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Introduction

This book contains the proceedings of Bionisotropics'9l, an international seminar on electrody-
namics of chiral and bianisotropic media. The seminar was held 12 - 14 October 19g3, in the
city of Gomel, in the southeastern part of the republic of Belarus. The seminar was organised as
a continuation of Bi'isotropics?3, whidr was a workshop on novel microwave rnaterials, held in
Espoo, Finland, in February 1993 (for the scientific contributions of Bi-isotropics?J, see No. 132
of this Report Series).

The venue, why Gomel? - Since 1950's, the study of electromagnetics and optics of gyrotropic
and bianisotropic materials has been intense irr Belarus, and in the former Soviet Union in
general. Academician F.I' Fedorov, his research groups, and his students have created a fertile
basis for research on electrodynrmigs 6f sernplex materials. No wonder therefore, that the Gomel
seminar attracted scientists and engineers in the international scale. The a.ffiliations of the 30
participants of Bianisotropics?9 can be found in this report.

The seminar put a sttong emphasis on the scattering from helical structures, whic-h is a key
issue in the chiral and anisotropic electromagnetics research, This aspect can be also seen in the
reports of the Proceedings. The Proceedings reflects the Gomel seminar quite fully; only two of
the presentations given irt Bianisotropics'9| ate missing from this report (those of A. Serdyulov
and v. shepelevich). on the other hand, the paper by v. semenenko and D. Ryabov on page
116 has been included although it was not presented in Gomel.

While one of the objectives of the present Proceedings also is to promote contacts across the
former iron curtain, the phone, fax, and electronic mail codes are listed for the participants.
Through these means, the speed and efficiency of commr:nications between the scientists in
East and West has increased (and is increasing) dramatically in the present times. Catch the
opportunity and contribute to the global warming! Tedrnical and scientific interaction is to be
fostered.

Bianisotrpics ?3 has been supported by a few institutions. We acknowlegde the generous help
from

o Regional Council of Gomel

o Gomel State University

' VVV Company (Production-Commercial Company of Gomel. Automobiles, Computers, Soft-
ware. Phone/fax (7 0232) 579-700, b?9-250, 5?3-?93)

r The Electromagnetics Laboratory of Helsin-ki university of rechnology

r IEEE (The Institute of Electricel and Electronics Engineers) MTT (Microwave Theory and Tech-
niques) Society within Region 8

And the continuation? Demand for seminars on complex media electromagnetics is great. The
next workshop will be held in Flance, in 16 - 20 May, 1994. The organising institution is
the Flench Atomic Energy Commission CEA-CESTA. For more information, please contact
F. Mariotte (see list of participants).

4 . s . ,  s . T . ,  r . s .
Espoo, St. Petersburg, Gomel
November 1993
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Similarities and differences
between bi-isotropic and anisotropic

electromagnetic quantities

Ari Sihvola

Helsinki University of Technologn Electrom.agnetics Laboratory
Otakaad 5 A, 02150 Espoo, Finland

AgstRr,ct:- To choose a well-balanced topic for a presentation in a work-
shop named Bionisot.pics?3, this study focuses on the common elements
in the electromagnetic behavior of two distinct material classes: biisotropic
and anisotropic media. Bi-isotropic media are insensitive in their responses
to the direction of the field vectors, whereas an-isotropic media do not react
electrically to magnetic excitation and vice versa. The polarizability matrix
elements of a small homogeneous sphere depends on the materiar pararne-
ters, and this presentation studies the anaiogies between the polarizability
components of the two diferent material spheres.

The well-known_[1] bi-isotropic constitutive relations between the electric (E, D)
and magneti c (E , B) vectors

D: eE + (x  -  jq) { l "% E

B=pE+(x+ jK )Jw"E

are followed in the present analysis. If one wishes to consider the electromagnetical
reaction of a small inclusion of bi-isotropic material - characterized by the material
parameters e (permittivity), p (permeability), r (chirality), 1 (nonreciprocity), -
the electric and magnetic dipole moments p., p- need to be evaluated. The response
is contained in the polarizability components of the inclusion, which can be arrange{
i n a 2 x 2 m a t r i x f o r m :

( 1 )

(2 )

(3)F,)Ip "
\F - ;:(fi. ;:)(

In the polarizability symbols a;1, there are two indices: the first (i) denotes the
polarization type, and the second (j) is for the origin of the polarization.

The polarizabilities of a sphere with volume V = 4ras lJ ate



o.r. :  3€oV
(e - e,)(p. + 2p,) - (x2 + x2)t,,e,

fu * 2p,.)(e -l2e") - (x2 + nz)p"e,
(4 )

(5 )

(6)

(7)

a. : 3lt oeoV

a^. = SpoeoV

a^^ = 31t'oV

3(y - jn)J1t"e.

@ I2pr")(e + 2e") - (y2 + n2)poeo

3(y + jn)Jp"e.

fu. + 2p,")(e -t 2e,) - (y2 + n2)poe"

0r - tt")(e * 2e") - (x2 + xz)y.,e,

Qr * 2p")(e * 2e") - (y2 + *2)p"eo

These polarizabilities are very essential in the modeling of bi-isotropic media.
For the nonchiral reciprocal limit r -- 0, X --+ 0, the polarizabilities simplify to the

well-known expressions :
a - t

d e c :  J e o v  .  ; -
e + z e o

^  , ,  P -  P o
Qn^:  JPov - - - - , - - ; -

P -t zP"

Q ^ r = d . - = 0

Note here the decoupling of the electric and magnetic quantities, compared with the
bi-isotropic case.

Let us next take a look at the polarizability behavior of anisotropic small inclu-

sions. Bi-isotropy refered to isotropy in the sense that no direction in the space is
special, the macroscopic electromagnetic behavior of the material is independent of
spatial rotations. However, magnetoelectric coupling exists. In contrast, anisotropy
accounts only for electric polarization due to electric excitationl but the response is
sensitive to the vector directions.

Dielectric anisotropy means that the polarization caused by electric field is gen-

erally not in the same direction as the field itself. Correspondingly, in anisotropic
magnetic materials, the average magnetic dipole moment density is only in pdncipal

axes directions parallel to the magnetic field. In bi-isotropic media, on the other
hand, there are no special axes, or directions. Therefore, it may seem strange that

so different polarization mechanisms as in these two different classes of matedals,
there exist similar laws in the polarizability descriptions.

The constitutive relations of anisotropic media are formally simpler than bi-
isotropic ones. For dielectrically anisotropic media (for example magnetoplasma),
the permittivity is dyadic:

D :Z 'E ( 1 1 )

and for magnetically anisotropic media (for example, ferrites), permeability is dyadic:

B =T ' .  E (  12)

1Or, in the magnetically anisotropic case, magnetic polarization due to incident magnetic field.

(8 )

(e)

(  10)

l 8



Let us consider an anisotropic sphere, with permittivity dyadic

E : eni l ,n&" + evuyAu ! e"i l r i l ,"  !  eou, x T (  13)

This consists of a symmetric (biaxial) part and antisymmetric (gyrotropic) part.
The gyrotropy axis is here assumed to be aligned with one of the symmetry axes
{1,. €c is the measure of gyrotropy. The gyrotropic character of the permeability
in ferrites can be exploited in nonreciprocal microwave applications, like circulators
and isolators, but also nonreciprocal permittivities are being studied for the use of
gyroelectric waveguides [2].

The polarizability dyadic of this sphere can be shown to be [3]

d :  L  a i j u . uy
i , j=z,z,y

(14)

with components

o""=lr"Vffi
o*=3'"Vffi
or.:3r"Vffi

e.qy:- . 'yc=lr"Vff i

( 1 5 )

Qsz :  d r t  =  Qg"  :  q . ru :  0

There are striking similarities as one compares the gyrotropic polarizability com-
ponents of (15) to the polarizability matrix of a bi-isotropic sphere (4) - (7).

In (15) the gyrotropy parameter eo affects the polarizability components. If it
vanishes, the matrix becomes diagonal and the components become simple functions
of the permittivities like in the perfect isotropic case. However, in the gyrotopic
case, there is one component that is not affected by en. This is the z-directed
copolarizability a"" which is the same as isotropic. It means that, for example in
the case of a ferrite sphere, the gyrotropy has no effect on the copolarizability in the
external magnetic field direction.

On the other hand, gyrotropy affects the transversal components d.nn ar'd. auu
as also the off-diagonal components o", and cr". Ilere eo plays a similar role as
the chirality parameter rc or nonreciprocity parameter 1 in the case of bi-isotropic
sphere. Ilowever, there is a change of sign: the denominator of the gyrotropic case
is

( e , * 2 e " ) ( e r + 2 e " ) + e 1

whereas the corresponding expression for the chiral (Pasteur) case is

(e * 2e"\(y, * 2p,) - ot lroro



and in the nonreciprocal (Tellegen) case

(e *  2e")(p.  *  2p.)  -  x2 poeo

and in the general bi-isotropic case

(e -t 2e")(p + 2p") - (x' + n2)poeo.

These quantities, and also the polarizability expressions, have full correspondence
if the gyrotropy is imaginary: €, - jg where g is real. This is in fact the case in
magnetoplasma [4, 5] or in the case of the permeability of ferrites [6]:

. t 7 =
p : l . tauzuz + l t t \ I  -  I"U") I  1luz X I (16)

The imaginary nature of the gyrotropy in the permittivity/permeability expression
completes the analogy with respect to bi-isotropic media. We can write the following
correspondence table:

Pasteur
nedir.rn

Tellegen
uedium

Dielectr j .cal ly l lagaetical ly
1Um um tyrotrop]'c roP]'c

K

e

It
d."

Q^^

dem

&me

X
t

p
do"

d^

&em

- d m e

Jee

dax

aw

d.rlr

dyn

i trc
P"
Pv
d",

Qw

Aey

due

1

Due to this wonderful correspondence, all the conclusions and numerical results
that have been made for bi-isotropic media are valid (mutatis mutandis) for spheres
made of gyrotropically anisotropic material, regardless of the nature (be it of dielec-
tric or magnetic origin) of the gyrotropy.

PosrscRtpt

During the talk and in the discussion session of Gomel Workshop on the topic
of this paper, the issue about the meaning of the very tetm gyrolro.py was raised.
It turned out that scientists understand this concept differently, even those within
the same country and research culture. Therefore also the use of the term is by no
means precise, especially as people from separate fields talk about these problems.

In the most vague sense, gyrotropy means any deviation from the simple isotropic
behaviour D: eErB: pE. This approach would embrace all anisotropy and bi-
isotropy within the domain of gyrotropy. However, as the present paper attempts
to show, the aspects of nonisotropic phenomena in electric, magnetic, and magne-
toelectric media can be classified more concisely.



ttGyrotropyt' originates - again - from Greek; gyros meaning 'ring' or ,round'

Qvpos)' Hence the most natural meaning for gyrotropy is to afiliate it with those
media that are characterised by the property of rotating the polarisation plane of
the linearly polarised electromagnetic wave. Ferrites and magnetoplasma are there-
fore gyrotropic, and these materials also possess the permittivity (or permeability)
dyadic, which is a gyrotropic dyodic (i.e. the dyadic contains a component of a x 7).

This is not the case for Pasteur media, which also rotate the polarisation plane,
but the material parameters are isotropic, and the parameter dyadics multiples
of the unit dyadic. Still, due to the rotation, chiral media deserve the label of
gyrotropy, although the medium is different (it is reciprocal and isotropic, instead
of nonreciprocal and anisotropic, like ferrites).

If we keep the criterium of rotation for gyrotropy, we have both reciproca.l gy-
rotropy and nonreciprocal gyrotropy. But Tellegen medium is not gyrotropic, al-
though it is magnetoelectric. Also one can find examples of more complicated bian-
isotropic media which are not gyrotropic, although these contain magnetoelectric
coupling which is of a dyadic form, like so called special O media discussed in other
talks of the Gomel Workshop, and also in the present proceedings.
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Microscopic properties of a chiral object

A.P. Vinogradov

Scientific Center for Applied Problems in Electrodynarnics
Russian Academy of Sciences, Izhorskaja 13/19, Moscow, L274L2 MAN, Russia

The most part of investigations concerning the propagation of electromagnetic
waves through inhomogeneous media deal with the cases when any scale of inho-
mogeneity o is small in terms of both free space wavelength )o and wavelength );.1
inside any domain of the medium (ak ( 1), where k is a wavenumber. In this
case it is possible to consider the interaction of an electromagnetic wave with in-
clusions in steady state approximation (a& = 0) and successfully use some kind of
EMA theory [1,2]. Recently the attention of scientists has been attracted to cases
when wavelength );.1 may be comparable with some characteristic length o of in-
homogeneity [3, 4, 5]. In this case, one can not neglect the value of (aft) and has
to take into account retardation and nonpotential (vortex) character of fields. The
exact consideration implies introducing nonlocal constitutive equations (see [3, 6]).
Fortunately if (a,t) < 1 in matrix material it is still reasonable to work with local
constitutive equations. It is the case of high conducting inclusions. Inside the in-
clusions (o,t) > 1; fields here are vortex, and currents flow only in thin skin layer.
Outside the inclusions the value of & may be so small that (c&) < 1. To take into
account nonpotential feature of fields it is sufficient to use renormalized value of
conductivity and introduce an efective permeability due to eddy currents [2, 4, 5].
Both of these effects are of the second order in (a&).

Now we consider chirality that is an effect of the first order in (a&). We study
composite material containing wire helix inclusions. We confine ourselves to the
case when the external sizes of the wire helix: the length .L of the helix, the wire
radius r-, and the helix radius r,! are less than the wavelength in surrounding
medium. We hope that subject to (/cI) < 1 it is possible to describe the system by
local constitutive equations with additional terms. Nevertheless, the effects may be
significant because the total length 4 of the wire may be about )/2; and a resonance
may apPear.

The absence of the center of symmetry in the helix yields the rotation of polariza-
tion of scattered fields [7]. Let us consider an electromagnetic wave that falls on the
helix along axis z with electric field polarized parallel to g-axis. The field causes the
movement of charges up and down the helix. The current flowing along y-axis will
emit g-polarized wave. There also exists c-component of the current which might
radiate c-polarized wave. Since in opposite parts of a helix turn the a-currents flow
in opposite directions the radiation of c-polarized wave is due to retardation (,bo)
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of the electro-magnetic wave. Thus there appears c-component of electric field that
means rotation of polarization and this rotation is proportional to (,to).

Below we consider this effect quantitatively for a single helix inclusion. We
confine our consideration to calculating the magnitude of induced electric and mag-
netic moments as well as chiral factor of single inclusion keeping in mind that there
are many articles [8, 9] devoted to the problem of cooperative interaction of chiral
inclusions.

We shall deal with frequency domain representation. Complex notation is used
throughout the article with ei'r time dependence assumed, and then suppressed.

Ifwe deal with perfectly conducting thin wire ne can neglect the angular currents
and consider the tangent components only. In this case it is more convenient to
deal with the whole current J and linear charge density p obtained by integration
current and charge densities over the cross section. We shall also use the following
approximation for Green function [10]:

" - i k l (x "  

-c , r )2  +(v , -v , , )z  + (2 . -  2 , ,  )2  +r1 ]0 ' r

- n. ')2 * (g, - y,,)2 * (r.  -  , , ,) ,  * r | ]o.s

where s is an arc length at the point r: {c,,y,rz,}.

For the tangent to the wire component of the electric field on the helix to vanish,
it is require that El"t"t - Ei* + E::0, where El'" and E! arc tangent components
of the incident and scattered electric field. This leads to the first order Fredholm
integral equation which is incorrect [11]. The approximation (1) will not lead us to
the correct solution unless special precautions are taken. The correct results may
be obtained in scheme proposed by Mei [12].

Using the aforementioned technique we numericaly solve the diffraction problem
and obtain the relationship

J(s) l ; (s)  : ; ,  [ -  A; i (s ,s ' )E]" (s ' )ds '  :  uT; iG)Es5 Q)J L

Following the scheme suggested by Born [7] it is possible to evaluate the electric
moment P, the magnetic moment M , and. the chiral factor B for a single inclusion.

The value of the P we obtain using the law of charge conservation : iw p - * dioj .
For thin wire we rewrite it in the form p = *++ and obtain:

p . " - i h \ t l  :  t  
.  ,  ,  , . ds

j " r i \ s )p \ s ) \T r ; ) v  =

i  1  , , d J ( s ) ,  i  , t L  i  1 , , , ,= -  J lu(s) ids 
-  ur ;J  i i  -  

*  ! "J(s) l ; (s)ds

Using zero boundary conditions for current we obtain electric moment per unit
volume: ' l  r t

n:; JrJ"Ar,(r,r ' ; .- irr( 'r-(rr) ld"dr,El 
= or,El (B)

( 1 )
[ (" '

G( " , " ' ;  =  
{
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The efiects considered here are beyond the scope of steady state approximation,
there is no reason to think that oii - a;i. Below we focus our attention on an
antisymmetrical part of the susceptibility tenser. At first, we give some speculations
favoring the following form of antisymmetrical part: ati = k^a;i,^,

Since we are interested in first-order effect in (o,t) we can use the following
expansion of the incident field:

E;""G) - Esie-i(h^"-) - g(o)'rc * Ejl)i* - Eoi i(k^c^)Esi (4)

that yields the corresponding modification of (2):

7{r)(s)l;(c) - uk^ 
I"Or,(r,s')c-(s')Eo; 

dr' : rT!},)^k^Eoi

For antisymmetrical part of the susceptibility tenser we obtain:

a?; = t" l"#[.4;;(s,s') - d; i(s, s')](- ik^t^)i tsits'  :' r J r l

: -;x^ J"vlr!))-to - r,lllt'll its: k^as'^ (5)

The zero-order term of oi; is zero because it corresponds to the case of steady
state fields (,to : 0) and for this case permittivity tenser is symmetrical.

Following the common procedure [7] let us introduce a tenser gij:

9a i :  iay,J :  -  ia ,y , i  j  :  1 ,2,3;  u i th  cyc l ic  t ransposi t ion of  { t ,y ,z}

and write P of the form P; = oiiEff ! ie4lp;E{i" where p; : g5tht.

If we dealing with isotropic materials averaging over the angles produces g;j :

96;3 with 9 : (91n*gzz*gss)13. Using 9: gk the expression for P can be rewritten
as P; : oi;Dfi" * ige;ipk5Eil|". Using (5) one may obtain:

1 r

e,"= fi J"trJ:)"G)-r:1,(8))d8 (6)

It is worth noticing that tl1)* = ls Ai*x^ds : l;J(slf : rt^,8 : ia^rtr"lu), whete
{i;} is a basis of the coordinate system. Thus to calculate g one needs solving (2)
for the following cases:

6 =  t h , 0 , 0 ) ; d  : { 0 , i a f  u , 0 }  k - :  { 0 , k , 0 } ; d :  { 0 , O , i y l u }
f  :  10 ,0 , , t ) ; .d  :  { i z f  u ,0 ,0 }  E  =  1k ,0 ,0 } ;d  :  {0 ,0 , ia lu ]1
f  :  {0 , ,b ,0 } ; .d  =  { i y lu ,0 ,0 )  f  :  {0 ,0 ,k } ; .d  :  {0 , i z fu ,0 }

The results of the calculations are presented in Figure 1.

To evaluate the magnetic moment M we present the current Ji(s) = J(s)l;(s)
as a sum of an average part (j;) and a fluctuated one: i : 6) + 61'. The first
part (j;) determines the symmetrical part of P. It is reasonable to connect the

24



L i e - u J

I t s U J

8e-.0 6

6e-06

4e- 06

2e-06

0

-2e- 06

-4e-06

-6e-06

-Ee  06

- le-05

++
, +

'  ++-
' * -

ooegg+sooooooeo++- '  -o

+++,
T

+-t

o

R e g  O
I ^ g  *

o^
- O ^

v n

"ooooo

, a 2.8  2 .9  3  3 .1  3 .2  3 .3  3 .4  3 .5  3 .6
wavelength cm

Figure 1: Chiral factor for the helix with radius rl = 0.03 cm, the length of the wire
L : L.5 cm, the helix step i. : 0.03 cm.

fluctuating part with magnetic moment M in a standard manner 6i : 
" 

curllil . The
consequence of the relationship is a reversal on" Ifr : # t"VG) x 6il. Opposite
to the consideration of 17] so defined quantity is independent of the position of the
coordinate origin. Introducing c(s) : r(r) - (i), where (fl is the position of the
center of the helix, it is possible to write

^ r .  I r  . . .  t  - . .  &  1 , , - ,  -  \ / - .  / - . \ \ rtv t i  
2cveiht  t r r rbJtas 

:  
* r , r t  J" \ \ r r )  

-  zu) \J t  -  \J t ) )as =

P '  |  |  |  ,  !  \ /  \  , . ,  |  , a r l  := 
fu",r,lJrxuids a lru) l"j1ds 

- (rp)\jt) - (il J;t I
p l

= 
2cVei* J"xt,Jtas

were j is the whole current and a is a position of the point s in accordance with the
center of the helix. To confine to the first order in (ak) it is sufrcient to take into
account E(o)i'" only. Using (2) we can rewrite the expression ftor M

iu f t h
M, = 

trqut J"J"ruA,iG,s')Esidsds' 
:  

|(", t t" i i ,rEoi-t 
e;u,ai i tEoi)

The first term contributes to permeability and describes the magnetic moment
appearing due to eddy currents, the second one is responsible for chirality and may
be rewritten as 0.5(9.E6 - 9;;Eor1. For bi-isotropic system we have M = igkEo =
-isl[ x t; " d.ll : -;1fr x tio).

