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Abstract. A study of polarized light transmitted through randomly
scattering media of a polystyrene-microsphere solution is described.
Temporal profiles of the Stokes vectors and the degree of polarization
are measured experimentally and calculated theoretically based on a
Monte Carlo technique. The experimental results match the theoreti-
cal results well, which demonstrates that the time-resolved Monte
Carlo technique is a powerful tool that can contribute to the under-
standing of polarization propagation in biological tissue. Analysis
based on the Stokes-Mueller formalism and the Mie theory shows that
the first scattering event determines the major spatial patterns of the
transmitted Stokes vectors. When an area detected at the output sur-
face of a turbid medium is circularly symmetrical about the incident
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beam, the temporal profile of the transmitted light is independent of

the incident polarization state. A linear relationship between the av-
erage order of the scatters and the light propagation time can be used
to explain the exponential decay of the degree of polarization of trans-
mitted |ight. © 2003 Society of Photo-Optical Instrumentation Engineers.
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In order to improve the quality of optical imaging using
Jpiltrafast light sources, more study is necessary to fully under-
stand the evolution of the polarization state in scattering me-
dia, as well as the time- and polarization-dependent distribu-
tion of light transmitted through the media. The Monte Carlo
(MC) technique offers a flexible and accurate approach to
these problems, since it can trace detailed information in po-
IIarization propagation inside and outside a scattering medium

1 Introduction

Recently there has been increased interest in the propagatio
of polarized light in randomly scattering media, such as bio-
logical tissues, because of its potential applications, particu-
larly in biomedical imaging and diagnosis. Optical technology
offers significant advantages for imaging human tissues be-
cause it employs nonionizing radiation and provides a high
contrast between early cancers and the background normal . . . .
. . B . with complex geometries and can score multiple physical
t!ssues. How_ever, the ra_ndor_n scatterm_g of Ilght in biological quantities simultaneoush}:14
:Insjil:\ecsh(;ifr:lO;a;;:c)t?i;g:ia\?vli?i? cr)ef.olultl.on, vyhlchUﬁJtre?entts trje By employing a streak camera and an ultrafast laser
9 ptical Imaging. Uiralast op- o 0 in this study we analyze the temporal profiles of the

“C.S can be us_ed to enhan(:(_e optical |n_1ag|ng_and d'agn(_)S'S'Stokes components of light transmitted through scattering me-
W't.h th|§ technique, a short light pulge IS app!leq to the b|o-. dia made of polystyrene-microsphere solutions, where the in-
logical tissues, and then the transmitted ballistic and quasi- Lj4ant light pulses are linearly polarized and circularly polar-

pallistic photor_ws that carry more information _about bi(_)logical ized, respectively. A time-resolved MC technique based on the
tissue properties are extracted through various gating tech-gy,1es-Mueller formalism is developed to analyze polariza-

niques. Since multiply scattered photons usually have longer jon hropagation through these scattering media. The polariza-
path lengths than weakly scattered photons, they can be ex+jon gistributions after a single scattering and after multiple
cluded by time gating-® Polarization gating can be used as scatterings are compared and discussed. The MC-simulated
an alternative method for extracting the ballistic and quasi- stokes vectors of transmitted light are compared with the
ballistic components because weakly scattered light preservespeasurements obtained in experiments. We study and explain
its original polarization better than multiply scattered some of the properties of the polarization-dependent time-
light.>~*° Polarization propagation in biological tissues is a resolved transmitted light that can be observed from the ex-
complicated process that is fundamental to tissue optics. perimental and MC results. Polystyrene-microsphere solutions
Many parameters, such as size, shape, refractive index, conwith various particle diameters and scattering concentrations
centration of the scattering particles, and incident polarization

state play important roles in the scattering of light?
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Fig. 1 (a) The schematic diagram of the experimental setup, where P is a polarizer, HW is a zero-order half-wave plate, QW is a zero-order
quarter-wave plate, and A is a linear analyzer. (b) The response of the detection system to the laser pulse.

have been studied. Here we present the results for 380-nm3 Monte Carlo Analysis

polystyrene-microsphere solutions with scatterer concentra- o geometry of multiple scattering events in a polystyrene-
tions of 0.133 and 0.066%. microsphere solution is shown in Fig(@ The MC simula-

tion that describes the multiple scattering events of light in
2 Experimental Setup turbid media is based on radiative theory, which assumes that

