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ABSTRACT

Based on time-independent Helmholtz equation and its solution in frame of inhomogeneous approximation a hybrid
computational method for imitation of propagation of bounded laser beam focused into biological tissue is introduced.
The biological tissue is simulated as a semi-infinite randomly inhomogeneous medium. The developed approach is
intended to model laser beams in the super-sharp focusing mode. The results of modeling of laser light focusing into the
turbid tissue-like scattering medium with lenses of various shapes are presented.
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1. INTRODUCTION

Nowadays the imaging of biological tissues utilizing optical coherence tomography (OCT) is widely in use [1-5]. The
variation of the depth of visualization and spatial resolution of the technique can be achieved utilizing focusing lenses. In
this case, it is necessary to take into account the transverse structure of the probing optical radiation. Typically, the
bounded optical beams with a Gaussian transverse profile are used [1-3, 5].

The properties of the light field in the focus of the beam are determined by the shape and parameters of the lens, e.g., a
spherical lens studied in [6-8]. An analysis of the focusing of light beam into a scattering medium by spherical lenses in
can be performed analytically in some cases [8]. However, the study of bounded focusing beams in a randomly
inhomogeneous medium, for example, biological tissue, requires the use of numerical methods.

A numerical approach based on the paraxial approximation has been developed [9-13], but its use becomes ill-
conditioned for lenses with a numerical aperture value greater than or equal to one [6-8].

An approach to modeling the propagation of optical radiation within biological tissues based on the corpuscular Monte
Carlo method is well known [1-3], has been applied for the study of OCT image formation [14], and later modified for
the modeling of polarization-based OCT [15,16]. In fact, this approach has several limitations [17] that manifest itself in
super-sharp focusing when the numerical aperture is close to or less than one.
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Current study aims to develop numerical methods to mimic focusing bounded light beams and its propagation in a
randomly inhomogeneous medium with lenses of arbitrary shape, including ultra-sharp focusing by both wave and
corpuscular Monte Carlo methods.

2. MATHEMATICAL MODEL OF THE PROPAGATION PROBLEM

To study the focusing of the bounded light beams in a randomly inhomogeneous medium by lenses of arbitrary shape,
we use the time-independent Helmholtz equation:

Ay (r)+kgy (r) =0. (1)

Here, w is the complex amplitude of the field strength of the light wave E(r,t), which corresponds to the
representation of the field in the form E(r,t) =y (r)e™". The wavenumber K, is expressed through the angular

frequency @, as follows:
ky=ay/C.
Choosing one of the Z coordinates and rewriting (1) in the form
azzy/(z,rl) :_(AJ_ +k02)!//(Z,I’L), )
where I is the radius vector in a plane transverse to the direction of propagation along z ; the transverse Laplacian has
the form
2 2
A =0,"+0,
Using the Fourier transform, we represent the required field in the following form

w(z, rJ_) = j lp(kykL)e—i(kzszzu)dkzdkl '
R3

Next, we introduce the assumption that the Fourier transform of the field is localized in the region kz >0,and
k.| <k ©)

We consider the unidirectional Helmholtz equation in a randomly inhomogeneous medium for modeling biological tissue
similarly to [15]. In this case, the equation for the field ¥ will have the form

0, w(z,r)=—(A, +k2(n(z,r)) +2(n(z,r)) 5z, r ) (zr). (4)

where n :<n>+5ﬁ defines random variations of the refractive index of the medium, with a separated regular and

fluctuation part, respectively. The random Gaussian field of fluctuations of the medium is constructed following the
model in [5, 15], where for the correlation function of the field Ofi following relation is held

A A CO —ikr

(SA(r)SA(r +06r)) = I—ZDe dk, (5)
R3 1+(Ick) !

where |, is the correlation radius, D; is the refractive index of the fluctuation of roughness parameter, C, is the

characteristic of the dispersion of fluctuations of the refractive index. The defined set of these parameters determines the
type of biological tissue [15]. These parameters can be correlated with the parameters of the indicatrix of the medium [5]
used in the corpuscular Monte Carlo method for modeling the propagation of radiation in biological tissue.
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3. NUMERICAL MODELING

To solve equation (4), the method of splitting in physical parameters was used, similar to [5]. At the diffraction
propagation step, equation (2) is solved, which has the following form

0, w(z,k ) =(-K.*+k," W (z.k.). (6)
Then, the expression for transforming the field upon passing a small step along the evolutionary variable is
1/7(Z+5Z,FL) — I dkLe-iklnl/;(Z,kl)e—iﬁz\’k(ﬁ_kiz . (7)
k, eQ

The phase incursion when passing a step in a randomly inhomogeneous medium is given by the following relation
w(z+0z,r)) =I/7(Z,rL)e*ik02Aﬁ5z7 (8)

where Afi=((n(z, rl)>2 +2(n(z,r,))sh(z,r,))-1.

Thus, we represent the step of passing in the form:

~ i ~ _is 2_ 2 ik 2Am
l//(Z +52, rL) _ J' dkle Ikiril//(z,kL)e i62+[ky? —k g ik’ An0z
k, eQ
In the numerical implementation, the Fast Fourier transform from the parallel version of the MKL library was used. The
medium model was chosen with the following parameters: Nn=1.54, |, =1.5um, D; =3.9. The initial beam
profile was set in the Gaussian form
r?

l//(z’ rl) — eiﬁefw(ﬂ) ,

where the beam size I, was chosen equal to 0.6 mm and the characteristic scale of the radius of curvature of the phase

front @ was of the order of 1 mm. Focusing with a spherical parabolic lens and a fraxicon lens was considered as an
example. In this case, the phase has the following form, respectively:

2

kOrJ_
= 8
é(r,) T 8)
o(r,) =1-JL-2(r, / £) ©)
2
k;r]j if r./f<1
¢(rj_)= (10)

ﬁ; if r /f>1

Below, in Figures 1-3, the results of modeling the propagation of a light beam during focusing are presented.
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Figure 1. The results of modeling the propagation of a light beam during focusing with phase in the form (8).
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Figure 2. The results of modeling the propagation of a light beam during focusing with phase in the form (9).
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Figure 3. The results of modeling the propagation of a light beam during focusing with phase in the form (10).

The difference in the presented pictures is due to the distribution of the field at the focus of the lenses. The field is mostly
localized when focusing on a conventional parabolic lens.

4. DISCUSSION

In this work, a numerical methodology for studying the propagation of laser radiation in biological tissue was developed
based on the unidirectional Helmholtz equation. An example of a numerical calculation of the propagation of laser
radiation in biological tissue for the case of focusing radiation with lenses of various shapes is given. The proposed
numerical methodology can be used to simulate the visualization of biological tissue by optical coherence tomography
for optimization purposes.
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