Thus the antisymmetrical parts of P and M are discribed by the same coupling
constant g. It is well to bear in mind that we have restricted ourself by microscopic
consideration and that electric E and magnetic Il fields are the microscopic fields
need averaging.
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BIcKSc, I ,TTERING oF THE THTN I { Ino  HELIX :  ANALYTICAL MoDEL.

N U M E R I C A L  S T U D Y  A N D  F R E E  S p , I c T  M E A S U R E M E N T S .

Appt - tcATtoN To CHTRAI  Cor r lpos t tD MoDELLTNG.

F. Mariotte. D. Gogny, A. Bourgeade and F. Farail

CEA-CESTA
B P N o 2

33 I 1.1 Le Barp. France.

I - Introduction

In the last l0 years. there has been an increasing interest in electromagnetic

chirality. In particular. the interaction of an isotropic chiral material with

electromagnetic waves. The chiral media can have various shapes. as slabs,
cylinders or spheres [-3 1. In previous studies {4-61, it has been shown that a
chiral inclusion can be expressed in terms of electric and magnetic dipole moments.
The electromagnetic properties of the inclusions (in those cases helices) was

calculated in the quasi-stationary approximation. when the microstructure size is

small as compared to the wavelength. In this paper we study the electromagnetic

properties of the thin wire helix without restrictions of its size compared to the

wavelength : an original Integral Equation Method is used to solve analvtically the
problem. numerical calculations are also performed.

II - Intesral Equation Method : an Analvtical Model

Our purpose was to calculate the current as induced by an EM wave

i l luminat ing a th in wire hel ix  per f 'ect lv  conduct ing ( f igure l )  l7-81.  In  order  to

calculate the current we starr with the integral equation as provided by :

- t  - tE i o r t r = r " t = E l n " t r = r s )  - j t u A  -  . 1 - - l - y 1 y . a ,  ( l )

, . - twhere Eio,(r = rs) ts the tangential component of the total electric f ield at the

surtace of the helix, Ein"(r = rs) the tangential component of the incident electric

fleld and A the potential vector eiven b_"-

A(r) = 
* J 

"-e'{#If Js(r') dr,

2 1
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where Jr(r') is the curent density induced a the surl'ace of the helix. F = or\.6 una

R = l r - r ' i

f igure I : the thin wire helix.

The wire is thin and consequently we are tempted to make the fi lament

approximation : the currents Js(r') are concentrated on the axis of the filament and

we take the boundary conditions Elo,(r = rs) = 0 at the surface of the helix whose

radius is "a". So we have three integral equations to solve, one for each wire
(l inear part) and one on the loop. Using cylindrical coordinates (eo,e6.er) for

currents on the linear portions. we show l7l that the current densities J6 et J,, on the

straight portions are negligible as compared to Jr. For the circular loop, which
indeed is a tonrs of radius "R" and cross-section naf, we define axis tangential to

the torus (epl,egl,eq), we also show that the current densities J61 et J,,1 on the

loop are negligible as compared to Jq,. Using similar merhods developped by Hatlen

and Einarsson l9l we solve the integral equations on the l inear parts. For the

ci rcular  loop.  we expand the in tegra l  equat ion in  fonct ion of  a/R (<<l ) .  By

imposing the boundary conditions. zero value for the currents at each end of linear

portions and current continuity between wires and loop. we obtain the value of the

current along the helix.

By integrating the currents on the thin wire helix. the scattering field in the

far zone is calculated. The equivalent electric and magnetic dipole moments p et m
are also provided by the current distribution on the wire helix; in the low frequency

approximat ion we provide new s imple analyt ica l  expressions tbr  p et  m.

Representative results are presented.

III - Numerical Calculations

Two numerical codes are used in this studv. The first one. named "Ficelle",

solve numerically the integral equation at the surface of the helix with the thin wire

approximation. The second one "Arlene" is a surface integral equation code.

t
t''
?

2a-_

I
q>

I
2R<-->
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Current distributions and backscattering of several chiral objects are presented for

different polarizations and incidencesof the incident EM wave. Results from

different numerical codes are compared and discussed.

IV - Comparaison between Modelling and Measurements

Free space measurements are processed on a thin wire helix in CESTA

anechoic chamber. The results are provided in the frequency range of 1.7 GHz -

20 GHz. Generally speaking, the agreement between the theoritical and measured

values is quiet good. An example is presented in figure 2. however a l ight

difference occure at resonance. In this talk. the comparaison of results is discussed

and physical insights into these results are provided.

I '
{ o l - i

i 1
.90 |

- t00  i
0

Fr.q!"..t tGEz)

l-rgure 2 : theoritical and measured backscattering of a thin wire helix.

V - Modelins chiral composites

ln order to sastify the concept of effective medium. it has been supposed the

helix size was small compared to the wavelength in the material. In this case. an

isotropic lossy chiral composite consisting of chiral objects can be represented by

the lollowing constitutive relations

D = e J + i E . 3  a n d  H = i E . E + B / p r .

29
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where €c = to( t '+  iE") ,  l tc  
-  ! r , r ( ! r ' *  i l t " )  and E.  = El  + iE. l  represent  complex

permittivity and permeabil ity, and chirality admittance. In this talk. we give the

relationships between t.. [t.. E. and the dimensions of the helix.

For  low f requencv.  the analyt ica l  model  (see l l )  prov ide analyt ica l

expressions for p and m. By average over helices orientation angles. we finally

find P and M for a collection of N non-interacting helices randomly oriented in an

hosr  medium. So we can def ine tc ,  Fc.F.  of  the ef fect ive chi ra l  medium.

Modelline and measurements of a chiral composite are presented.

VI - Conclusions

In this talk, we present an overview of Microwave Chirality Research at

CEA-CESTA : Fint. modelling of heterogeneous chiral materials by analytical and

numerical calculations of electromagnetic scattering of a chiral element (thin helix)'

secondly free space measurements of chiral scatterer and third the modelling of

chiral composites.
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Artlflclal nagnetlce based on clrcular lllm elements

M1kha11 V. Kostln, Vlktor V. Shevchenko
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Rueado,n Acad,emg of Scl,ences

t i o h h n u a , g a  e t r , 1 1 ,  N o e e o w  1 O 3 9 O 7 ,  R u s s i - a

Artificial epatial etruotures i-n an electromagnetic fieJ-d.'

whose wavelength exceed.s substantially the dimeneions of the

elements and distances between them, manifest properties

charaoteristic of dielectric arid. magnetic media. Such stn-rctu-

ra1 media are created. and studied with the aim of obtainirg

etectromagnetic materials possessing new properties of which

natural d.ielectrics and magnetics are devoid.

An artificial magnetic structural medium based on united

four cubio lattioes of ring - shaped conducting elements are

studied theoret ical ly in [1,  2J. The conduct ing elements are

consid.ered of nonmagnetic metals. The magnetic properties of

that kind medium have diamagnetic character, and its magnetic

losses are great, but are not resonant, that was confirmed by

experiments [3] .  fne suff ic ient ly complete theory of this art i -

ficial magnetic medium and ad.d.itional experimental results are

given in [4]. The theory based on statirrnary circul-ar or:ments,

forming magnetio d"ipole moments, and on the phenomenological

lorentz - T,orenz formula.

In the present paper some additional results on the medium

of eircular nonresonant cr:ments t4l and some results on a new

medium of broken circular resonant cuments are given. Unlike

the first medium, which can be as diamagnetic onIy, the second

med.ium can be a6 d.iamagnetic, so paramagnetic. [he
paramagnetism is a result of the resonant dependenoe of a cur-

rent in the broken ring - shaped el-ements. If an equivalent

eleotric circuit of the element of the first medium contains an

inductance and a resistance on1y, an equivalent electrie

circuit of the element of the second medium contains a capacity

in add.ition to the inductance and resistance. The capacitor is

formed by paral1eI surfaces in the broken part of the ring -

shaped elements.



If axes of the circul-ar elements are parallel, the medium

i-s anisotropic and it has diagonal tensor of perrneability with

component" F, = Fv = 1, $r= F = F' - tl)" where according to

i r=-- f  .  ,
1 -X /3

(1/(R + lr,L[) for 1

X  =  - ^y ( tn l ) {

l1 / lR 
+ i (o- t  -1 /bf r ) )  ror  2

F-/L for 1 - st medium,

t  (Ba +  i )1 /z -  p1 t  tz  fo r  2  -  d .  med. ium,

n = [ '  .  *  ) -1/2,  F ='  -  ] [+] ' ,

( 1  )

-  st  mediun, 
(2 )

- d medium,

for the second medium

tr) . where
N L L T '

u.r is the angular frequenoy; R = 21cb/ (hdfr) is the ring - shaped.

i11m str ip resistance (h << d < b, b is the r ing rad. ius),  o is

the specif ic oonduct iv i ty;  L = Lo + t ,  Lo = F'b(7n Jb/d -  1/2)

and t = irobTqeO/7)/4tc are the jlternal and mutual induotances

of elements, the fr :nct ion f  (2b/7) is tabulated in -  
[4,  -  5 ]  ,  7

is the lattiee period; C = Eos/no is the capacity T = tib3l /q,

il - is the efements eonoentration (a m:mber ,lf elements in a

cubic meter) , Q = L/V)O; plo and. eo are the vacuum parameters,

O < T ( 1, "y o 1 is corresponding to the conoentration limit.

The fr-urction ;r" (tl) has a maximum for tl = o[, where

w r r  -
( 3 )

"{:,

1
-o -  

,  r n r1  7 ,  t
\ w )

Unlike of the first

fr-urction tJ' (t:-l) has a

n  1 (  L \ Zq = RL_FJ

m e d i u m  [ 1 ,  2 ,  4 1
maximurn for (r) =

( 4 )

( 5 )
0o-r  = oog(1 + a/Q)-1/2 '

and - ,  i f  d /q (  1 ,  a  m in imum fo r  o  =  amrn . rwhe re

o) - , -  =  t , . r ^o(1  -  a , /Q) -1 /2  .
M L | L  U
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r t  is interest i r€ to consider some aEymptot ical  oaBes.

1 .  f f  Q  -  O ,  w e  h a v e  f r o m  ( 3 )  -  ( 5 )

" *  
-  (1  +  1 /3 ) - 'R /L ,0*or -  a ,  V ' r , - r -  1 .  (7 )

fhus the medium is diamagnetic.

2. I1.  Q - * ,  we have from (3) -  (5)

11  -  oo(1  +  1 /3 ) -1 /2 ,  o rn ln  -  a**  *  
" f r .  

(8 )

Thus the med.ium has properties, which are typical for media

with an artomalous dispersion [7].

3. If Q 
* 1, the medium has properties as diamagnetic' so para-

magnetic.

In conclusion it should. be note, that the use of Lorentz -

lorenz formula is val id,  i f  lXl  < 1 t8l .
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Kazantsev Yu.N., lhaitmai<her G-A-

A'onr:rnall-y hight el-ectronagnetlc activlty 1n chirai

medla lnaciLve ai iow irequencSr

Instltute of Radloengineering and Xlectronics'
Russlan Acaclemy of Sclences

Moichovaya St .11,  Moscow, 103907.  P,uss ia

1. A new chlrai composlte materiai wlih directed multigorte

splr"als has been proposed, manufactured and experlmentally ln-

vestigated 1rr rnicr'(rwaYe dlapas,:,n.
?. The diel-ecrrlc permlttlvitir and magneiic microwave _Der-

meahllitv of the medlum mentioned. above have been meas-trred by

the resonaior meihod.
3.lecullari t ies of the r] ieiectr" ic perrnit i ivl t ;v ancl magneiic

perneabllliy L'eiravlouir depending on tlre twlr'l- angl-e have been

studled ln centimeter rarge.

f'ol measu:.enents based on the i'esonaioi nethod and. on ihe

wlih pertr-rrbatlon iheory ihe sarnples of the mentloned. above

med.lum were manufactured in fom r-.,f hoiiow cy1-indei' wlill iate-

laL warls from dlrected isolaied mrriiigone splrai iwisis ( 1 '5

turns ) placed. between two d.1e1ecirlc fll-ms (see Fltuie i ).?he

cyl-lnder ,llarneiei' was 2.3 m, l-engih l- was of ord,ei of 2C -

80 mm, ihe wlre d,lameter was 0.015 mn. The spiral iengih l- -

a,/sLna , ,spir.al- pitch (a ctgcr),whej'e B=8 illa, cL l"s the splral

iwir.l- angie.The turns conceniration WBS r,f 4C iurts per cerrii-

meter. and corresponded" to the metal- vcl-une fracil-on of. C.2 %.
fhe .qamnles ;rr,de:' invesi-ipai.',e:i! al-1 haf the same ,:-1ian',etEr

and dllfered from each other blr the vairre of o arrd by ihe spi-

ral- pltch and iengih, consequenii;v.
The ir.alf - wave r.ectangftl-ar. resonators and panoramlc stan-

ding wave raiio(SYfR) for ihe 3 - 5 GHz frequency range were

i-rsect t 1 ,21. The electrlc and magnetlc ml-crowaYe flelds orlenta-

tr1rxs were el-ther perpendlcul-ar or parailel io the cyilnd.er

axis z .Tn FigLi-r'e ?, a iy;rica1 neasr-red deaendence of ihe

reirection coef iir-rieni R on iiie ii'equency f 1s presenied . f i

demonstrates the effect scale. Aii of reoolted bel-ow dependen-

3 6



'1 :c.  . r f  c  e.nd ! j .  enmnonFnts WF-i-C . r i r i r - i  nr , . r  l - 'V t - , -n.v l iqqJ nq ihF el ' ]1. -_ _  * J  : _

;is arlaiogous trr tne Flgwe 2 ciiive. S,-', une d.e!,enc1eir.ces oi ihe
?=2.7 and j-mag1nar.v pai'is r_;f i.iele;ii i,t n€ffirii i ivii;r e' , z"

lc'r fieid I perp,en6licuiar io iiLe L - axLsi and magneiic Dei-
- - -h - ' : "+ - -  (  fo r  i le ld  H na : 'a i le l ,  io  the  z -  ax ls  )cn  c .. . 1 : a L r 1 . l - l  L . v  9 , , t  L [ , ,

' - ' - r r  r i r r r 'Jni -pr i  Jrr  F i .crr r |e ? fnr .  t i i -  ' i i l -  ln  F?,-- -a

i we See iilg ir-ri lr_rwing.
i ) Tiisl-p EF(+ ijre J' &Itr_i r_." deOenCrenCeSl"r

:nrl l cnortrrh i ffon 0 UD t,: '  2C degf.eeS ) and

i r -F s i rons ' lv  s i r .e iched.  the d l i ierenr_ 'es o i  L ': . '
=- . " , rm  

O  9Fc  np i r a i ; , - ; i  1V  r r r r i  a )hsp -nq : , 1 .

11) flhen rJ lncreases F,r arlci l.ti, j.ncrease ir_ro. Tire maximai
rn,-l i !." negnir-'- icies afe tea{lhe{:l ln L[1"- !T,84 ;]r- = 5it ' ,.7C-

* l - , ; l - i  , r "  
- ] :  

, - , i  r - , t a r l i 1 a  , - . a  i "  n l - -  F . n F E ' - c , p : * ' . r  6 f { s a *  1 '  /  - , \ \ n \n : : = r =  t r r r  : :  ' - r t  1 - ' f  U E I  , - , f  
l . 1 I  .  l I l C  - u a l a l L ! 4 E ; ! r E L r ' - ,  

i : - L l r j ' - ; t J  \ t ! * l - '  ? l r v

:ld magnetic iosses ( p" Ji A ) are oo-qeiyeci. Ii-i or-r-r iollrner.
*,-'l'K llle a1.ilfiCiai dlan-ragneiic basen otr trie c'l {-,se(i cii-{::Ltiar
-'-Jrents was reaiized.ii dlspia"ved ihe maryetic iosses 'oui nir
-, iietenr:e-q r:ri $ i::om i wer€ iror,- reveaiecl i3l.

i1i ) lhe weak- ciependences c,i € I crte r-", ort o. ztp r:rbserved.. -

E::n o lnereases ( ilre splial- -qien decj.eases ) e'aid E" Tneiea_
ses are snail-.

i111 ) Tnere 1s an area oi vaiLies oi o. (50 70 degi.ees )
7 , . ' : i . a t r i , r h n e o - n i i i t r i i s n f n ; g y - . p i 1 f . T l 2 1 | r l , 9 i ' j l i i : ;---=--
: . f  , :ctr ic I 'erf l r i i i .v i i :v t - '  4 le tEaci i ;c i .  l , ; i  ts t : ,_r r i  i l .a i  ih

;  
- - ' - - -  - l

,.\-rricai cclnrrosire,s based- on iron smal1 balis dleiectrlc rrennit-- . ; - _ - -  _ - _ - _ ; -
. .v1.-52 s '  srceeds ihe magne t i , l  lef iTrral , i i l i ;v ,* '  j_n 15 . . .23
-i.'nqs- ann , neRches mesrlitrrrle,s r-,i ihe Same Clfdef if the me-
:e-r- Yoilnne ir-ar:iion is oi 6C%.

In Fig-re 4 ihe dependences oi "ri , ,*" i a.b ) and t',, 8",' U '  l I

.:l ttie ir-equenc;; i,:,r ihe sanlriEs .ri d.lffeierii fi aie i-;l-oii;d.
! ^  - ! {  4 - ,  ! . - ^ , , , ^ - . 1 -  i _ + . _ . b r : ^ } 1 , , i 7  a ) f  i h o  F a  c , , -  t _  A -  _ r . - . t r__r :> r=  r_ iL t l  YE-  : ,EJ  L_ArY L . t l t=vYEd.5_ L l t r r - , : - - * . -___n ._ . -  ___,  _  =5Lr_ :_ : - :  U- : r_ ' - l ' r -

-:ri. i-rn the ireo-rienc,v and, the rrclsslblllty of ih€ Figtre 3 ie-
t , - l_ l  r 'S er i iafrcr. l  a i  j rs icr  oiher frec; ienc' ieS.