The experimental setup is shown in Fig. 1. A titanium:sap- scattering events are independent and ignore coherent effects.
phire (Ti:sapphire laser is used to provide 800-nm light A narrow pencil beam propagates downward along the z-axis
pulses with a FWHM of 100 fs. The laser beam is split into into a plane-parallel slab of scattering medium with a thick-
two branches, one for triggering the streak camera and theness ofL. The incident point iSO, 0, O in the laboratory
other for propagating through the scattering media. An aver- coordinate systerfx, y, z). Photon packets are scattered in the
age power of 200 mW is applied to the input surface of the medium by microspheres before exiting the upper or lower
media. The incident polarization state is controlled by a po- surface of the medium. At each scattering event, the scattering
larizer, a zero-order half-wave plate, and a zero-order quarter-angles of the photon packets are statistically selected accord-
wave plate. Meanwhile, the detected polarization state is con-ing to Mie theory:® During propagation, the polarization evo-
trolled by a zero-order quarter-wave plate and a linear lutions of photon packets are traced through the Stokes-
analyzer. The light transmitted from the scattering media is Mueller formalism:®’
directed to the streak camera with a fiber bundle. The diam-  T0 begin, we analyze the first scattering event that the
eter of the receiving area is 1 mm, and the receiving angle of Photon packets encounter after they enter the input surface of
the fiber bundle is about 30 deg. The temporal resolution of @ scattering medium. The scattering geometry is shown in Fig.
the operational mode of the streak camera is 4.74 ps. Because(b), where® e[0,7] is the polar angle between the propa-
of the dispersion of the optical signal in the fiber bundle and gation orientations before and after the scattering, g@nd
the limited resolution of the streak camera, the response of the €[0,2m) is the azimuthal angle between the reference plane
detection system to the laser pulse has a FWHM of 20 ps, asand the scattering plane. On€eand ¢ are known, the propa-
shown by the normalized profile in Fig(t). gation orientation after the scattering is determined. The
The scattering media are composed of polystyrene- Stokes vector of light after the first scattering event can be
microsphere solutions contained in a transparent plastic cubicexpressed as
cuvette, with a size 06X 5X2 cm, wherelL, the thickness of
the cuvette along the laser axis, is 2 cm. The polystyrene- Si($,0)=R(— s)M(O)R(¢)S,. (1)
microsphere solutions occupy the cuvette to about 80% of the
volume. The absorption coefficient of the solutions is low g/ and'S; are Stokes vectors of light before and after the
enough to be regarded as zero. The polystyrene microspheregcattering. R¢) is the rotation matrix connecting the two
have a diamete2a of 380 nm= 13 nm. The refractive indices  stokes vectors that describe the same polarization state with
of the background medium,,, and the polystyrene micro-  respect to the reference plane and the scattering plane, respec-
spheresns, are 1.329 and 1.565, respectively, at a wave- tjvely. The reference plane coincides with the scattering plane
length () in vacuo of 800 nm. The speed of ligt, in the  after a counterclockwise rotation by an angkearound the

scattering media is 0.0226 cm/ps. The polystyrene- orientation of the light propagation.(®) has the form of
microsphere solution is diluted to different concentrations to

achieve different scattering mean-free-patBMFP), Is. The

incident laser beam enters the medium from the center of the

input surface. The fiber bundle and the incident beam are

aligned with each other so that the area detected on the output R(¢)=
surface of the medium has a circular symmetry about the axis

of the incident light.

0 0
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Fig. 2 (a) The geometry of multiple scattering events in a slab of turbid medium. (b) The geometry of the first scattering event during light
propagation.

