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Abstract: We developed a novel method of measurement oflyhamic light scattering phase
function of particles utilizing laser Doppler tedtpme. We show the theoretical background,

validation carried out on Monte Carlo data and psifion of measurement setup.
OCI S codes: (290.5820) Scattering measurements; (170.3660jt lpgopagation in tissues, (170.5280) Photon nimmat
(170.3340) Laser Doppler velocimetry

1. Introduction

For medical applications of optical methods, knalgle of optical properties of biological tissuesais important
issue. Parameters such as absorption coefficieattesing coefficient and light scattering phasecfion determines
light penetration path into the tissues. In thipgra we will focus on the light scattering phasaction which is
difficult to measure directly [1, 2]. We developadnovel method of measurement of the light scateghase
function of moving particles utilizing laser Doppl@.D) power density spectra. In the clinical pieet the LD
technique is used to assess tissues microperfi8jonVe propose utilization of spectra measuredtiy LD
instruments to evaluate the light scattering ptiasetion of particles. Our method allows to measunase function
of particles of arbitrary shape in the full angulange, where conditions of the Mie scattering thewe fulfilled.
This method could be applied especially in measargsof light scattering phase function of red blagells.

We show the theoretical background of the methatlitznvalidation carried out using Monte Carlo siations.

2. Theory

Doppler frequency change of the light wave duringiregle Doppler scattering event on a particle mgwvith
speedv is defined by the equation:

Af = 2nv sin(gj cosqa, 1)
A 2

wherea € [-7; ] is an angle between the moving particle veloeihd a vector formed by subtraction of light
vectors before and after scatteris [0; 7] is the light scattering anglé, is the light wavelength and is the
refractive index of the scattering medium.

Our goal is to estimate the distribution of anglewhich is a particular value of random varialde The
probability distribution function (PDF) @ represents light scattering phase function of mgyarticledg(6). PDF
of Doppler frequency shift,(u) (where u is the frequency shift) is equal to theasured laser Doppler power
density spectruns(Af) normalized by its integral. The anglds a particular value of random variatleThe PDF
of A - fa(e) is assumed to be known. For a particular measemersetup with known geometry, the probability
distribution function of angle: can be calculated (e.g. using Monte Carlo simuigtiThe speed is a particular
value of random variabl€. The PDF ofV is assumed to be known and writterf\@g). In controlled environment,
this assumption can be fulfilled.

Considering these assumptions, the equation (1peaewritten as follows:

U= 2/1nV sin(c;j cosA=CXY=CZ (2

whereC = 2nV/4, X = sin@/2), Y = coA, Z = XY.

The LD spectrum represents a linear combinatiorDoppler shifts probability distributions for paier
values of moving particles speedft-6]. Thus, the equation (2) can be represenyeflbowing Fredholm integral
equation of the first kind:

S'=Dx", (3)
where measured LD spectrusn
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s =1, () folw) - foluy, )l 4)
unknown vectok, the PDF of random variab}
X = |_fx (Xl) fx (Xz) fx (XNX )] ®)
and coefficients matril:
[ N¢ Nc N ]
> d(11k) d(12,k) - d(L N, k)
k=1 k=1 k=1
N N Nc . (6)
D = > d(21k) d(22k) - d(2, N, k)

_

k=l (= . k=

Nc¢

> d(N, LK) Zd(NU,Z,k) Zd(NL;,NX,k)

k=1 k=1 k=1

where

1 u :
. — f, v )f ! if u O[OV
d(l,j,k): NXXj V( k) Y[kaj] i [ k] .
0 if u D]vk;uNu]
Two freeware Matlab toolboxes: Yalmip [5] and SeOd®], utilizing the interior point method [7], werused

to solve the problem (3).

Solution of the problem (3) is the PDF of randomialale X = sin@®/2). Thus, the final form of the PDF of the
light scattering anglé can be represented by:

1 (8 g
fo(8)= P fy (sm[zjj co{zj : (8)
3. Validation

The method was validated with Monte Carlo (MC) oddted LD power density spectra. The code was a&dopt
from previous studies [4-6, 10] and optimized f@ kpectra simulations. MC simulations were caroed for a
semi-infinite homogenous medium. Henyey-Greengtbimse function was used to simulate PDF of lighttering
angled on moving particles Anisotropy factgrdefined as a mean value of cosine of the scatteimgled was
assumedy = 0.8 and angle: is assumed to be uniformly distributed. Other dation parameters are: scattering
coefficient ps = 1 mm?, absorption coefficienit, = 0.01mnT, refractive indexn = 1.4, laser light wavelength
A =780 nm, concentration of uniformly distributedoving particles 1%, Gaussian moving particles speed
distribution (mean speed = 2.786 mm/s and standard deviatiegn2 mm/s). LD power density spectra are sampled
in the frequency range of 0 — 20 kHz. Photons atlected in a 0.2 mm wide ring—shaped concentrieater with
the source-detector separation 1 mm. The simulations were carried out for 30%difbtons.

In figure 1 the result of solving problem (3) w#d in equation (8) is compared with the Henyeye@stein
phase function for assumed anisotropy fagter0.8

Some discrepancies between both curves could benaal which are mainly connected with the nois¢hin
LD spectrum. Nevertheless, the anisotropy factiorsdll.

(7)
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Figure 1. Comparison of assumed Henyey-Greenstein phasédnrior anisotropy factog = 0.8 and calculated phase function according to
equations (3) and (8).

4, Discussion and conclusions

The proposed method could be utilized for measun¢mielight scattering phase function of movingtdes. This
measurement method and setup for assessment bfstigtiering phase function can be used for padiof any
shape, where the Mie scattering theory could bdieghpThe setup could be made of glass tube (lmamelier)
fixed in an optically turbid material with the ladeoppler probe placed directly above the tubeuted suspension
of the particles is pumped through the tube witlown speed. Dilution of the particles eliminateduahce of
multiple Doppler scattering. The suspension flowotiygh the tube should be laminar what means thgienision
speed and tube diameter allows to calculate pestispeed distribution. Optically turbid materiatreunding the
tube assures uniform distribution of angle

Main limitation of the method is the necessity dfition of the particles mixture. Nevertheless stimethod
potentially could be used in applications wherewdealge of light scattering function of particlestire full angular
range is required. The presented method is notdamnly to the biomedical applications and coudapplied for
investigation of optical properties of wide randgenanoparticles.
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