Tn TJo;iz 'o i  wF- sap iha dpr,r:r idefrCes Oi E, ZiLg- r_" C,n O. fc)t-* - f " ^  
x  -- -^a f rp11i1an, i1-  n.4 Gfr .Z ancl_ ine f  1pl  d E ;2re i  r rg ' l  tO the Z-

arL-c. In ihls sl iuatlon ihe-ce delendences are raiher
i :ri.rrl ,:r i/ii-'r -: I c, ,-r r1;'t'in.o.Fs fr.nrn fl

--r1{rft -ciTra)rrglv si-'-;ir:hed olLE i,;-'
a . \  1_q  and  r "  f a l iS  i f 'Om 7' -  

i r

.-. :!,- -: r -r_ , i1  {_ I , ,  i y l l ! : :  ,_ {  ,  S

i hp  s r , - i  r .e l  r r r rnq

:r,:J I ard u"
!i

i ,-, 9C-'af:d .qt,i. lai r-;_iJn,:irai-,.€ie-;
. r - ' r . e  . - 1 :  t - f  t e  E . n - -  4 ^ a
r  l tK  rJ f  !E  Y 

_ALUE 
F-  .  r 'a r  ID  !  L  ' JL ! l  I  L tJ

,  ̂ - /7,c_, 3 10 -.  lhese ies4l is were
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reFeared when other ireci;en{lies wiil; .isec--
lwe see irom ii_gures 4 r_: Eii'j. 5 iiiai wiien Lt is rll ose ti-i

o6Lr t t.he sn1ra1 C1Ien 1S Srnai j ) we 
'nAve 

t'ra{lii(lair.v isriivr-rpj-C
i

r:aSB €;= El. When cr = 0, 20? ther-e is ialge cl ieiecirLc arrisoi-

totv : E')-> t l ,E:1 ')> e",.Wirire o. incieases ihe graclual- transi-
-  - E s  

i I  I '  l | l -

iiorr from anisoiropic case t,:' i-sctlop'ic one iai<es piace'

Thus, 1n our op1_n1on the mosi essentlal resuits of ihe pre-

ggni v'crk ara iiie iollow1ng.
1 . ?lre new conpr-rs'11s naierlai whiclr l-s a ch:-tal- necl-iurn wiin
. i i n o , - i a r i m i ' i l i i . o { . ] . t i t r s n i r a l i t . i r } . , s = - : . . = = ' - ' F ' . 3] - b  111v t r5  L r i ' . d ! r=L l '

tes isete neiilier experlmenialiy nor tneoreiicali;u invesilgaiecl

be iore,
'11 . tr'irst ihe nicrowaYe paramagnellc efieci (dlfference of ihe

magneilc permeabli l ty p' from 1, p'-1>>0) is disi loreled by d.i-

rect neasr-rretnenis in ariliicial- coiiipc;s1ie-s witli orii nagneilc

componenis.
i i1 rirhp sisanrie magnetie fosse,s inrl"UCedi b.v ml-CrC,wave iieirj. Ln

Chirai COnpe-rSligS were 'i-1SCr-,ve-i-eii-.As was Si1,:-$ni, ihe'qE 
'l 

il;5-eES

exceed thet 1n iraclltlonal composlies of the magnetlc type ha-

ving ihe SarnB nleial- voiirme ir-aCilon moile ihan'rir iwo,ri"de;'S. ln

enmnosltes hasedi On ihe LrOn baiis wiih voiUrrne Cc)noenlraiiOn oi
J - ' L t ! F - J +

A.2% ! i '=  i  an ,L  r i . "<  0 .005

?eielettces

i .Yr-i.N.Kazanisev, G.A.l$aiimaklier..Traaspareni neial- fi.lms iii

rn-icr.owave r-gi|rge : r1ivergence it'on cioL;-irie c].j-rnension meciia.Fizi-jia

metai lov i  rneiai ir, 'vedenie. i  989'v.67,i{ 5,p.902- 908.

2.Yrr.N.Kazantsev, M.V.Kostin, G.A.Kiait i i iakler, ' , ' - 'v '-Shevchen-l io'-
e nrnnns -i i.-j rrr stnre tures with hlgh nag,.rpi'1 r' i,]frr?Zi)r I { :'r

hi:,d- ic'war.f, ,-ilglqrlluic pefltiti lvitY. ?isil: ; zn:-r:nal- i;Ff,ii ich;s-

k r : i  i i z i k r .  1 9 9 i  , v . i 7 ,  N  2 2 ,  t , . i g  -  ? n .

,3.M.V.Kost1n, Yu-.i ' i.Kaz-anisev, G.A,llrafimarrrer', 1-,V.SoevcirEokr-i'

Ar-iliicriai ci-iarriagtieiic wi-ih nragneiic iosses. ?isrria v ziLl-urral-

ie i< l rn ic i resKot -  i i z i k i .  i990 ,  Y=" t6 ,  i i  i 3 ,  p -  22  -  25"
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Optimal Polarisations of a General Biisotropic Half-Space

LRArnau tandLEDav i s

D.partment of Electrical Engineering and Electronics

The University of Manchester Institute of Science and Technology

PO Box 88

Manchester M60 leD

UK

AgsrRect - The optimai polarisations of a general biisotropic ha}f-space are calculated.

The concept of optimal polarisation base is introduced to enable the optimal polarisations

to be calculated from the eigenvalues of the power scattering matrix.

Introduction

In studying the effects of general biisotropic (BI) media on the polarisation characteristics

of an incident wave, the classical approach is to start from a given poiarisation description

of the incident wave together with given constitutive parameters of the BI medium. The

reflected or transmitted wave is then analysed. In polarimetric radar applications, RCS,

as well as in certain problems of remote sensing, the inverse problem is often of greater

importance: given a medium with arbitrary medium parameters, find the incident wave

polarisation(s) that give(s) rise to certain receiued polarisation and/or power characteris-

tics of interest. This is basically an estimation problem. The solutions for the incident

waves that give rise to certain special cases of received wave polarisations are usually

referred to as optimal polarisations [1].

Assuming a zero surface current density at the single interface, the reflection matrix for

LP plane waves normally incident is defined from [2]:-

/ o ' \  / - t  r  \ / - ; \
l L i  l _ l ' i , ' i ,  l l L i t  I

\ "r i 
= 

l, ";; ,t", )\ u', ) 
(1)

irith

ZpZp - Zyz- t  - * t  _' t 7  -  ' 2 2  -

- t  - _ J  - ;' 1 2 -  ' 2 1 - J

(Zr * Zr) (Zn * Zr)
h(ZR - ZL)

(Zr + Z) (Zn-r Zt)

( ) \

+ L

(3 )



where 21 represents the wave impedance of the medium of incidence. This result has been

verified independently. It follows that co-polarisation nulls are found for 21 : 1/2pfi,

whereas cross-polarisation nulls occur only if ZR: Zt. It is noted that 'co' and 'cross'

refer to the directions parallel and perpendicuiar to the polarisation direction of an LP

incident wave. respectiveiy.

2 Optimal Polarisations for a BI Half-Space

2.L Optimal Polarisations

For any given scattering geometry for a given scatterer, a set of polarisations of the

incident wave, called optimal polarisations [1], exists for which:-

r the received power is maximum (mar polarisations);

o the received power is zero (co-pol null polarisations);

o the reflected wave shows no depolarisation (cross-pol null polarisations).

The received power is defined as that obtained from the algebraicsum of the reflected fields

(voltages) measured at both orthogonal output terminals of the receiving two-channel

polarimetric antenna.

2.2 Optimal Polarisation Base

Strictly. the optimal polarisations can only be calculated for a complex symmetric reflec-

tion matrix [3]. To make the theory applicable to reciprocal and nonreciprocal BI media.

we choose the polarisation base tobe optimal, fe such that the associated reflection matrix

is complex symmetric. It foliows from analysis that, for example, a CP polarisation base

is a suitable optimal polarisation base .8", for which the CP reflected field components

Eh., EL and incident field components Eft, E| are related as:-

)=n"
) :

( ' ; )

/ o ,

t;:
\ " r

(4)

u' : ("i'^ 
""",): 

(
with
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being the transformation of the reflection matrix in Eqn (1) to the CP optimal polarisatio:

base. At normal incidence we have, with the aid of Eqns (2-3):-

(z"zr- 2,, ')  + h(zR- zL)
,  1 1  -

' 2 2  -

(Zn * Zt) (Zr I Zr)

(z"zr- zJ) - zr(2"- z")
(Zn * Zt) (Zr, * Zr)

(a j

( ,

(10  )

( 1 1 )

Z p), half-space the co-pol

tr,vo hermitian orthogonal,

2.3 Polarisations for Maximum Received Power

The polarisations for maximum received power are the eigenvectors associated with the

greatestof  theeigenvalues) ;2of  thethepowerscat ter ingmatr ix  (E)r  R' ,where(4o) l

denotes the hermitian adjoint of .R".

The two eigenvalues are found as );2 - 
lril' G : l, 2), hence the polarisation for

maximum received power is one of the CP eigenpolarisations of the BI medium:-

"\:#( :,), - "t:#(")
It can be shown that the other CP eigenmode gives rise to a local extremum for the

received power only and that the minimum received power is zero.

2.4 Polarisations for Zero Co-Polarisation

The co-pol nulls are formally defined as the polarisation vector solutions uo of &o uo :

o(ro)*r, where (q")i denotes the vector which is hermitian orthogonal to uo and a is a

scalar to be determined. After substituting Eqn (5), the normalised solutions are found

with

(8 )

(e)u;:",( 'r) ,'I":"2( 'F)

In the special case of a reciprocal BI, ie a

nulls are characterised by M = *1, hence

Iinear polarisations.

exp [-7rl] exp [-ju]- : .@; '12: . f f i ;
v ll7=l - r 

! lv;1| 
-r t

uniimpedant (26 =

the co-pol nulls are

z, (zn - zt) - zr.zn - zJ)
Z' (Zn - Zr) + ZrZn - Zr2



2.5 Polarisations for Zero Cross-Polarisation

The cross-polarisation nulls are determined with the aid of the eigenvectors (polarisation

vectors) for maximum received power as:-

w? : [J-1 u? '. uX : U-l u?,

rn'ith

/  t  t  / r  o \U=[u| lu i , )  = ln,J
\ "  -  /

Hence, for a BI half-space, these coincide with the optimal polarisations for

received power, ie the RCP and LCP eigenpolarisations of the BI medium:-

(r2)

(  13)

maximum

r  1 4 )

3 Conclusion

The optimal polarisations of a general biisotropic halfspace for use in monostatic polari-

metric radar have been determined. It was proven that both CP polarisations give rise to

zero cross-polarisation and that one of these gives rise to maximum received porver. The

polarisations for zero co-pol polarisation are in general EP. Their co-polarised components

in a LP polarisation base are found to be mutually reciprocal-opposite.
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Plane electromagnetic waves in uniaxial
bianisotropic media

Sergei A. tetyakov and Alexander A. Sochava

St. Petersburg State Technical University, Radiophysics Department, Polyteklnicheskaya

29, L95251 St. Petersburg, Russia

Electromrynetic waves in aovel materials which have properties o{ chiral com-
posites and omega structures are considered. The materials can be modelled
by uniaxial bianisotropic constitutive rcIations, Both &.ira| and omega com-
posites possess features promising for applications, and one may expect still

more interesting effects in morc general media.

INtnooucttoN

Electromagnetics of complex media attracts a lot of attention and efforts of re-

searches. Among those novel microwave materials, isotropic chiral composites were

intensively studied in the last decade. They proved to be useful in microwave tech-

nology, antenna design and, especiallg as prospective materials for anti-reflection

coverings. A novel concept of omega media with O-shaped metal elements embedded
in a dielectric matrix was recently introduced in [1]. These bianisotropic materials

can find novel applications in microwave engineering [1, 2]. A uniaxial modification

of omega composites was proposed in [3]. The uniaxial symmetry and additional

interaction between orthogonal electric and magnetic fields make the materials po-

tentially useful for non-reflecting coverings and antenna radomes [3]. Some other

special cases of uniaxial bianisotropic media were considered in [a]-[7].

Ilere we study electromagnetic waves in the most general reciprocal uniaxial

materials. In practice, such media with arbitrary linear magneto-electric interaction

can be realized as microstructures with both types of inclusions - helices and f,)-
particles 16]. Another way is to arrange short metal helices in a certain order instead
of choosing a random distribution. Such a composite is chiral, but the field coupling

due to chirality is effective only for the fields in the (c - y) plane. Corresponding

material equations become uniaxial with the most general uniaxial dyadic coupling

terms:

D :7 'E  +  j l r tw( -n tT t  -  nnzs76 +  K i  )  -8 .

B =F .E + i r / rr t t"@ri ,  + nniszs + Ki )  .E. ( 1 )

In reciprocal media, the dielectric permittivity E and the magnetic permeability p

are symmetric uniaxial dyadics

€ :  €sf€1J1 I  enzozo)t  lJ  :  Po\Pt I t  *  PnzoZo),
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HererZs stands for the unit vector along the geometrical axis, 7, : roa,o * /egs is
the transverse unit dyadic, and 7 = 7o xTt = lor,o -volo is the 90 degree rotator
in the (c - y) plane.

Plawr wavn solutlons

Because of the uniaxial symmetry it appears natural to split the fields into normal
and transverse parts with respect to the axis z: E : E^zo+Er, E : E^zo+Er. To
study plane waves, we Fourier transform the Maxwell equations in the transverse
plane (c - 9) and eliminate the longitudinal field components. This approach is
most convenient in view of potential applications of the uniaxial materials, when
layered structures are formed so that the axis is normal to the interfaces.

Substituting a plane wave solution in the form exp(-jBz) and solving the eigen-
value equation leads to the following expression for the normal component of the
propagation factor:

-;-;-
Kit

:  e tqt*  ̂?  -  K '+ (nro^_ 
' r {ur r^+ 

r -1") )  
#*- ,  

(3)

wnere

k ?  "  k l  k ?  /  h ? \D : 
ffi(etp^ 

- enpt)z ,, *l+u^jrg- n+ (r', * ^;d (r,t'n t ,nt"r)

-4K2n,("* ^ft) * u,r,(r', * .^#)' ,
h : €apa - n2^ and k, ir th" transverse propagation factor. The last formula is in
agreement with the corresponfing equations for some special cases known from the
literature 13]-[7]. It has been also checked against a solution obtained by a different
approach by Viitanen and Koivistol.

As is seen, the analysis of general uniaxial media is rather involved. In non-chiral
omega media, eigenwaves are linearly polarized TM- and ?E-waves [3], whereas in
isotropic chiral media eigenwaves are circularly polarized. In uniaxial ch.iral omega
structures eigenwaves, in general, have elliptical polarization patterns.

Vncron tR,q.usutssrow-ltre p,q.nnuntons. RnrLncrroN etqo tnANsrdlsstoN

Next we study plane-wave reflection and transmission phenomena in planar uni-
axial bianisotropic layers. Such problems for complex media layers can be effectively
treated using the vector transmission-line theorg introduced for biisotropic mate-
rials in [8]. In that theory, a plane layer of composite material is modelled by an
equimlent transmission line with dyadic wave impedances and dyafic propagation
factors. In general, the modelling line is non-symmetric, i.e. its wave impedances
depend on the direction of the wave propagation. For non-reciprocal media, the
same is true for the propagation dyadics as well. In the present case, the medium

lPrirrate communication, October 1993



is reciprocal, and the general plane-wave solution to the Maxwell equations can be
written as a sum of two waves travelling in the opposite directions of the z-axis:

Er:  
" - iV '  

.A + " i6 '  
'8 ,  (4)

where the two-dimensional constant vectors 7 and B are determined by the bound-
ary cond'itions. The exponent functions of the two-dimensional dyadic propagation

factors B and, B are understood in terms of their Taylor expansions.

Dyadic wave impedances (or admittances) determine relations between the trans-
verse electric and magnetic field components in plane waves propagating in un-
bounded medium. For an eiqenwave we can write

E 1  : l Z a . 7 s x H 1
: - i

-2o  x  E t :  *Y+  .  E t  Y+  =  Z+  (5 )

rvhere the upper and the lower signs correspond to the waves propagating in the
positive and negative directions of the axis z, respectively. Dyadic impedances and
admittances can be found from the Fouder transformed Maxwell equations after
substitution the propagation factors (3).

In general, the eigenwaves are different for the waves travelling in the opposite

directions of the z-axis. We therefore are forced to introduce notations like fl11 and

irrfo" the transverse eigenfields propagating in the positive direction, and E1 and

Ey fo, the reflected waves. Since the two eigenwaves possess fifierent propagation

factors B1 and 82, lhe propagator should act at a sum of two eigenfiel ds Ey and, Ez,

e-i7" .(Er,  *  i r r)  :  
"- ihz f i r ,  *e- i&.. ; r ,

For the opposite propagation direction,

" iP" 
' (Er,  + Ei l :  s i l tz Er,  +dh'Er,  (7)

The propagator dyadic in (6) can be explicitly written as the sum of two dyads:

. = . ^ - 1 1  - l

s -JEz  -  e - JF t "  E t tE t t  * e - tm"  Ez tE22

. : . - F * t e t

etF" = eJF'" EuEtt +eJh" EztDz, .

where the two-dimensional vectors E'r, E* for a basis reciprocal to
(Err, Err)-

With the determined equivalent parameters of the vector transmission line, the
reflection and transmission dyadics can be expressed in a way similar to that known
from the conventional transmission-line theory, but with dyadic parameters. For
details we refer to [8]. Some numerical examples demonstrate characteristic features
of plane waves in uniaxial bianisotropic materials.

and

(6)

(8)

(e)
the basis
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Concluslou

In this paper, the theory of electromagnetic wave propagation in the most gen-
eral reciprocal uniaxial medium was constructed. Using the vector transmission-line
theory, reflection and transmission coefrcients for plane layers were analysed. The
novel composites are expected to have rather interesting properties, since their ma-
terial equations are still more general than that of isotropic chiral materials and
uniaxial'omega structures. As it is known, both special cases can ofer important
potential applications.
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ABSTRACT

Several sets of constitutive relations may be used for describing the interaction of a time-
harmonic electromagnetic wave with a reciirocal-bi-isotropic, or chiral,.medium. However,
*re permiuivity, perireability, and chiraliti--coefficient of such a medium carry different

meanings when they are expiessed using different formalisms. This has an impact on energy

dissioation requiremenrs in a passive chiral medium. The in{luence of the chirality parameter

onii" r"n..tiivity of a Dallenbach-type chiral absorber is also relative to the chosen set of

constitutive equations.

1.  EXAMPLES OF CONSTITUTIVE RELATIONS AND CONNECTIONS
BETWEEN THE DIFFERENT SETS

From an electromagnetics viewpoint" an homogeneous chiral material can be described by

spec#rc equations incoriorating 3 microscopic conititutive parameters. One possibility is [1]

Formalism 1-:
D = erE+ iTH
B = -i"rE+ lrlH

The D and H fields can also be expressed as a function ofE and B in a covariant form [2]

Formalism 2-:
D = ezE+ iEB

n = i(n+ fi-n

A thild possibility, putting emphasis on the nonJocal character of the medium is [3]

Formalism 3-:
D = s r ( E + B V x E )

B = p s ( H + B V x H )

Other expressions exist, but in order to avoid possible confusion, we will restrict the

discussion to the 3 expressions Inentioned above.

These 3 sets can be shown to be equivalent for time-harmonic fields and connecting

equations can be derived []. Using an e-id time dependence, one obtains with our notations

( l )

(2)

(3)

tr = t2 + ltz\z, Itt = V?, ̂ t = 1lL2
^2

t r = € r - L , U . = U r , t = a
l - l t ' -  

-  
$ t
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q^  [ r  t  rU rBO
-r - -------" 

^ t'"r --------;-. I -

l - e3p3p2 ro2  l - e3p3B2 to :  1 -e3g3p2 to2

t ^i \ / .f \ v
€ r = € r l l -  I  l . u r = u ' i l -  

I  
L B =  

I  I
-  ' \  e r F r / ' -  " \  € r F r / '  c o e r p r , , _  ] -

trlrr

(5)

and

Ez= Et,rrz =--*-, E = orrp
I - €3p3p'02 (6)

ll.t ^ E'
t t=€2.  l t r=- - - f t ,  F=*"

t -
t  + t tz i

As far as the chirality parameters are concerned, it is apparent from the examination of
equations (a) to (6) that their meaning depends on the formalism; some of them do not solely
represent the handedness of the medium, but also contain some information relative to the
dielectric and/or magnetic character of the medium. The meaning of the permeability and the
permittivity is also relative to the formalism in the general case. As for specihc cases, it can be
seen that in formalisms 2 and 3 the permittivities are equal, while in formalisms I and 2 the
permeabilities are equal. For the particular case of low chiraliry, particularly important from an

experimentai viewpoint [4], and quantified by the relations erprp2of<<1, ytr\zler<<1, or

f lerpr<<\, it is worth noting that there is only little difference between the permittivities and
permeabilities in the various formalisms.

In addition, the intrinsic wave impedance can be computed using each formalism

separately, which yields q, = (p,/e1)1/2, r12= Qt2/@y+ pz|\)lt2, and q3 = (prier)1/2. Using

the connecting equations (4) to (6), it follows that r1t = t'12 = rlr, i.e. the impedances are
formalism-independent. Since the wavenumbers of the two canonical right- and left-circularly
polarized (LCP and RCP) waves propagating in a chiral medium, k- and k*, do not depend on
the choice of particular constitutive equations, it is always possible to define a set of three
complex scalars which are formalism-independent, i.e. k_, k* and the wave impedance.

