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Abstract: The scattering properties of a conducting cylinder coated with an anisotropic chiral material have
been investigated by using Mie’s approach. By using the boundary conditions across the free space, anisotropic
chiral layer and the perfect electric conductor interfaces, a set of six equations having six unknowns scattered
coefficients are obtained which are solved numerically by Cramer’s rule. The influence of chirality, permittivity,
and permeability on differential scattering cross section and the variations with respect to different parameters
are studied. The numerical results of the electromagnetic scattering response are presented. Uniaxial chiral
layer is a special case for chiral material. The knowledge gained by this study is useful in many applications
such as biological studies, medicine, telecommunication, meteorological studies etc. The results are compared
with available literatures which are in good agreement under special conditions.

Keywords: Scattering, Perfect Electric Conductor, Chiral Material, Co-polarized, Cross-polarized, Scattering
Cross-section.

. Introduction

For the last many years, the materials made up of chiral objects have proved their worth in the
electromagnetic field theory. A chiral object is a three-dimensional body that cannot be brought into congruence
with its mirror image by translation or rotation [1].In the current treatise, the effects of permittivity and
permeability on anisotropic chiral layer in co- and cross polarized modes have been examined using Mie’s
analysis. It is demonstrated that a uniaxial chiral material can be used as a polarization transformer [2, 3, 4].
Hulst [5] used Mie’s approach [6] for the analysis of both dielectric and conducting cylinders and spheres. The
cylindrical vector wave functions are used to analyze scattering from cylinders [7, 8].

In wave propagation, the property of handedness, shown by chiral materials, is based upon the process
of wave polarization, and is described in terms of helicity. E-polarization is counted which is perpendicular to
the direction of propagation. If E-vector rotates clockwise, material is right handed, and vice versa [9]. The
passage of linearly polarized electromagnetic wave through a chiral medium results two significant mechanisms,
i.e. the magneto-coupling and optical rotation [9, 10]. According to the former property, electric and magnetic
excitation give rise to both electric and magnetic polarization effect and the latter property has effect of cross
polarization due to which linear polarized light rotates into circular polarized waves. Behind the medium, the
two waves combine to yield a linearly polarized wave whose plane of polarization is rotated with respect to the
plane of polarization of the incident light. This amount of rotation depends upon the distance travelled in the
medium which implies that the optical activity is completely a medium phenomenon, and not just a surface
impact [11, 12].

A random arrangement of helices into a medium whose permittivity and permeability is uniform gives
rise to an isotropic chiral material. If all the helices in the material are arranged in the same direction, the
material becomes an-isotropic i.e. directional dependent. This can be assembled by inserting small helices in the
isotropic host medium in such a way that all the helices are oriented parallel to a fixed direction, but distributed
randomly.

For the an-isotropic chiral medium, the electromagnetic fields satisfy the following constitutive

relations [13] _
D=§-E—j/ponE-H 1)
B=0 H+j/ict E &)
with the medium parameter dyadics
€ = ecajay + €(ayay + a,a,)
o= Hyyay + ut(ayay +a,a,)

E = éaXaX
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Where & represents the chirality parameter. Here the axes a, and a, are transverse to z-axiswith a, =
a, X a,. They are selected so as to form the natural coordinates for the geometrical optics. The analytical
formulation is given in section I, the differential scattering cross-sections are given in section Il1, the numerical
results and the discussion are explained in section 1V, and finally the conclusion is given in section V.

I1.  Analytical Formulation
Consider the geometry of a conducting circular perfect electric cylinder of radius ‘a’ coated with a
uniaxial chiral layer so that the external radius is ‘b’ as shown in Fig. 1.

11
Incident |11
wave  —H-—3»
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Conducting Cylinder Uniaxial Chiral Layer

