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PHYSICAL REVIEW E VOLUME 61, NUMBER 4 APRIL 2000

Evidence of scattering anisotropy effects on boundary conditions of the diffusion equation

G. Popescu, C. Mujat, and A. Dogariu
School of Optics/CREOL, University of Central Florida, Orlando, Florida 32816
(Received 30 July 1999; revised manuscript received 8 Novembern 1999

We present experimental evidence that the diffusion process close to the boundary is fundamentally different
from the bulk diffusion in the sense that it is affected by the scattering properties of the individual centers.
Systematic measurements show a nontrivial behavior of the extrapolation length ratio on the scattering anisot-
ropy of individual particles. The results are compared with other works and are supported by an independent
Monte Carlo simulation. A simple analytical model that emphasizes the influence of the last scattering event
successfully describes the results.

PACS numbseis): 42.68.Ay, 42.25.Gy, 42.25.Kb

[. INTRODUCTION straightforwardly expanded to treat the boundary conditions.
Scattering anisotropy effects were signaled in the angular
Recently, remarkable advances in fundamental underdependence of light backscattering from diffuse systgshs
standing and experimental methodologies proved that lighThis result was interpreted as being due to a discontinuity of
propagation in random media is a source of unexplored phyghe photon concentration at the source point. In another at-
ics with a wide range of potential applicatioft]. Among  tempt, the influence of the scattering anisotropy on the ex-
them, the medical app“cations occupy a Specia| p|ace, SincgapC)lation Iength ratio has been theoretica”y studied SOlVing
it has been proven that scattering of optical radiation can béhe exact radiative transfer proble,7]. Unfortunately, the
successfully used as a noninvasive investigation techniqugomplexity of calculations allows analytical solutions only
[2,3]. for extreme values of anisotropy factors and reflectivities at
The wave transport in a medium consisting of isotropicthe boundaries. In a recent paper, Chen and Bai present a
scattering centers is characterized by two different lengtinique numerical approach and show that, in fact, more care-
scales: the scattering mean free path, which is the avera gl analysis is needed for the subtle effects at the interface
distance between the scattering events, and the absorpti®¢tween diffusive and nondiffusive medil. .
length, which characterizes the light attenuation due to ab- Our goal in the present paper is to comprehensively study
sorption inside the medium. When the medium is highlythe effect of both reflection at the boundary and single scat-
scattering, the wave transport is essentially diffusive. Undefering anisotropy on the extrapolated length. The experimen-
these circumstances the wave propagation can be describtd method[9] is based on the principle of low coherence

by the diffusion equation, which brings along important sim-interferometry and it is applied here for the first time in in-
plifications to the wave transport treatméa. vestigations of diffusion at the boundary. The experimental

For infinite media and different source geometries, solufesults are compared with numerical simulations and other
tions to the diffusion equation can be easily obtained, usualljiterature data and are also supported by an analytical de-
in closed forms. However, when the Sca_ttering medium isscription which emphaSiZES the effects of the last Scattering
bounded, special conditions are needed to set the behavior 8¥€nt on the overall angular distribution of the backscattered
energy density at the interfaces. Through the phenomenon #faves.
reflection at the interface, the light is reinjected into the me-
dium apd forcgd to travel a new _diffgsive path inside the || BOUNDARY CONDITION EOR SEMI-INEINITE
scattering medium. As the reflectivity increases, this process MEDIA
becomes gradually important and it has to be taken into ac-
count in the overall diffusive description of the light propa-  In many situations of practical interest, the light propaga-
gation in the bounded scattering medium. The diffusion protion through dense scattering media can be assumed to be
cess at the boundary introduces a new scale length thaiffusive and consequently described by a diffusion equa-
characterizes the specific medium interface. This is the “extion. This is the case when, within the random medium, the
trapolation length,” which measures the distance outside th@vaves travel over distances much larger than the transport
medium where the energy density vanishes linearly. Accumean free pathl{) and the absorption is not considerable.
rate value of this length is needed to interpret any experimeri¥lathematically, the angular flux is considered anisotropic