2. PASSIVITY REQUIREMENTS FOR CHIRAL MEDIA

Requiring that the net time-average power flux entering a closed surface S with interior
volume V in a chiral medium without sources be positive, the requirement on the constitutive
par:rmeters of a passive chiral medium can be found (by passive medium, it is meant a medium
that is passive for all fields). After some manipulations, one obtains for formalism I

I m ( e r ) > 0 ,  I m ( p r ) 2 0

Im(e1)Im(p1) > (Im(r)P

This set of inequalities agrees with that given by Lindell [5]. If there is no chirality (y = 0),

then the results known for regular dielectric and magnetic media, Im(ej > 0 and Im(pj > 0,
are retrieved. Using the connecting equations and (7), one ges for formalisms 2 and 3

(7)
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and

It should be noticed that only e1 and p1 have the same meaning in terms of dissipation of

energy as have the permittivity and the permeability in ordinary isotropic. dielectric and
magn6tic materials.-Also, only in formalism I is chirality totally uncoupled from other

propenies. In formalism 2, only p, has the same meaning as the usual magnetic permeability-

In formalism 3, neither e3 nor p3 can be considered as regular permittivity and permeability.

Therefore, as least regarding energy dissipation is concerned, one may regard formalism 1 as
the best suited to the description of reciprocal biisotropic media.

3.  NORMAL INCIDENCE REFLECTION COEFFICIENT OF CHIRAL
MEDIA

In this section. we consider a metal-backed chiral slab of thickness e, on which a
normally incident linearly polarized plane wave is impinging. Our goal is to check if and how
chirality could be useful iol applications reiated to microwave reflection reduction. Using the

generic symbol 11 for the intrinsic wave impedance, one obtains the following expression for
the refl ection coeffi cient

Im(e:  + F:6-)  >0,  Im(p:)  > 0

Im(e2 + pz E?)Irn(p:) > (I*tEt .l)'

rrnC----9r-^ l>0, Im(-EL^ )>o
I  -e3p3P'rrrz 1-s3p3P'of

Irn( e3 )rm( li3 r t {14 
t'u'ot 

,)'' l 
-e3p3p:cor t -e3pr3p2crl \ r -e.ru:F'co2 /

(8 )

(e)

( =
n - 1 0  _ e 2 r L q e
l + I o

, - l - r l o " z t r . r e
tl + t1o

, k + k, r--------------- oY e3P3 /, n \.  n * = * ; -  = o ' { E r l r r  = r o { p 2 ( s l + F z i ' )  = ' '  :  ;  ( l U )
I - e3p3or2p'

The reflection coefficient is written as a function of 2 formalism-independent variables: the

impedance q and an equivalent wavenumber k*, which is the average of the 2 canonical LCP

and RCP wavenumbers; its formalism-independent character clearly appears when written in
this fashion.

Reminding the results of section 1 and considering the expression of k* in (10) using

formalism 1, it can be seen that the chirality coefficient T appears neither in the impedance, nor
in the equivalent wavenumber. Extending the analysis to formalism 2, it is found that the

chirality parameter € both appears in the expressions of the impedance and the equivalent

wavenumber. As for formalism 3, because n3 does not depend on B, it can be seen that the

chirality parameter p appears in R only through the equivalent wavenumber keq.

Thus, for formalism 2, macroscopic chirality is present in the definitions of both the
impedance and the equivalent wavenumber. For formalism 3, it appears.only in the expres-sion
of ihe equivalent wavtnumber. For formalism 1, the macroscopic chiraliry does appear neither
in the eipression of the impedance, nor in that of the equivalent wavenumber, and thus is not
included-at all in the exDression of the reflection coefficient. Moreover, formalism I is the one

5 2



in which the permittivity and the permeability have the same meaning regarding the dissipation
of energy as they have in ordinary dielectric and magnetic materials. At,first sight, such a
conclusibn does not augur well of the superiority of biisotropic media as microwave
suppressors over more conventional marerials. This comment should nevertheless be qualified
by irentioning that only normal incidence on reciprocal bi-isotrop.ic media was considered,
and ttrat the general casj of oblique incidence on a nonreciprocal bi-isotropic medium is still to
be studied in details, not to mention the case of bi-anisotropic media.

Another comment should also be made. Only homogeneous media were dealt with so far
in this article. However, in a composite containing chiral inclusions in an otherwise nonchiral
matrix, the situation is different. In particular, because of the electromagnetic coupling
originating from the shape of the inclusions, the macroscopic effective permlt!1yity and th-e
permeabitity will dependbn both the microscopic electric and Tagnetic polarizabilities, as weil
as on the microscopic chiral polarizability of the inclusions. Thus, microscopic chirality may
play a role at a macroscopic level, and inhomogeneoug chiral media may yield interes-ting
i,ombinations of permittivity and permeability. Besides, if properly understood and controlled,
other phenomena such as scattering or multiple scattering may be used to enhance global
energy absorption. In any case, it turns out increasingly clear that chiral materials should
present some inhomogeneous character if they are to be considered as serious candidates for
reflection reduction.

CONCLUSION

3 formalisms applicable to homogeneous chiral media were compared for time-harmonic
dependence, and the relationships between the constitutive parameters expressed using.the
different sets of constitutive equations were recalled. The requirements for dissipation in a
passive chiral medium were derived in each formalism. The reflection coefficient dependence
with respect to macroscopic chirality was found to differ from one formalism to another
because bf the formalism-dependent meaning of the constitutive parameters. It appears that the
inhomogeneous character may be important for applications involving the absorption of
microwave energy in chiral coatings.
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I - INTRODUCTION

The composite chiral media we are worklng on are made of metalllc helices embedded
randomly ln a host dielectric medium. In order to maxirntze the chiral effects, two
conditions are both to be satisfied :

- helces have to be excited by the lncident wave:
- the interaction between helices and the tncident wave has to induce a

non negligeable chlrallty.

We present here the opttmlzation of the destgn of a slngle turn hellx wtth respect to the
incident wave characteristics (dtrectton and poiarlzation). The hellx ls defined by tts
dlrnensions (see figure l, p : pltch. d : diameter and I : wirelength).

We shall call "tight hellces" those wtth a p/d ratto smaller than 1, and "lax hellces"
those ',vith p/d greater than l. The reference heli:< has a p/d ratto equal to I . (figure 2)

tr - EXCITATION EFFICIENCY

In order to analyze the efficiency of the hellx, we shall consider the four following

basic e:<citations, whereTi ls the wave vector (figure 3) :

-Ii along the helix axis (//Axis):

-T1 perpendicular to the helix axis (IAxis).

In each case forli, we have two possibie directions forEi.

This efficiency will be evaluated by computing the backscattered field, using the

AWAS code (Analysis of Wlre AnLennas and Scatterers), ln free space (Eo,lro) and
assumlng perfect conductive helix.
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1) Frequency dependance

On figures 4, we can flnd the backscattered field of a reference helix (p=d-8 mm)
plotted versus the frequency for different excitatlons. The flrst resonance appears
when I (wlrelength) ls equal to L/2. The second one (l = l) ls not excited In the case of
-lAxis excltation. (In this case, the current on the hellx must be symetrical). In the
case of //Axls excitation, and according to the direction of the lncident electrlc field,
the second resonance may be more or less important than the flrst one. In the case of
E1 / lC (see figure 5), the coupling occurs mostly on D and B and leads to a
I resonance, In the case of E1 / DB, the most important potnt is C and the current
distributlon is symetrical.

in the lnvestigated frequency range (o to 20 GHz). we can observe also the thtrd
resonance (l = 3 L/2l,. These results show that the best conditton. in terms of
frequency, to get coupling between an lncident wave and the reference hellx ts
obtained for the first resonance.

2) Efects of p/d on the excltadon efficlency

On the diagrams of ftgure 6, we can observe the fluctuatlons of the backscattered field
versus p/d. The frequency ls tuned to the ftrst resonance.
In the best case of //Axis excitatlon Et // DB), the maxlmum of the.backscattered field
is obtained for a value of p,/d close to 1. The situation is the same in one of the lAxls
excitations : ln the ot}er case, the vaiue of the backscattered field lncreases with p/d.

III - CHIRALITY EFFICIENCY

In order to evaluate the chirality efficiency, we plot the ratio between the cross and co-
poiarization components of the backscattered electric field. fwe cannot obsewe anv
circular dtchroism because of lossless media). This ratto is piotted versus p/d fdr
dillerent excltations on figure 7. We observe that the fluctuatlons of the cross/co-
polarization ratio differs with the excltation conditions. In the case of J-Axls
excitation, we have both cases : increase or decrease of the chiral elficiency when p,/d
increases.

In the case of Pasteur media, with randomly distributed helices, it is better to have
medium chiraiity for each helix whatever the excitation, than htgh chirality for a
specific excitation and very low for others. For that reason. we shall avoid very ttght
or very lax helices.

rV - COMPROMISE BETWEEN EXCITATION AI\ID CTIIRAL EFFICIENCIES

we are going to define here a single parameter which is able to take into account both
effects : excitation and chirality. The most suitable is the scalar product between the
incident electrlc field Ei and the backscattered magnetic field frr.

cPg=E i ' f r '

The crosspolar component of fr. is colinear to Ei, and so a hlgh chtrallty wlll tncrease
the value of CgH. On the other hand, a high coupling efficiency will lncrease the
backscattered fields. For easier handling, we modify CBg in :

cEH= ro2llEill . llE,ll "* "

5 5



a= * - Arcts ( 
cj9::!9lu.99 

Iz - 
co-polar of E.

On figure 8, we see the fluctuations of Cpg versus p/d tn both cases of excitation
| // and J-Axrs), and it ls clear that the maxtrnum ts obtarned for a value of p/d close
to 1. This result is tndependent on the dlrectlon of t]le lncldent electrlc field E .

VI. CONCLUSION

These results show that the reference helix gives the best compromise between chlral
and excitation efficiency. This means that whatever tlie dtrection and the
polarlzation of the incident wave, provided that the frequency corresponds to the flrst
resonance. the lnteractio-n with the helix will provide a non negltgeable chtrallty, In
this case, in a randomly distributed medium, all hellces wr-ll-tnteract wtttr the
incident wave, and the global ellect will be important. All these conclusion stated on
the analysis of the backscattered fields stands also for the forward scattered ones.

with : backscattered electric field

Figure 1 : Slngle turn hellx

tight helices
-|>-  - n

d  
- "

l_-/

D-T =',
lax helices_++ =_

Reference helx

Figure 2 : Helices classtfication

Magnetic dipole
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Flgure 5a : Hellx geometry and current dtstrtbutton for even resonance

Figure 5b : Heli.r geometry and current distrtbuilon for ocld resonance

6

U

o

U.s

o

.20

-21

.28

a )

.2!
2

p l d p l d

p l d

Flgure 6 : Backscattered electric fleld at the flrst resonance versus p/d
a) lAxis excitation. E1 // helix axis

b) IAxls excltation, Ei t helx axis

c) //Axts excitation, E, / AO
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BORZDOV G. N.

LOR,ENTZ-COVARTANT SOLUTION OF THE TNVERS PROBLEH OF REFLECTION

AND TRAXSXTSSION FOR A DISPERSTVE BIAHISOTROPIC HEDTUX

T h e  s u r f a c e  i r n p e d a n c e  a n d  c h a r a c t e r i s t i c  r n a t r i x  r n e t h o d s

b e l o n g  t o  a  n u m b e r  o f  t h e  r n o s t  g e n e r a l  a n d  e f f e c t i v e  m e t h o d s

f o r  s o l v i n g  b o u n d a r y  v a l u e  p r o b l e m s  i n  e l e c t r o d y n a m i c E  o f

s t r a t i f  i e d  b i a n i . s o t r o p i c  m e d i a  a t  r e s t  t 1 - 5  1 ,  I n  R e f  .  L 6 . ? )

t h e s e  m e t h o d s  a r e  g e n e r a l i z e d  o n  t h e  c a s e  o f  u n i f o r r n l y  m o v i n g

r n e d i a  b y  m a k i n g  u s e  o f  t h e  e x t e r i o r  a l g e b r a  t B J ,  O w i n g  t o  i t s

a d v t s n t a g e s  t h e  l a t t e r  i s  n o w  e f f e c t i v e l y  a p p l i e d  i n  s p e c i a l  a n d

g e n e r a l  r e l a t i v i t y ,  b u t  i t  s t i l l  d o e s  n o t  t a k e  a  p r o p e r  p l a c e

i n  o p t i c s .  A =  i t  p r o v e d  t o  b e  t h e  L o r e n t z - c o v a r i a n t  i m p e d a n c e

a n d  c h a r a c t e r i s t i c  r n a t r i x  r n e t h o d s  a r e  e s p e c i a l  l y  u s e f  u 1  i . n

s o l v i n g  i n v e r s e  b o u n d a r y  v a l u e  p r o b l e m s  - f o r  b i a n i s o t r o p i c  m e d i a

f b , 7 7 ,  T h e  s o l u t i o n s  o b t a i n e d  i n  R e f .  t 6 l  e n a b l e  o n e ,  b y

{ n e a s u r i n g  r e f l e c t i o n  a n d  t r a n s m i s s i o n  c o e f f l c i e n t s ,  t o  f i n d  a } l

3 6  m a t e r i a l  p a r a m e t e r s  o f  a  s t a t i o n a r y  b i a n i s o t r o p i c  r n e d i u m

p r o v i d e d  t h e  s p a t i a l  d i s p e r s i o n  i s  a b s e n t ,  F o r  a n  u n i f o r r n l y

r n o v i n g  d i s p e r s i o n l e s s  l i n e a r  m e d i u m ,  t h e  s i m i l a r  i n v e r s e

p r o b l e m  i s  s o l v e d  i n  R e f ,  8 7 7 .  I n  t h e  p r e s e n t  p a p e r  w e  c o n s i d e r

t h e  g e n e r a l  c a s e  o f  d i s p e r s i v e  b i a n i s o t r o p i c  m e d i u m  w i t h  t h e

f o u r - d i r n e n s i o n a l  c o n s t i t u t i v e  e q u a t i o n

Gt I )=  
f  " uy r r ( x - y )day  ,

where  F  and 6  are  the  ' f  ie ld  and induc  t ion  tensors  ,  l " l  i s  sorne

t e n s o r  f u n c t i o n  o f  t y p e  ( e r a ) ,  I t  i s  s h o w n  i n  R e f .  [ S , Z , 9 J  t h a t

d i s p e r s i v e  a n i s o t r o p i c  a n d  b i a n i s o t r o p i c  m e d i a  c a n  b e  d e s c r i b e d

b y  t h e  g e n e r a l i z e d  m a t e r i a l  t e n s o r s .  F o r  a  f i e l d  F  w i t h  t h e
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e v o l . u t i o n  o p e r a t o r  a  { F  l \  +  Z ,  =

r f l a t e r i a l ,  t e n s o r  M ( E )  i s  d e f i n e d  b v

G { I )  =  M ( 6 ) F t x ) ,  M ( E )  =  |)

The rna ter  ia  I  tensc l r  M {a)  can  be  expressed th rough the

r e f  l e c t i o n  a n d  t r a n s m i E s i o n  o p e r a t o r s  o f  t h e  r n e d i u r n  a s  f o 1 l o w s .

L e t  a  w a v e  w i t h  t h e  f o u r - d i r n e n s i o n a l  w a v e  v e c r o r

K  =  I  *  f q  b e  i n c i d e n t  o n t o  a  b i a n i s o t r o p i c  l a y e r  w i t h  t h e

i n t e r f a c e  n o r r n a l  Q .  T h e  f o u r - d i r n e n s i o n a l  i m p e d a n c e  r  a n d  t h e

c h a r a c t e r i s t i c  m a t r i x  c  1 6 r 7 l  r e l a t e  t h e  b o u n d a r y  v a l u e s  o f  t h e

p o l a r i z a t i o n  l - f o r m s  p  =  ( ! r ^ y ) J ( e ^ F )  a n d  h  =  e J G  s o  t h a t

n = y p ,  W = T l = O ,  y Q = y . t  = O , ( 3 )

[" ]  f  "1i  I  =  q -  |  |  t  1 4 )
I r, Jl, I n Jl,

h r h e r e  a  i n d  J  e r e  t h e  e x t e r i o r  a n d  i n t e r i o r  p r o d u c t s  t 5 - g J o  g

a n d  v  a r e  a u x i l i a r y  v e c t o r s  i g J e  =  y J r  =  1 ,  u J l  =  y J e  =  O ) .  T h e

r e l a t i o n s  o b t a i n e d  i n  R e f s ,  E 6 r ? l  e n a b l e  o n e  t c  e x p r e s s  y . a n d  c

t h r o u g h  t h e  r e f l e c t i o n  a n d  t r a n s m i s g i o n  o p e r a t o r s  o f  t h e  l a y e r

a n d  t o  c a l c u l a t e  t h e  b r a v e  v e c t o r s  K j  =  I  *  { i e  a n d  t h e

p o l a r i z a t i c n  1 - f o r m s  p j  a n d  h j  o f  t h e  p a r t i a l  w a v e s  e x c i t e d  i n

t h e  l a y e r -  T o  f i n d  t h e  f i e l d  a n d  i n d u c t i o n  ? - f o r r n s  F 1  a n d  6 1  o f

a  p a r t i a l  w a v e t  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  a l s o  v a l u e s  p t '

.  t '
a n 6  h  o f  ] t s  p a r a f n e t e r s  p  a n d  h  a t  s o r n e  o t h e r  v a l u e s  o f  o  a n d

T ,  n a r n e l y ,  6 l '  a n d  z '  .  T h e n  w e  o b t a i n

Fl  =  KLn(g t +  f , Q ' ) ,

A t y ) F  ( x )  ) ,  t h e  g e n e r a l i z e d

t h e  r e l a t i o n s

A . < y ) A ( - y ) d a y .  { ? a , b )

I  . '

G ' = * [ ( F r  + L O ' ) ^ K l J ,

r . rhere  *  i s  the  s ta r  opera tor  tb -g  I  ,

p a r a r n e t e r s  d e p e n d i n g  o n  e ,  r :  p ' ,  h n ,

, L, anci tg'  are sorne

t '  ,  l '
p a n g n

T

q t

6 1



L e t  t h e  t e n s o r s  F J  a n d  G ' r  o f  a r b i t r a r y  s i x  e i . g e n w a v e s  w i t h

I  i n e a r  1 y  i n d e p e n d e n t  a m p l  i t u d e s  ( F j  )  b e  f o u n d  .  T h e n  ,

s u p e r p o s i t i o n s  o f  t h e s e  s i x  w a v e s  a r e  d e s c r  i b e d  b y  t h e

g e n e r a l i z e d  r n a t e r i a l  t e n s o r

H ( E ) =  E G ' € . ,  ( 6 )
j = r

w h e r e  t h e  2 - v e c t o r s  : j  a r e  d e f i n e d  b y  t h e  c o n d i t i o n s

s  J F t  =  6 t .  T h u s ,  t h e  r n a t e r i a l  t e n s o r  t t ( E )  i s  u n i q u e l y- J J

e x p r e s s e d ,  i n  t h e  f i n a l  a n a l y s i s ,  t h r o u g h  t h e  g i v e n  ( m e a s u r e d )

r e f l e c t i o n  a n d  t r a n s m i s s l o n  o p e r a t o r s  o f  t h e  m e d i u r n .  T h e

o b t a i n e d  g e n e r a l  s o l u t i o n E  o f  t h e  i n v e r s e  p r o b l e r n s  c a n  b e  u s e d

for  deve lop ing  rna ter ia l  parameters  tneasurernent  rne thods  fo r  bo th

u n i f o r m l y  r n o v i n g  a n d  m o t i o n l e s s  r n e d i a .

1  .  F e d o r o v  F .  I

1 9 7 6 .
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-{.BSTRACT - The influence of the complex chiral admittance on the absorption capacity

and absorption effectiveness of lossy chirals is investigated. Passivity bounds for the

'ripiet (e , p. {) are presented for the Post-Jaggard formalism.

Introduction

It has repeatedly been claimed that chiral media can provide enhanced absorption perfor-

rnance over ordinary dielectric or magnetic media [1][2], although questions have arisen

to whether this possible improvement is due to the handedness of the medium 13].

The results presented in [i][2] assumed real values of the chirai admittance ( under time-

harmonic excitation. However characterisation of { = €' - j{// in terms of geometrical

and electromagneticproperties of chiral elements [a][5] has shown that for realistic helix-

based chiral media the condition for chiral losslessness, S 
: 0, can be satisfied onlv under

exceptional circumstances. As a further step towards the controlled design of artificial

chirals, it is therefore important to consider the efect of chiral loss, ie a nonzero {", on

ihe rvave propagation, reflection and absorption.