Fig. 1: A conducting cylinder coated with an anisotropic chiral material

Let m., k; and k_ are the chiral impedance and the wave numbers of the uniaxial chiral material
respectively. For simplicity, we assumed the coordinate system so that the incident wave is travelling along the
positive x-axis, and the axis of cylinder is coincident with z-axis as shown in Fig. 1.Since the arbitrary polarized
waves TM?Z and TEZare independent and dual with each other, so TM?* incident case is considered without loss
of generality [11]. The region outside the cylinder has been named as region 1 with p > b, and has wave
number ko = o,/ €0, While the region with uniaxial chiral layer has been named as region 2 with a <p <b,

and has wave number k, = k,/A; with [14, 15]

ke = o,/p,e

1 € 1 € 2 éz €
Ai:_ ﬁ+_z + |- bz _ &z +M (3)
2\p e 4\p e Hest

Where ¢, g and g, are the axial permittivity, the transverse permittivity and the permittivity of free
space respectively; while p,p andp, are the axial permeability, the transverse permeability and the
permeability of free space respectively. The expression (3) may be simplified using the following notations

E=2 , M=%, k=% and X=VME- K

&t My ke
These quantities are assumed to have real values which presume the absence of losses in the uniaxial

medium. Moreover, for X to be real, the inequality p e, > §2p080 is assumed to be valid which limits the
magnitude of the chirality parameteré. The values ofE, M, and X are assumed to be positive, and A, may be

expressed as
1
Ay = E[M +E+/(M—E)? +4K2]
=%[M+Ei\/(M+E)2—4X2] @)

Let &, €4 and &, be the unit base vectors of the circularly cylindrical co-ordinate system. Then, from
the classical cylindrical Eigen modes m,, (k) and n,(k) [7, 14], a set of uniaxial chiral wave functions can be
constructed of the form, [7, 15]

(@

An (k) _ 1 [in inba aZn(kp) ing a inp a

{B(q)(k) =G|y Zlente, - ZiE e, + Kz, (p)e e, ®)
n

Whereq = 1,2,3,4 indicates that Z,(kp) becomes one of the Bessel functions

Jn(kp), Y,(kp), H,(ll) (kp) and Hr(f)(kp) respectively. Using these wave functions, the co-polar (r2® and r>P)
and cross-polar (r2® and rP?) differential scattering coefficients for the uniaxial chiral coated layer can be
derived.
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The incident TM* wave of unit amplitude of electric field can be expanded in terms of the circular cylindrical
vector wave functions as [16]

El1 — éZEle—ikOX — éZEle—iko(pcosq)) — Z AE]I) (kO)
n=-—oo

. © i N F] R N
Ei = Zn=-w %]n(kop)e]n(bep - a_p]n(kop)e]nq)ecb + kO]n(kop)e]n¢eZ] (6)

By Maxwell’s equation, the corresponding component of incident magnetic field is [16]

. 1 v j ind A {4 ITOPN jnd &
HY = oS [ (eop) ™8, = -1 (kop) ™ @ + kol (kop)e™ 8, ¢

Where n, = \/? represents the wave impedance of free space, and J, (kqp) is the Bessel function of
0

first kind. The scattered electric and magnetic fields in region 1, associated with the incident fields, may have
both TMZ* and TE* components expressed as

B = > [x7A0 (k) + "B ()]

n=-o
Ef = Si . {2 D HD (kop)e™e, — - HE (kop)e™ ey + koI (kop)e™@8, | + 1 |2 H (kop)el™Pe, -
a ind A ind A
S HD (kop)e ™y, — koHy (kop)e™?@, |} ©)
1 0
H = — >[4 (ko) - 1i*BL ko))
lT]O

n=-oo
HI =
e {r2 [2H (kp, )@, — S HLP (kp, Je™eq + koHL" (kp, )e™@e, | — ri® [T HLP (kp, Je™0e, -
S HD (kpy Je™ &g — koHL (kp, )e™, |} ©

Where H,(ll)(kpo) is the Hankel function of first kind used to represent the out-going travelling wave,
while 7% and % represent the scattering coefficients for the right circularly polarized (RCP) plane waves.
According to the cylindrical vector wave functions in the uniaxial chiral material, the electric and magnetic
fields within region 2 are

o0

BS = ) [adP (k) + 5BV (k) + 6,0 (k) + 4B (k)]
n=-—ow

E;=  Yi-— {an i;n]n(k+p)ein¢ép - :—p]n(k+p)ei”¢é¢ + k+]n(k+p)ei"¢éz] + b, [i;n]n(k_p)e"n"’ép -
= Jle_p)e™Pey — k_Ju(k_pe™@e,| +

n [Z BV Gkup)e ™2, — 2 HID kyp)e™ 2y + ko HYD (kup)e ™02, + do [ HiV (k-p)e™?2, -

