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Peculiarities of propagation of quasi-diffraction-free light beams
in strongly scattering absorbing media

I.L. Katsev, A.S. Prikhach, N.S. Kazak, M. Kroening

Abstract. Based on the relation between the theory of light
field coherence and theory of radiation transfer in scattering
media, a method is proposed for calculating the illumination
distribution produced by coherent quasi-diffraction-free
beams at different penetration depths of radiation into
scattering media such as biological tissues. The method
uses the optical transfer function or the point spread function
(PSF) of the medium. A simple and convenient analytic PSF
model is described. Examples of the illumination distribution
produced by a Bessel light beam in a medium with optical
parameters typical of real biological tissues are presented. It
is shown that the half-width of the axial maximum of a Bessel
light beam scattered due to scattering almost does not
increase up to optical depths where the contribution of
multiple scattering is already considerable.

Keywords: coherence, quasi-diffraction-free beam, Bessel light
beam, scattering medium, biological tissues.

1. Introduction

The use of quasi-diffraction-free beams, for example, Bessel
light beams (BLBs) for studying biological tissues [1, 2], in
particular, in optical coherence tomography attracts con-
siderable recent interest. This is explained by the specific
features of the propagation of BLBs, which are usually
formed with the help of a circular aperture [3] or a conic
lens [4, 5]. Recently, efficient methods were proposed for
BLB formation in anisotropic crystal media [6, 7]. Unlike
conventional optical systems (spherical lenses, mirrors,
etc.), in which the increase in the spatial resolution in
the focal region leads to the decrease in the length of this
region and unlike Gaussian beams, a high transverse spatial
resolution in BLBs is preserved at large distances. This
gives promise that the probe depth in optical tomography
can be considerably increased by preserving a high spatial
resolution. The efficiency of such an approach concerning
the propagation of light beams in a turbulent atmosphere
was experimentally demonstrated in [§].
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However, it is known that biological tissues are strongly
scattering media [9—12]. In this connection of special
interest is the study of the propagation of coherent
quasi-diffraction-free beams in scattering media because
multiple scattering spreads the beam and destroys its spatial
coherence. The complexity of this problem is that it is
located at the border of the two fields: coherence optics
dealing with concepts of wave optics and neglecting, as a
rule, multiple scattering, and the photometric theory of
radiation transfer dealing with multiple scattering by
neglecting the wave nature of light.

In particular, the attempt to describe the multiply
scattered light field by summing up the fields scattered
from individual randomly arranged scatterers by taking
phase relations into account shows little promise because of
its awkwardness and complexity.

A similar problem concerning the description of the
interference component of coherent inverse scattering from
a multiply scattering medium was considered in papers
[13—15], where the original approach was proposed based
on the correspondence of the stochastic Monte Carlo
method to the iteration procedure for solving the Bethe—
Salpeter equation for the correlation function of the field.

One of the simplest and obvious methods for theoretical
description of the propagation of quasi-diffraction-free
beams in scattering media is the representation of the
photometric illumination E(r,z) produced at the point of
a medium with coordinates r,z, by a sum of two compo-
nents

E(I’,Z) :EO(V7Z)+ES(V7Z)7 (1)
where
Ey(r,z) = Eq'(r, 2) exp(—1) )

and E(r,z) are the contributions of the unscattered and
scattered radiation components, respectively; Ef(r, z) is the
illumination distribution produced by the beam in a free
space; T = &z is the optical depth; z is the geometrical depth;
and ¢ is the attenuation factor.

However, a number of questions appear in this
approach, in particular, whether the above separation is
justified, taking into account the coherence of scattered and
unscattered fields? What can be considered a source of the
illumination distribution E(r,z) and how can this distribu-
tion be calculated?

If we assume that a source of scattered light field is initial
wave fields and scattered fields are added as photometric
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intensities, i.e., by neglecting their phases, this means that
radiation coherence is neglected in the multiply scattered
light field. As an example, consider the illumination of a
medium by two plane waves incident at some angle to each
other. It is known that in this case a classical interference
pattern appears. At the same time, under the above
assumption, the illumination distribution produced by
multiply scattered radiation proves to be homogeneous
and independent of r.

