢71] for which the underlying reasons are not yet
well understood. Additionally, cancerous tissues have been ob-
served to exhibit 2) higher helicity-flipping intensity compared
to helicity-preserved intensity, 3) higher co-linear intensity com-
pared to cross-linear intensity, and (4) higher linear DOP than
circular DOP.[236:69.727374] [n, this study, the findings in Figure 6
show that the above-noted observations (1-4) are each associated
with small-sized Rayleigh-regime scattering media. Specifically,
notice that the suspension comprised of 0.03 um spheres yields
a higher total DOP, highly negative circular DOP (indicating pre-
ponderance of helicity-flipping), highly negative linear DOP (in-
dicating preponderance of co-linearity), and higher linear DOP
compared to circular DOP; see our recent study for details on this
subject.l””] Since these Rayleigh-associated polarimetric signa-
tures are observed in malignant tissues, it may indicate that ma-
lignant tissues contain more small-sized Rayleigh-regime scat-
terers (e.g., possibly due to increased cell density and hence
higher concentrations of mitochondria,[’®! and/or cellular frag-
ments due to apoptosis and other cancer-related processes).l”’!
If malignant tissues are indeed comprised of more small-sized
Rayleigh-regime scatterers in comparison to healthy tissue, it
may be the reason why malignant tissues are commonly observed
to have higher DOPs than healthy tissue [°¢77!] (since small-sized
scattering turbid media appear to yield higher DOP values, as ex-
hibited by the 0.03 pm spheres in Figure 6). Future work should
further explore the linkage between scatterer size and polarimet-
ric responses, particularly in the complex milieu of biological
tissues.

4. Summary and Conclusion

In this study, through experimental measurements and compu-
tational modeling, it is found that single-scattering directionality
directly influences multiple-scattering pathways of light in turbid
heterogeneous media. Importantly, since the size of single scat-
terers greatly modulates single scattering directionality, it also
modulates the types of multiple-scattering pathways which light
undergoes before re-emerging from a medium. It is shown that
there are two prominent types of pathways, which we refer to
as ‘type-1’ and ‘type-2’; the former describes light which under-
goes a mirror-like large angle reflection by a scatterer, abruptly
re-directing light into the backward hemisphere of the medium,
and the latter describes light which takes an arc-like pathways
via near-forward scattering events (i.e., no mirror-like reflection
event). The relative proportions of each of these backscattering
pathway types appear to govern the amount of helicity-flipped/co-
linear polarization and helicity-preserved/cross-linear polariza-
tion, which in turn determine the circular DOP and linear DOP
values. Therefore, scatterer size seems to modulate DOP values
through a cascade of effects: first influencing single-scattering di-
rectionality, which then influences multiple-scattering pathways,
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which then influences the relative fractions of parallel and per-
pendicular circular and linear polarization states, which then (fi-
nally) governs circular and linear DOP values.

The results of the study show that linear DOP becomes
greater in magnitude than circular DOP for Rayleigh-sized
scatterers due to the higher co-linear-to-cross-linear inten-
sity for linear incidence compared to the helicity-flipped-to-
helicity-preserved intensity for circular incidence. This dif-
ference in linear and circular polarization intensities arises
from the disproportionate enhancement of co-linear inten-
sity as scatterer sizes enter the Rayleigh regime which gives
rise to increased probabilities of type-1 scattering in addi-
tion to type-2 scattering along the plane perpendicular to
the incident linear polarization vector. These ratios, co-linear-
to-cross-linear or helicity-flipped-to-helicity-preserved intensi-
ties, are tracked through the use of modified signed Stokes
DOP formulas (Equations (2) and (4)), which encode nega-
tive values to indicate a preponderance of co-linear or helicity-
flipped intensity, whilst maintaining the same magnitude that
would be measured through the conventional Stokes DOP
calculations.

These findings on why and how linear and circular DOPs can
differ in turbid media may aid in the interpretation of empiri-
cal observations often reported in the bio-polarimetry literature,
particularly as it pertains to how depolarization occurs in malig-
nant versus healthy tissue. However, the linkage and translatabil-
ity between phantoms (such as those employed in this study) and
actual biological tissue requires further research. Importantly,
it must be pointed out that scatterer size is just one of many
properties in biological tissues which may undergo changes as
disease progresses; thus it is important to explore polarimetric
responses to other tissue/medium property changes such as to
heterogeneity, turbidity, refractive index, and absorption. In par-
ticular, a controlled study on the effects of absorption may lend
important insight into type-1 and type-2 backscattering, since
absorption extinguishes longer pathlength / deeply penetrating
light.[>78] We may thus posit that type-2 backscattering inten-
sity will decrease more than that of type-1 backscattering in the
presence of absorption, since type-2 backscattered light exhibits
longer pathlengths.[>]

It should also be noted that illumination-detection geome-
try is an important issue to further explore as the experimen-
tal requirements — such as, space constraints, beam-splitter ver-
sus no beam-splitter configurations, signal intensity and mea-
surement times, etc. — vary and can influence the polarimetric
findings. For example, some researchers perform polarimetry
whereby the detection axis forms an oblique angle with the in-
cident beam (backscattering hemisphere direction), as opposed
to the en-face retro-reflection configuration (exact backscattering
direction) used in this study. These differences will likely result
in slightly different subsurface photon paths as we demonstrated
previously with Monte Carlo simulations.””! For example, type-
1 mirror-like large-angle backscattering photons may re-emerge
from a medium nearly parallel to the illumination beam, pos-
sibly resulting in lower type-1 intensity if measured in the off-
backscattering-axis detector geometry (e.g., outside the field of
view of the detector). A better understanding of these geometry-
dependent effects could enable robust identification of ‘optimum’
configuration(s) based on practical requirements.
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Finally, it would be useful to directly track the number of type-
1 and type-2 photons using the Monte Carlo simulation plat-
form. This will lend further insight into the depolarization mech-
anisms of linear and circular states and the role of type-1 and
type-2 backscattering pathways. The Monte Carlo platform em-
ployed in this study is not currently able to directly track these
statistics; instead, we infer the backscattering pathways based on
polarimetric signatures. For example, it was shown in our previ-
ous study!®! that the number of helicity-flipped photons can be
used as an indirect measure of type-1 population, since helicity-
flipping occurs upon a mirror-like, large-angle reflection from a
scatterer. Analogously, the number of helicity-preserved photons
can be used to infer the type-2 cohort since these do not undergo
large-angle back-reflection events. Also, the role of the photons
which undergo a combination of several mirror-like reflection
and forward-scattering events is not yet fully understood; we posit
that these can be considered background noise since they become
depolarized (i.e., they do not have a preferential polarization state
and hence have an equal probability to exhibit right- / left-handed
circular polarization or co- / crossed-linear polarization). To test
this and gain further insight into these polarization-pathlength
relationships, we are pursuing a follow-up study which employs
a Monte Carlo to directly track these statistics.
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