based on diffusion of light. only in the first ordef4],
In general, it is well understood that the extrapolation
length depends on the refractive index mismatch at the 1 3
boundary but, so far, little has been done to clarify the po- o(r,Q,t)= E(I)(r,t)wL Ej(r,t)ﬂ, D

tential influence of scattering anisotropy on boundary phe-
nomena. For quite some time it was commonly accepted that
the main effect of anisotropic scattering is to rescale the difwhereQ is the direction unit vector, whilé® andj are the

fusion lengths in the bulk and this procedure has beernergy density and flux, respectively. Using Fick’s formula,
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j(r,t)=—DVd(r,t), the diffusion equation can be obtained As can be seen from E@3), the paramete, is of the
in terms of® alone and, for media of negligible absorption, utmost importance since it solely defines the boundary con-
it takes the form dition for a given system. Therefore, an experimental way to
determine the extrapolation length for a given random me-
J dium is highly desirable. So far, the angular diffuse transmis-
(E—sz)‘b(f,t)ZS(F,t)- (2)  sion has been the only technique used to meagyrethe
results agree with those given by BEd4) and show no de-
pendence on the scattering anisotrddy]. However, re-
cently the Monte Carlo method introduced by Chen and Bai
predicted a rather significant effect of the scattering anisot-
fopy on the extrapolation length ratj8]. In the following,
we will investigate the diffusion at the boundary in order to
Cquantify both reflectivity and anisotropy effects.

In the last equationD is the diffusion coefficient of the
medium, whileSis the source term, considered to be isotro-
pic. In order to solve the diffusion equation for finite media,
one needs to specify boundary conditions and several alte
natives have been propos¢d0]. The problem of semi-
infinite random media becomes more complex as the refle
tion at the boundary has to be taken into account. This is not

possible using the separate Dirichlet-Neuman boundary con- . EXPERIMENTAL RESULTS
ditions because setting the energy density to be zero at the

) g . Recently, optical path-length spectroscop®PS has
mterfz_ace Is Incorrect and d_oes_ not correspond to the physm%leen implgmenpted aspa techn?que frt))r investigzing the wave
situation. When the refractive index of the diffusive medium

is higher than that of the outer medium, the photons trying tqi)ropagatmn through multiple scattering mefg We apply

: : his method to measure the valueszgffor random media
exit the sample are resent back mostly by the total InternaWith various anisotropy factorg and with different reflect-
reflection process. Lagendijk, Vreeker, and DeVr[d4] by 8

e . . . . ing boundaries. In a Michelson interferometer with a low
solved the diffusion equation for different geometries using . ! .
i ; . . . ~coherence source, OPS combines the field coming from a
modified Green’s functions to take into account the reflection . , .
. reference mirror with the one backscattered from the diffu-
at the boundary. Their results showed that the effect of re-; : : ;
. : e - sive medium. By tuning the optical length of the reference
flection lowers the effective diffusion coefficient of the me- . ; :
dium. An approoriate boundary condition is. therefore. desir&™ and detecting the interference term, one obtains the op-
. pprop y con L tical path-length distribution of light backscattered from the
able and may extend the applicability of the diffusion model

close to the interface. sample. The detected intensity has the forgElg+1 ¢
The most general approach is to use a mixed boundarg2 |sle| Y(As)|cos(2rAsn+ ), where g, s, a.n.d et
condition, which for a semi-infinite medium can be written 2 the detected, scattered, and reference intensities, respec-
as tively, wherease is the phase associated with the complex
degree of coherencg(As). The signal is characterized by a
high dynamic range due to the heterodyne detection and a
=0, (3)  high resolution in the optical path-length domain ensured by
7=0 the short coherence length of the source. In our experiments,
the light source is a light-emitting diode with a wavelength
wherez, is called the extrapolated length ratio, sirgé is  A=1.3um and the coherence length of 1@n. The detec-
the distance outside the medium whebeextrapolates to tion is polarization independent as described in R&f.and
zero. This relation uniquely defines the behavior of the dif-the same single-mode fiber is used to send and collect the
fusion process at the plaze=0. Freund 12] has derived the light from the random medium. In this configuration, the
boundary conditions for one, two, and three dimensions fronincident beam is narrow and normal to the free surface of the
both the transport theory and Milne equations and found thatcattering medium. Throughout our experiments, the dimen-
for the one-dimensional case, they are consistent with eackions of the samples are much larger than the corresponding
other, while for the two- and three-dimensional cases, distransport mean free paths, therefore, a semi-infinite geometry
crepancies appear for the values of the extrapolation lengtlis considered. In the frame of the diffusion equation, the
Using a partial current technique, Zhu, Pine, and Weitzpath-length resolved backscattered flux is obtained solving
showed thatz, in Eq. (3) depends only on the reflection Eg.(2) together with the boundary condition given in E8)

