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Absolute values of transport mean free path of light in non-absorbing media using
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We derived a relation between the transport mean free path of light, and transmittance and the reflectance in non-absorbing turbid media
This allowed us to develop an experimental procedure to obtain absolute values for the transport mean free path of light just by measuring
in an integrating sphere both the transmittance and the reflectance in this kind of system. We determined how accurate our method was b
comparing our transport mean free path measurements with calculations made for colloidal suspensions of particles using Mie scattering
theory and with measurements made in colloidal suspensions of polystyrene microspheres using diffusive wave spectroscopy. The agreemel
is excellent.

Keywords: Transport mean free path of light; DWS.

En este trabajo se deriva una refatientre el camino libre medio de trasporte de la luz y la transmitancia y la reflectancia de un medio
turbio no absorbente. Esto nos permitlesarrollar un procedimiento experimental para obtener valores absolutos de los caminos libes
medio de transporte de la luz cobl@ medir, en una esfera integradora, la trasnmitancia y la reflectancia en esta clase de sistemas. Hemos
determinado can preciso es nuestrogtodo comparando nuestras medidas de camino libre medio de transporédcotoseefectuados para
suspensiones coloidales utilizando la taate dispergin de Mie y con medidas hechas en suspensiones coloidales de microesferas utilizando
espectroscopia de onda difusa. El acuerdo es excelente.

Descriptores: Camino libre medio de trasporte de luz; DWS.

PACS: 82.70.Dd; 87.64Cc; 78.20.Ci

1. Introduction spectrum can be used to measure the relaxation spectrum of
the fluid. With DWS, there is no strain applied to the material
aﬂuring the measurement. This is a useful characteristic for

Light scattering techniques had been widely used in sever . . .

. ) . L complex fluids where even small imposed strains can cause

fields to extract dynamical and structural information in com- o : .
structural reorganization of the material and can change its

plex fluids. Initially, these techniques were limited to trans- . . .
viscoelastic properties.

parent samples, where single scattering is a good approxi- i )

ments made it possible to take into account multiple scatte?y @ turbid suspension made of the liquid under study and
ing, leading to diffusive wave spectroscopy (DWS) [1]. This probe col!0|dal par_tlcles that scatter Ilght. The temporal au-
technique extends the single scattering experiment to multtocorrelation function of a small fraction of the light that
ple scattering assuming that light transport in the sample caR@sses through the slab is measured. The transport of light
be treated as a diffusive process. Using DWS, it is possithrough the slab is treated as a diffusive process and pho-
ble to measure the mean square displacement?(¢)), of ~ tonsare treated as random walkers, with a random walk step
embedded colloidal particles in a fluid, which makes it pos-€ngth equal to the transport mean free péttand a resul-
sible to obtain the response of viscoelastic materials to shed@nt diffusion coefficienD) = vi* /3, wherev is the speed of
excitations through the complex shear moduteis(w). This lightin the suspension. The _dlffusmn approximation is valid
modulus determines the stress induced on a material upon af?J calculating transport of light only over distances much
plication of an oscillatory shear strain at a frequemcyNor-  Ionger than'™ [1]. When scattering is not isotropic, which is
mally, G*(w) is determined using mechanical rheometers the case for particle sizes close to and Iarg.er than the photon
where viscoelastic properties are measured by application g¥avelength, the random walk step length is longer than the
strain, while measuring stress or vice versa. This bulk mePhoton mean free path lengthThese lengths are connected
chanical susceptibilityG*(w) also determines the response PY "/l = 2k3/ (), wherek, = 27/ is the photon wave

of colloidal particles embedded in a fluid. These probe parVector in the solvent) is the laser wavelength in a vacuum,
ticles, excited by thermal stochastic forces, move in Brow- is the effective index of refraction in the sample, afnd)

nian motion along the fluid. [2, 3]Ar2(¢)) can be related represents the average angle for the squared scattering vector
to G*(w) by describing the motion of particles with a gen- for a_typlcal scattering event experienced by the photon in the
eralized Langevin equation incorporating a memory functionmedium.