2 1D (k_pe™e, — k_H (k_ple™e, |} 10)

1 0
Hy = oo ) [anAf (k) = 0B () + 6 (k) — B (k)
n=-—ow
w ' ind A ] ind A ine 4 ] ing 4

HS = i [ (kp)e™ 2, = 2 (kpe ™2y + kJu(kpa)e ™2y | = by [ 7] (kp-)e™ e, ~
] ind A ind 4
%]n(kp—)em(ped) - k—]n(kp—)eln¢ez] +
e |2 HD (kp e e, — 2 HP (kp,)e™ ey + k HD (kp. e, | — dy [ HD (kp_)e™0e, -
] ine 4 ind 4
S HD (kp_)e™ ey — k_HSD (kp_)e e, || (11)

Where a,, b,, ¢, and d, represent the unknown scattering coefficients which can be found by using
the appropriate boundary conditions at the inner and the outer uniaxial chiral layers, i.e.at p =a and p = b.
The boundary conditionsat p = a are

E5=0
H2C=O} p=a, 0<¢<2m (12)
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The boundary conditionsat p = b are

El + E] = ES
! =b, 0<¢p<2m 13
Hi+Hp=Hef P ¢ (13)

We obtained a system of six simultaneous equations as under
Koy (kob)Ta® + koHy” (kob)Ta? — ke Ju(k b)an —

k_Jn(k_b)by, — k HS® (kyb)cy — k_HS (k_b)d,, = koJy(kob) (14)
koHS" (eob)T8® — koHS (leogb)T% — ko) (e b)Yy, + ke_J(k_b)by — ke HSY (kyb)cy + k_H (k_b)d,, =
kofn (kob) | , (15)
koHy” (kob)rs® = koHy" (kob)ri” =12k (e b)an + 20k _Ju(k_b)by =2k Hy (kyb)ey +

2 je_H{ (k_b)dy = =Ko/ (kob) (16)
koHy" (kob)T® + ko Hy (kob)Ta? = T2k yJu (k4 b)an = 12k _Ju(k-b)by = 1% ks P (k4 b)cy =

2 k_Hy (k-b)dy = ~koJn(kob) (17)
ko Jo(e,a)ay, + k_J(k_a)b, + k,H® (k, a)e, + k_H® (k_a)d, = 0 (18)
kyJn(ky@)an — k_Ju(k_a)b, + kyH (kya)c, — k_HP (k_a)d, = 0 (19)

The set of these equations yields a matrix of order 6 X 6 in terms of unknown scattering coefficients. The
solution of this matrix, which can be solved by Cramer’s rule, gives the unknown scattering coefficients.

I11.  Scattering Cross-Section
The differential scattering cross-sections per unit length for the right circular co-polarized and cross-

polarized (RCP) plane waves can be written as [16]
do 2

dplpcporep ko
do _ 2 0 ab ,ing 2
— =—|¥r__ riPe 21
I lncp-ip e =T ] _ o
The differential scattering cross-sections per unit length for the left circular co-polarized and cross-polarized

(LCP) plane waves can be written as
do 2

S, raceind|? (20)

0 ing |2
dplicporep E'Z =T ¢| (22)
do _ 2 o ing |2
a9l cporce E'Z ——o e (23)
IV.  Numerical Results And Discussion

The numerical results are based upon the analytical formulations for PEC circular cylinder coated with
uniaxial chiral layer of constant as well as varying thickness. The differential scattering cross-sections for right
circular co-polarized and cross-polarized plane waves, given by equations (20) and (21), for uniaxial chiral
coated conducting cylinder have been plotted as functions of scattering angle in all the plots. The differential
scattering cross sections for left circular co-polarized and cross-polarized plane waves may be determined is a
similar way. The radius of the conducting cylinder has been chosen for simulation to be kya = 0.60 =, while
the radius of the uniaxial chiral coating layer is kyb = 0.90 &. For the lossless case, the permittivity has been
chosen as ¢ = 4¢, , while the permeability is p = p . For the lossy permittivity case, the permittivity is
e = (4 + 2i)gy , while the permeability is p = . For the lossy permeability case, the permittivity is & = 2s,
while that of permeability is p = (2 + p,.

