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Abstract. We study transmission of unpolarized light (incoherent superposition of right-hand circular and
left-hand circular polarized waves) through an optically active medium doped by scattering Mie-particles.
The medium is assumed to possess circular dichroism. Within the spatial diffusion approximation, the
degree of circular polarization of the transmitted radiation is calculated. It is shown, that in the presence
of scatterers a significant increase in the circular polarization compared to the medium with no scatterers
can be observed.

1. Introduction

In an absorbing medium with optical activity, circular dichroism can be observed: the absorption
coefficients for the right- and left-handed polarizations differ from each other (see, e.g., [1]). The
circular dichroism is very sensitive to the configuration of complex molecules, as well as to
conformational transitions in them. Therefore, measuring the circular dichroism is one of the
most important methods of stereochemical analysis [2,3]. The main experimental difficulty in
quantifying the circular dichroism characteristics is due to a weakness of the effect [2-4].

In the last decade, in the context of nanophotonics (see, e.g., [5]), the optical properties of
particles with a high refractive index in the visible and near infrared ranges have been studied in
detail [6-9]. Near the first two Mie-resonances, the so-called first Kerker condition [10] has been
shown to be fulfilled (see, e.g., [6,11]). If the particle parameters satisfy the Kerker condition,
scattering in the backward direction is suppressed and, in addition, circularly polarized light
does not change its polarization upon scattering [7]. The depolarization of the waves becomes
noticeable only after a great number of scattering events [8,9]. In the case of the spatial diffusion
of light in such a medium, the attenuation of circular polarization occurs very slowly. The
results [8,9] enable us to expect that the addition of Mie-particles with the optical parameters
and sizes satisfying the Kerker condition to a homogeneous medium, on the one hand, should lead
to a significant increase in the photon path lengths in the medium, and, on the other hand, should
not disrupt the initial circular polarization of the waves propagating in the medium. When the
homogeneous medium possesses circular dichroism (the absorption coefficients of right-hand and
left-hand polarized waves differ from each other), the addition of Mie-particles should result in
a substantial increase in the difference between the intensities of the differently polarized waves,
Ir and Iy. The degree of circular polarization of the transmitted radiation in the medium with
no scattering |Ir — I|/ (Ig + 1) = AxL/2 (A is the difference between the corresponding
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absorption coefficients, L is the sample thickness), is replaced by |Igr — I| / (Ir + 1) = AxS/2,
where S is the average path length of photons in the sample. In the diffusion regime, the
inequality S > L is satisfied, and a significant increase in the ratio |Ir — Ir| / (Ig + I1) should
occur. Thus, similarly to such systems as a "random laser” (see, e.g., [12]) and a scattering host
medium for measuring weak absorption in liquids and gases [13,14], a disordered ensemble of
nearly resonant Mie-particles embedded in a medium with circular dichroism acts as a spatially
distributed resonator which increases the photon path lengths in the sample without violating
their circular polarization.

Below we study multiple scattering of initially unpolarized light (incoherent superposition of
right-hand and left-hand polarized waves) in a system of Mie-particles embedded in an optically
active homogeneous medium. The optical parameters of the Mie-particles are assumed to satisfy
the first Kerker condition. Within the diffusion approximation, the degree of circular polarization
arising in transmission of light through the medium is calculated. The degree of circular
polarization is shown to drastically increase in comparison with the case of a homogeneous
medium. The dependence of the degree of polarization and the enhancement factor on the
sample thickness are calculated.

2. Transport equations for circularly polarized components of light
As shown in Refs. [8,9], near the first Kerker point, the single-scattering matrix takes the form:

air 0 0 0

- 10 a 0 0

=10 0 a 0 (1)
0 0 0 a

where a; and ay are expressed in terms of the scattering amplitudes A and A of the cross-

polarized waves, a; = OAH }2 + \AL|2) /2 and az = Re AjA" [15]. Under the assumption that

the optical activity effect is small, the amplitudes A and A, can be calculated without taking
into account this effect.

For a medium with circular dichroism, right-hand and left-hand circularly polarized waves are
the eigenmodes of the medium [16] and, therefore, multiple scattering of light in such a medium
is conveniently described in terms of the Stokes vector in the circular representation [17-19]

Q—iU

A 1 I1-V

=7 r+v @)
Q+iU

where I, @, U V are the Stokes parameters in the standard linear representation [15]. The
values I + V are proportional to the intensities of right-hand and left-hand polarized waves,
Ing = (15 V)/2.