to take into account the viscoelasticity of the fluid where the [* is a key parameter that enters into the DWS analysis
particles are embedded. In this way, the particle fluctuatiorand has to be determined independently. It is usually mea-
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sured by comparing the system transmittance with that of.1.1. Transmittance and reflectance of a fluid sample ob-

calibrated suspensions of latex spheres in water wiieie tained using an integrating sphere

known [1,4,5]. There are just a few experimental procedures

to determinel* without using a reference sample. Mitani 10 obtain the transmittancE* of a turbid colloidal suspen-

et al. [6] used coherent backscattering, Weitz and Pine [1 ion, we need to analyze the transmission and reflection of

used pulsed DWS wheté is estimated by measuring the de- ight when the suspension is placed in two different config-

lay time of a signal due to the multiple scattering. Garcigurations: at the entrance port and at the reflection port of an

et al.[7] developed a procedure where microwave radiatiorintegrating ;phere: The transmitted or the reflected Iight from

power is measured in the forward scattering geometry, using‘e sample is multiply reflected by the surface of the integrat-

boundary conditions so that reflected waves from an integratld Sphere before reaching the detector. The collected light

ing cavity can be neglected. is a function of the incident power and of the geometric and
In this paper, we present a procedure to obtain abfeflection parameters of the sphere. Pickerngl. [8, 9]

solute values of the transport mean free path of light instud|_edjust this problem, SO we §hal| use their dgnvatlon to

non-absorbing media made of a colloidal suspension ofbtain some of our working equations. For transmittance, the

polystyrene microspheres. In this procedure, the basic iscollected power at the detectdty, is given by:

sue is to measure the transmission and the reflectance of the

colloidal suspension under study using an integrating sphere. pPT = 0 mAcssTed

1= lrg +mAess + Ra(s"/A)]

We determined how accurate our method was by comparing A
our results with calculations made for colloidal suspensions o ) _ ] )
of particles using Mie scattering theory and with experimen-Vhen the sample is in reflection geometry, light first strikes
tal measurements made in colloidal suspensions using diff e inteégrating sphere, thus, diffuse light irradiates the sam-

P (1)

. . R
sive wave spectroscopy. The agreement is excellent. ple. The collected powerP’;", at the detector can be ex-
pressed as:
1.1. Transport mean free path
po O m PR (2)
In this section, we present the basic equations to olitain All- [r% +mAcsy + Ra(s'/A)]

from transmittance and reflectance measurements carried out

in turbid non-absorbing samples made of colloidal particledn these equations?” and P°% are the incident powers,
dispersed in a fluid, using an integrating sphere as shown ii$ the area of the detector, is the reflection factor of the
Fig. 1. The system is contained in a rectangular cell with parsphere wall,R, is the diffuse reflection factor of the sam-
allel windows. Here, a collimated light of powé?’ is sent  ple for diffuse incident lights” ands’ are the areas of the
to an integrating sphere with an internal Lambertian surfacelransmission and reflection ports, respectivelyis the total
Light is collected by a detector placed on the wall of the inte-area of the spheré,., is the diffusive transmission factor of
grating sphere, in the following conditions: one with no sam-the sample for collimated incident light (sample including the
ple at entrance and reflectance ports (beam striking directlgell walls), Acs = 1 — (6/A +d/A+ h/A) is the area frac-
on the sphere wall), one in transmission geometry (sample dton of the sphere wall relative to the total sphere afeis
entrance port, shown in Fig. 1) and one in reflection geomethe area of the sphere open holes, diils” or s’ depending
try (sample at reflection port). As we shall show from theseon the measurement type. A baffle between the entrance port
measurements, by taking into account the transmission ar@hd the detector was considered and the tefyl was not
reflectance of the cell walls, it is possible to obtain reliableneglected as it was in Pickerirgg al. [8]. Equations 1 and 2

values ofl*. can be rewritten in the following manner:
Entrance
Port PT _ bAefchd POT (3)
pO Sample d 1—cRy ’
” ”/cell
. n3 > and .
Il PR—p— _—— __pOf 4)
Ly 1,P T*'E-F r11u\|’12 1 —cRy(s"/s")]
di
- o PMT where
n3 1 0 b - é m
All- [7‘% +mA€ff] |
Reflection Port and

FIGURE 1. Schematic diagram of the integrating sphere with an s
amplification showing the light transmittances along the cell walls c= a
and sample, from outside to the integrating sphere.