It is important to realize that the real and imaginary parts of ( : €'(1 - 7 tan 5.) are in

general not independent parameters. Analysis of the chirality of lossy multi-turn helices

i5] shows that, for example, for perfectly conducting heiices in a dielectrically lossy host

medium:-

l t
l ' h o s t

\ r"^-'

t a n 6 ^  A  L :
- € l

,  +t"* O"r* -  t
tan 6"6o",

6 3

( 1 )

(2 )



lr''here g denotes a factor determined by the helix geometry. Hence for such inclusions the

chiral loss tangent takes a fixed value for arbitrary' |ar'5"6o"7. This must be born in mind

u'hen interpreting the following results.

The power absorption capacity A" and power absorption effectiveness A" have been defined

previously for an (achirai) isotropic lossy half-space under time-harmonic excitation [6]:-

time-aueraged, power loss per unzt uolume
A _

A _A e

time-at:eraged, power transmi,tted, across the interf ace

tim,e-aaeraged, power loss per rsolume uni,t

t ime-aueraged, pouer incident onto the absorber

( 3 )

(4)

In particuiar, it was demonstrated that A" shows to what extent a given medium mav

be fundamentally suitable as an EM absorber, that is independent of the environment in

which this material is placed, by using a definition which shows to be very useful in prac-

tice. On the other hand, A" was shown to exhibit finite optimal values for e. tan 6", pr

and tan 6- at which maximum absorption performance may be achieved for arbitrary

depth d and frequency / within the absorbing medium. The reflectivity fi is implicitel-v-

present in the defi.nition of A" since A" = A.(7 - B) We apply the concept of A. and A"

to the case of a lossy chiral half-space in order to gain further insight into the effect of

magneto-electric coupling on the overall loss efects.

The following constitutive matrix equation is adopted to describe the time-harmonic ex-

citation of chiral media:-

(;):(-;,;1:)(;)
w i t h e  = e ' ( 1  -  j t a n 6 " ) .  p : p ' ( I - 7 t a n 6 - )  a n d ( : ( ' ( 1  -  j t a n 6 " ) .  N o t e t h a t t a n 6 " i s

a true scalar as opposed to {' which is a pseudo-scalar.

2 Power Dissipation in Lossy Chiral Media

Poynt ing 's  theorem states that  V. ,9 :  + (8.  D* -  H*.  B) ,  rvhere S :  i (J  x  l / . )  is

the complex Poynting vector, denoting the local power flux. In passive Iossy media, the

dissipated power P : n [g] is a positive quantity and we obtain. after separating into real

and imaginary parts:-

V.P: n l f  e .  D'  -  H- .  B) l :  p"  *  pn -r  p"^ (6r

(5 )

6 4



,\'here

P" : 
i lr' t"" 5. + 2p'€'' tan 6" 1 u'{'2 tan u* (t - tuo' a")] IElt

p^ : 
I lr' t"" 5^) lTl"

P"^ : up.'(' (tan6- * tan 6") S (A . ,4.)

\otice that for reciprocal biisotropic media, Pu- does not contain a term in ft(8.f1-).

as opposed to its expression for general biisotropic media l7]. The possible values for

e. p and { are restricted by the conditions for passivity, 3(p) > 0, 3 (r+ ptr) ) 0 and

i  r p  ) l  ( e  *  t t €2  )  - [ 3  ( t € ) ] '  )  o .  i e : -

1.t ' tan 6^ > 0 (10)

p ' { '2  tar  6*( r  -  tan2 6")  +21",€,2 tand" 1 e, tan5" > 0 (11)

u ' '€ ' '  ( t - tan26^) tan26"a 4p ' "€ ' '  tand- tand" *  /e ' tan6^tand"g 2p '26 '2taa.2d-  > 0 (12)

Because of the dependence of { on e and p, it is in general not possible to deduce from

these conditions explicit bounds for (', (" or tan 6" for passivity. Therefore, great care

must be exercised in selecting realistic values for the triplet (e, p, €').

Explicit but lengthy expressions have been obtained for the absorption capacity A". the

absorption effectiveness Au and reflectivity .B by integrating over a depth d and making

use of the expression for the wave impedance of chirals. The expressions for ,1", A" and

fi for isotropic media [6] have been retrieved as a special case. The anai5'sis shows that.

in general, increasing {i below unity reduces reflection from a magnetic chiral slab backed

b1r a perfect conductor or from a magnetic chiral half-space, but not for dieiectric ones

(uniess .i. < i), in accordance with previously obtained conclusions [9]. The effect of

increasing tan 6" for arbitrary {i is a decrease of the reflection from either a dielectric or

magnetic chiral slab.

As an illustration, Figs 1-4 show the skin depth, wavelength. A" and A" for dielectric chiral

media for a '+' CP incident wave, whereas Figs 5-8 show the resuits for magnetic chirals.

A" and A" are shown for d: 1 m at f - I GHz. The efiect of changes in tan6" is seen

to be comparatively small in general. Absorption essentially decreases with increasing

tan6. for €!, < €lo but increases with increasing tan6" for (io ) 1, where {io is a constant

larger than unity for dielectric chirals and smailer than unity for magnetic chirals. It is

interesting to notice that the diference between dieiectric chirals and magnetic chirals

diminishes the more tan 6" deviates from 0 for arbitrarv {i and the more {f deviates from

1 for arbitrarv tan 6^.

(7)

(8)

(e)
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Figure 1: Skin Depth 6* (*) as a function of {i and tan6" for

u : ( 1 - j 0 ) p " , f : L G H z .
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Figure 2: Wavelength ,\1 (m) as a function of {j and tan 6" for

p : ( I - j 0 ) p . , f : I G H z .
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TEE I}NERACTION O? f,r,NggPg166GNE"IIC A}ID ACOUSTIC WAVS IN
BIANISOTRIIPIC CR]FTALS WflH Fr,F:CtRfCAlY-niDUCm ANISOTRO?Y

Bely i  V . ! [ . ,Ku tak  G.V.

rhe ilteraction of electromagnetic arid acoustic waves in crys-

tals ( acoustooptlcal lnteractlon ) flnds broad appllcation for opo-

ration d.lfferent klnds of materlals. Now for this purpose bianisotro-

pio orystals which h,ave good photoalastic and grrotropic properties

are used. rn the last year gyrotropic cubic crystaro of silenite

strloture are used, such as: gennanat, silioat and titanat vismut

;rustals and others [1,2]. rf for one-axle and two-axre ,lryBtal-s we

nust take optioal gyrotropy ilto acount only for light beams d.irecti-

cns near the optioal axis in orystale , but as for oubic crys-

lals it must be taken into aooun.t for ar$r geometry of the acoueto-

cpt ical  (  hereinafter ' rAOt'  )  interaot ion [3] .

The peculiarities of Ao interaotion in one-arre gyrotropio crys-

rals under the approximation of given polarization ( ellipticat ) have

ceen considered ix t4l. Using nr.merical d.ecision of the d-ifferential

equation system by means of electronic calculation ma,chine ( Erilf )

different geometries of AO interactions jri grrotropic eubic crystals

with electricaly-induced. anisotropy have been i.nvestigated" t5J.

rn this paper by r.rsi-ng stowry changir€ amplitud.e method., Bragg

d'iffraction in gyrotropic cubic crystals with electrioaly-induced. ani-

sotropy is carried out. Analiticar expreseions, which give the possi-



bifity for oaloulatione of energetio and polarization oharaoterist::

of d.iffracted waves in regime of strong and weak interactions are ,::

taind..

Now let ua see non-oolli-near geometry of fight waves interact--

in the nearness of AZ axis of the cubic crystal with acoustic wave

which spread. along the OX axie ( plane of diffraotion ie perpendioy-

lar to OY axis ). l,et's assume tlrat ultrasonic waves wil;h C.lspla-

cement vector Gfrou"pli(Kx-Ot)l ( K=fl/v, O is the frequense and v i:

the phase velooity of ultrasound ) is in the space between the plans

z=0 and z=1. fhe ultrasonic wave makes period.ic in time and space

changies of d.ialeotrical tensor pernitivitiee AerO, whioh is cormect

with the elastio d.efo:rratione

Uln= (1/2 ) (vtUi+vrUn)

and photoelastic constant pijn by means of etpression:

ae *=-e t tE ;kP r ;sulurul,

where €rn is the dielectrical permitivities tensor.
In the region of ultrasor:nd and light beame crossi:rg under tlre

influence of the erectrical field. io on the cubic crystaJ- the j.nduse

polarisation of medium appeara

Pi= (-s2,zgrc) (FinEn+9**t* ) , ( . 1

where tensor 9itr is connected with orur* and. ereotroopticar constant

ritt by means of

I ik=P iktrUI*+"ikIEIo . (z



For caloulations of the diffraoted li€ht amplitude we will re-

Iy upon the MaxveII equation eystems

oE afr
ro tE=-  (1/o)Ot  r  ro t11=( l  /a)  f i  ( l  )

and material equations [1,7] for bianigotropi,: dial-ecirio medium

D=€E+lJiI+4fiP, B=H-iTE,

where 1 is the gyrotropic parameter.

I'rom er;lressions (1) and (2) wave equation for Iigltt field

strain il the region of ultrasound beam follows [5]

11, )

rotroti-2 i1(1/cr# . G2,'c2-'t2/"'r# =-(4rc/c2rfr, . $)

lhe d.eoj.cion of wave eqLr.ation (5) may be written in the for.r-n

L i a / t J ) .

f r=Eotz)expi i t foi*ot)J+fr,(z)urpi i(Eri-r ,r t)J, (6)

where

f r  = '  '  r t  -  '  \ +  =  r *  --o =Ao(z)do+Bo G)6r,  E1--Lr(z)dr+n, e)6r,  (T )

ana do=Jf, o6ol/ | i io62l l, 6r=tir6. i/ l t1l.16el l; d, is the single vector,

which is ortogonal to plane of AO interaction.
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By introducing expression (2) into wave equation (1) ttie d-iffe-

rential eqr:ation system for comprex vector amplitud.e may be writter-

in  the  to rm [3 . ,8 ,10 ] :

drr
\4^

J=PE^*QE, 
,

d z u l

d;,, +
-r =FE,r *trE^r
dz

where -={1,
a ta  

" t . \

I '
%o *zzl

and.  A. , , r r=( in l1 .^ncosqr^) ( { ,4€^E, , ) ,  8 , " ,=( i rm3/z?u^cosg^)(6. ,1e i . ) .1=l  v  t r  ' , - r  
F  e  L ,  -  

l u  o  ' o . ' - p " - - - . L r ' ' -

=(2cn0ostpo,/o)0i< ( 0t :-s the d.eturrring parameter ), Aro--r2rrfr"i" th"
" a

dialectrical perrnitivities pertr:rbation tensor by erectrie field E'r;

p"P=0,1'2. fn (3) tne matrixes P and F describe the anisotropic and

grrotropic crr.rstals properties in the exterrral eleotricar field_ iP,

but Q and D are photoelestic properties.

Usins mat'r.ia method t9-1Ol and boundary cond.itio.,* fr (z=o)=/A. u J  a r q  u v q l t g r _ J  u v L l r r J _ r / ! u l l . D  & O \ Z = U l = \ t  
I ,

Ar)T,  r t r4- -o)=(0,0)T (  Ar , ,A, -  complex ampt i tudes of  the inr : ident
l l  i

l ighi; wave on the bounda.ry of the ao interaction region z=0, 6r'-:s

the symbor of the tr.ansparence operation ) the desicion of eouation

system (3) may be written in the forrn:

aoo Aoe*P I
t,
I

Aro-p A22 
I

€^,. I"' l
I '
I

Ftrl* * /

I -



F-
For 2f,2- matrix M=F+DPD-' with erements Mtt=%e, M1r--Mrr=o, the soru-

tion of equation system (8) nay be written in the fonn [3]:

+ _,1
to=D-r ( -Fexp ( -o . 5Mz ) ( r /vf-) s rn 1 zvf) +e:o ( -0. 5Mz ) D- 1 co s Qtf ) ) lilo { r: ),

( 1 C )

i r  =urp (-O.5Mz ) (1/tf) (sin(ztf) ;uio to),

where T=(DPD-1F-nA-#tq). frLe matrix functions in erpression (9)

and (11)) may be calculated lrom Kel i -Gamil ton theorem [1O,1'1 j .

the forth-ord.er system (B) may be solved. exaotly only in regime

of small couplirig ( laijl l<<t, where I is the length of Ao interaction

). Using the bor:nd.ary cond.ition fi,, {O)=O, we obtai-n d"irectly [8]

-
E  ( z ) = E  f O ) e r p ( z p ) ,- o ' - '  - o '

{ 1 1  l

f ,  {u  )=" tp  (z f  )OJzer t  (z 'F  )Derp  (z '  Y  ) io ( ,a l  dz '  .

It should. be noticed that erpressions (1 1 ) nray be ueed for cal-

curations of many A0 d-evioes [12]. Now we d.enongtrate tlre oaee ol Ao

interaction in gyrotropic cubic crystals in the (100) plane for

shear aoouetic wave6 whioh spread arong the axie [oo1 ] and are pola-

r ized along tO1Ol.  Und.er this condit ions external electr ic f iefd.;o

/' -\ I /;",,,
l l,ll
lD 'J 

J \;r 
ror

l z , , l
I 'ot ' r1
tl
l +  |
l E r  / - \ l
l s l  \ a i  I
I I

(e)

,-5



mret be applied along IOIO] d.ireetion. Suoh a geometr.;y of AO inte:z:

tion may be of great interest for maki-ng AO devices. Using (4) tne

complex-vector arnplitud.e of d.iffraoted. wave on the borindarxr of Ao -

teraction z=\ may be written in the form:

i, **p (-iO1/2 ) { i - (Nsina, i+fisinarl)AI 
t+R(Cosa, 

I-cosarr )t f-
(ASina.| r+islmrr )Ar l+i.r., (Bsinal r+gsln%I ) )3, +

t*exp ( -iO1/2 ) i t (NSixa, f+frSio"rl )Ar+R (Cosa, l-Cosart )Ar+

+ (asirrar r+fsu"rr ){ ,1+i 
(Bsirral r+6si:,arr )t ,i6r,

where

l=2oae/ [ a, (a., 
" 

-u"" ) t, n= ( +ae2-ae, *^,r, ) / 1.2a,{u,, 2-ur2 ) ],
g=pO,/[a1 {"r2-ar2) ], R=zLe/ turz-^r2),

(azta**'rp'*ou')t@

- (p2*a*2; {p2+a"2-02 )* (A"4-e pz*l ,
arr'd' Ar=rrrSrorf /xo, a=(nn3p 

44/2h'o11zt^/ov311/2 (r0., (144) is the eree:-

rooptieal ( photoelastioal ) constante, I" ie the ultraeonic inten_

sity). Symbol ".-" eignify aa+ar. Detu:ning from Bragg cond.ition is:

8=(rv,/t)ar{.r' whare atpg-go, and g6=aresin(luot/znv} is Bragg angle.

We see tha,t expression (12) ind.ioate the existense of the eiiip_

tioal polarization of the diffrracted waves. when Eo=o the erpreesion
(12) coincide with expreseion for d.iffraoted. wave ampritud.e which

has been obtained. [3]. lte encrud.e phase d.eturning coefficient o i:t

erpreesion (12 ) for oarcuration ampritud.e-frequenoy oharaoterietioe

o f  t O  d e v i c e s  i 1 2 I .
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Nunerical catculations of polarization and energetic characte-

:istics of the d.iffracted, waves for Bir2G"o2o orxrstal where carried.

:ut. we take i-nto account that ul-traeonic frequency is f=20r1 MIIz,

1i€ht wave lengh io fo=O,53 pm. Photoalaetio oonetant ie p44=rl.rl4t13l;

optical aotivity per unit length is p=22 d.egree/mm;eleotrooptioal
4 ' 1

conetarrt is rOr=3,7,1O-''rr./Yidensity of oryetal ie O=9,22 g/cmt.Sche-

mattc d.lagram of A0 lnterraction is presented. on Flg.l . Und.er thig ocn-

r i t i ons  X  ;1  ioo l  l ,  f r  tg  i r l lO l ,  Eo  l1  io1oJ .

In the Frg.z the depend.ence of the d.iffraction etficiency Tf=

=1i.,;2Zl.t112 o""u* the interactlon length I for d.ifferent electric

field. Eo and incid.ent right wave with s- polarizatlon is given. Thus,

when the externar erectrio fierd. Eo encrease the value ! yrirl enc-

rease aleo. ft should be notioed that thie ciroumstance is du-e to the

utduaed crystal anisotropy At- which Buppreaees the circul-ar anisotro-

this pWsicai" effeot may be due to the d.ietruction of the peri-

cdical d.ependence the d"iffraction efficiency Tl from interaction )-engih

I r:nder which furr energetie exch^ange between zero- and first-order
,li-ffracted waves is take place [61.

The dependence of the d.iffraction effioiency r} versul ar',gle de-

turning coefficient are plotted. io r,tg.r. tte see that angular sensi-

tivity rnay be strongry changed by means of externar electric fierd Eo.

Ad.ditionlyr w€ note that for the Ag=O the oenter minimum is d.is_
appeared., but the d,iffraoiion effioienoy und.er the appried e'ieorri,:

ileld. are involved i:r all angle of ligtrt incid.ence.

iYe see from Fig.4 the d.epend.ence of rhe d.iffraction efficiency
verslrs polarization azimut incident right t$arctg t\/l,t) und.er the



d.ifferent extersral electric field. strain Eo. Ite see from Frg.4 i!-;-'

the d-iffraction efficienoy rli-d. not depends from fi€ht incid.ent pc-a:-.

zat ion azi-rmt.  fhe di f f raoted f ight el l ipt ic i ty t=ig{ i ) .5arcsini21: - .

/ (1+ lq l2 ) l i ,  where  o=( i r i r l t t i r6 . ,  ) .  w"  see on  I ' i e .5  t i re  d .epenae: : : ,

of '[ from t]. AIso, we see the periodic cheraoier the dilfracted l_:=.:

ellipticity from the polari-zation azimut r]l.

It shoui.d. be notice that d.iffracted. fight polarization azjrmri ':=

=o.5arc tg i2Re(  q , ) /  (1 - l , r l2 )1 ,  i .e .  po la r iza t ion  e l l ipce  b ig  ax ic  o r ie : - : .

tion of d-iffracted wave, did not cr:incid.e with potar-ization azinu: _

of incidency one.

Thus, electrioaly-induced anisot:.opy have a big influence Dn i.-.

acoustooptical interaction in grrotropic cubic crustat. The influenl=

of the exte::nal electric fierd. in the case of d.iffraction by the sher-

aooustical wave under ihe longitud.ilal electrooptical eftect al-Iowec.

us to have possibirity to exclude ariJr borxrdari:rg by the d-iilraction

efliciency in gyrotropic cubic orr.istare and reaching practi-cally iu1_

energetic exchalgion t'etween d.iffracted wave.
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F1g.1 .Sehematic ii iagrarn of AC interact j.on( io=f^,"li,ri , i lr=E.i il in-^,|
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3.2 t, crt

Iig.2.'Ihe d.ependence of the d-iffraeij-on eiiiciency on th.e interaor

iergtn i  for i i f ferent el-ecir ic f ie id Eo:1-O;2-1;1'-3 .1-r ;5-7 ( 'vty/cr

0.8 2.11.6

80



Af ,  mtn"

l ig.3.'Ine d.ependence oi riiffr.action efiiciency'yl versu,s angle Ap for

tiifferent el-ec tr.ic iiel-d. Eo :'l -O ; 2- 1 ;3-3 ; 4-5(ky,zcm ) ( l={ crn, I o=1 DZW / cm2,

( i )=U).

8 1
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Fig.4.the depenrience of d.iffpaction efficienoy Tl versrig polariza-

r ion azinut d;  for.  d. i f ferent electr ic f ie l-d Eo:1-0;2-1;3-Z;4-3;5-5(k
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ABSTRACT

In this paper, the focus is on experimental microwave chiral research. After briefly
discussing wave propagation in a chiral medium, as well as basic equations relative to
reflection and transmission through a chiral slab, and reflection from a metal-backed chiral
layer, current artificial chiral materials active at microwave frequencies are mentioned. In
particular, we describe the processing of chiral composites with ferroelectric ceramic
inclusions. Then, the free-space measurement bench used for characterizing the samples is
described, along with the method for computing the constitutive parameters. Results on the
chirality parameter and the reflectivity are given. We also introduce some work done on
numerical modeling wi*r finite-element computations.