As an alternative, we can assume that the source of the
scattered light field is the illumination distribution
Ey(r,z=0) at the input to a scattering medium, and the
formation of the component E(r, z) can be described by the
theory of radiation transfer. In this case, the radiation
coherence is taken into account to some extent in the
function Ey(r,z = 0). However, this requires the knowledge
of the angular structure of radiation forming the distribu-
tion Ey(r,z =0), and in addition, this approach cannot be
considered justified enough, as the previous one.

In this paper, we propose a method describing the
propagation of quasi-diffraction-free beams in a scattering
medium taking into account multiple scattering and coher-
ence of radiation and also present some results obtained
within the framework of this approach.

2. Description of the method

Before answering the questions formulated above, note that
from the point of view of optics of scattering media the soft
biological tissues are strongly scattering media, as a rule,
with small specific absorption and strong scattering
anisotropy. In particular, the typical variations of optical
parameters in the therapeutic transparency window
0.6—1.3 um are: the scattering coefficient o~
10 — 100 mm ™' [11, 12, 16, 17], the absorption coefficient
%~ 0.001 — 1 mm™! [11, 12], and the average cosine of the
scattering indicatrix g ~ 0.8 — 0.95[11, 12]. It is known that
the scattering of light in media with the strongly elongated
scattering indicatrix is often described in the small-angle
approximation of the radiation transfer theory, which can
be applied for the optical thickness of the unabsorbing
medium 7 < 6 — 8 [18]. In the presence of absorption, this
region becomes broader.

The approach proposed here to describe the propagation
of quasi-diffraction-free beams in a scattering medium
taking multiple scattering into account is based on the
known interrelation between the theory of light field
coherence in a scattering medium and the radiation transfer
theory [19-26]. Consider the reciprocal function of the
spatial light field coherence u(r, z) in the plane z = const [27]

L(rp,z)=ulr—p/2,2)u*(r+p/2,z). (3)

Here, r = (ry +1,)/2; p=r, —ry; r; and r, are the coor-
dinates of points in the medium. It was shown in paper [26]
that if the inhomogeneity scale of the field coherence
function I'(r,p,z) over the variable r is large compared to
the radiation wavelength, this function can be represented
in the region outside sources in the form

I(r,p,z)= Il(r, n,,z)exp(—ikn, p)dn,, €))]

where the function

1 .2n
1(1’,”L,Z):PJF(V,p,Z)eXp <_17an)dp7 (5)

which is the angular spectrum of the field coherence
function I'(r, p, z) satisfies the radiation transfer equation at
least in the region of applicability of the small-angle
approximation of the radiation transfer theory. Here, n, is
the projection of the unit vector n on the plane z = const; 4
is the radiation wavelength; and k& =2n/4 is the wave
number.

The solution of the radiation transfer equation in the
small-angle approximation has the form [18]

I(v,p,z) = It (v,p,2)J(v,p.z), (6)

where I(v,p, z) and Il'(v, p, z) are the Fourier transforms of
the field I(r,n  ,z) in the medium and of the spatial-angular
brightness distribution produced by a radiation source in a
free space, respectively; J(v, p, z) is the Fourier transform of
the normalised brightness J(r,n,,z), which is the Green
function of the problem and depends on the optical
characteristics of the medium but is independent of the
characteristics of the source; v and p=kp are the
parameters of the Fourier transform in the coordinates
r and n,, respectively.

Thus, based on the relation between the theory of light
field coherence in a scattering medium and the radiation
transfer theory, we can assert that relation (6) describes not
only transfer of the photometric brightness of radiation but
also the propagation of the light field coherence function. In
this case, the functions I(gr(v,p, z) and I(v,p,z) should be
considered as Fourier transforms of the coherence function
of the source field I'ff(r, p/k,z) and the field in the medium
I'(r,p/k, z), respectively, over the coordinate r. Note that the
function J(v, p, z) in (6) describes the decrease in the spatial
coherence of the light field during its propagation in the
scattering medium.