The vector radiative transfer equation with the scattering matrix (1) decouples into two
independent systems of equations. One system involves the Stokes parameters @ FiU (Q and U
characterize the linear polarization of light), the other system describes the circularly polarized
components Iry [8,9]. So, if the first Kerker condition is satisfied, the linear and circular
polarizations evolve independently of each other.

The intensities Ir and Iy, of the circularly polarized components obey the system of equations
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(see, e.g., [18-20])

0 A
[uaz—knoa—k%}[}g(z,u)—;IR(Z,M): no dn’aJr nn IR(z,u’)+

dn’ a+ nn -1y (z,//)—i—

/
no / dn’ a_ (nn') - I (=, 7) (3)
/

0 A
[Maz + noo + %} I (z,p) + T}KIL (z,p) = mno

no/dn' a— (nn') - Ig (2, 1) (4)

where p = nn;,;, n is the direction of wave propagation, n;,; is the inner normal to the sample
surface, ay (nn’) = (a1 (nn’) £ as (nn’)) /2, o is the cross-section of elastic scattering of light by
Mie-particles, ng is their number per unit volume, s is the average absorption coefficient of the
medium, A is the difference in the absorption coefficients of right-hand and left-hand circularly
polarized waves. The value of Asr is the magnitude of circular dichroism in a homogeneous
medium [2, 16].

3. Spatial diffusion of light
A solution to the Egs.(3) and (4) can be written in the form of expansion in a series in the
Legendre polynomials (see, e.g., [18,19]):

=2l +1

IR (2, 1) = o Igr (2,1) P () (5)
=0

The coefficients I 1, (2,1) appearing in Eq.(5) are subject to the equations

I 0Ir(z,1-1) l4+1 0Ig(z,l+1) (R) B
N1 9, + N1 9, + (Utat n0a+(l)) Ir (z,1) = noa—(1)I (2,1) (6)

I 0I_(z1-1) n I+10I_(2,1+1)
20+ 1 0z 20+1 0z

where O‘t(ot’ )= ngo + 2 F As/2 and

+ (agfg - n0a+(l)> I (2,0) = noa_ (D14 (z,1)  (7)

1
as(l) = / dpt (a1 () + a3 (1)) Pi(n) (8)
21

The coefficient a_(l = 0) is proportional to the depolarization cross section o4, introduced
n 21, a_(I = 0) = 04ep/2, where o4ep = [dn’(a; (nn’) — ag (nn’)). If the depolarization
cross section of o4, is much smaller than the transport cross section of elastic scattering
Odep < 0y = [dn'(1—nn')a; (nn'), the effect of slow decay of circular polarization is
observable [21]. In this case, the depolarization of circularly polarized light occurs after the
onset of the regime of spatial diffusion of radiation. This effect is most pronounced, if the first
Kerker condition is fulfilled and the ratio o4ep/04r reaches its minimum value [8,9].

Under the conditions of spatial diffusion in a weakly absorbing medium (we assume that
% < ngoy), the angular distribution of radiation turns out to be close to isotropic one,
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and only the first two terms with = 0 and | = 1 should be left in the expansion (5)
[18,19,21]. Then, Eqs.(6) and (7) are reduced to the following system of diffusion equations for
IR,L (z) = IR,L (Z,l = 0):

32[ > 3 . I; (z2) =0
|: JE2<) — 37’LQO’tTZRlR (Z):| 2n0 trdep ( ) ’

82.[ z 1 zZ) = 0
{LQ() —3n00’tr2[lL(Z):| + 5100 trOdep R (2) ©)

where the effective absorption coefficients appearing in the system (9) are equal to Xp; =
”nF A%/Q + noUdep/Q.

In the limit L > l; the boundary conditions to the diffusion equations (9) can be written as
Ir(2=0)=1Igr(2=1L)=0. For unit flux of unpolarized light (incoherent superposition of
right-hand and left-hand polarized light) incident on the boundary z = 0, the intensities Ip 1, of
radiation transmitted in the forward direction has the form

1 [ 5fltr E+lt7« |
Ip(Lyp=1)= —— |(1 — 1l —-n)—— 10
R{Lp=1) 8 (1 +n?) _( ) sinh e_L n(l=mn) sinh 4 L | (10)
1 [ E_Ztr 6+lt7~ )
(D=1 = —— |p(l+n)—=0 (1 =)t 1
L(Lp=1) 8 (1+n?) _77( 1) sinh e_L +(1=n) sinh e L | (11)

where the parameter 7 entering into Eqs.(10) and (11) is equal to n = [\/(ngadep)2 + (Ax)?

