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Solution of the problem of light scattering by small-scale
inhomogeneities of maritime environment by the method
of modified approximation of abnormal diffraction
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A new approximation method for solving the problem of light scattering by optical
inhomogeneities (modified approximation of abnormal diffraction) has been considered. A rigorous
mathematical validation of the method is presented, the ways of its further correction (with allowance
for the volume diffraction with the use of Rytov phase) are given, the possibility for rigorous formulation
of the problem of determination of the field of applicability and the velocity of convergence of the
approximate solution are validated. It is shown that the field of applicability of the approximation is
substantially expanded as compared to the Hulst approximation. The new method is suitable for
calculation of the scattering phase function at any values of the scattering angle including the

backscattering.

Interpretation of results of optical measurements
of physical-chemical parameters of the sea medium
becomes significantly simpler, if, solving the inverse
problem, it is possible to describe the light field
propagation in the medium in the framework of a
simple analytical approximation. Thus, the purpose of
investigation of the sea medium by the laser sensing
method is determination of its optical characteristics
(for example, number density of weighted particles,
their size and refractive index distributions).l Relation
between the physical characteristics of the medium and
its primary optical characteristics is set in the single
scattering approximation (Born) through quite simple
analytical formulas.2.5%7

Unfortunately, the well-known approximate
methods for solving the problem of light scattering are
poorly applicable to sea suspension. In practice, the
only method capable of calculating the characteristics
of light scattering by particles with p, O [1, 200]
(pa = 2/ A, where a is the characteristic particle size
and A is the wavelength), is the abnormal diffraction
approximation (ADA) proposed by Hulst.2 Regretfully,
it is applicable only to optically soft particles and small
scattering angles.

A new method for solving the Maxwell equations
with boundary conditions corresponding to the
electromagnetic wave scattering by an inhomogeneity of
dielectric permittivity is proposed in Ref.3. The
method allows a new solution of the problem of light
scattering by a particle $ modified abnormal diffraction
approximation (MADA) $ even in the first
approximation.

We describe briefly the essence of the MADA
method. Let monochromatic electromagnetic field
propagates in a medium with magnetic permittivity
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p=1 and zero conductivity. Then the following
formula holds for the complex amplitude of the
intensity of electromagnetic field at the point r:

AE(r) + K2 [1+¢(r)] E(r) =0 [OE(N], (D)
where
k=2/\; g1 =/ $ 1 = (n2 $ x2 $1)+i@2ny)

is the relative dielectric permittivity of the optical
inhomogeneity, (n+ix =m is its relative complex
refractive index®).

Let us seek a solution of Eg. (1) in the form
E = eu, where the scalar function u(r) fulfills the
Helmholtz equation

Au(r) + K u(r) = $ K g (r) u(r), )
and the vector of polarization e(r) fulfills the equation
Ae(r) + 2 [0 In(u(r) O)] e(r) =
=$0Infu(r) e(r) OIn[1 +&((N] S

$ 0 [e(r) In(1 + g (M)} (©)

Within the above approximations, we calculate
the intensity of light, scattered by a spherical particle
of radius a, and relative dielectric permittivity &, = ¢,
for the case, when the particle center is at the origin
(ropa = 0), the point of observation lies in the

Fraunhofer zone (r > kaz), and the primary field is a
plane wave

Eq(r) = ug eg exp (ikngr). @)

Here ug = const is the primary field amplitude, e is its

polarization vector, (eg, €5) = 1; ng is the unit vector in
the direction of the primary wave propagation. We
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consider the integral equation equivalent to Eq. (1),
taking into account the boundary condition

E(N = BN $ [ G(r, ) x

X {k2 g(r') E(r') + O [In(1 + e=(r'))]} dr, )

where G(r, r') is the Green’s function.

Substituting the approximate solution of Eg. (1)
into the right part of Eqg. (5), we obtain a new
approximate solution. If the initial approximate method
converges to the exact solution, then the obtained
edaughterB approximation is convergent as well.

Let us write the scalar part of E in the form

u(r) = uo(r) exp [¢(N], ©)

then, substituting (6) into (2), we obtain the equation
for the complex phase ¢(r)

AO(r) + [B (D] + K> + Key = 0, @)

which can be solved by the method of consecutive
approximations.

The proposed method for constructing new
approximations is the following. The approximate
solution (7) is substituted to the right part of Eq. (5).
For example, the solution (7) in the first
approximation is the Rytov phase*:

uo(r)
e =$ K [ G(r, 1) UZW (N dr.  (8)

Following the above method for constructing
approximations and restricting ourselves to the
expressions linear in g, when solving (3), we obtain
the new approximation (MADA):

Ex-pa(") = Eo() $ K [ G(r, ') exp [6()] x

*{n(rr') [Eo(r) n(rr)]} dr, ©®

where n(rr') = (r $r')/0r $ r'0.
Then for the scattered radiation we have

ug k% exp (ikr)

() i [s(eo N1

x [ ea(r) exp [pr(r) $iarldr.  (10)

Here ng = r/0r0; g = k (ng $ np).