| 0P
Yoz

{@—ze

phenomenon at the boundaries and is giver 18} and, for negligible absorption, it has the form
2 1+Rgy Can e 372,
Ze=3 1R, (4) J(s)=Al; ¥%z,s75exg — s |- (5)

In Eq. (4) Refr is the effective reflectivity at the interface and Heresis the distance traveled through the medium And

can be easily calculated using the first two moments of th@ constant which depends on the source strength.

Fresnel coefficient, averaged for the two polarizations. For a The samples used in these experiments are polystyrene
boundary without reflections, or, alternatively, for a totally microspheres of three different dimensions suspended in wa-
absorbing interfacez, takes the value 2/3, which is consis- ter. The scattering function anisotropies are characterized in
tent with the diffusion theory1]. However, afky; increases, terms ofg, the average cosine of the scattering angle, and

in situations where the total internal reflection is present, thdiave the values of 0.32, 0.49, and 0.93. The corresponding
value of the extrapolation length ratio predicted by E&). values of the transport mean free paths are equal to 55, 40,
can be 2-3 times larg¢d 4]. and 180um, as derived from Mie theory. When compared to
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10" reflective boundary. Consequently, the average penetration
depth of light in the medium is considerably increased. The
/Watef/aif continuous curves in Fig. 1 are the result of data fitting with
the normalized version of the diffusion model given by Eq.
(5). Becausd, andg are known, the only fitting parameter
used is the extrapolation length rattg. The values ofz,
calculated with Eq(4) are 0.68 for the medium/oil interface
and 1.67 for the medium/air interface. Therefore, the oil in-
terface simulates an almost perfect absorbing plane at the
boundary of the scattering medium, for whigf=0.67. The
0 s 550 experimental values obtained for the medium/oil boundary
(@ & [pm] are 0.74, 0.73, and 0.76, corresponding to the anisotropy
factors of 0.32, 0.49, and 0.92, respectively. These values are
slightly different from that of 0.67 predicted by E@l) and
closer to the value of 0.7104 given by the Milne problem for
isotropic scattering. As expected, for this index-matched in-
terface, the anisotropy does not have a significant effect on

P

water/oil

g=0.32

water/air

-

TEl water /ol Z.. This result is in agreement with the theoretical findings
; of Refs.[6,7], which, for no reflection at the boundary, pre-
b'-'lo.s dict values ofz, within the interval from 0.7092 to 0.7150

4=0.92 for different anisotropies. However, for the medium/air inter-

face, the experimental values are 1.57, 1.43, and 1.12, re-
. spectively, which are significantly different from that of 1.67
100 100 1000 calculated with Eq(4). Thus, the measured trend foris to
(b) s [pm] decrease ag increases; experimentally we obtained a mini-

. . : . mum value of 1.12 corresponding tg=0.92. This value is
FIG. 1. Probability density of backscattered light for media . .
~0.32(a) andg=0.92 (b) and for two different interfaces, as indi- considerably smaller than the calculated one and it suggests

cated. The solid curves represent the fit with the diffusion model oithat the anisotropy depend.ence of the extrapolated length
Eq. (5) normalized. ratio becomes stronger at higher valuegof
Our results for the medium/air boundary do not agree