1. WAVE PROPAGATION, REFLECTION AND TRANSMISSION

The description of chiral, or reciprocal bi-isotropic media, requires a third complex scalar
constitutive parameter in addition to the permittivity and the permeabiliry. One way of writing
the constitutive equations, known as the Drude-Born-Fedorov formalism, is as follows [1]

D=€oE+eppV><E

B = F o H + p p p V x H

Analysis of wave propagation in a chiral medium [2] shows that there are 2 canonical left-and
right-circularly (LCP and RCP) polarized waves in the medium, which respective
wavenumbers k- and k* are

l c =  k  a n d k * -  k

I  - k B  I  + k p

The intrinsic wave impedance of such a medium is given by q = (ple)l/z

Using the impedance and the two LCP and RCP wavenumbers, reflection and

transmission through a chiral slab of thickness d can be easily quantified. Writing

a =#+, to -ei(k--k*x, and ! = szlld

where q6 is the impedance of free-space, the normal incidence reflection coefficient for a
linearly polarized plane wave can be written as

f(l - oY)
)

I -r-oY
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( l )

(2)

r1 )

S t t  = (4)



while the normal incidence transmission coefficient (corresponding to the copolarized part of
the transmitted field) is

S z r  =
( t +o )v r / r ( t - t ' )

2(r - r-oY)

Because the two complex LCP and RCP wavenumbers are different, both circular
birefringence and dichroism occur in transmission. The transmitted wave is therefore generally

elliptically polarized with an ellipticity tang, the major axis of the polarization ellipse being

tilted with respect to the incident wave polarization direction by and angle a. The rotation
angle and the ellipticity are given by

Rek - k*X /lm0c - k*)di
o= 

2:  
and tanq=mfTj  t6 l

The normal incidence reflection coefficient R of the same metal-backed chiral laver can also be
computed and is expressed as

(s)

^  ( f+ (DY)

1 - f o Y

n - n o
- e 

jlr<q0

rl + r'lo
where k* = t 

;* 
= <oGr*rn

(7)
l _ 1 ' l - r l o e 2 i k q d

r l  + l o

1
1 - (o{eo[p 0)-

All these expressions strictly apply to homogeneous or effectively homogeneous chiral
media. For composites which inclusions are not necessarily small with respect to the
wavelength in the matrix, they still allow a simple description of the interaction between the
wave and the composite chiral medium, and yield reasonably good results [3].

2. ARTIFICIAL MICROWAVE CHIRAL MATERIALS

Lindmann was a pioneer in fabricating and measuring chiral composites optically active in
the GHz range [4]. Recently, extensive experimental studies were carried out in the USA on
composites with metallic helices [5]. Some activity is now developping in Europe. In order to
fully benefit from the degrees of freedom brought by the nature of the inclusion material, ir
seemed interesting to us to explore the possibilities offered by ceramics. We therefore decided
to work with ceramic inclusions.

A high dielectric constant material, barium strontium titanate (BST), was chosen as the
inclusion material [3]. Ceramic helices are produced by coating carbon fibers with a ceramic
slurry, and winding the subsequent fibers on a graphite rod. After a suitable heating cycle,
carbon- and organics-free sintered ceramic helices are obtained. The helices are then randomly
dispersed into an epoxy matrix, which losses can be adjusted by the addition of carbon
powder.

3.  MEASUREMENT TECHNIQUE AND MATERIAL PROPERTIES
COMPUTATION METHOD

The stage following the composites processing is the evaluation of their microwave
properties. A free-space measurement setup existing at IRCOM is used for that purpose. It
consists mainly of 2 spot-focused hom lens antennas linked via transitions and coaxial cables
to an HP 8510 network analyzer. A view of the bench is presented in hgure 1. A description
of its general features and calibration has already been given elsewhere [5,6], so that we
should focus only on material propefties measurement.

Three independent complex quantities must be obtained in order to be able to fully
characterize a chiral sample. In our case, the technique used is basically a reflection-
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Figure l: IRCOM free-space microwave bench. Recent upgrades make testing from 6^to 1-10
dHz possible. A fumaie with transparent windows can be used for working up to 800oC.

transmission one (therefore thickness resonances may perturb the results). The normal
incidence reflection coefficient, along with the normal incidence transmission coefficients for
the copolarized and crosspolarized parts of the transmitted field are measured. The
compuiational scheme is as follows (see [3] for details). Uslng (5).along with the
conesponding equation for the crosspolarized part of the transmitted field, the rotation angle
and thb elliptiiity can Lre directly obtained. Then, using (4), the wave impedance is computed-
The next itage is the computation of k- and k* , where an ambiguity relative to the

determination of the real parts of fte 2 wavenumbers has to be solved. Finally, from the values

ofn, k- and k*, those of e, p, and p are easily deduced.

4. SOME EXPERIMENTAL RESULTS

Figure 2 represents the measured chirality parameter of one q!-our samples. The
resonanle region, not represented in the figure, is around 6 GHz. At l0 GHz, the magnitude

Frequency (GIIz)

Figure 2: Chirality parametcr of a compositc with 3.4 7o (in volume) BST helices (diameter =- 
pitch = 3 mm, 3 turns, left-handed) in an epoxy-carbon matrix. Thickness 9.1 mm.

I
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of p is about 0.28 mm: this yields values of lkpl and [kpl2 respectively equal to 0.14 and 0.02.
which show that the degree of chirality is fairly low, even though the rotation angle of the
composite is about 40o at the same frequency.

On the same sample, e and p were measured and the 3 constitutive parameters were used
for computing the normal incidence reflectivity using equation (7). The reflection coefficient
with metal backing was also measured. The comparison between computed and
experimentally determined values is shown in figure 3.

- measuled sllmb + computed Sllmb

I l0 12 14 16 l8 20 22 24 26 ?8 30 32 34 36 38 40

Frequency (GHz)

Figure 3: Measured and computed normal incidence reflectivities of a compositewith3.4 7o
(in volume) BST helices (diameter - pitch = 3 mm, 3 turns, left-handed) in an epoxy-carbon

matrix. Thickness 9.1 mm.

The fairly good agreement beetween the 2 curves shows that the measured values of the
constitutive parirmeters may be used for predicting reflectivity values, even though the size of
the helices is comparable to the wavelength in the matrix and to the thickness of the sample.
Further experimental work is underway to quantify scattering effects in such materials.

5. NUMERICAL MODELING

One of the challenges of chirality research is to establish a link between the microscopic
properties of the material (i.e. the properties of the inclusions) and the macroscopic properties
of a composite. We have developed a numerical technique, based on the computation of the
field scattered by an helix, aimed at calculating the properties of a chiral homogeneous
medium. This technique involves a finite-element computer code, Antenna Design, developed
at Thomson-CSF Radars and Countermeasures Division. Preliminary results on tle radar
cross section of ceramic helices have been presented recently [7]. More detailed results on
metallic and dielectric inclusions, as well as experimental validation of the modeling results
will be reported soon.

CONCLUSION

In this paper, we tried to give a panorama of microwave chirality research at Thomson-
CSF and IRCOM. Ceramic helices are fabricated by a coating-winding technique, which
allows a wide range of materials to be shaped in the form of a small size spring, and dispersed

-8

-14

-16

- 1 8

-20

u
F

I / F

\ a\
c

8 8



in a host medium to produce chiral composites. Using a tiee-space bench, normal incidence
measurements are carried out on the materials and their effective properties. including chirality,
are computed by an analytical method. Because of the heterogeneous character of microwave
chiral composites, it appears that new measurements and numerical models are necessary to
better quantify propagation and loss phenomena in these materials. Ongoing work is currently
devoted to computer simulation of electromagnetic scattering by an he.lix.
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THE COMPOSITE GYROTROPTC PLATES

E . A .  E v d i s c h e n k o ,  A . F . K o n s t a n t i n o v a ,  B . N . G r e c h u s h n i k o v

Ins t i tu te  o f  Crys ta l lography ,  Russ ian  Academy o f  ' sc iences ,

Moscow,  Russ ia

In  the  deve lopment  o f  works  [1 ,2 )  we have dea l t  w i th  the  p ] -3 :€

conposed f rom two equa l  gyro t rop ic  c rys ta l  p la tes .  The anc- :

be tweegLhe i r  p r inc ipa l  d i rec t ions  ( the i r  fas t  axes)  i s  s -

We assume that the eigen waves are orthogonal (one

another) , thei r  e l l ip t ic i t ies kr ,  Z 
= tg7L,Z are equaI ,  the reversal

the e l l ipses is  an opposi te,  i . . .  k2 -  -  k1 in  the each p1ate.

We select the f ast axis of the entrance plate as the azirnu--.-.

reference. We denote it V. Then the exit plate azirnuth is I Later c:

fast axes directions of entrance and exi-t plates we shall call th:

en:4rance axis and the exit axis respectively. To analyze the actic:.
^T

of/such composite plate at the passed l ight we have writ ten the Muelle:

matrix of the composite plate:

1

o
o 

--r

- 2 D ( A  c o s  2 8 -  B  s i n 2 9 )

c o s 2 6 )  i ( 1
1

I
J

o

0

2ABsin2e-
- 1lr2-lz-oz lcos2e

-2 AB cos?e -

-  1t2-n2-o2;  = i r rze

-2 AD

0

2AB cos2e  +

+ 11,2-B2+o2 l  s inza

2AB sin28 -

-112-s2+o2 lcos 2e

2 B D

- 2 D ( A  s i n 2 o +  B

I - 2 D Z

w h e r e  A :  t t - s i n 2 2 r  ( 1 - c o s 6 ) l s i n e  - s i n 2 z  s i n d  c o s g ;  B :  c o s 6  c o s g  +

+  s inz f  s i n6  s i n8 ;  D=  eosz t  [ s i n27  s ine  ( l - cosd )  +  s i n6  cos6 ] ,

6 = 2nd(nr-nr) / I  is  the phase d i f ference due to e igen waves passage

through the each plate, d i-s an each plate thickness, Dlrnz are ref-

ractive indices of eigen $raves . If one introduce new notations

i g  2 O O = A / B

sj-rr L/2 = D

the  rna t r i x  (1 )

_  s ino  -  sL^27  [ s i n2 f  s i ne  (1 -cosd )  +  cos€  s in6 ]

cos9 cos6 + s in27 s ing s in6,

=  c o s ? T  [ s i n 2 z  s i n 9  ( ] - - c o s 6 ]  +  c o s 8  s i n 6 ] ,

rnay be writ ten in the form of a two matrices product:

9 0



F o o ; lF
M: lo  cosz rp  s inzp  o l  l o  c2

io  -= inz ,p  coszra  o l  
I t  

cs
p  o  o  t [o

0

+ s2cos  a

(  1 - c o s A  )
-S  s inA

0

C S  ( L - c o s ^ )  S

s 2 *  c 2 c o = A  - c

C  s i n A  c

.l
s ina 

I
s i n A  

|  
( 3 )

osa _J

w h e r e  c  =  c o s 2 € 1 ,  S  =  s i n z a ) _ ,  g  =  2 e I  -  e  .

I t  is  easy seen that  the f i rs t  matr ix  is  a turn matr ix  through an

angl-e g,  the second one is  the Muel ler  matr ix  of  some bi ref r ingence

nongyrotropi -c  crysta l  p late.  The phase d i f ference of  th is  p late is  A

and i ts  fast  ax is  is  turned through an angle I ,  wi th respect  to  V.  In

order  to understand the physical  meaning of  paraneters 81 and A we

nrul t ip ly  (3)  by the Stokes 's  vector  of  the inc ident  l ight .  The inc i -

dent  l ight  is  l inear ly  polar ized and i ts  az imuth is  ar .  Af ter  s imple

t ransformat ions i t  is  seen that  the ex i t  ) - ight  is  l inearJ-y polar ized

too and i ts  az imuth is  o-  oL wi th respect  to  V,  i .e .  i ts  az imuth is

-9, with respect to exit axis. Thus two axes are defined , one on the

entrance face ( i ts  az i rnuth is  9,  wi th respect  to  entrance axis) ,  the

other  on the ex i t  face ( i ts  az i -muth is  -s ,  wi th respect  to  ex i t  ax is) ,

of the cornposite plate, such that t ight plane polarized with its vec-

tor  para l IeI  to  the inc ident  ax is  emerges p lane polar ized wi th i ts

vector  para l -J-e l  to  the emergence axis .  We shal l  ca l f  these axes t ref fe-

ctive fast axestt by analogy with the plate composed from nongyrotpic

plates t1 l .  By the sarne analogy A is  ca l led r r the ef fect ive phase d i f -

ferencetr  of  the composi te Plate.

Let us examine exceptions of parameters 9' and A' It is seen

frorn (2) that A=0 by k=1 ft:n/ ) or by 9=6R

tg oR = -  l , /s inzr  tg  6/2-

ReaI Iy  tak ing in to account  (2)  and (4)  we have

Lg  e=  tg (ze r -e  )=  (A  cos  eR-B  s ine* ) , / (A  s i n9*+B  cosgR)= - tg  2Ot  (5 )

Thus if two gyrotropic plates have turned by their fast axes

through the angle 9* determined from (4) the composite plate changes

only the azinuth of the emerqence liqht at the an91e 28 = 2o^- This

case corresponds to one by 7 = 0 and e = f t /2 .

Two gyrotropic plates may be too combined to produce circular

polar ized l ight  f rom plane polar ized one.  By rnul t ip ly ing the Stokes 's

vector  of  the inc ident  p lane polar ized l ight  in to (2)  we get  the

normed Stokes 's  vector  of  the emergence I ight .  By equat ing to 0 i ts

last component $/e get:

( 4 )

9 l



M 4 2  c o s  Z d . o  +  M n a  s i n  2 o o  :  L ,  ( 6 . ,

w h e r e  n r j . . "  e l e m e n t s  o f  t h e  m a t r i x  M ,  c r o  i - s  t h e  a z i m u t h  o f  i n c i o = : ' -

p lane po la r ized  l igh t ,  p l -us  o r  minus  cor responds to  r j -gh t -  o r  le f tc - : -

e u l a r  p o l a r i z a t i o n  o n  t h e  e x i t  f a c e ,  B y  t a k i n g  i n t o  a c c o u n t  r e l a t r : : -

s h i p  ( 2 )  w e  h a v e

s i n  2 ( . o  e r )  s i n A  =  1  1 .

It  is clear that rnoduli  cf both co-factors must be egual 1

guent ly  the  second re la t ionsh ip  f ron  (2 )  can  wr i te  as

s ln  A , /2=  cos27 [s in2z  s ine  ( ] . -cos6)  +  s in6  coso =  !  s i ,n  n /4 .

one can take the angle ( such that

rT
cos  (  =  s i n2z  cosz r  ( r - coss ) /  y ' r - cosazz  

_ ( t - cos6 )2 ,
s in (  = cos}T s in6 /  {  y"o"4zi r  ( l -cosd)z,

then (8)  is  rewr i t ten as

s in  (<  +  e  )  =1  (s in  n /41 /  m .

Fron (9 )  i s  fo l lowed

l r r  o  , - ' l / 2  |
l J r '  t  1  -  cosAzz  ( r . - cos  a l 21 ' - /  2 l - (  1  .

After the transformation of (10) we get the equivalent inequali ty

e  - {V  ) /a . - (  . o "2z r  s inzoTzg  (2  + { l  )  / 4  (11 )
It is seen that the equaliEy Q ) is not true for arbitrary values

8! ,  A and hence for  arb i t rary ones T ,  6 .

Thus i t  is  possib le to t ransforn the p lane polar ized l ight  tc

the circularly polarized l ight by using two egual gyrotropic crysta-

plates. To do this one would require to be convinced that values T t a

of  taken p lace sat is fy  by inequal i ty  (11) .  Then i t  would def j -nec

sequen t i a l l y  va lues  e ,  o . t ,  a  f r om re la t i onsh ips  (9 ) ,  ( 2 ) ,  ( 7 ' t

respect ive ly .
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ACOI'gfO-ETACTRO}I I}IIERACTIO}I IH CO}IDUCTOR CRYSTAT OF EENNOEIACTRIC

CER.AIIC II{ TgE COIIDITTO}I OT DIDUCTIilC OF PIEZOEIE TRTC,AIISqTROPIC

AND G|Y?CIIROPIC PROPEA TPS BY l'trR ROITATIilG RT^RCIRIC FIETD

r.v.senchenkol ,8.B. sernx* s.A. Khakhomovl

1 Gomel State Unlverslty,Department of Physlss,sovJetskaya Str. 104,

246699 Gone1, Belarus

2Ry"Ionrsslan Acadeng of Sclences,Instltute of Physlcs,skaryna pr.

TA,22A6A2 illnsk, Belarrs

In the artlcle tl I a poss1b111ty of nrtatlng acoustlc anlso-

t*py forurlng 1n crystals under outslde electrlc fleld lnfluence

ls shonn, In the book t2l 1s proved that the crystal placed. lnto

space-rmlform rrctatlng electrlc fleld has analogr of gyrotrn-

plc prnpertles to crTstal wlth statlonary sp1ral-nonnlfo:m
acoustlc anlsotropy In the artlcle t3l the propagatlon of the
acoustlc wayes 1n the sp1ral dlelectrlc stmctures w-Ith great

values of the pernlttLvlty contrplled by the electrlc f1eld 1s

lnvestlgated,. In the glYen work the propagatlon of the crcss

acoustlc leayes 1n conductor crystal wlth nonstatlonary anlsotropy

lnduced by the rotatlrg electrlc f le1d. taklng 1rtto account

ultrasonlc lnteractlon wlth free conductlon electrons 1s
consld.ered. The reversed and passed waves lntensltles d.epend.ence
lrrcn thlclness oI crystal ls studled..

[e shall descrlbe the pmpertles of crystal of fe:roelectrlc

cerzrnlc(for example,on the basls of barlun tltanatum) uslng the
materlal equatlons

o=CT + eoe8ffio D=eoeE - eoe€EoT

where o,J,c:- tensors oI tenslons, deformatlons and elastlc
constants, g - tensor of rank four, gE" - tensor of rank
three,taklng lnto accou:nt plezoelectrlc effect hduced by the

rrctatlng electrlc f1eld, €o- the electrlc constant, e - the

relatlve pemlttlvlty of the medltn.
The crystal 1s placed 1rtto electrlc fleld rotatlng rrrund. axls

X(unlt vector a ) rrlth components

Eor= 0 , Eoz = -Eos1-l:t Ot ,Eo3 = Eocos Ot

- amplltude and electrlc fleld rctatlon frequency.Eo and O



Ite sbail descrlbe the lnfluence of acoustlc wave on the free

conductlon electrcns 1n crystal uslng the l{axwell's equatlon

dD
- _ -a,n
dx -

where D -electrlc lnductlon,e - elementary electrlc change,

n-change oI electrrcn concentratlon,. whlch ls caused by the acoustlc

waYe.
The equatlon of elastlc waYe prcpagatlon 1s

?
do  du

- Y  
z

dx d.t
where u -dlsplacement vector, p -medlun denslty.

He can deflne the movement of electrtns captwed by

longltudlnal plezoelectrlc fle1d of acoustLc wave by the equatlon
of contlrtulty

d.J dn
- - o -

dx - ' d . t
and. the equatlon of motlon of electrun

dv  .  \ t du
-= - -E  -w -  Q )
dt n* 1 mtNo *

here 3=-911^v - vector of denslty of current, Y - veloclty of
electron, 

"6t- effectlve mass oI electron, v - frequency of
col11s1on,\ - Boltanann constant,T - absolute teroperature,No-
balanced concentratlon of electrans.

the use of the nethod- whlch was prcposed ln [1,4] allows to
d.etermlne the wave ntmbers and. the elIlpt1c1t1es of the prcper
nod.es of the crystal wlth rttatlng anlsotropy.

Iet's conslder the case nhen on the crystal border 1r x=0
clrcular-polarlzed acoustlc wave ls exclted.

!"= lron-exPt-ltrrot + lkoxl

elastlc d.lsplacement vector of whlch has the sane rrctatlon
dlrectlon 1n tlne as the outslde electrlc fleld.