M(@) is the scattering matrix in the Mie regime, which has 5 (¢,0)

the form of _
S
S
a(®) b®) 0 0 S
b(®) a(®) 0 0 L S5
M®)=] 4 0 d©) —e®)| ® [ a(®)+b(0)cog2¢)
0 0 e®) dO) _ b(@)cps{Zd;)+a(®)cosz(2¢)+_d(®)sin2(2¢)
b(®)sin(2¢)+[a(®)—d(0O)]sin(2¢)cod2¢)
L —€e(0)sin(2¢)
where the simulations &(0®), b(®), d(®), ande(®) have
been shown in Ref. 15. The probability density function ©)
(PDF) of polar angle®, which determines the distribution of  \when the incident light is right circularly polarize@,=R
® in [0, 7], satisfies the normalization requiremént =[1;0;0;1]"), the Stokes vector after the single scattering
can be expressed as
zwra()sin(@)d@:l, @ S a®)
0 S b(®)cog2¢)+e(0)sin(2¢)

SUA0)=1 5 | = b(®)sin24)—e(®)cog24)

which shows that the intensity distribution, as a functior®of S3 d(®) 7
after a single scattering event, is independent of the polariza- @)
tion state before the scattering. Once @és determined, the For an 800-nm light scattered by 380-nm-diameter poly-
PDF of the polar angleﬁ as a function of the incident Stokes Styrene microsphereS, the size paramé{ar,_— anba/)\, is
vector$=[%,S;,$,,$;]" can be expressed as 2.0 and the light scattering is in the Mie regime. The three-

dimensional distributions of the Stokes vect&gsfor the H
and R incident polarization states are shown in the left col-
b(®) [S,cog2¢)+S,siN(2¢)] umns in Fig. 3 and Fig. 4, respectively. The intensity distri-
pe(¢)=711+ (o) S ’ / 2. butions ofS, are normalized at the peak point where the polar
(5) angle ®=0. Patterns ofS,/S,, S,/S, and S3/S, show the
comparative intensity distribution of the Stokes components
with respect tdS,.

When the incident light is linearly polarized with the orienta- For both the H and R incident polarization states, all of the
tion of polarization along the x-axi6S,=H=[1;1;0;0]"), light energy propagates forwar@0<0 <45 deg after a
the Stokes vector after the single scattering can be expressedingle scattering event. The integral®f along the azimuthal
as angle ¢ leads to the intensity distribution as a function of the
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Fig. 3 (Left column) Three-dimensional distributions of the Stokes components of light after a single scattering event and (right column) the spatial
patterns of the Stokes components of light transmitted through a slab of turbid medium, where the incident light is linearly polarized with the
orientation of polarization along the x-axis; S;, S,, and S; are normalized with respect to the intensity distribution S, .
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Fig. 4 (Left column) Three-dimensional distributions of the Stokes components of light after a single scattering event and (right column) the spatial
patterns of the Stokes components of light transmitted through a slab of turbid medium, where the incident light is right circularly polarized; S;, S,,

and S; are normalized with respect to the intensity distribution S .

polar angle®, which is constant for any incident polarization
state. For the H incident state, the Stokes compor@anend
S, depend on the azimuthal angfefrom 0 to 2 7, while for
the R incident state, the Stokes componeé®jsand S; are
independent ofp. The Stokes componen® and S; for H,
andS,; andS, for R, have cloverleaflike patterns projected on
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the x-y-plane, as shown in Fig. 3 and Fig. 4. The two positive
leaves (bright leavey and the two negative leave&ark

leaves in each pattern are symmetrically distributed around
the center point.
Using the Stokes-Mueller formalism, we trace the evolu-
tion of the polarization state of each photon packet through
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the successive multiplication of the matrices® and R ¢). first scattering event that the light encounters, while the back-
The detailed method for tracing the photon propagation was ground level in the polarization pattern is affected by the mul-
based on an idea in Ref. 18. The Stokes ve@sr,, of a tiply scattering events.

transmitted photon packet that has been scattertaies by In time-resolved measurements of transmitted Stokes com-
spherical scattering particles in a turbid medium can be briefly ponents, the incident beam and the fiber bundle for detection
expressed as are aligned with each other. The detected Stokes components