scattering, the absorption is negligible in these samf@bs  with the simulations and experiments presented in Réfs-
sorption coefficient is of the order of 1 ¢M). For each 16] which have come to the common conclusion that the
sample, two successive measurements were performed. Theisotropy factor does not play any role on the angular-
OPS backscattered signal was first recorded at the water/ai¢solved diffuse transmission. Veeaal.[5] present simula-
interface of the sample. In this case, the condition for totations and experimental results for angular-resolved light
internal reflection is present, since the backscattered lightackscattering from diffusive media. It is shown that the an-
encounters at the boundary of medium of lower refractivegular distribution of backscattered light depends not only on
index. In order to change the boundary conditions, a layer ofhe reflection at the boundary, but also on the anisotropy
optical oil was added on top of the scattering medium. Befactor of each individual scattering event. Following the ap-
cause of its lower density, the oil and water do not mix. Inproach used initially in the one-dimensional case, this result
addition, due to the high viscosity of the oil, the polystyreneis modeled within the diffusion theory by a discontinuity in
particles are prevented from migrating into the layer of oil.the photon concentration at the source point, which is pro-
Thus, we created a new sharp interface, with different refracportional with the anisotropy factor. The anisotropy faajor
tive properties. The thickness of the oil layer is sufficientlyis included in the expression of an exponentially decaying
large and the optical fiber is immersed close to the surface adource and, therefore, the angular backscattering distribution
the medium. The refractive index of the oil is measured to bés affected byg mainly in the low-order scattering compo-
n=1.39. nents. However, the extrapolation length ratio used bkgre

After detection, the path-length resolved signal was noris g independent and is calculated using the procedure intro-
malized with the area under the curve to obtain the probabilduced by Zhu, Pine, and WeitZPW) [13]. One should note
ity density of backscattered waves. Typical experimental rethat due to the intrinsic nature of reflectance measurements,
sults are presented in Figs(al and ib), where P(s) the low-order scattering contributions dominate and, there-
represents the probability that the backscattered light hafeore, determine the overall angular distribution of backscat-
traveled in the medium an optical path-length within the in-tered light. Upon diffusion through long propagation paths,
terval[s,s+ds]. To our knowledge, this is the first time that the effect of an anisotropic source is lost, as Vera, Lemieux,
direct measurements @&f(s) are accessible and, moreover, and Durian also mention in their papgs]. Accordingly,
that direct experimental evidence of boundary effects orangular-resolved transmission, which probes only higher-
P(s) is shown. It can be easily observed that the reflection abrder scattering paths, cannot reveal information regarding
the boundary changes dramatically the optical path-lengtithe source anisotropy. Our measurements and simulations,
distribution of waves in the medium in a sense that the proben the other hand, offer the path-length resolved distribution
ability of long optical path lengths is increased for a highly of the backscattered light and deal with all scattering orders.
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The results show that the anisotropy factor has an importarierized byl,. The photon trajectory is then simulated, both
influence on the extrapolation length ratin,. scattering and reflections at the boundaries being taken into
It is worth mentioning that angular-resolved measure-account. The process starts from the origin of the coordinate
ments are usually performed in air and the light scattered atystem and the first scattering event takes place alon@zhe
angles larger than the critical angle does not exit the samplaxis. For all other scattering events, three random numbers
and cannot be detected. Therefore, the angular-resolved eare generated to determine the distance to the next scattering
periments offer access only to a partial angular distributiorpoint and the polar and azimuthal angle that define the pho-
of scattered light, which may not be sufficient to observe théon propagation direction after the scattering. The distance
anisotropy effects on the extrapolation length ratio. As op-between two scatterings is sampled from an exponentially
posed to such measurements, the high dynamic range ORfecaying distribution characterized By. The azimuthal
signal incorporates the global effect of reflection at theangle ¢ is chosen to be any angle between 0 ang ®hile
boundary, including the internally reflected component. Duehe polar angled is sampled from the Henyey-Greenstein
to the versatility associated with this method, the measuredistribution[19] because it has a simple analytical form that
ments are performed at the open surface of the medium anthn be used to express both isotropic and forward peak dis-
the reflectivity can be evaluated accurately, without compli-tributions by modifying the anisotropy factor
cations caused by double and multiple reflections introduced Reflection at the boundary is included as a function of the
by a second dielectric interface. As a result, the experimenincidence angled by means of Fresnel equations averaged
presented here is able to demonstrate not only the expecteder both polarization states. We keep track of the photon
importance of the reflection at the boundary, but also thatpath length and if it becomes larger than the predetermined
for a given interface, the anisotropy factor changes the difabsorption length, we discard it. For this particular experi-
fusion mechanism at the interface. ment, |, is chosen to be 100 times larger than the transport
Anisotropy-dependent behavior of the extrapolated lengtimean free pathl() such that the absorption can be consid-
ratio has also been observed in the numerical simulations isred negligible. Whenever the value obecomes negative,
Refs.[17,18, but, unfortunately, there only the situation of we record the set of coordinateg,y,z), direction (6, ¢),
the totally absorbing interface is investigated. As mentionechumber of scattering events, and optical path length regard-
before, Chen and Bai have proposed a numerical techniqguess of the distance from the launch position at which that
to obtain the boundary condition for the diffusion equationphoton was reflected from the slab.
(8). Their work includes the case of boundary mismatch and In general, a large number of detected photons is required
the results clearly show that becomes consistently lower to reduce the statistical variance. This means that the time
for higher values ofy. However, no explanation for this re- necessary for collection over a small area becomes prohibi-
sult is given. For a situation equivalent to our medium/airtively long. However, similar information om, can be ob-
boundary, they report a value,=1.0 corresponding tg tained by integrating the reflected photons over the entire
=0.9, which is compatible to our valug=1.12 obtained for area of the sample and using the expression derived for the
g=0.92. The experimental results presented in this paper angath-length-resolved integrated reflectance to fit our data
evidence of the scattering anisotropy effect on the extrapold-20]:
tion length ratio in the context of diffusion equation. In the
following sections, we provide results of a numerical experi- Yo —ap 3z§|t
ment, as well as a simple model in support of these observa- R(s)=Bl; %zes 3%ex " s
tions.