As a result of prapagatlon 1n the crystal ultrasonlc waYes
lnteractlon wlth rotatlng electrlc f1eld., ampl1f1cat1on oI the
passed. wave at the frequency {ro

B"= ufl-expr-l%t + lk'xl

f ? \

( A \
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and. generatlon oI the reversed wave at

take place.
the frequencY 2O - oo can

gc= uc4+expi-1(tro-20)t + tk' i l

As a result of ultrasonlc waves rellectlon frrcn the border of the

crystal wlth rotatlng anlsotrrcpy, the rellected waYe at the

frequencY oro

1 F  \

U"= \n-erPr-1uot 
- lk xl

and. the passed. nave at the frequencY 2O - trro

Ucr= uc.P+expt-1{rrlo-z0)t - 1k xl

/ A \

can also appear

(? )

There k ,lt are nave rn:rnbers dependlng on waYes frequencles and

parameters of denslty and. elastlclty of the ne{lr:rn borrlerlng when

x=0 and x=L wlth the crTstat placed lnto rotatlng electrlc fleld-

Representhg accordlng to tsl the acowtlc fleld ln the

crystal wlth rctatlng anlsotrppy ]a the forrn of the superposltlon

of four proper xnodes, fnom the condltlons of contlnulty of waYe

elastlc dlsplacenent vectors (3)-(?) and contlnulty of tenslons

tensoT components on the borders of the crystal [6]'we have the

systen of elght equatlons.
The e1€ht equatlon systen has a lar€e slae therefore we do

not wrlte 1t here.
the auplltudes of all waYes can be deterninated. as a result

of nunerlcal solutlon of the elght equatlon systern. As a example

1n'f1gr:re 1s presented dlagrans of reversed and' passed' (at the

lrequency oo ) fiayes lntensltles d.ellendence on the thlclcaess ol the

crystal I lx the case of resonance 1nteract1on,1.e. when the

frequency and. rotatlon dlrectlon of electrlc fleld colncld'e

wlth those of the dlsplaceunent vector of acoustlc waves (u:o=fl)-

Calculatlons were mad.e wlth the values of paraneters

J
yt=2.5 ' 10 m/s -the veloclty of acoustlc waves wlthout lnfluence

of electr lc f leld, ,m*= 0.o145n"'o = 10982'oo= 1g9g2'v=1013 s-1 '

T=290 K, c=101 1 N,zm2,p=S.?' 1O3 y'8/n3 ,
the change of parameters,whlch 1s saused. by the electrlc f1e1d h,as

range a few per cent.
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DISSIPATTVE PROPERT]ES OF G]ROTROPIC SUPERIATTICES
ff lgE IOIIG SA\TEI,ET{G1g APPROXI}'ATION

G.S.Mi tyur ich,  E.  G.Starodubtsev

Depar tment  ,c f  Phys lcs ,  Gomel  S ta te  Un lvers l ty ,  Sov le t  S t . ,104,
?46699, Gomel ,  Belanr.rs

?he 11ght energy d. lsslpatlon 1n grrrotroplc srrperlatt lces (sl)

1s calculated ln the approxlmstlon for th.e optlcal wavelerrgths

h,>>D, wh.ere D 1s the S1, perlod. the detetralrrat lon of the Sl
parameters by ptrototheyrnoacorstle method.s 1s proposea.

SI, optical properties are simply described. j:r the long wa-
veiength approximation (LWA) when the period. of the ST, is more
less the lengths of optical waves propagatin€ in the superstruc-
ture. Shen we canr conside:' the sr, as a homogeneous med.iun cha-
racter ized by a set of  the effect ive parameter:s t1-31.

rn this paper the d-issipation of the electromagnetic fie1d.
energy is investigated. in the litA for the sr, i-ncJ-uding nonmagne-
tic erystals of the cubie synmetry. The one-dimensional eonsi*
deration is made with taking into account the multibeam optical
interference anrd cireular d-ichr':ism of the sT, components.

1. theoretlcal nodel.
l{e assume a rnonochrornatic e11iptica1ly polarized. ii.ght in-

eident on the sI, normalLy to the Layers bound.aries at the plane
z=0 (in the sl region o{z{1). The sl ,:onsistin€ of absorbi:q
cubic errystals is characterized by the axially symmetric comp-
1ex dierectr ic constant tensor Eu and opt ical  act iv i ty tensor
Te t3l. The equal prineipal values of these tensors are:

( t " ) t t  =  ( € " ) r ,  =  x e ,  +  ( 1 - x ) E Z ,
(Tu), ,r  -  t r") ; ;  = * ' t i  *  (r-x)r l  (1 )

Here the period. D of the sr, consists of two layers with relati-
ve thic lsresses x-- \ /D and 1-x=%/D(dn+q=9).The quant i t ies with
indexes "e,1 ,2" concern the effective med.iurio, first and second.
component of the sI, coEespondingly. circurar d_ichroism is d.es-
cribed by imaginary parts of the ,:ptical activity tensors which
wi l l -  be designated l ; ,  " l i ,  " t l

Optical properiies of tne axia:iy symmetric gyrotropic
crystal in the direetion of the oprieal axis are equivalent to
the ones for the optically active l-soriopi': med.ir:m with the

9 7



compl_ex  parameters  €"=( ru ) t '  Te=( t " ) . , ,  [+ ] .So the  d . i ss ipa t ion
of the energy in sr, can be d.escri.bed by the familiar relations
15,61, with taki :rg into accor:nt Eqs. ( t  ) :

Q * = Q * + Q _ ,
Q. = Noi,r0* iN*?*erF (-O*z ) + N_T_erp (a*z-egt ;

where  No=r r ' r r? / t  ,  N j= lno tnr l2 ,  f *=  ( l * )2 / ( t+ ,u2 ;  ,

( 2 )
t ,

B= ( 4ttl1. )nl ,

/ a  \
\ J  '

the qr:antity t
fn this case at
e, ; /  (2G;)  Eqs.

G}

interference ef-
by the parameter

d: l  4tt/1") (n;t"y; ),  €=€ 1 + i  €rsin (a1 )+lrcos (ar ) l  erp ( -01 )+€4exp ( _281 ),
t r - - (4 tc /7, , )n [  ,  €r=1no+n,  l2N* ,  €2=4ni (nr+n,) ( Ino1z-nrn, )  ,
€r=snr?l,lt-t ( Inof 2-nf ) ( Inott-"3 ), t4=lro-rr l2w_ . Here r,, and ,r
are incident light intensity and. ellipsity (,c{O at left potari_
zat ion),  no=€*=ni+irr i  ( i2=-. t  ) ,  and. quant i t ies with indexes , ,1, ,
oorpespond to the left and right circuLar polarized. waves supei.-
position of which describes the field in the effective med.ium .
lle assume non-absorbi-ng medla behind and in froni of the sI, to
have real refractive indexes n, and n,, connespondiagly.

Eqs-(2) are r:aiher complicated. for the anaiysis. sven neg-
lectirlg the s], components dichroism and reflected waves we ob-
tain the equation of degree 5/2 from the one de.,/dx=O. At I>>1/g
Eqs. (e) are si .npl i f ied.

Q* o Nofod,*l{*T*erp (-a*z) , t=€, ,
that corresponds to the semi-infinite Sl case.

It is seen from Eqs. (2) that d.escribed by
nultibeam interference takes effect at 1<1/g
usual assumptions €;, 11 , nr, €;tn, , €;tn,
I r ' l  \  - - i  . -^(z r  g rve  q  =  g?  +  6 !  -2 i *€ -exp( -g1)cos(a1)

where €*=(atnr)(a:nr) ,  a=1el .  So the opt ical
fect r:n the ST, dissipation is characterized.
c' :s(aI)  ,  where bt41E/?\,)  ixei+ { l - t )ei \1/2

To conpare the sT, and its components d.issipative proper-
t j -es we used the parameters: Ti=e"/e;,  pi=AQ-/AQ.i ,  j=1 ,2,  where
A Q i = Q i ( + ' t ) - Q 1  ( - t ) ,  i = e , 1 , 2  a n d . "  t - -  ^ ' ,  '  v  - a 'J 1 = Q " l = = 1 ,  Q A = Q * l r = O .  H e r e  q ,
characterises the dissipati.on and F; - the aiirerence in dissil
pati-on for the right and. left polarlzed lieht in the st relaii-
vely to the same quantities in the Sl component j (at z=const ).

2. Graphlcal analysls and. dlscussLon.
?he followi:rg quantitles were assigned. constant varues:r^=

IJD.15 f l /sm',  r1=1, nr=1 . j ,  z=1p,m (br ight l imits varyir€ of s aia
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not char€e the forrn of the d.ependencies reported. here ) . [he pa_
ra^neters 1,x,A,,T and SL components properties were changed.. The
Q"(x) dependence ai  var ious parameter.s ( lan- j  . r , , -16-5--rr=, .  to-5
x=c.>> !Mr, r=l ) is urr:strateci .; ;;;:;:--rn" ;:i"; ,""fr-i"*r"
described by Eqs- (1 ) is near linear and. syrnmetric at the trans-
pos i t ion  o f  layers  1<- r2  (curv .1 ,2 ) .  e " (x )  ' sc i r la tes  w i th  para-
meters al  at  1<1/p(cr.r : ,v.3).  At the d.aia the S],  d. issipat ion have
p'aet ical ly no dependence on the components mass parts(curv.4).
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t h e -  q r 0 . )  d . e p e n d . e n c e  a t  € r = ( 3 , 1 . 5 , 1 0 - 2 ) ,  e r = ( 5 , 2 , 1 o - z ) ,  x =
o '2 '  1=3Lrm (curv .1 ) '  40*n(2) ,  and.  the  same va luEs or  T{ ,T ! ,T  i s
shown in Fig.2. one can note a characteristic beats for.rn welr
described by Eq. (4) and that r1r>1 at the definite t,(thorrgh here
91<Be<82 for absorpt iv i t ies). f i  is interest ing that pr( I)  depen_
dencj-es are practically the sane shown in ?i€.2. so ai the defi-
nite parameters the sr, d.lssipative properties inotud.i:rg d.iohroic
ones will not be intermed-iate between the same components pro-
perties. strong oscilrations of light absorbtion in the sr re_
latively to absorbtion in the componenrs appear at r(1/ts.
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0.8J

tab le  1 .

( 7  , 3 ' 7 0 - 1 t ,
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Tire efr'ect cf tncident J_ight ellipsity rrn the g;rrorropic
SI  d iss ipa i i ' tn  i s  charac ter ized .  cy  F iS .  j . . {e re  F-n={ ,J ,6 - ,n , t ) -J  ) ,Ec=
' , i ,  I  A-_3  ) , ' l ' r ,  =Fr ,  1  o - i  i  cu : .v .  1 ,  4 ,  5  ) ,  -6  .  1  c -5  (2 ,  )  ) ,  " l  $=5,  n ,  1 ) -6  i .  1 ,  z ,  4 ,  17 ,

(  .  r  n - ?  r ' ?  \  1  - E r  r -  1  - , r  E c ,  r -  - - - i l  de .  i , - . /  \ J  J  r r = t l . r . r r r r  i , = O . 5 5 F m , . x = C . 1  ( 5 ) , C . 5  ( 2 , j , 4 ) , C . 9 ( 1  ) .  T h e  w e a k
8,"(t) dependence at 'fi-<l0-o with growth of the Ti becomes nDn-
1:-near(1,4,5) especial iy at  near-circuJ_ar polar izat ion. The d.a-
ta of Frs.3 show too ihat variation of the geometi.y and. optical
conslaiils ':f the ,3omponents gives the oppo:.t'.:nity to gai:r t:re
SI ,  w j . th  desrgned d ichro ic  p roper t ies (2 ,3 ,4 ) .

?he <iata reportec can be 'aseo frlr rhe controi and. oetermi-
nation ,:f lhe sr, paraineters by pnotothermoac,:ustic method.s i7 1
where the si.gnai ineasr:red is prop'rrtional to the value of absor-
bed J-ighi ener.€y. For example, as :_t is seen from Eqs. (1) and.
Fig-1 when x=o.5 the signal must not charrge at the radi-ation
frcm the sr, oppcsite si.des (with takln€ into aceount the backin6
effect ).At arbitrary :{ havi:rg dete:rnined" the wavelergths for two
neighbor-rr maxima oi the 0e(,[) one can gain frcm Eq. {4) wj_th
takir€ i:tto accor:nt ihe dispersir:n €, (1"), €2(l) the quadratic
eq:-iail,ln :-r:. the unloiotrn l{. At ihe known x ihe sr, components oD-
tical ccnstants can be deter:nined.

so ar typical parametei's the simple nodeL advanced. pred.icts
srfme rlha.racterisiie dissi-pative prcperries ol the gyrotropic sl
sat:-sf.yi.:tg the 1':r€':ptical wavelength approximaiion.

llie grarefu:l-y achrowled€e r.y.semchenko for his helpfui
d i sctrss icn.
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syffiIRy 0r tEils0ns arD opflcat ffipBffire=
OF DNBCrIOII9 Iil IA6IETICAI CR]FTAT.S

Gtrgel S.S., Deiztdo:rx:- T.V.
Gomel State llniversity

syrotln and saskorslraya tl t, &erude,v t2r have lntro&ced
the concqlt of opt1cal properttes of dlrectlons (OpD) Ln crlrstals..
OPD are polarlaable cbracterlstLcs and blrefrlngeces of oum plane
nonocbronatlc waves tn these dlrectlons.

He ,se f,arselt eguatlons for p.Lane nonocbrmatlc waves ad
naterl:'L equatlons i3l for vectsrs of electrwgnetLc lleId E, D,
B' E to descrlptlon of optlcal propertles of cqrstrls.

E=€=1D+eE,  B= l rE+BE, f i )
lbese eguatlons descrlbe varlo.rs tJrpes of anrsotrupy, gyrot_

rcpy ancl rhscrlrtl0n of ltnear @d[a. As for trznsparent Dedta
€ = € + r F = F + r C = - F * , (2)

slgn "+" Deans &rlt,s conJqgate.

Acconlfug to la.twell eEratlons erd. (i ) $e EIr obta.tn the uave
equatlon t4l.

@ = tf(e-t * o! ga*- t/n?)I + t/n1l$ - e\a*l)lp = o (3)
uher"e r=-gax' FFl, 4x - antlsguefical tensor of secqrd ranlr
rhtch ls duql to vector of wave normal 4 (na=l). Sy@try of mt_
r1: f deflnes syretry ot O?T afong n selected.

rt ts posslble to choose parts 1n naterral tensor:s e-1 and.
o. Tbese parts ansser tcr varlous cptlcal effects.

€-1= X + igx, a = ld.o. * o.o", ( 1 )
wberc 2g ls syUnetrlcaf i-tensor of second rznlr descrlbllg llnear
blrefrlgence' c - vector of nagnetlcat gyratlon, cDaracter*ztng .
Farada3r's effect. tensor co.- axlar noasyretry l-tensor of second
mnk, deflnlng nattral cptlcal actlylty, o.._ arldl nonsyuetrlc
c-tensor of the second rank descrlbfug nagnetoelectrlcal effect.

I O I



c-tensor of the secmd ranr d.escr$rng nagnetoelectnlcal effect.

It ts not'necessarT to solrre (3) for Eralltattve analyses of
symef,rV OPD.

lbat ts wb r uy be subdlvlded to ltens and be looked for
thelr symetrly. $rery lten correspond.s to deffulte cgtlcal effect.

f,e released, research rll classes of nagnetlcal syretrT so
that should lmor eyal}ablltty tbose optlcar effects arong d.1ffe-
rent crastal}ographl'c d.lrectlons.

For era4le we tave the tables of optlcar propertles of cubtc
and rnarla.l c4ystats. rn tabtes srgns 'r' or "-" comestlond to the
presence or tDe absence of tbe elfects, $h1cb are lnterestlng tor
llg.
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1. Syrotln J.X sib-<holslrrya H.p. &e fcnnrdatlcaos of

cr7stallqbyslcs. X. r Sclence, 1gTS.- 6SOF.

2.Zhelnderv I.S. ,2./Cqpstallogr. - lEtl. y.16, f 2.

P./13-/lg.

3.Fedororr F.I. Cyrotropy tbeory. l&.: Sclence and, tecbn.,

7916. - 455p.

i0. Gfi€tl S.S., D€ntdova T.Y. ll0;i.ystallogr. - t99t. V.36,

.f 5. - P.12gS-1291.
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Table 1

OPD jn cubic crystals
n-arbitrary

Classes

432, 23

tD3rD,  m3m, m3mt,  Et3ID,  43 'm' t  47m,

u3" m3

? 3 m t ,  m t 3 ,  m t 3 m t

4 3 ' 2 1  4 ' 3 2 ,  2 3 '

table 2

OPD lx rnaxial crYstals
!9lo; tgg]#o

Classes BR

4 ,  4 ,  6 ,  7 2 ' D ' , 4 2  1 2 1  , 6 2 t 2 ,  3 2 ' ,  3 ,  6
---- -FIntgm, 

6,/ntm!mt, 4/ntntDt , 4/m'@'

4t /mtflgn', 4mn, 6m, 3m, 4utt r6tD2t '

3 'm,  4 /m ' ,  6 /m ' '  4 ' / l n ' 16 ' ,  5 ' , 6 ' n ' 2 ,
3 'n '

4zm,  4 ,2 'm ,  ? '2m '  ,  4 ' 14 ' ,  3 ' ,  4 ' 22
422, 622, 32

4mt tn ,  $6rp f  r l xn l

5/nwt1', 6/mrtn., 6' /rro',  6' /mtm'
4/wn1 ' ,  4 /wn,4 ' / tM' ,4 [n l ' ,  6 t@1 ' ,

3'm,6n21 r ,6m2, 5'tm', 3'n1 ' ,  3m,
5/a1 '  ,  6'/m, 6'/rt t '  ,  4/a1 '  ,  4'/8, 51 ' ,51 '

72mt ' ,  4221  ' ,  6221  ' ,  3 ' 2 ,  6 ' 22 ' ,  41  ' ,  41  '  +
61 "  5 .

4/m, 6/m, 6/wn'aJr4/rr l ln ' tu ' ,  6n'2 ' ,  
-3,3m'
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BlrfiStotffiffi O? @lSIsBtS?tIS.
SruINf, ASPffiTS;

Gl:EeL S.S., Serdyukov A.l{.
F.Skori-na Gooel State Univereity

S:metry of plryslcal tensor quaslcrgstal properties bas been

tligcussed.. Rules of selection for teneors of natrral optical

activlty lor dlllerent classes ol gua.sicrystal rymet:ry have been

deteruined..

Reoently $taslcrlrstal-anlsotroplc solida ritb inlracted.

translational symetrlg have been diecovered. try experlrent [tl.

fbere are 'prohiblted" ares of 5, 8, 10 aud. 12 fold elnnetr? in

theo. fte paper seehs to carnr out syanetrlcal aqalysis of

quasicqystal optiaal propertles.

For plrenonenologiioal descrlptlon of macmscopic physioal pro-

pertlee of .guaslcrjstals ln aaoordanoe wlth lfermn principle t2]

re 1111 use the follorlng polnt symetrlf gpoups: ), 5/2;'5, 5m,

,32, m5m, 8, 8/2, E, 8tD, 8/m, B2ro, 8/w' 1o, 1o/2, TO, 1om,

1o/a, Fo2n, 1o/w, 12, 12/2, 72, 1>lm, 12/m, 1E2m, 12/w.

Ey ray of erauple conslder the liaear optical prroperties of

quasicrlystals.

It should. be kept in nlnd tbat dre to h{gh symetry of

qrraslorystals many propertles clraracterized. by 1-4 th rank tensorg

w111 be rntaxlal and even lsotropla 13,41. It foUows fron bermann

theorem [2J, acoordlng to rblch axis of n-fold syretry for r(n

r.ank teneor would. be also an axts of infinite ord.er.

lfhat's r*ry syunetrioal tensorg ol rznk 2 ot d.ielectric ard

Eagretlc pemeabtLity in red1a of classes ,)2 and. n5n would, be

lsotr.oplc and ln the rest classes of quaslcrystals ttould. be tnta-
1 0 4



xlal.

BV natural optlcal propertles (HOA)' characterized' by

nonsyuaetrlo psegdotsnsor of rank 2, gtrasicl?stals a,re djvlded

lnto 5 types. Symetry classes 5,8, 1O, 12 are characterized' by

tbree lndependend. aonponents: 11=22, 33, 21=-12. in gloups 5/2,

812, 1A/2, 12/2 are nonuero colg1)onents 11=22, 33. In quaslcrTstals

of symetr?: 5n,, M, ltu' 12m- HOA tensor is purely

antlsymetrlc: 21=-12. tn the s4ples of sInretIT 532 tlQA 1s

lsotroplc. lhe rest polnt grolrps of quaslqrlcx1ystals synmetly

prohlblt lfoa.

Due to trequenoy &ispersion ptvBioal properties deperd. on the

frequenoies. |!hat's tfty there are frequenoy I€gions of electronag-

netlc rad.iatlon, nhere optlcal properttes are characterLzed by

tensors € and. lt, 1.e. quaslo1Tstal ts bianlsotroplc nedlgts.