Fig. 2, (a. & b.) shows the variation of differential scattering cross section of the co- and cross-
polarized components with change in values of scattering angle for a uniaxial chiral coated cylinder for lossless
case with unit value of chirality. As the thickness of the chiral coating increases, the value of differential
scattering cross section for the co-polar components goes on decreasing as a function of the scattering angle;
while for the cross components, the value of differential scattering cross section has different values for small
values of scattering angle, but has almost the same increasing values for the larger values of scattering angle.

Fig.3and fig.4show the comparison between co-polar and cross-polar components of the scattered field
respectively by a PEC uniaxial chiral coated cylinder for &§=0, & =¢,=¢, and p. =p, =y, Wwhich
tends to PEC chiral coated cylinder of the published literature [11]. Fig. 5 and fig. 6 show the variations of
differential scattering cross-section with respect to the scattering angle for the right circularly co-polarized and
cross polarized plane wave for different values of chirality i.e. &= 0.0, 0.5and 1.0 for the lossless, lossy
permittivity and lossy permeability cases respectively. It is observed in fig. 5 that the differential scattering cross
section per unit scattering angle splits with increase of uniaxial chirality, because due to presence of scatterers of
different size, the resonance occurs. It is also noted that for any of the two values of scattering angle, the

DOI: 10.9790/1676-10333644 www.iosrjournals.org 39 | Page



Electromagnetic Plane Waves Scattering from an Anisotropic Chiral coated...

differential scattering cross section has the least value. Since the incident wave is travelling along positive x-
axis, so the scattering pattern has a maximum in the forward direction i.e. ¢ = 0°. It is shown in fig. 6 that the
scattering maximum pattern in the forward direction goes on decreasing with increase of chirality. For scattering
angle up to  90°, the differential scattering cross-section per unit scattering angle splits a little bit, but for larger
scattering angle, no splitting occurs and the differential scattering cross section has almost constant higher
values for different values of chirality.

Fig. 7 and fig. 8 show the comparison of co-components with the cross-components for the variation of
differential scattering cross section with the change in the value of the scattering angle for different values
chirality for the lossless and lossy permittivity cases. For different values of chirality, we have approximately
same co and cross components. It is noted that as the scattering angle increases, the differential scattering cross
section falls rapidly to a minimum value; but for large values of scattering angle and with increase of chirality,
the resonance effect keeps on increasing and the splitting occurs. The peaks of the cross components shift to
higher values as the value of ¢ increases with no splitting and resonance effects.

Fig. 9 shows the comparison of the results of scattering behavior of uniaxial chiral material with a
chiral one for the variation of differential scattering cross section with the change in value of scattering angle for
different values of chirality for the lossless case. Due to the isotropic property of chiral material, the differential
scattering cross section per unit scattering angle splits and the resonance occurs; whereas due to the anisotropic
property of uniaxial chiral material, only a little bit splitting in observed. Moreover the uniaxial chiral PEC
cylinder has only one value of scattering angle where the differential scattering cross section has the minimum
value.
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Fig. 2 (a, b): Variation of differential scattering cross section of the co- and cross-polarized components with
change in values of scattering angle for a uniaxial chiral coated cylinder of varying thickness (chirality=1,
Lossless case).
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Fig. 8 (a, b, ¢): Comparison of co-components with
cross-components for the variation of differential
scattering cross section with the change in value of
scattering angle for different values of chirality.
(Lossy Permittivity Case)
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Fig. 9 (a, b, ¢): Comparison of the results of uniaxial chiral with chiral material for the variation of differential
scattering cross section with the change in value of scattering angle for different values of chirality. (Lossless
Case)

V.  Conclusion

In present paper, the Eigen wave functions are developed to scrutinize the electromagnetic scattering
from uniaxial chiral coated conducting cylinder using Mie’s approach. It is observed that uniaxial chirality in an
object affects significantly the scattering properties of the scatterers and the nulls of the scattering pattern shift
according to their polarization due to the presence of different wave numbers. The addition of uniaxial chirality
produces the circular birefringence which is evident from the splitting of co- and cross-polar scattering cross
sections. It is also perceived that splitting and resonance effects in scattered wave from uniaxial chiral layer are
much less than that from a chiral layer. That’s the reason the uniaxial chiral medium is recommended for the
design of reflection-reduction curved surfaces in a wide band frequency range.
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