1
1= (r§ +mAcsy)
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Solving forT,4 in Eq. 3 and substituting?; using Eq. 4, we integrating sphere and some diffuse light is reflected back to

obtain the following equation: the sample. In this configuration, the static transmission coef-
Y oR r ficient can be calculated within the photon diffusion approx-
T, = 1 [1 57 (1 _ bpﬂ Pfd. (5) imation, modifying the procedure used by Pateal.[3] and
T DAy s’ PR )| POT by Kaplanet al.[10].

The transmission coefficient for the sample can be calcu-

If collimated light, P, is allowed to enter the sphere directly, lated using the diffusion approximation by dividing the trans-
striking the sphere wall, in a geometry where there is N0 saMxyitted flux by the total flux:

ple in any port &, = 0), we find using Eq. 4, that) = bP°

and |+ (L))

= 7 ( Pgﬂ NG SR EF RO )

i T\t 7R )| PO . .

) 1 _ S_ S d whereJ. are the fluxes for the diffusing photons in the
Trgerefo(gg, if ”(‘)g same incident light is used in all casesgng—, directions. In the absence of absorption, the photon
P = P°% = P, EQq. 6 allows us to obtaif.; injustone  transport is described by the photon energy derigitBolv-

experiment by measuringy, Pj andPj, i.e, the power @S ing the steady-state one-dimensional diffusion equation for
measured with the detector at the sphere wall when there is Rfie photon energy density(z), we obtain

sample, in transmission geometry and in reflection geometry,

respectively. U(z) = { A+ Bz, z<z ®)
Some final considerations need to be mentioned, because Ar+ Bz, 222z,

T.q is the total transmittance through the sample and also

through the cell walls. We need the transmittance through jus\?’

the colloidal suspension alone. Therefore, a correction has &

be made. Observing Fig. 1, transmittances along the optical A+ Byzy = A, + Bz, )

path in the sample are related’&g = T, 7% Ty, whereTy is

the transmittance of the first cell wall in the path followed by =~ To define the boundary conditions for the one-

the light beam. It can be obtained from Fresnel coefficientglimensional diffusion equation, the net flux on the sample

herez, = a*l*, anda™ = 1. The solutionU(z) must be
ntinuous at,, [10]; therefore,

at normal incidence, producing must be considered. At = 0, J.(0) = —RJ_(0). Nev-
ertheless, at = L, it is necessary to take into account the
Ty = 162m13 5~ 0.95, diffused light transmitted from the sample to the integrat-
(m12 +1)" (ma3 + 1) ing sphere and reflected back to the sample. Actually, this

is the difference between our derivation and Eq. A8 given in
Ref.10. We consider two contributions for thie (L) calcula-
tion: the light reflected at the cell walR.J, (L), and the frac-
tion of light reflected back from the integrating sphere. The
last term comprises the light going from the sample through
the cell wall,T’,,,J+, then reflected back from the integrating

wherem;; = n;/n; andn, are the refractive indices for
air (1), cell wall (2), and sample3d). T; is the transmittance
for diffusive light coming from the sample through the exit
cell wall to the sphereT; can be approximated by consid-
ering multiple reflections for an infinite non-absorbing slab

with a transmittance given byo, = 1 — Roo. Now, we sphere R, (Tw0J+ ), and re-entering the sample through the

shall _consnder an approxmatlon where the r'atlio_of the fI-Ce” wall with a transmission coefficiefftuy (Ru(TuwoJs ))-
nite size transverse window reflectance to the infinite slab res hen. the net calculation oroduces the actual reflection coef-
flectance is an expression equal to the ratio used for the tran§ : P

mittance,i_.e., TO/TOC_) ~ R/R., since the index of refrac- icient: Re = R+ TooRopTup. (10)
tion for microemulsions and cell wall are very close. Then,

To ~ (R/R)(1 — Ry). An expression for calculatingg ~ The boundary condition for the samplezat L is:

will be given below in Eq. 16. Finally, using this correction

T*, the actual transmittance just through the colloidal sus- J—(L) = Rey 4 (L) = (R + TwoRspTws) J+(L)-
pension can be calculated and related*t@as shown in the The explicit expressions for

following paragraph.