: (6)

where,B is a constant that depends on the source strength
IV. NUMERICAL EXPERIMENT—MONTE CARLO and the I|ght VeIOCity inside the medium.
SIMULATION Simulations have been performed i@« 0.1, 0.32, 0.49,
and 0.75 and a decrease in the extrapolation length is ob-
To check the experimental findings presented in the pretained as the anisotropy factgrincreasegsee data in Fig.
ceding section and to get more insight into possilég)  3). The results are consistent with previous Monte Carlo cal-
effects, we have also performed a comprehensive numericgllations[8] and are also in agreement with the experimental
experiment: a Monte Carlo simulation of photon transportdata presented in Sec. Il
inside a semi-infinite medium. The optical properties of the
medium —| ,, mean absorption length;, mean free path;
g; n;, index of refraction inside the mediumj, index of
refraction outside the medium — are all variable. Multiple
data files containing the properties of the photons returning In general, the transport theory is extended to anisotropic
into the semispace<0 are recorded and then used to get thescatterers by rescaling the mean free path that characterizes
path-length-resolved reflectivity. Subsequeniys) is fitted  the medium to the transport mean free phthl/(1—Q)
with Eqg. (5) to get the extrapolation ratia, for a givenl, [1]. Thus, the average distance over which the waves ran-
and anisotropy parametgr domize their directions of propagation is increased. For-
In the numerical experiment, photons are launched one bgnally, the medium is treated as a fictitious system of isotro-
one into the medium in a pencil beam configuration, nor-pic scatterers characterized by a larger average step between
mally incident on the slab, to recover the experimental getwo scattering events. Zhu, Pine, and We{ZPW) have
ometry. For each photon, an absorption length is randomlyound a relationship between the diffusion at the boundary
selected from an exponentially decaying distribution characand the reflectivity of the boundary, which has a particularly

V. LAST-SCATTERING-DEPENDENT BOUNDARY
CONDITIONS
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wherea is the angle between the inciderdand the scattering

s direction. Thus, the angular distribution of light scattered
by the particles contained in the volurivg, when the inci-
dent light has the profile given by E?), can be expressed
as

PB

27 (w2
Fg(ﬁ,(,o):CJO fo hg(a)T(0',¢")sin(6")do"do’,
9)

whereC is a constant such thd§™f J°F (6, ¢)sin(9)do de
IB =1. Using the notations in Fig. 2,

Diffusive medium // cog a)=cog 6’ )cog 6)+sin( 6’ )sin(#)cog ¢’ — ).