Equation (10) can be simp Wfied by substitution
into it of the phase obtained in the first approximation
of geometric optics# for the Rytov phase ¢pg(r)

ik z
0g(r) = dg(z, ¢, $) = IE €a(€, ¢, ¢) d&.  (11)

0

The cy Endrica Bcoordinate system r=(z, ¢, §) was used
when deriving Eq. (11), and it was assumed that the
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considered spherica B partick Bes in the region z >0,
and Ep = ug e exp (ikz). In this case

Ug S(B,pa,€5) exp (ikr)
E%-pa(r.0) = Kr

[ns(eons)]- (12)

Here

p%sa

(1-cosB+ey /2)
1 .
. ic
xJ‘y\/l—y2 Jo(pa\/l—y2 sin eJexp (anay)x
0

xsin[pg(1-cos8 +¢g, /2)y] dy, (13)

S(8,pa.82) =

Jo(X) is the Besse Bfunction of the first type, 0 is the
scattering ang B, €a = (n2 $ x2 $ 1) +i(2ny),
n + ix = m (see Eq. (1)).

It is convenient to rewrite formu & (12) containing
the vector factor in the matrix formS:

EZ) _exp (ikr) (S;0 ) [ E!
s |~ kr o)’ (14)
Ed 0S8/ \ Ep

where EO, ES, ES, EJ are the parall and the

perpendicu Br to scattering p kne components of vectors
of primary and scattered Bght fie Bs. Then

S1=S; S; =S cosb, (15)

where S = S(6, p,, €4) is determined by Eq. (13) in our
approximation. The same valie for sphericall partic B
can be exact ¥ ca Bu kted by means of summing the Mie
series, and in the Born approximation it is expressed
through an e Bmentary formu B

S=%$2(M$1) pg (sin u $ u cos u)/u;
u = 2p, sin (6/2). (16)

Having ca Bu kted eBments S; and S,, one can
easi ¥ determine the re Rtionship between the intensities
of primary and scattered fie s for different cases of
po Brization of the incident Eght fie M Ey (Ref. 5). For
examp B, if the incident Eght is unpo Rrized, then this
re Rtionship has the form

S11(0) = (0S,F + 0S,0P)/2 = 1,(0) K /1, (17)

where S11(0) is the e Bment of the Stokes matrix, I; is
the intensity of the incident radiation, 14(8) is the
intensity of radiation scattered in the direction
determined by the angl® 6; k =2r/A is the wave
number, r is the distance from the point of observation
to the partic B center.

Let us corre hte the range of app keabi bty of the
obtained approximation (MADA) with that of the Born
approximation and the Hullt approximation by
comparing the radiation intensities ca Bu kted by the
exact Mie formu Re5 for a spherica Bpartic B with the
resu lls obtained in the framework of three considered
approximations at different va lies of 6, p,, and g, (m).
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The dependences of Hh(S;;) on p; =2m/A (in
this case a is the partic B radius, p, O [1, 200]) are
shown in Fig.1 for three scattering angls
(6 =20, 90, 180°) and two valies of the reltive
refractive index of particB m=115+1i0 (®non-
absorbingB partic®), and m = 1.15 +i0.1. As it was
mentioned above, the valle B(S;;) was caBu kted by
exact Mie formu Re B(S;), in the B orn approximation®
h(S11B), and in the new modification of the abnormall
diffraction approximation (MADA) h(S1iN). It is seen
that MADA provides for a good agreement for reall
absorbing particBs of the sea suspension with
Im(ey) # 0 at any vallies 6 up to 180°, whi  the Hu lit
approximation is inapp kab B at 6 > 20°, because it
uses the cos© = 1 approximation.

Thus, significant expansion of the range of
app kabi hy is reached due to taking into account the
vo Bme spatia B arrangement of osci Btors, whik the
Hullt ADA is appkab® on¥ to description of
scattering by optica ¥ soft inhomogeneities at sma
angBs 6 (up to 20°). MADA is suitab B (just in the
cases of reaBcomp Bx valles m) for ca Bu ktion of the
scattering phase function at any 6, incBlding the
backscattering case.

In conc Bision it shou B be noted that MADA is a
step forward as compared to the Hu Bt approximation
and it is, in fact, a new approximation method for
so ¥ing the probBm of MNght scattering by opticall
inhomogeneities. In this paper we presented the
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rigorous mathematicall valdation of the method,
showed the ways for its subsequent improvement
(taking into account the vo lime diffraction when using
the Rytov phase), and proved a possibi bty of strict
setting of the prob Bm of determination of the range of
app keabi ity and the rate of convergence of the
approximate so Bition. Averaging over the partic B size,
when ca Bu Rting the scattering characteristics on the
ensemb B of partic Bs, shou B increase the accuracy of
MADA. Moreover, the Born approximation’ can be
used in this case for satisfactory qua Btative description
(this is seen from the figure). The proof of this
statement wi lbe presented in a separate paper.
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