A O] + Eaﬂ(g)
1.1.2. Equations relatin@™ with [* T2 2 3 0z
In this section, a derivation to obtain a relation betwgen and "
Y . . ; v [U0) [I*oU
and/* is presented. The suspension sample is considered a Ji = 5|5~ 58—(0)
z

slab of infinite transverse extent and thicknésglaced in a
static transmission geometry at the front port of an integratcan be used with the boundary conditions at 0 andz = L,
ing sphere as shown in Fig. 1. Here, laser light is comingfo obtain [10]:

into the sample from < 0 direction and some diffuse light oU

passes through the sample. Some light is transmitted to the U(0) = Co5~(0) =0
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and
ou 3Cy +2C
U(L) 4+ Cp——(L) =0, 11 =_>2rte 16
(L) +Cro-(L) (11) R= 0 56 +3 (16)
where where
2(1+R) 2(1+ Rey) /2
“=30-m ™ T30 R,
3(1-R) 3 (1~ Rey) Cy = /R(9)005951n9d9
Now, using Egs. 8, 9, andy expressions, we obtain the 0
following expressions for the fluxes: and
v Al |:Ool* l*:| UA[ w/2
J_(0)=— +—-| = 3Cy+2), (12
© 2Col* | 2 3 12Cy (38C+2), (12) Cy = / R(6) cos? fsin §df.
vAl* (Co+ a*) (3CL + 2 0
(L) = - 12l0 : OL C) E - )’ (13) i -
o (L+CLl* —2,) R.; can be calculated using the procedure presented in Ap-
and pendix A, where the following formula is obtained:
’UAl
Jr = [J_(0)| + |J+(L)| = _
7 = [J-(0)] + [J4(L)] 12Cq Ry — 8D, —2D; a7)
3Dy + 2Dy + 2
(3Co+2) (y+Cr—a*) + (Co+a*) (3CL+2) (14)
(y+Cr—a*) ’ with
wherey = L/I*. Finally, the static transmission coefficient L
is given by: Dy = —-Ci+ RspTup / Two(0) cos 6 sin 0d0,
TH— (CoJrOé*) (3CL+2) (15) 7'r‘/2
(3Co+2) (y+Cr—a*) + (Co+a*) (3CL+2)" and
This final expression fdf'* depends oa*, L, andl* as well
as onR and onR.; throughCy andCr. As we shall show n
below, all variables involved in this equation can be measured Dy = Co+ RopTwp / Two(0) cos? Osin Hd6.
to obtain/*. «* can be obtained through a backscattering ex- By
periment, as described in Appendix C, whiteis calculated
with the procedure given by Kaplat al.[10], using: Finally, solving forl* in Eg. 15 and taking into account the
| transmittance along the wall cells, we obtain:
o (3Co +2)ToqL (18)

(Co+a*) (3CL + 2) (ThTy — Teq) + (Cp — a¥) (300 + 2) T.g

This expression is our basic working equation to obtdin
from experimental data.

Imeasuring the incident poweP?, at the front entrance port
2. Experimental section of the integrating sphere, and then maintaining the laser light
power; constant the light power at the detection port of the
Materials. Polystyrene microspheres (Bangs Labs Inc,integrating spherepPy, was measured. The throughput is
USA) of different diameters were used to prepare the wateb = PY/PY. The integrating sphere is part of the instrument
suspensions and also functioned as microsphere tracers in tdescribed below.
DWS experiments to measute. Glass cells were supplied Transport mean free path, [*. We measured transmit-
by Hellma GmbH (Germany) and by Starna Cells Inc (USA)tance and reflectance for the suspensions under study with an
with different optical paths mm to 4 mm) and different integrating sphere as shown in Figs. 1 and 2, where a laser
cross sections3(0 x 4.2 mm and2.8 x 3.7 mm). Water was beam & = 514.5 nm) expanded and collimated with &
milli-Q water (Nanopure-UV, USA18.3M2). Microspheres mm pinhole was sent at normal incidence into the entrance
were added to water while stirring. Water suspensions werport of the sphere. To measulg we followed Eq. (18),
usually prepared with volume fractiors0.04. where the total transmittancg.; for a sample-cell system
Integrating sphere throughput. An integrating sphere was measured, as described in Eq. (6), using the light power
(Oriel Newport, USA) was used to obtaihin the colloidal  collected by the sphere detector in three different cases: when
suspensions. Here, light detection was carried out by a photihne sample is placed at the entrance port (transmission geom-
multiplier tube (Hamamatsu Ltd, Japan) attached at the walktry, P7), when it is placed at the reflection port (reflection
sphere. We obtained the integrating sphere throughput byeometry,P*), and when there is no sample on any péit,

