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Wavefront analysis of the laser beam propagating

through a turbid medium

I.V. Galaktionov, J.V. Sheldakova, A.V. Kudryashov

Abstract. Laser beam propagation through a scattering suspension
of polystyrene microspheres in distilled water is studied theoreti-
cally and experimentally. The dependence of wavefront aberrations
on the particle concentration is investigated. The existence of sym-
metric wavefront aberrations of the laser beam passed through a
turbid medium is shown.
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A medium is considered turbid or scattering if it possesses
explicit optical inhomogeneity due to foreign particles with a
distinct refractive index. Examples are fog, clouds, atmo-
spheric haze, sea water, colloid solutions and biological tis-
sues. In a turbid medium the energy of the initial beam is not
lost but redistributed in space, forming a halo of scattered
radiation. The diffusely scattered light makes shapes of
viewed objects fuzzy and prevents radiation focusing, which
becomes a serious problem in such fields as biological and
medical investigations, laser therapy and oceanology [1, 2]. It
is generally believed that there are three types of photons in
scattered light [3]: ballistic, near-axial or ‘snake’ photons and
off-axial or diffusive photons.

Ballistic photons propagate through a turbid medium
along straight trajectories and do not interact with diffusers.
This coherent component of scattered radiation is most valu-
able in problems of object image recognition. Near-axial pho-
tons undergo several collisions with diffusers and move along
trajectories close to the initial beam direction. Near-axial
photons become useful in a thicker scattering layer because
the number of ballistic photons in this case falls exponen-
tially. Off-axial photons are multiply scattered in all direc-
tions and form an incoherent component of scattered radia-
tion. Ballistic photons carry undisturbed information about
the object; however, as was already mentioned, the number of
such photons falls exponentially with the layer thickness or
the scattering coefficient of the turbid medium. Hence, the
influence of near-axial and diffuse photons on the intensity
distribution and on distortion of the wavefront of scattered
radiation should be taken into account.
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In the present work, scattering of laser radiation with a
wavelength of 0.65 um on polystyrene microspheres of 1 um
diameter suspended in distilled water is studied. The concen-
tration of particles varied from 1.3x 103 to10® mm=. The ini-
tial aperture of the laser beam was 4 mm, the refractive index
of medium was 1.33 and the refractive index of polystyrene
microspheres was 1.582 [4].

Propagation of radiation through a scattering medium
was simulated by using the well-known Monte Carlo method
based on a large number of realisations of random process at
prescribed probability distributions of considered parameters
[S]. At a particular instant, the laser beam was presented as a
large number of photons (in the present work 2.5x 10'") uni-
formly distributed over the initial aperture (which is equiva-
lent to the uniform intensity distribution). For each photon,
the initial position was prescribed and the free path length /
(the distance between two successive photon collisions with
diffusers), the scattering angle 6 and azimuthal angle ¢ were
calculated. At the output from the medium all photons car-
ried information about the covered optical path length and
about the number of scattering events. The free path length /
and the direction of propagation (0, ¢) of a photon after scat-
tering on a particle were calculated by the formulae:
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Here, 1 is the scattering coefficient of a medium; g is the fac-
tor of anisotropy; and &;, &y and £, are random quantities uni-
formly distributed over the half-interval [0,1). Based on the
free path length and new direction, a new position of the pho-
ton in space was calculated and the condition of crossing a
medium boundary by a photon was verified.

The intensity and the phase surface of scattered radiation
were calculated by the mathematical model with a square
aperture having a side 4.8 mm on a grid with the step of
150 um. The values of optical path lengths for photons fitting
a particular sub-aperture of the grid were averaged, and the
local phase value over the sub-aperture was calculated by the
formula @ = 2nny" | (k,— [)/(Am), where n is the refractive
index of the medium; m is the number of photons on the sub-
aperture; [, is the distance covered by ith photon in medium;
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[ is the distance that photon would cover in the absence of a
scattering medium; and A is the radiation wavelength.

An experimental setup schematically shown in Fig. 1 has
been created in order to verify the theoretical model. The laser
beam passed through a glass cell with a turbid medium and
fell onto the Shack—Hartmann wavefront sensor (Active
Optics NightN Ltd.) [6] which comprised a digital camera
with lenslet array (the focal length was 6 mm, the distance
between microlenses was 150 um, the number of microlenses
was 1350 and the detection area of sensor was 6.4x4.8 mm).
The phase surface of scattered radiation was approximated
by Zernike polynomials. In Fig. 2 one can see the dependences
of the coefficients at the central-symmetric Zernike polynomi-
als No. 3, No. 8, and No. 15 [7] on the particle concentration.
The wavefront was analysed in a circle of diameter 4.8 mm
with the centre coinciding with that of the sensor. The greater
aperture as compared to the initial beam size was needed for
making allowance for the contribution of near-axial photons
into the radiation wavefront. One can see that enhanced defo-
cusing (the coefficient at Zernike polynomial No. 3 increases
to 0.9 um) and spherical aberration (the coefficient at Zernike
polynomial No. 8 increases to 0.59 um) are observed at a
higher particle concentration. The results obtained well agree
with performed model investigations of light propagation
through a turbid medium.
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Figure 1. Experimental setup: (/) diode laser with the wavelength of
0.65 um and output aperture of 4 mm; (2) optical filter; (3) glass cell
with a turbid medium; (4) Shack—Hartmann wavefront sensor.
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Figure 2. Wavefront aberrations vs. the concentration of particles in a
turbid medium: (/) defocusing (Zernike polynomial No. 3); (2) low-
order spherical aberration (Zernike polynomial No. 8); (3) high-order
aberration (Zernike polynomial No. 15).

At a higher concentration of scatterers, the character of
aberrations mainly remains the same. The analysis shows that
low-order aberrations which are usually compensated by
bimorph adaptive mirrors [8] prevail in the wavefront of radi-
ation passed through a layer of a turbid medium with the con-

centration of scattering particles 1.3x10° — 10® mm™.
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