come from the integzral c;f 1t/f;e transmitted photon packets in
fs . _ n the detection are&(x“+ <0.5 mn) centered at th€0,
Sy Y ths s pra) =Litsl (prat s X RIGIM(O) 0) point in the x-yi()laneYV)\/e expect t?at the signalsSgfand
XR(pp)...M(O)R(¢1) Sy, (8) S; for the H incident polarization state, ais andS, for the
R incident polarization state will be zero, because in the pat-
whereus, u, are the scattering coefficient and the absorption terns of these Stokes components, the positive leaves and
coefficient, respectively, angk,y) is a detection point on the  negative leaves are distributed symmetrically in respect to the
lower surface of the turbid medium in the laboratory coordi- center. Therefore, for the H and R incident polarization states,
nate.[ us/(mat ps) " denotes the energy remaining after the the DOP of transmitted light comes entirely from Stokes com-
photon packet has been scatteretimes.R(¢;) andM(0;) ponentsS; andS;, respectively. When the detection area is
(i=1,2,...n) are the rotation matrix and scattering matrix for not centered at thé, 0) point, these Stokes componers,
thei’th scattering evenR( ¢, ) transforms the Stokes of light ~ S; for the H andS;, S, for the R, may not be zero and their
in the local coordinate system back to the Stokes in the labo- values are highly dependent on the detection area on the x-y-
ratory coordinate system before the photon packet is receivedplane.
by the detector. In the MC simulation, the receiving area and  Depending on the length of the propagation paths, the
the receiving angle are the same as those in the experiment. transmitted photon packets are recorded in different units in
The spatial patterns of the transmitted Stokes componentsthe time space. Since the incident photons are launched simul-
for the H and R incident polarization states are shown in the taneously, we convolute the temporal profiles of the transmit-
right columns in Fig. 3 and Fig. 4, respectively, where the ted Stokes vectors with the response of the detection system
thicknessL of the 380-nm polystyrene-microsphere solutions to the laser pulse to match the experimental measurements.
is 1 cm, the anisotropic factayis 0.65, the scatterer concen- The time-resolved transmitted Stokes vector has the form
tration is 0.066%, the scattering coefficignf is 4.61 cm-1,

and the absorption coefficient, is set to be 0. The SMFP S(t) =[So(1); S1(1);Sp(1); S3(H)]". 9
and the factorL/l are simulated to be 0.22 cm and 4.61, . ) .

respectively. Each pattern in the x-y plane shows.& The time-resolved DOP is obtained from

X 0.6 cmarea on the output surface of the scattering medium.

To make the spatial patterns 8 clearer, we show the deci- VSH(t) + S5(t) + S3(t)

bel values of the intensities. Other Stokes componesits, DOR(t) = () : (10

S,, and S;, for each position are normalized with,. The
patterns of transmitted Stokes components show different . . .
preferential orientations, which are mainly determined by in- 4 Time-Resolved Results and Discussion
cident polarization states. According to EdS) to (7), the In the following results, the 0 point on the time axis depicts
integral values of the intensi, in any circular area centered  the time when the light is received by the detector after it
at the axis of the incident light are the same for the H and R transmits the cuvette with water. Therefore the time when the
incident polarization states, although the intensity distribu- incident light pulse enters the scattering medium-i&/c,
tions of §, for the H and R states show different preferential which equals—88.6 ps when the thicknedsof the slab is 2
orientations. cm. The temporal profiles of the Stokes components of trans-
The remaining degree of polarizati¢pOP) and the pat- mitted light have been normalized with respect to the maxi-
terns of the Stokes vectors of transmitted light come from the mum value ofS;, which makes the comparison between the
lowly scattered photon packets. Considering a scattering me-MC simulations and experimental measurements possible.
dium with a greater factor df/l, the ratio of lowly scattered For a 380-nm polystyrene-microsphere solution with a
light in the total transmitted light is lower. Therefore, the re- concentration of 0.133%, the scattering coefficiegtand the
maining DOP and the spatial patterns of the Stokes vectorsanisotropic factog are simulated to be 9.22 cai and 0.65,
are weaker. However, the shapes of the patterns of the Stokesespectively. The SMFRg, and the factoiL/l5 are 0.11 cm
components remain the same for scattering media with differ- and 18.44. The time-resolved Stokes componé&gtand S;
ent factors ofL/l,. Our MC-simulated polarization patterns and the DOP of the transmitted light when the incident light is
of transmitted light are similar to the experimental and ana- H state polarized are shown in Figgah 5(b), and 5c), re-
lytical results obtained by previous researchér8:16:13 spectively. The FWHM of5, is 208 ps. The maximum inten-
We can see in Fig. 3 and Fig. 4 that projections of the 3-D sity of S; is 0.43. The time-resolved Stokes componesis
patterns after single scattering events on the x-y-plane lead toandS; and the DOP of the transmitted light when the incident
2-D polarization distributions that match well with the corre- light is R state polarized are shown in Figgdb 5(e), and
sponding 2-D patterns of the transmitted Stokes components.5(f), respectively. The FWHM 08, is 206 ps. The maximum
This demonstrates that the key features of 2-D spatially dis- intensity of S; is 0.58. For both the linearly and circularly
tributed polarization of light, transmitted through a scattering incident polarization states, the experimental reqsktattered
medium containing spherical particles, are determined by the circle9, including the Stokes components and the DOP, match
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Fig. 5 Time-resolved Stokes components S, (a) and S; (b) and degree of polarization (c) of transmitted light where the incident light is linearly
polarized. Time-resolved Stokes components S, (d) and S; (e) and degree of polarization (f) of transmitted light where the incident light is circularly
polarized. The scattering medium is a 380-nm polystyrene-microsphere solution with a scatterer concentration of 0.133%. The circles depict the
experimental measurements and the solid lines show the MC simulations. The dashed lines in (a) and (d) show the simulation results based on the
diffusion model. The order of scatters as functions of the propagation time is also shown as dashed lines in (c) and (f) for linearly and circularly
incident polarization states, respectively.