Rev. Mex. . 54 (3) (2008) 257264
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BE B

AD BS | A1

: cco

PMT
PMT

FIGURE 2. Schematic diagram of the DWS instrument. A laser beam is sent through a filter and a beam expander (BE). The beam is
deviated by a mirror (M) depending on the experiment. In the cagé mleasurements, the beam is sent into the sample and the scattered
light is collected by an integrating sphere. In the case of DWS measurements, the beam is sent into the sample (S) that is in a temperatur
controlled bath (TB). The scattered light is collected, with the aid of an achromatic doublet (AD) and a beam splitter (BS), by a couple of
photomultipliers in cross correlation and by a CCD camera to make multispeckle DWS.

Instrument. The integrating sphere is included in a of this concentration dependence is that the structure factor
home-made instrument shown schematically in Fig. 2, whichS(¢) ~ 1 indicates that the interaction among microsphere
is mainly used to make DWS measurements. A laser bearparticles is negligible. The dependencelbbn particle di-
(Coherent InnovaB00, Coherent Inc, USA) is filtered and ameter between 250 and 800 nm is not simple, as previously
subsequently expanded to avoid sample heating and to eshown by [4].
sure the plane wave approximation. The beam is sent at To assess the quality of olirmeasurements for colloidal
normal incidence onto a square cell where the colloidal sussuspensions with microspheres with different sizes, we cal-
pensions made with microspheres that multiply scatter lightulated/* using Mie scattering theory following the proce-
are placed. The scattered light is collected by photomultidures developed by several authors [5,11, 12] and described
plier tubes (Thorn EMI, England) through polarizing main- in Appendix B. Also, we measurdd using DWS in trans-
taining optical fibers from OZoptics Inc (USA). Signals are mission geometry for suspensions where the properties of the
converted into TTL pulses using ALV preamplifiers (ALV particles are known. Here, the field autocorrelation function
GmbH, Germany) and processed by an AWWOE multi- ¢, (), was obtained for water suspensions made of particles
tau correlator (ALV GmbH, Germany) to obtain the intensity with a known diameter and refractive index,(;. = 1.59
ACFs; most of our work was done in transmission geometryat 514.5 nm), at different particle concentratign(7) is re-

lated to the{Ar?(7)) of the particles through the fundamen-
tal working equation in DWS [1]:
3. Results and Discussion

) %2%3 [sinh [a*z] + 22 cosh [a*z]] 19)

We determined* for different colloidal water suspensions g1\T) = Lo\ (L], 4 T

with the method described in the experimental section. We (1 e >Smh [l*“L] g cosh [lﬂ

also determined how accurate our method is for obtaitiing This equation is valid for the transmission of a plane wave
comparing our results with other, both theoretical and experthrough a slab of thickneds > I* and infinite transverse ex-
imental ones ways to obtali. tent, made of the scattering particles immersed in the liquid.

In Fig. 3, we present the results of didrmeasurements = = [k2 (Ar?(7))]'/? anda* = z,/1*; 2, is the distance into
for water suspensions of latex microspheres at different corthe sample from the incident surface to the place where the
centrations using the integrating sphere method that employgdiffuse source is located. Therefore, measuring the intensity
Eq. (18); the sizes of the dispersed microspheres were algorrelation functiory, (7) allows us to obtairy, () through
varied. As may be observelf, decreases a/¢ for the ex-  the Siegert relation:
plored concentration range, whegds the volume fraction. 9
From Eq. (B.1) in Appendix B, a necessary consequence 92)(1)e =140 |9(1)(7)t| J
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where3 is an instrumental factor determined by collection Appendix A. R.; and calculation of R(#) and
optics. However, for microspheres moving in Brownian mo-T(Q)

tion, (Ar?(7)) can also be evaluated using the Einstein equa-

tion for hard-spheres corrected for concentration [iL8], Estimation of R, f

D = (kpT/6mn,a) (1 —1.83¢ + 0.886°) = (Ar*(7)) /6t,  Our derivation starts with expression 3.2 given in Ref. 14:

wheren,, is the water viscosity is the microsphere radius, .
T is the temperature arig; is the Boltzmann constant. Then, J(O) = 5 [U(O) + 1" cos
using this(Ar?(7)) in Eq. 19 and the known values foand
L, we were able to calculate as a free parameter fitting the At » = £, the only diffusive flux in the—z direction comes

experimental, () given in Eq. 19 for a DWS experiment.  from the effective reflected light given by a reflective coeffi-