It is important to emphasise that the functions
I¥(,n,,z) and I(r,n,,z) are not equivalent to the photo-
metric brightness of radiation [26]. In particular, they may
take negative values. However, if the coherence function
changes over the coordinate r slower than over p, then upon
averaging over regions considerably exceeding the coherence
region, the angular spectrum [I(r,n,,z) of the coherence
function I'(r,p,z) becomes essentially positive and can be
treated as the photometric brightness of radiation.

Let us now assume that p =0 in (6). One can see from
(4) that this corresponds to passing to the Fourier spectra
E(v,2)= I(v,p=0,z) and Ef(v,z) = I{'(v,p = 0,2) of the
illumination distributions E(r,z) and E{'(r, z) in the plane z:

E(v,z) = E(gr(v,z)S(v,z). (7

Here, S(v,z) = J(v,p = 0,z) is the optical transfer function
(OTF) of the medium [18], i.e., the Fourier spectrum of the
point spread function (PSF) S(r,z) representing the
illumination distribution produced in an arbitrary plane z
of the medium with a point monodirectional source.

It is important that the illumination distribution E(r,z)
in the plane z depending on the distribution E{'(r,2) (i.c.,
also in the plane z) is independent of the method by which
the distribution E{(r, z) was obtained. This result is a direct
consequence of one of the properties of the so-called aspect
invariance of the system [18], which can be described in the
small-angle approximation of the radiation transfer theory.
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Thus, to find the illumination distribution E(r,z) pro-
duced by a quasi-diffraction-free beam in the plane z, it is
sufficient to know the illumination distribution ng(r, z)
produced by the radiation source in the same plane z in
a free space and the PSF S(r,z) or OTF S(v,z) of the
medium. Note that in this case, both multiple scattering in
the medium and coherence of radiation are automatically
taken into account.

3. OTF and PSF of a medium

In the small-angle approximation of the radiation transfer
theory, the expression for the function J(v,p,z) for a
homogeneous medium has the form [18]

J(v.p,7) = exp [— ez+ojozx<p+ w:)dz], ®)

where x(p) is the Fourier spectrum of the scattering
indicatrix x(f) and f is the scattering angle. From
expression (8), we obtain the OTF for a homogeneous
medium

z

S(v,z) = exp [ —ez aJ x(vﬁ)dé} . 9)

0

Expression (9) has a very simple form; however, it is not
always convenient for calculations because, first, the
scattering indicatrix only rarely can be approximated so
that to obtain the analytic expression for the function x(p)
and, second, it is difficult to make an analytic transfer from
the OTF S(v,z) to the PSF S(r, z).

To describe the PSF analytically, the small-angle dif-
fusion approximation (SADA) is often used in the radiation
transfer theory [18]. The SADA gives the analytic expression
for the zero and second moments of the azimuthally
symmetric PSF. Therefore, the PSF is often represented
as a sum of the unscattered and scattered radiation
components:

S(V,Z) :SO(V>Z)+SS(V72)7 (10)

where the illumination produced by the scattered compo-
nent is approximated by the Gaussian function

Sy(r,2) = (11)

ﬁi()z)e"p [_2Vsz(z)}

S¢(2) is the scattered radiation flux through the plane z; and
V.(z) is the variance of the scattered PSF component.

It is known [18] that the function Si(r,z) in the small-
angle approximation tends to the Gaussian distribution of
type (11) for 6z — oo; however, it can noticeably differ from
this distribution for small ¢z. To overcome this difficulty, a
multicomponent method was proposed in paper [28]. Within
the framework of this method, the scattering indicatrices of
real objects, having a strongly ‘forward’ elongated peak, are
represented by a sum of several components:

() = axi(P). (12)

Correspondingly, the PSF of the medium is also approxi-
mately represented by a sum of several components

S(r,2) = 8i(r,2), (13)
where
Si(z r?
Si(r,z) = ﬁ(()z) exp {— 2V(z)} (149

The functions S,(z) and V,(z) can be easily calculated
analytically in terms of the optical characteristics of the
medium [18].

The accuracy of the multicomponent method is illus-
trated in Fig. 1 by the example of the PSF for ocean water
with the scattering indicatrix having elongation similar to
that of the scattering indicatrix of biological tissues. One can
see that this method provides almost the same accuracy as
that of the small-angle approximation by preserving the
SADA simplicity.