—Ax] [ (noogep). The attenuation coefficients e and e are determined by

o= \/ Snoois [% + % <n00dep =/ (m004ep)? + (A%)2>] (12)

According to Eq.(12), the quantities s + % N0 dep F \/ (noadep)2 + (A%)2 act as the effective

absorption coefficients for waves with different polarizations in the medium with circular
dichroism. If the depolarization process can be neglected (nooge, < As), we return to the
initial definition of the absorption coefficients for right-hand and left-hand polarized waves in a
homogeneous medium with the circular dichroism, » F As/2. In the opposite case of noticeable
depolarization (ngoge, > Ax), the difference between the effective absorption coefficients turns
out to be small (the difference is proportional to (As/ noadep)2).

The total intensity I = Ir + I, and the difference between the intensities of right-hand and
left-hand polarized waves I, — I (i.e., the fourth Stokes parameter V') are determined by the
relations

1 e_l; 5+ltr
I(Lp=1)= —— (14— -2t 13
(Lo =1) 47 (14 n?) [( ) sinh e_L =) sinh 5+L] (13)
HEN T (14+mn?) |sinhe_L sinheiL

In the absence of circular dichroism (A = 0) Eq.(13) transforms to the well-known formula
for the intensity I of the scalar theory (see, e.g., [21]). In this case the circular polarization does
not arise, and the fourth Stokes parameter is zero, V = 0.
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Figure 1. Degree of circular polarization for Figure 2. Enhancement factor ( ==

initially unpolarized light vs sample thickness Po/Pc(ng = 0) vs sample thickness L. The
L. The numerical calculations were carried parameters of the scattering medium are the
out for As/s = 31073, 04ep/0tr = 1073, same as in Fig. 1.

noo /> = 100. The solid blue and dashed black

lines correspond to the scattering medium and

the medium with no scattering centers (ng = 0),

respectively.

4. Discussion
For the initially unpolarized beam, the degree of circular polarization of radiation transmitted
through the medium can be calculated with the ratio Po = |V'|/I where V and I are determined
by Egs.(13) and (14). For a relatively thin sample, I, < L < Ip (lyp = (noatr)fl is the
transport mean free path, Ip = (3n00tr%)—1/2 is the diffusion length (see, e.g., [22]) the degree
of polarization increases with L as
2
re=55 (1) (15)

ltr

In the limiting case of very thick samples, L > lcirc, (leire = (64 — 5_)_1 is the length of circular
polarization attenuation [18,19]), the growth of the degree of polarization saturates and Pc tends
to the limiting value

P = = (16)

\/(noadep)2 + (A%)* + 100 dep

An example of numerical calculations for the L-dependence of Pg is shown in Fig. 1. We
use the typical value of the ratio As /s [2] and the value of 0gcp/0¢ corresponding to the first
Kerker point for Si particles [8,9]. From the figure it follows that the addition of scattering
Mie-particles to a homogeneous medium with circular dichroism leads to noticeable increase of
the degree of polarization at relatively small thickness L. For characterizing the increase in
the degree of polarization compared to the case of a homogeneous medium, we introduce the
enhancement factor ( = Po/Po(ng = 0). The L-dependence of this factor is illustrated in Fig. 2
for the same parameters of the medium as in Fig. 1. The enhancement factor peaks at L ~ 1/.
The maximum value of { can be estimated as (naz ~ /N0t / 7.
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5. Conclusions
In conclusion we have studied the propagation of initially unpolarized light (incoherent
superposition of right-hand and left-hand polarized waves) in a medium with circular dichroism
containing randomly spaced Mie-particles. The degree of circular polarization in the transmitted
beam has been shown to increase due to the presence of scatterers. This effect is most pronounced
if the first Kerker condition for Mie-particles is fulfilled and the ratio of the depolarization cross
section to the transport cross section reaches its minimum value. In this case, the disordered
ensemble of Mie-particles acts as an optical resonator which leads to an increase in photon path
lengths in the medium without changing the state of their circular polarization.

The results obtained above can be of interest for applications in studies of optically active
liquids which can be easily doped by scattering centers.
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