In Fig. 3, we included thé" values obtained by using cientR, ;. Integrating along alf for the += semi-space, we
the integrating sphere method, the Mie scattering theory, angptain:

the DWS measurements. The agreement between the mea- Ky
suredl* using the integrating sphere afidcalculated with J_(L)=— / Re(0)J(0)df, (A.2)
Mie scattering theory is excellent. There is just a 3.8% mean

ouU
z

3 (O)} cosfsinf. (A1)

deviation between theory and experiment, except for the case ~/2
of the colloidal suspension made with microspheres with ayhere
diameter of620 nm. This is because at this volume fraction Res(0) = R(8) + RaoyTunTo(6). (A3)

the requirement that > [* is not followed (L/l* ~ 8);

in this particular case, the deviation was close to 12% . Theys shown below,R,, andT,,;,, do not depend of, so they

mean deviation between the measuredsing the integrat-  ¢an pe treated as constants. Continuity conditions for the en-
ing sphere and DWS was less thaf%. From these experi- ergy density allow us to write, at the boundary:

ments, it is clear that we have developed a reliable method to

obtaini*. r
v UQ * aUO _
2 {2 * 332} - / Rer@)70)d0, 04

4. Conclusion n/2

We have developed a procedure to obtain absolute values éfere, the LHS is the/_ flux in the bulk. Substituting/(¢)
[* measuring the static transmittance and reflectance of a colrom Eq. A.1 in Eq. A.4, we obtain at= L,
loidal suspension using an integrating sphere, and the agree-

ment with values coming from theory or from experiments is * (3 +D2) 0U

excellent. U(L) + (L +Dy) 02 (L) =0, (A5)
350 , .
W . T with
sone) ek SPHERE2 .
T —MIE250 D, = / R ¢(8) cos fsin6df
E % — — MIE460
£ 250 - . +620nm — - = MIE620 /2
E 250nmVgys © -
& 200 - AR ] and
E 460nm &N\ *4800nm ] 7
E 150 - NSk . Dy = /Ref(G)COSQGSiHQdQ.
ﬁ 1 /2
g 100
= =L Equation (A.5) is the same as Eq. (11xat L. Using both
2 Ay el expressions we finally arrive at the following expression:
0 T T T PE—
0.01 0.02 0.03 Ref = %
2 1

Filling Fraction

FIGURE 3. [* for suspensions of polystyrene microspheres in water .

vs volume fraction. Microspheres of different diameters were used.Calculation of R(6) and T'(¢)

Circles correspond to DWS measurements (see text), and triangles o )

to measurements obtained using an integrating sphere. Lines werdl EQ. A.3, R.;(0) is given in terms of(¢) and Ty, ().
obtained from calculations using Mie scattering theory for spheresBoth terms are estimated considering multiple internal reflec-
embedded in water. tions at the cell wall [10] as shown in Fig. 4. Each reflectance
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and transmittance is calculated using Fresnel’s law [10, 14]Eq.(A.7) but now with¥; as the incident angle and consider-
The total reflectance due to the cell wall is given by: ing the transmittance from media 3 through media 1.

1 — (R1(02) Ras(62)) "+
1 — Ro1(02)Ra3(02)
If no preferred direction of incidence is assumed, the total

transmittance is calculated by integrating over all angles with
a constant probability distribution. Therefore:

R(61) = Ri2(61) Twb(03) = T32(03)T21(02)
+ T12(61)Ra3(02)T21(02)

1 — (Ro1(62) Ras(62))™

1 — Ry1(02)R23(62) (A.6)

and the total transmittance through the cell wall is given by: 1 i
Tur = 5 / / Ty (0) cos(0) sin(6)d0ds, (A8
™
T13(01) = T12(601)T23(02) 0 n/2

L (Ra1(02)Ra3(02)) "
1 — R1(62)R23(62)