Expression (7), relating the Fourier spectra of the
illumination distributions E(r,z) and Egr(r, z), is not always
convenient for practical calculations. Let us find the relation
that directly relates these functions in the space of originals.

Taking into account (7) and the azimuthal-symmetry
properties of the functions ng(r, z) and S(r,z), we have
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Figure 1. Illumination on the beam axis as a function of the beam diameter d (a), and the PSF as a function of the ratio r/z (b) for ocean water with
e=0.1m " and ¢ = 0.08 m™! for different optical thicknesses 7 of the layer. The solid curves correspond to solution (13), (14), the dashed curves

correspond to the small-angle approximation.
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o8]

E(r,z) = 21_717,[0 E(v,z)Jy(vr)vdy

1 [o¢]
= %Jo ES(v,2)S(v, 2)Jo(vr)vdy, (15)
or
E(r,z) = JOwS(v,z)Jo(vr)vdv J:OEO(r/,Z)Jo(vr/)r/dr', (16)

where Jy(vr) is the Bessel function. By changing the
integration order in (16), we obtain

o0

E(r,z) = J

Ey(r', 2)r'dr’ JDOJO(W)S(V7 2)Jo(vrvdv.  (17)
0

0

If the PSF can be represented in the form (13), (14), we
obtain from (17) [29]

Hr =3 S| Ee e | -

X e rr’ I v’ ‘ar’
Xp | ——— —— |r'dr
lTvalt e
where Ij[rr’/Vi(z)] is the modified Bessel function. In a

number of cases, relation (18) is more convenient for
numerical calculations than (7).

(18)

4. Scattering indicatrices of biological tissues

As mentioned above, from the point of view of optics of
scattering media, soft biological tissues are strongly
scattering media with a high scattering anisotropy. In
optical diffusion tomography of biological tissues (brain
tomography, mammography) aimed, as a rule, at the
detection of absorbing inhomogeneities of the type of
various tumours, the transmission of an optically thick
tissue layer is commonly measured [12]. In these cases, due
to multiple scattering of radiation, the fine structure of the
scattering indicatrix is ‘blurred’, i.e., is not observed.
Because of this, the real scattering indicatrix x(f}) can be
replaced by its approximate representation by a combina-
tion of the small-angle [x;(f)] and isotropic scattering
indicatrix

x(B) = Fxi(f) + (1 = F). (19)
Here, the indicatrices x(f) and x;(f) are normalised as
usual:

ZRJnx(ﬁ) sinffdp = 2anx1([)’) sinffdf =1; (20)
0

0

the parameter F < 1 determines the fraction of energy
falling within the small-angle part x;(f) of the scattering
indicatrix, and (1 — F) is the energy fraction of the isotropic
scattering indicatrix.

A strongly elongated small-angle part x;(f) is often
replaced by the delta function. Then, it follows from (19)
that F=g, and we pass to the known transport approx-
imation of the radiation transfer theory [18]. In this case, the
propagation of light is usually considered in the diffusion
approximation of the radiation transfer theory, and the

optical characteristics of the medium are described by the
transport scattering coefficient g, = a(1 — g) [12, 30—32]
[which is often denoted by u, = u (1 — g) in the literature]
and the absorption coefficient x. In this case, the scattering
indicatrix of a new ‘transport’ medium is isotropic.

However, for optical coherent tomography and a
number of other problems related to the diagnostics of
relatively thin layers of strongly scattering biological tissues,
where an increase in the transverse and longitudinal spatial
resolution is very important, such an approach is obviously
insufficient. The matter is that radiation scattered within
small angles can rather long preserve its spatial coherence
even upon multiple scattering and provide a high spatial
resolution. For this reason, the small-angle part x;(f5) of the
scattering indicatrix cannot be replaced by the delta function
in the description of radiation transfer in this class of
problems, and it is necessary to take it into account
more correctly. This can be performed within the framework
of small-angle methods of the radiation transfer theory, in
particular, by using the small-angle approximation and
SADA. These methods use either detailed information on
the small-angle scattering indicatrix or information on the
integrated parameters (SADA), in particular, the average
square of the scattering angle

Jmﬁzm(MBdﬁ
o @1

ﬁzl = .
J;mwmw

Unfortunately, the measurements of the small-angle part
of the scattering indicatrix are technically rather compli-
cated, especially in optically dense biological tissues, and
information on such measurements is scarce in the literature
[9, 10]. To make up for this lack of data to some degree, we
can use some correlations between the parameters of
strongly elongated scattering indicatrices known in the
hydrooptics and optics of clouds.