well with the results from the MC simulatiorisolid lines. In It can be observed that for linearly and circularly incident
Fig. 5, the Stokes componerss, S; for the H incident state polarization states, the time-resolved profilesSgfof trans-
andS;, S, for the R incident state are not presented because mitted light are similar, which shows that the temporal distri-
they show very weak values compared with the intensities of bution of the light transmittance is independent of the incident
S, and can be regarded as zero. This phenomenon can beolarization state. According to our detection syst&gis the
explained by considering the symmetrical patterns of these integral of the light intensity within the detection area that is a
Stokes components and the circular symmetrical distribution circular area centered at tfi@, 0) point on the x-y-plane. As
of the detection area around the axis of the incident laser shown in Sec. 3, although the spatial pattern§gpére differ-
beam, which was discussed in Sec. 3. ent for various incident polarization states, the total light en-
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ergies that enter the detection area are the same. We know that approaches Q)N) will decrease to 0. For the H and R inci-
the trajectories of the photon packets in the turbid medium are dent polarization states, the temporal profilesNf are simi-

determined by both the PDF of polar angdeand the PDF of
azimuthal angle¢ in successive single scattering events.
However, by considering the circular symmetrical distribution

lar.
Figures %c) and §f) show that for both linear and circular
incident polarization states, the DOP of the transmitted light

of the detection area around the incident light axis, we can with respect to the propagation time decays exponentially af-

deduce that the detected temporal profilé&Sgis independent
of the PDF of¢ but totally determined by the PDF & in

ter about 20 ps whekN) is greater than 16. In a previous
publication, Bicout et al! presented the exponential relation-

successive single scattering events. Moreover, as we have disship between the DOP of light and the faciH ¢ for the

cussed, the intensity distribution as a function of the polar
angle® after a single scattering is independent of the polar-
ization state. Therefore, with the detection geometry in the
experiment, the detected temporal profilesSgfof the trans-
mitted light are the same for various incident polarization
states.

By employing the radiative transfer theory based on the
diffusion approximatiorf: we simulate the temporal profiles
of light transmittance through a slab of turbid medium to
compare with the results from the MC simulations and the

forward propagation mode, wherkis the thickness of the
turbid medium. Ambirajan and Lodkfound that the degree
of linear polarization of backward-scattered light decreases
exponentially with respect to the order of scatters. Because of
the linear relationship betwedi) and the propagation time
of the light, the exponential decay of the DOP of the trans-
mitted light as a function of time can be explained.