In Eqg. (9), Fy4(0,¢) represents the angular distribution of

FIG. 2. Geometry of a last scattering event in a fictitious Skin|ight emerging from one last scatterer which is exposed to
layer bounded by a physical boundafiB) and an imaginary  the incident diffusive field. It can be shown tHeg( 6, ¢) is
bounda_ry(IB). The incident and the scattering directions iaaads, independent ofp, consistent with the cylindrical symmetry
respectively. of the problem. The next step is to find the diffusive energy

flux scattered through the elementary agéancluded in the
simple form[13]. As discussed earlier, for isotropic scatter- physical boundary. The major assumption we make at this
ing, the reflectivity effects can be taken into account bypoint is that the scattering from a volume elemdktobeys
modifying the boundary condition of the diffusion equation. the angular distribution given in E¢9). Thus, the flux scat-
It has been suggested that this treatment can be extendedtGed from the elementary volun/ and passing through
anisotropic scattering simply by replacihgwith |, [13]. the areadA is

Undoubtedly, the results of our experiments and simula-
tions presented in the previous sections show that the ex- dAcog 0) .
trapolation length ratio depends on the anisotropy of indi- dJ=cCI>(r,0,cp)F(0,<p)r—2dVe LoD
vidual scattering events. This conclusion is not predicted by
the model implemented by ZPW and it becomes apparenthere ¢ is the speed of light in the medium andV
that by simply rescaling the mean free path, one cannot ac=r?sin(§)déd de. The total flux per unit area can be obtained
count for such subtle boundary effects. In the following, weby integrating over the entire volume. The inward integrated
show that the boundary condition given in E§) can be flux, corresponding to the-z semispace has the form
modified to account for a dependence on the scattering an-
isotropy. The main idea is that, although the light transport is . _LJ'O daJZﬂd f‘”d E (o
essentially diffusive in the bulk, the angular distribution of J*_477 —al2 0 @ 0 rFo(0,¢)
waves at the boundary is shaped by the last scattering event.

Let us consider a diffusive medium bounded by a plane X ®(r,0,p)coq O)sin(f)e ", (12

perpendicular oi®z axis, as shown in Fig. 2. In addition, we PB without reflection. the flui t ish. H
separate a superficial layer by taking an imaginary boundar ora without refiection, the Tluk- must vanish. How-
ver, when an index mismatch is present, the light is resent

(IB) inside the medium such that the last scatterers are con- . X
tained within the volume/, limited by the IB and physical into the medium through the process of reflection at PB. In

boundary(PB). The waves passing IB are considered to bei.h'S ca;ie, thﬁ mt\_/vard cc;;npon;en]tc It?] equtal fto the gutward one
completely diffusive and, therefore, characterized by an an-Mes the refiection coefhicient of the intertace

gular transmission probability given B¢4] c (w2 27 %
jo=— dt‘)f d(,of dr R(O)F4(0,¢)
47 Jo 0 0 g

(10)

_ 1 ycog6)+cos(6)
0= pvim @ X®(r,0,p)coq §)sin(g)e ", (13)

In the preceding equatiorR(#) is the Fresnel coefficient

\évherey |strt]he g)(ttraf)cl)lat|on Igngth ratlot V;']'tz restﬁefr: tobl?k averaged for the two polarizations. Using the first order Tay-
ecause this virtual fayer IS index matchead wi € DUl 5 expansion of®(r,d,¢) about the origin[13], we can
there is no reflection at the imaginary boundary and, conse;

A equalize the expressiond2) and (13). After some math-
quently,ytz_akes the value 2/3.‘ For ‘?a(.:h particle in this laye.r'ematical manipulations, the result can be arranged in the
the probability to scatter the light within the elementary solid orm
angledQ =sind df de is well approximated by the Henyey-

Greenstein formula, b+ R; @
®|Z:0—|Ia_R¢E B =0, (14)
) - 1 1_92 o z=0
gl@)= 47 (1+9?—2gcosa)¥?’ ®) where the parameters are defined as follows:
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2.0 VI. CONCLUSIONS

- Water / air The results presented in this paper show that subtle
T boundary effects cannot be accounted for by a simple exten-
sion of bulk phenomena; a boundary condition only in terms
of transport mean free path and reflectivity alone is not suf-
i ficient to describe the diffusion phenomenon close to the
interface. The extrapolation length ratig defines uniquely
the relationship between the energy density at the boundary
and its gradient normal to the surface. We present evidence
that z, depends not only on the reflectivity at the boundary,
but also on the anisotropy of the single-scattering process.