Analysis of many strongly elongated scattering indica-
trices of sea water [33] and clouds [34] shows that there
exists a sufficiently stable correlation between the average
cosine of the scattering indicatrix g, on the one hand, and a
fraction F of light falling within the small-angle part of the
scattering indicatrix x;(f) in the angular interval 0 — f, as
well as the parameter f3,;, on the other hand. For f, = 45°,
we have [18]

1= Fr2(1-g), @)

3

l—g
ﬁZl _T'

(23)

Thus, the parameters of the scattering indicatrix (19) are
expressed in terms of the average cosine of the scattering
indicatrix g. If more detailed specification of the small-angle
scattering indicatrix is necessary, it can approximated, for
example, by the exponential function [18]

xi(B) =2p’e ", (24)
where
p=6/By. (25)
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5. Calculation of the illumination distribution
in a Bessel light beam

Figure 2 shows the example of calculations of the
illumination distribution, including its scattered and unscat-
tered components, produced by a BLB at different depths in
a scattering medium with optical parameters typical for real
biological tissues [35]: the attenuation coefficient ¢=
12.6 mm’l, the absorption coefficient » = 0.033 mm’l,
and the average cosine of the scattering indicatrix g = 0.9.
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Figure 2. Distribution of the total illumination ( /) and the scattered (2)
and unscattered components (3) produced by the Bessel beam at
different depths in the scattering medium for © = 0.378 (a), 1.26 (b),
and 3.78 (c).

It is known [1—4] that the illumination distribution in a
Bessel beam in some region behind a conic lens can be
approximately described by the function

E{(r,2) = (a+ bz)J3 (ar), (26)
where a and b are some constants; Jy(ar) is the Bessel
function; o = (2n/A)siny; and 2y is the divergence angle of
the beams forming the Bessel beam. For the case presented
in Fig. 2, « = 13.66 mm ™', =0, and » = 0.02 mm™". It is
interesting to note that, when a conic lens is used to form a
Bessel beam [4, 5], the parameter b > 0 in (26). This can

result in an increase in the illumination on the beam axis
with increasing depth z (cf. Figs 2a, b, c) despite its
attenuation due to absorption and scattering of light in the
medium. This increase is explained by the additional energy
transfer from peripheral regions of the conic lens.

Note first of all that the distribution of the scattered and
unscattered radiation components has the interference
structure. This reflects the fact that scattered radiation
preserves partially its spatial coherence. One can also see
from Fig. 2 that in this case the half-width of the axial
maximum of the Bessel beam almost does not increase up to
the optical depths 7~ 3 —4, where the contribution of
multiple scattering is already significant. At first glance
this result can appear rather strange. However, it can be
simply explained. The matter is that in this case the half-
width Ar of the zero maximum of the function E{'(r, z) equal
to ~ 0.1 mm cannot be considered small because for the
attenuation coefficient of the medium &= 12.6 mm~", we
have the optical size ¢Ar =~ 1.3. For this reason, the PSF
half-width at depths under consideration is noticeably
narrower than that of the zero maximum. Therefore,
scattered light almost does not leave the direct-light region
and weakly broadens the light beam.

6. Conclusions

The method proposed in this paper gives a simple and
efficient description of the spatial structure of quasi-
diffraction-free beams propagating in scattering and
absorbing media taking into account multiple scattering
and coherence of radiation. Based on the relation between
the classical theory of coherence and radiation transfer
theory, this method allows one to use the well developed
apparatus of the modern radiation transfer theory to solve
this problem, to develop the efficient algorithms of
computer simulation, etc. In addition, it opens up the
possibilities for estimating the coherence function of the
light field upon multiple scattering during the propagation
of quasi-diffraction-free beams in a scattering medium.
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