A7) which does not depend on the angular distributiod_of

R,
WhereR12(91), T12(91), Rgg(eg) and Tgl(eg) are the re- . . . ) .
flectances and transmittances at the sample-wall(12) anfsy IS the fraction of light that enters the integrating sphere

wall-air (23) interfaces, and and returns to the cell wall. This can be estimated in the same
way as in Pickeringet al.[8]. Light entering the integrating

N = {D/Z} B [ D } sphere from the sample is reflected many times onto the in-

h 4dtanfy |’ tegrating sphere, detector and sample; also some of the light

. . _ . escapes through the empty ports. Taking this into considera-
with D the height and! the thickness of the cell wallsV' is  tjon, the total fraction of light incident on the cell wall is

included as a cutoff due to the finiteness of the cell transversal

extension. _ s P
R, = ?bW’ (A.9)
Towp whereb is a constant for the sphere in the geometry used.

Now, the transmittance through the cell wall, from the in- ) ) )
tegrating sphere back to the sample, can be obtained usif§ppendix B. I* from Mie and Percus-Yevick

. Transport mean free patl, is related to the mean free path
sample wall exterior by [1]:

T oL 1
—d— T (1 —cosf) p(l—cosh)osea’

whered is the scattering anglé) is the average over all scat-
tering anglesp = ¢/(4ma?/3) the number density and
2k,

2
D Tun= 7 | P@)S(@ada

0

is the scattering cross section [15] for multiple scattering in
the far field. HereP(q) = k2 (doscq/dS?) [11,12] is the Mie
scattering function for a single sphefdy) is the static struc-
ture function andq = 2k sin(6/2) is the scattering vector
magnitude. We can write' as

kG
= k, -
p [ P(q)S(q)g>dg
where we have used

l*

(B.1)

FIGURE 4. Diagram showing reflection and transmission emerg-
ing beams form the sample at the cell wdll., 92, andéfs are the

incident angle, transmitted in the cell, and angle transmitted out of 2k, )
the cell, respectivelyn,, n2, andns are the refraction indices for [ P(q)S(q)¢*dq
the water, cell wall and air, respectively. is the cell wall thick- ng (1 —cosf) = <q2> =0

ness and) is the sample cell height; beyond this distance multiple 2’“"]3 g d
reflections are not taken into account. f (@)5(a)gdq
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If P(¢) and S(q) are known,/* can be determined using
Eqg. (B.1). To give an estimate, we calculatef;) with Mie

theory for anon-absorbingspherical particle immersed in a
non-absorbing medium using:

P(0) = K2oaigs (0) = 7 [151 (O)F + 182 (0],
with

(2n+1)
n+1

M

X [anTy (cO80) + b,y (cos )],  (B.2)

X [anTy (cos0) + by, (cosh)].  (B.3)

Here,r,, (cosf) = (d/df) P} (cos #) and
Pl (cosb)
Tn (COS 9) = W,

with P! (cos ) theLegendre polynomials, and, andb,, co-
efficients determined by the boundary conditions.

S(q) can be calculated for a system of hard spheres usin@ is known,a* =

Percus-Yevick closure [16], which gives:

J. GALVAN-MIYOSHI AND R. CASTILLO

1
5 =1+ —sm 2q) — 2q cos(2q
5(0) 20 (20)
1
-3 (( - 2) qcos(2q) + 2sin(2q) — q>
¢P1 [ +4 (1 > sin Qq)}
¢P1 3 3
—op |2\1 T g T ) 1o, (B4)
2 2 9
Wherepl = % andp2 — (Bg’) %.

Appendix C. Estimation of o*

o* = z,/1* can be estimated using a DWS experiment by fit-
ting the intensity autocorrelation function for the back scat-
tered light from a colloidal suspension made of particles of
the same size as those to be used in the fluid to be investi-
gated [4], using the expression:

(92(t) — 1)pol = fexp [_ZVpol ﬁ] .

Here,the subscrippol is used to indicate the polarization de-
tection used in the experiment,V for parallel andV H for
cross polarization. Here, = (kﬁD)_1 is the relaxation time
andD is the diffusion coefficient, angl,,, = o, +2/3. As
(a*) = (a3 + o ) /2 can be deter-
mined from a fitting.

(C.1)
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