0 ::cce‘i?:em - (Zbﬁ‘gl;‘;:?;l] Therefore, at the interface, the behavior of the energy density
P ; ¢ is a function of both the diffusive properties of the scattering
0 medium and the particularities of individual scattering cen-
0 0.2 0.4 0.6 0.8 1.0

ters. We found that,, this additional length scale describing
g interfacial phenomena, decreases for larger anisotropy fac-
FIG. 3. Values forz, as obtained from the OPS experiment, {0rs when the light is detected in a medium of lower refrac-
numerical simulation, the ZPW model, and the present model. Th&Ve index than that of the scattering medium. When the light
error bars in the experimental and the simulation data are als§Xits the sample into a medium of higher refractive index,
shown. The data are separated in two groups corresponding to thB€ dependence af, on g is reversed and, since the reflec-
two boundaries, as indicated. tivity is lower, it is much weaker.
The present experimental investigation was possible by
2 )2 adapting a recently proposed technique, based on optical
a=J’ J Fg(0,¢)sin(@)cog 6)do de (150  path-length resolved measurements. The path-length re-
0 Jo solved distribution of backscattered light, which contains the
o i gl(_)bal effect of reflection at the bou.ndary, is u;ed to deter-
b:f f Fg(a,go)sirl(a)cosz(O)dﬁ de mine the va_Iue ofz,. Du_e to the high dynam|c range, a
o Jo broad domain of the optical path length is resolved, which
allows a thorough investigation of the diffusive backscatter-
ing light. The experimental data clearly illustrate the influ-
ence of the boundary properties on the optical path-length
distribution of the backscattered light.
27 [ 7l2 A numerical algorithm was designed to simulate the ex-
Rj= f f Fg(0,@)R(6)sin(#)cos(6)do de. periment and the results are similar to the experimental ones.
o 70 In addition, a simple analytical model was introduced to de-
The extrapolation length ratio that we introducg= (b sgrib_e the data. In the overall description of the angular dis-
+R;)/(a—Ry), depends on the anisotropy factor in a man'-tr.'bUt'OR of the blackscatt%req wa}/ers], ?ur approach empha-
ner shown in Fig. 3. As expected, for the case of isotropic'2€S the particular contribution of the last scattering event.
scatteringF 4( 6, ¢) becomes a constant and the valueszfor At Iarger values og,'the total angular flux impinging on the
are identical with those obtained using the ZPW approach. hphysmal bqundary IS more peake_d fO'W?“d and undergqes
the situation where the reflection at the boundary is close ' SS reflection than in the case of isotropic scatterers, which
zero, z, has a slight dependence gnin such a way that corresponds to a smaller value zy. . T
increases for higher anisotropy factors. The monotonic be- The resu_lts presented' here have_ important implications
havior of the functionz,(g) for medium/oil interface is re- upon any (jlﬁuslon experiment that myolves bounded scat-
versed with respect to the medium/air case because now tgrng mgd|a since .the knowledge_m; is required for an .
light exits the sample into a medium with a higher index Ofaccuratg |nt'erpretat|or'1 Of the expenmentall results. For m?d"
refraction. As can be seen in Fig. 3, thevalues predicted cal appllce}tlons_, our findings have a spemal' reIevanqe, since
by this model are fairly close to the measured and simulate&'je biological tissues are usually characterized by high an-
ones. In addition, the, values predicted for the oil/medium Isotropy factors.
interface are close to those predicted in RE8$.and[7] for
boundaries without reflection. Our approach is able to ex-
plain the overall trend of the scattering anisotropy ef- This research was partially supported by the National Sci-
fects,without adding much complexity to the boundary con-ence Foundation and by the Florida High Tech Corridor
dition implemented by ZPW. Council.

Ry= 7 WIZFg(O,(p)R(ﬁ)Sin(9)005(9)d0 de
0 0
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