For a 380-nm polystyrene-microsphere solution with a
concentration of 0.066%, the scattering coefficiggtis 4.61
cm !, the SMFPI is 0.22 cm, and the factdr/I4 is 9.22,

experiments. Accurate results can be obtained when the twowhich is half that of the 0.133% solution. The time-resolved

conditions in Eq(11) are satisfied:

mo<(1—Qg)us and L>1{, (11

where|{ is the transport mean-free-path that equbisu,
+(1—9g)us]. Because of the low absorption of our
polystyrene-microsphere solutions, the first condition in Eq.
(11) is true. For the 0.133% polystyrene-microsphere solution,
L/l{ is about 6.5, while for the 0.066% solutidr/l; is about
3.2. Therefore we can expect that the diffusion model de-

Stokes component§, andS,; and the DOP of the transmitted
light when the incident light is linearly polarized are shown in
Figs. §a), 6(b), and &c), where the FWHM of5, is 22 ps, the
maximum$S, is 0.97, and the FWHM of the DOP is 62 ps.
The time-resolved Stokes compone§§sandS; and the DOP
of the transmitted light when the incident light is circularly
polarized are shown in Figs(d, 6(e), and &f), where the
FWHM of S is 20 ps, the maximung; is 0.98, and the
FWHM of the DOP is 71 ps. The experimental resiisat-
tered circles matched well with the MC simulationésolid

scribes the temporal transmittance for the 0.133% solution lines) for this 0.066% polystyrene—microspheres solution.

more accurately than for the 0.066% solution.

The FWHM of S, for this 0.066% solution is less than that

We convolute the time-dependent transmittance based onfor the 0.133% polystyrene-microsphere solution, regardless
the radiative transfer theory with the response of the detection of the incident polarization state. Because of the lower scat-

system to the laser pulse to simulate S&geprofile measured
in the experiments, which are shown in Figga)5and 5d)

tering coefficient of this medium, the percentage of lowly
scattered light in the total transmittance is higher. Most trans-

with the dashed curves normalized at the peak value. Themitted light comes from the ballistic and quasi-ballistic com-
results from the diffusion model match the MC simulation and ponent, which has a comparatively shorter duration than
the experimental results well after 250 ps. At times before 250 highly scattered light. Therefore the intensity &f in Fig. 6

ps, there is considerable discrepancy between them becauséecreases much faster than that for the 0.133% solution.
the photons exiting the scattering medium at an earlier time Moreover, since the main part & comes from the ballistic
have not encountered multiple scattering and the distribution and quasi-ballistic component, the simulation regdtished

of their propagations is not adequately isotropic to be de- lines) based on the diffusion model does not fit with the pro-
scribed by diffusion theory. files measured in experiments.

The MC-simulated average order of scattefd), as a In Figs. 6c) and &f), the temporal profiles of the DOP
function of the light propagation time are shown in Fig&)5  decay exponentially for both linearly and circularly incident
and §f) as dashed lines. After about 20 i) shows a good  polarization states. The DOP of the light transmitted through
linear relationship with the propagation time, which can be the 0.066% polystyrene-microsphere solution decays more
expressed as slowly compared with the results for the 0.133% solution.
This is not surprising since light propagating through this me-
dium with a lower scattering coefficient encounters fewer
scattering events during the same propagation length. Simi-
larly to the 0.133% solution, théN) of light transmitted
wheret+L/c is the time of light propagation between the through this solution also shows a linear relationship with
incident point and the detection point. Wheis less than 20 respect to the propagation time after 25 ps. For this solution,
ps, the main part of the detected light comes from the ballistic the slope of th&N) as a function of time is half that for the
and quasi-ballistic component that does not encounter ad-0.133% solution because its SMFP is double that for the
equate scatters to achieve a homogeneous distribution in theD.133% solution.
scattering medium. Therefore, during the nonlinear transition  For initially polarized light transmitted through the 380-nm

B c(t+L/c)

Ms» (12)

( L
=c|t+—
ls C

period from 0 to 20 ps, the order of scatt¢ky as a function
of the propagation time cannot be matched by #8). When

polystyrene-microsphere solutions, the average order of scat-
ters(N) at the time when the DOP decreases from 1 to 0.5 is
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Fig. 6 Time-resolved Stokes components S, (a) and S; (b) and degree of polarization (c) of transmitted light, where the incident light is linearly
polarized. Time-resolved Stokes components S, (d) and S; (e) and degree of polarization (f) of transmitted light where the incident light is circularly
polarized. The scattering medium is a 380-nm polystyrene-microsphere solution with a scatterer concentration of 0.066%. The circles depict the
experimental measurements and the solid lines show the MC simulations. The dashed lines in (a) and (d) show the simulation results based on the
diffusion model. The order of scatters as functions of the propagation time is also shown as dashed lines in (c) and (f) for linearly and circularly
incident polarization states, respectively.

more than 10, which is obviously greater than that observed 5 Conclusion
for backscattered ligHt:?>-2* Compared with the backscat-
tered light, the transmitted light in its early stage of propaga-

. i ! - formalism is employed in this study of initially polarized ul-
tion encounters mainly forward scattering events with small irafast | | tion th h 380 st
scattering angles. Because the DOP attenuation for small- rafast laser puise propagation throug -hm polystyrene-

angle scattering events is weaker than that for |arge_ang|emicrosphere solutions with different concentrations. Simu-

scattering events, it follows that the transmitted light keeps its lated temporal profiles of the Stokes components and the DOP
polarization state better than the backscattered light. are compared with the measurements obtained in experiments

A time-resolved MC technique based on the Stokes-Mueller
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that employ a streak camera with a 4.74-ps resolution. A sat-
isfactory match between them proves the accuracy of this MC
algorithm. The correlation between the 3-D Stokes compo-
nents of light after the single scattering event and the spatial
distribution of the Stokes components on the output surface of

the turbid medium shows that the polarization patterns of 6.

transmitted light are mainly determined by the first scattering
event that the light encounters during propagation. The spatial -
distribution of the transmitted intensity is dependent on the
polarization state of the incident light, which can be forecast
through the PDF of the azimuth angfein the first scattering
event. When the detection area has a circular symmetrical
distribution around the axis of the incident light, the temporal

profile of transmittance is independent of the incident polar- o.

ization state but is determined mainly by the PDF of the polar
angle® in successive single scattering events. By considering
the linear relationship between the average order of scatters
and the light propagation time, we can interpret the exponen-

tial decay of the DOP of the transmitted light with respect to 11.

the propagation time.

Compared with the diffusion model, simulations based on
the MC technique present a more precise match with the ex-
perimental measurements, especially when lowly scattered

light is the dominating component in the total transmittance. 13.

In addition to the propagation of light intensity, the MC simu-
lation based on the Stokes-Mueller formalism presents de-,,
tailed information on the evolution of polarization in turbid
media. This can help us understand the phenomena observed

in laser—tissue interactions and can potentially help us im- 15

prove the quality of optical imaging that utilizes time gating

or polarization gating techniques. Because of the nature of the
MC simulation, coherent phenomena cannot be modeled.
However, this simulation method can be applied in the non-

coherent regime or in cases where the coherent effects are'’”:

removed.

18.

Acknowledgments

This project is sponsored in part by National Institutes of
Health grants RO1 CA71980 and R21 RR15368, National Sci-
ence Foundation grant BES9734491, and Texas Higher Edu-
cation Coordinating Board grant 000512-0063-2001.

1

References

1. L.Wang, P. P. Ho, C. Liu, G. Zhang, and R. R. Alfano, “Ballistic 2-D
imaging through scattering walls using an ultrafast optical Kerr

gate,” Science253, 769-771(1991). 22.

2. M. D. Duncan, R. Mahon, L. L. Tankersley, and J. Reintjes, “Time-
gated imaging through scattering media using stimulated Raman am-
plification,” Opt. Lett.16, 1868—187(0(1991).

3. K. M. Yoo, B. B. Das, and R. R. Alfano, “Imaging of a translucent
object hidden in a highly scattering medium from the early portion of
the diffuse component of a transmitted ultrafast laser pul&€pt.

Lett. 17, 958—-960(1992.
4. E. Abraham, E. Bordenave, N. Tsurumachi, G. Jonusauskas, J.

10.

12.

20.

21.

23.

24.

Polarized light propagation . . .

Oberle, and C. Rulliere, “Real-time two-dimensional imaging in scat-
tering media by use of a femtosecond*Cr forsterite laser,”Opt.
Lett. 25, 929-931(2000.

. C. Doule, T. Lepine, P. Georges, and A. Brun, “Video rate depth-

resolved two-dimensional imaging through turbid media by femto-
second parametric amplificationDpt. Lett.25, 353—-355(2000.

J. M. Schmitt, A. H. Gandjbakhche, and R. F. Bonner, “Use of po-
larized light to discriminate short-path photons in a multiply scatter-
ing medium,” Appl. Opt.31, 6535—-65461992.

. H. Horinaka, K. Hashimoto, K. Wada, Y. Cho, and M. Osawa, “Ex-

traction of quasi-straightforward-propagating photons from diffused
light transmitting through a scattering medium by polarization modu-
lation,” Opt. Lett.20, 1501-15031995.

S. G. Demos and R. R. Alfano, “Temporal gating in highly scattering
media by the degree of optical polarizatiolQpt. Lett.21, 161-163
(1996.

S. P. Morgan, M. P. Khong, and M. G. Somekh, “Effects of polariza-
tion state and scatterer concentration on optical imaging through scat-
tering media,”Appl. Opt.36, 1560—15651997).

C. W. Sun, C. Y. Wang, C. C. Yang, Y. W. Kiang, I. J. Hsu, and C. W.
Lin, “Polarization gating in ultrafast-optics imaging of skeletal
muscle tissue,Opt. Lett.26, 432—434(2002.

D. Bicout, C. Brosseau, A. S. Martinez, and J. M. Schmitt, “Depo-
larization of multiply scattered waves by spherical diffusers: influ-
ence of the size parameteiP?hys. Rev. E9, 1767-17701994).

V. Sankaran, K. Schonenberger, J. T. Walsh, Jr., and D. J. Maitland,
“Polarization discrimination of coherently propagation light in turbid
media,” Appl. Opt.38, 4252-4261(1999.

G. Yao and L. V. Wang, “Propagation of polarized light in turbid
media: simulated animation sequence§t. Express7, 198—-203
(2000.

. X. D. Wang and L. V. Wang, “Propagation of polarized light in bi-

refringent turbid media: time-resolved simulation§pt. Expres<,
254-259(2007).

H. C. van de Hulst,ight Scattering by Small Particle®over, New
York (1981).

16. M. J. Rakovic, G. W. Kattawar, M. Mehrubeoglu, B. D. Cameron, L.

V. Wang, S. Rastegar, and G. L. Cote, “Light backscattering polar-
ization patterns from turbid media: theory and experimenggpl.
Opt. 38, 3399-34081999.

S. Bartel and A. H. Hielscher, “Monte Carlo simulation of the diffuse
backscattering Mueller matrix for highly scattering medi#&ppl.
Opt. 39, 1580-15882000.

L. Wang, S. L. Jacques, and L. Zheng, “MCML-Monte Carlo mod-
eling of light transport in multi-layered tissuesComput. Methods
Programs Biomed47, 131-146(1995.

9. A. H. Hielscher, A. A. Elck, J. R. Mourant, D. Shen, J. P. Freyer, and

I. J. Bigio, “Diffuse backscattering Mueller matrices of highly scat-
tering media,”Opt. Expressl, 441-453(1997).

M. J. Rakovic and G. W. Kattawar, “Theoretical analysis of polariza-
tion patterns from incoherent backscattering of ligh&gpl. Opt.37,
3333-33381998.

M. S. Patterson, B. Chance, and B. C. Wilson, “Time resolved re-
flectance and transmittance for the non-invasive measurement of tis-
sue optical properties, Appl. Opt.28, 2331-23361989.

A. Ambirajan and D. C. Look, “A backward Monte Carlo study of
the multiple scattering of a polarized laser beard,”Quant. Spec-
trosc. Radiat. Transf8, 171-192(1997).

A. Ambirajan and D. C. Look, “A backward Monte Carlo estimator
for the multiple scattering of a narrow light beanm” Quant. Spec-
trosc. Radiat. Transfs6, 317—336(1996.

D. A. Zimnyakov and Yu. P. Sinichkin, “Ultimate degree of residual
polarization of incoherently backscattered light for multiple scatter-
ing of linearly polarized light,"Opt. Spectrosc91, 103—108(2001).

Journal of Biomedical Optics * October 2003 * Vol. 8 No. 4 617