Besldes nsr{f qllaslcrlfstals coutain rar?-easth-

Coryonents and at lot teryeratures tlrey my have mgnetlc

stnrcttre. In guch case ttrelr p!3reical properties shoutd' be chara-

cterlzed*A gror4s of na&gtts symetry
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On the wave normal equation
for bianisotropic media

F.I. Fedorov

Institute of Physics, Acailemy of Sciences, Minsk, Belarus

For plane timeharmonic electromagnetic waves Eeio, Heie, g: u(rnxlc-t)
the Maxwell equations have the form [1,3]

D -  -  r f i  H:  - [ * ,H] ,  B: r f i  B = [m,E] . (1 )

Here m: nn is the reftaction vector [1,2),n is the refraction index, n is the wave
normal (n2 : 1), r[ stand.s for the antisymmetric tensor dual to the vector m, and
[*'H] denotes the vector productl. For bianisotropic media with the constitutive
eouations

D : e E * c H . B = F,Ht 0F,, t2)
it follows from (1) that

eE * (a+ ril;tt : g, pH + (p- til;n : o.
Eliminating the magnetic field vector H we have the wave normal equation

le - (a* A)r-'W- ft)l : o. (4)

For arbitrary tensors €t F; e, and. B, the erraluation of the determinant (4)
results in a rather complicated expression. Eowever, rve can simplify the analysis
by eliminating the tensor g. (or e) with the help of the linear transformation [4,b] of
all the vectors:

E = l t rE ' ,  H =FrH' ,  m :  p1m' (5)

and the tensors

lThe scalar product between vectors is denoted without any multiplication sign, by ab. The
Gaussian system of physical units is used in the paper. (Editorg)

(3)
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(8 )

f  1 r  i

e  : p r € ' 1 4 ,  F : l \ l t ' p t ,  a : p , t a t p r )  9 : l r r g , p r ,  f t = r ,  A , f r .  ( 6 )

Here prf : p, and t\ : lplptl is the tensor adjoint to the tensor 1t1. I l p, is a
symmetric and positive definite tensor then p1 always efsts and it has the same
properties. After such replacement we obtain from (B):

e'E' + (a,+ fi. ,;H, : o, H' * (p,_ ri, ,;E' : o, (T)
Note that always

(Pr* ' ) '  :  pr f i r 'p t

since p1 : p1 (see [5])'?. Also, lt, : pl,ttpl, : L.

If. Y. : 1we have from (4)

A : le - ("+ hXp- fi) l : h +,i + ri l2l :0, (9)
where

. y : e - a g ,  r : o r i l - 6 , 8 .  ( 1 0 )

with the help of the covariant methods expounded in 11,3,5] we obtain

A = A o * A r * A z * A s * A e ,

where each term A1 is a polynomial of m of the power &:

Here the index 1 denotes the trace of a tensor.
the same methods 11,3,5]3:

Ao:  h l ,  A,  :  (Jrc) t ,

As=, i r - - (+o-T- r )Ar ) , ,

Lz:  (7  A '  + .yn) r ,

an:( . f r '+7 ' fu) , .  ( r2)
From (10) and (8) we obtain, using

Ae : lel _ (e"g), + (epa), _ l"gl,

a, = ((to - g7) h),, Lz: A+ Bm2 * mpm,

A = (a ti,l, (Bft - t,) tit), + (B ril),(7a r[;,, B : (ag(t - t,)), -7,, (18)

2d denotes the trauspose of a matrix. (Editors)
3Here and in the following the unity matrix is omitted, so that 7 - 7r means the matrix 7

miuus its trace multiplied by the unity matrix. Unlike in the Western tr*diiioo, here a.b denotes
the dyadic product between vectors. In the expression for 44 we have in fact the product of two
scalals. (Editorg)
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p :7 + at + tF - g(t - 1t)a - i- (9"i - (0"+) ,) ,
/  .  * \

As :  mlm ((0 
-  

" )  
^) , * [m,7m](a +€)m -  [m,cm]( , i  +  g -  gr)grn,

A l : m z m e m - m a m . m B m .

ll a : F : 0, the equations (11), (13) simplify to

/  , \
m2mem + (a 'L") ,  *  le  |  :  6 ,  (14)

which coincides with the covariant wave normal equation obtained in [1,3]. with the
help of the transformation inverse to that in (5), (6) (- -+ pf1m, e ---+ 1trlepll)
we obtain from here the corresponding equatioa for magneto-anisotropic media
m€m.mpm * rnp.(Ep - (elr)r)m * lepl : 0, f irst deduced in 11,Z] (see also [3,5]).

In the case A1 f 0, A. l0 the medium is nonreciproca.l. If g: -d we have
from (13) Ar = Ag : 0, i.e. this condition connecting a and. B is suficient for
reciprocity in the genera.l case [8]. Under this conditiorr, 1 : e I ad.: ] and we
have from (13) that

As = le l  +(eaa) t+(etm), - t lo l r ,

A : ( , ' [ ) ,  ( t r t - r , ) oA ) , ,  B :  ( o " - ) ,  -E , -2 ( (e -  e1 )ao ) , ,

p : 7 +-at -t t&+ "(.y 
- r)a +.,t-' (ao,r - (ao'7)) : p, (15)

A a : m 2 m e m * ( m a m ) 2 .

Ilowever, the condition 0: -d is not necessary as we can see from an exa.rnple
of uniaxial bianisotropic medium. Fo. ru"hE"dii-l = €o + €1e.e and

e . : a o * o r e . e + a . 2 5 ,  9 = b o f 6 1 e . e * 6 1 6 ,  ( i 6 )

where e is the unit vector (e2 : 1) along the symmetry axis. The multitude of
tensors of the shape (16) forms a commutative algebra. Its elements are given by
three numbers: c = (oo, or, a2). The law of multiplication is

aB : (a6, ab a2)(bs, h, br) : (asbs-a2b2, aobttatbo*a1br1a2b2, asb21a2bs) : Ba.
(17 )

We have lol : (ae * at)(a?o * al),a: (ao(oo * at), a3 - &oett -az(ao * o1)), and

o-t  :  (oo,  at ,  az)- r  = 
-+ (^ ,  *  

- " r )  .  (18)
a 6 + o , i  \  a o + o t  /

These relations "llow us to evaluate all the expressions in (13). Denoting 7 :
(go, gt, gr), 7 = k'0, g'r, gL), G+ P - 9)B = (co, cr, c2) we obtain
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Ar : 2Doem, As : em (r1m2 + D"(ern12) ,

Do : sL(h - az) + s'2(bo - 
"o), 

DL :2go(b2 - az) I K,

( le)

D z = 2 g t ( b z - a z ) -  K ,  K :  g r ( o t - b t ) +  g z ( a t + b 1 ) - a p 2 -  & 2 c L t  ( 2 0 )

It is easy to see that for uniaxial media the expressions (13) contain the wave normal
vector n only in the form en: cosd, therefore the refraction index n depends only

on the angle d between the propagation direction and the symmetry axis. For any

direction of n orthogonal to the axis e (en : 0) the reciprocity condition holds (see

( 1 9 ) ) .  W h e n  a a n d . B  a r e i n d e p e n d e n t  a n d  a :  d , 0  =  I  ( o r = b r : 0 )  a l l t h e

coefrcients with the index 2 are equal to zero and also Do = Dt : D2 : Ar = As -

0. So the condition 9: -d is not necessary for reciprocity. All these conclusions
are true also when p = po * g.le.e, i.e. for any uniaxial medium.

General confitions for reciprocity of uniaxial media read Do : Dr : Dz : 0'

Since we have 8 coeficients in e, a,B (or 10 if p + I) then evidently these three

conditions can be satisfied by a wide spectrum of parameters. In particular, from

Dt : Dz: 0 we have (9s_* 91)(br- or): 0. Therefore, in addition to the conditions

P: -a or d: &, 9: B, which concern only the tensots a ar.d B, there also exist

reciprocity conditions related to the equation !e *9r :0. These affect €e and €1.

Evidently we can analyse any other special cases based on the general relations
(11)-(20) .
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I
lTHE DETERI'{INATTON OF OPTICAL ANTSOTROPIC PARAMETERS

OF ABSORBING GYROTROPIC MEDIA
A . F . K o n s t a n t i n o v a ,  E . A . E v d i s c h e n k o ,  B . N . c r e c h u s h n i k o v

rnst i tu te of  crystar lography,  Russian Acadeny of  sc iences,
Moscov/ ,  Russia

Anysotropic  parameters such as b i ref r ingence,  d ichro isrn a: . :
opt ica l  act iv i ty  parameters (gyrotropic  propert ies)  are na: :
character is t ics of  substances.  rn [1,2]  the methods are of fered of  t : .=
simultaneous determination of anyzotropic parameters. we clevelop these
rnethods for  the b iax ia l  absorbing gyrotropic  crystars,  in  which the
eigen waves are nonorthogonal  (angle of  nonorthogonal l ty  is  e)  a. . l
ones have d i f ferent  err ip t ic i t ies (k ] "  and kr) .  These parameters can : :
determined from measurements either of the azirnuth or of the i-ntensi-_...
o f  the passed r ight .  Here we consider  only  the second case.  we propose
to use measurements of the l ight intensity depending on the rotatio:.
angle cr of the investigated prate placed between arbltrary orientec
po la r i ze rs .

We have received the expression for the
mul t ip ly ing the MueI ler  matr ices of  the analyzer ,  the
plate and the polar izer :

I - ( c r )  =  M  ( a  +  b ,  c o s  2 c !  +  b z  s i n  2 a  +  c ,  c o s  4 d  +  c ,  s i n  4 c r )  ( 1 )
w h e r e  a ,  b ,  - ,  

" L 1 2 ,  
d e p e n d  o n  v a l u e s :  A  = :'  L t z ' _ : L . , ? ' . . : = : = " *  o n  v a r u e s :  A  =  Z n d ( n ,  -  n r l / t ,  6  =

2nd(Fz-  aeL) /x ,  e l l ip t i c i t ies  k ,
(n/z-el ot "rn";'";";",",it-;' r'" rJ;+rr,"*":i'Tlilrll;"1:"ltrl,.o
dichro isrn of  e igen waves respect ive ly ,  d is  the th ickness of
invest igat ing prate,  I  is  the rength wave of  the inc ident  r ight .  The
funct ion r (c t )  is  g iven by in  F igure for  two cases:  polar izers are
c rossed  (  r f ( o )  )  and  ones  a re  pa ra r : . e r  ( r ' / ( o l i .  , a  i s  seen  tha t  a t
crossed polarizers at g / o ana kr,* k, both rninima an. maxima are
di f ferent  and the a1r  dependence r -  (cr )  i -s  ra ised on absci_ssa axr_s.
For  arb i t rary s ings of  k t  and kz the ra(o)  forrn are arways the
sarne.  r f  polar izers are para l_1el  the t i l  (o l  for rn are d i f ferent  1n
dependinq on s ings of  k '  kr .

At  crossed porar izers the forn of  r r (o)  depenats on parameters I
tnd 7r . , ,  whereas parameters a and 6 j .n f luence onry at  the scale.  The-
refore we can determine values g and k f ron noao, , -o-^**^ - .  ^a -a-J_ 

t_t t t ] " :  va lue-s I  and *r , ,  t to t  measurements- .ar ,  o  i ,
"  i  a t  crossed polar izers.  At  f i rs t  an nonorthogonal i ty  angJ_e o is

intensi-ty b1..

i nves t i ga t i ng

1 1 0



calculated f rom equat ion:

"o r32e  
*  ( " '  7cL ,1  coszze  -  |  1 - (b r  / zcL l z  1  . o " t "  *

+111r f  )2 -  t$ f rc l  +zn !o ) " )  -+aLcL114(cL)3=o ,  (2 )

where  (# )2=  (o i  ) '  *  (4  f  ,  ( " t )2  =  ( " i  l .  +  p )  )2 .
By taking the ratio 

"l 
rcf one can determine the origin azimuth of

the p late

t s  do  =  ( " i  Ls ,2s  
, *  " *  |  /  G : ^q  2e^ -  c l  ) .  ( 3 )

By  tak ing  the  ra t i o  a - / c -  and  (bL f  / ( z " t l "  we  rece i ve  t he  sys r .en
ofro equations By solving it we obtain expressions for
e l l ip t ic i t ies of  e igen r . /aves

- 4 c L

cosA = 1. , r  _ :a, ,  ;

By knowing parameters 6
and b i ref r ingence (nr-nr)  of

)  ( 4 )

t ,l-t"' .l4 -fr\:
and A we can calculate dichroisrn @ez-Apa)
the invest igat ing p1ate.

. z
K L , 2 =

( u t ) 2  *  q

wt re re  q  =  8ca  ( "a  *  c i  cos2g ) .

r t  is  ev ident  that  s ings of  k ,  and k,  f rom measurement  r -1cx;  are
not determined.

Thus we calculated O,  oo and *r , ,  us ing measurements f t (o)  at
crossed porar izers.  Then we can deterrn ine pararneters a and 6 us ing
measuremer}= 

, ,  
r "  (d)  at  para l ler  porar izers.  At  f  i rs t  f rom bl l  , /z . t l  ,

bZ  /2c "  ,  a "  / c "  one  ca l cu la tes  va lue  6 :

(z t*z) [ J' p-"rr (z 
Lz z+R Lr., I t 

*n t n | $ Lz z-x zz ) 
+bt: G Lz 2-y zz ) ]exp ( 26 r= 

rrr1,

where p = cosz7L cos zTzi  RLRz= x1X2 *  YtY2 *  zrzz i

X i  =  c o t z Y i  c o s z T . j  Y i  -  s i n 2 a .  c o s Z T . i  Z i  =  s i n 2 7 .  ( i = 1 , 2 ) .

At  second f rorn the same re lat ions one can calcurate value A:

c o s  A  -  e x p ( 2 6 ) + t  ( " ' / - c l l  c o s z a ) c , o s z r  
_ c o s z l 2  

-  z " l l  ( (

2exp( r ; '  j t '

rn the case kl=kz=o and I = o we obtain simple rerationships
fo r  t he  ca l cu la t i ng  6  and  A  f ron  (5 )  and  (6 ) :

exp  (26 )  =  l a r l +u l r  +c t t  ) / ( u , ' - d ' * " , ,  1
( 7 )



Hence we can determine all optical anyzotropic parameters of the

absorbing gyrotropic  crysta l  f rom measurements of  l ight  in tenst :_.
L r i

I  ( c t )  and  I " ( c r ) .  Such  k ind  o f  dependences  may  be  ob ta ined  on  spec t r . -

photometer  i f  one p laces the sample between polar izers and one nea-

sures the in tensi - ty  l (cr )  when turn ing the sample by an angle ct .  t ,€

buiLt up the. polarization equipment for spectrophotometer whj.ch cor.-
s is ts  of  the polar izer  and the analyzer  in  specia l  set t ing wj" . , : .

angle l irnbs and the same setting for i-nvestigating sanples.The specj.a-
program have make for  the cal -culat ing of  coef f ic ients 

"4,  
ot r ,  . ' ,

- l l l l t r
a n d  a ,  b " i ,  

" " i  
a n d  t h e n  b i r e f r i n g e n c e ,  d i c h r o i s m ,  e l l i p t i c j - t i e s  a n c

the  nonor thogona l i t y  ang le  o f  e iggn waves .

Li terature

Grechushnikov B.N. ,Konstant inova A.F.  crysta l  opt ics of  absorbing
and  gy ro t rop i c  med ia .Compu t .  Ma th .  App l i c .  1988 ,  v .16 ,  No  5 -8 ,
p p . 6 3 7 - 6 5 5 .

Kons tan t i nova  A .F . ,U1uhanov  I .T . ,G reshuchn i kov  B .N .  The  spec t ropho -
tomer ic  method of  opt ica l  parameters determinat ion for  gyrotropj ,c
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Non-collinear interaction
of electromagnetic waves in gyrotropic crystals

with rapidly rotating anisotropy

Irina N. Akhramenko and Igor V. Semchenko

Gomel State University, physics Department, Belarus

The interaction of electromagnetic waves (in the microwave an{ infrared fre-
quency bands) with electric fields rapidly rotating in time and forming rotating he-
lical anisotropy in non-linear gyrotropic crystais is investigated in our research. Such
effects as selective reflection and amplification of a test signal with the frequency
and direction of polarization vector coinciding with those of the induced anisotropy
had been demonstrated in our previous works in a case of the test and modulatini
waves propagating normally to the crystal surface [1,2]. Thus such crystals por."r.
properties characteristic to cholesteric liquid crystals (CLC). At the same time they
allow one to realize electromagnetic waves parametric interaction causinq resonance
amplification (or attenuation) of the test electromagnetic wave.

The present paper is devoted to the research of test electromagnetic wave propa-
gation in a case of oblique incidence onto the crystal with rapidiy rotating helicoidal
anisotropy. Such anisotropy is formed in non-linear gyrotropic crystal by two inten_
sive light waves of right-handed and left-handed circular polarizations and difierent
frequencies. Their wave-number difference makes a significant contribution to the
crystal gyrotropy. The induced anisotropy can be described by the efective permit-
tivity tensor

e (z , t )  =  U (z , t ) eU-1 (z , t ) ,  ( 1 )

Where U(z,t) is the rotation operator relatively to the z-axis l3l coincidine with the
modulating waves propagation direction, e is the local and momentary peimittivity
tensor that is optically uniaxial.

Non-collinear interaction between modulating and test waves has some specific
features: according to the difraction theory, the higher reflection ord"., uppeu,
at the frequencies divisible by the Braggts ooe. Mo."ov"r, as it was mentioned in
CLC-optics publications, even in crystals with stationary spiral anisotropy the reflec-
tion character changes essentially already for the first-order d.ifiraction: polarization
properties of the eigenmodes become compiicated and band.s of any poiarized light
reflection appear [4].
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The solution of the first-order difraction problem has been obtained in the
present work with the help of the Slowly Changing Amplitudes method under the
two-waves approximation. The electric field vector is assumed in the diffraction
theory to be expressed as a sum of the zr- and o-components:

Es: (Esoo * Es,r) exp[i(,be(a.,s)r - c.,ot)], (2)

which are parallel and orthogonal to the incidence plane, respectively. Taking into
account the problem geometrS the Bragg's condition kr : ko { z acquires the form

cue sin de * (ro - 2AO) sin d1 = 2A,K cJi. (3 )

Here k1 is the propagation vector of the reflected wave, r is the reciprocal lattice
vector of the induced structure, AQ and A.K are the modulating waves frequency
and wavenumbers differences, c is the light velocity (the angles d6 and d1 are shown
in Figure 1)1

Figure 1. The geometry of the problem.

The amplitudes of the o- and ?r-components are the solutions of the differential
equations system which may be represented as

The matrix "4 is determined by the crystal and interacting rtraves parameters as well
as by the interaction geometry, the subindices 1 and 0 mark the incident and reflected

le=eo+20El,wb,etegisthecoeff ic ientofelectro--opt ical interact ion.  (Eai tore)

(4)r(ri) 'G')

4,
4'0t

I I 4



I

waves' correspondingly. Solution of dispersion equation which results from solvabil-
ity condition of the system (4) gives an opportunity to determine the wavenumbers
ofthe incident and reflected waves for the.ur" ofthe test wave p.op.grtioo obliquely
to the induced helix anisotropy axis. The results obtained *"r" or".a to solve the

l^,^*:y Tl,,:1: 
Boundary conditions were selected in analogy with the reflecting

nologram problems:

Eb(L)  :0,  Eh(L)  :  0 ,  Eo"(Q) + Eo,(A)  :  Eo, (5 )

where Z is the crystal thickness.

Boundary problem solution has been obtained
personal computer. It has been demonstrated that
waves is possible in a case of oblique incidence of
a crystal with induced helical rotating anisotropy.
attenuation) of both the transformed and reflected
the contrary to that of the normal incidence.

by numerical methods using a
reflection of arbitrary polarized
the test wave on the surface of
Simultaneous amplification (or

waves is possible in this case, in
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Microwave effective permeability
of conductive helices

V.N. Semenenko and D.E. Rvabov

Scientific Centre for Applied Problems in Electrodynamiss, l\ds5s6w, Russia

Interest in bianisotropic materials has been recently widely increased since they
offer some novel promising applications not only in optical technology, but in mi-
crov/ave technology and radio engineering, too. There are a lot of theoretical articles
dealing with various bianisotropic media [1-2]. Nevertheless there are only few works
in the field of the experimental investigation of these materials in the microwave re-
gion, especially there are no experimental studies of influence of individual inclusions
on the properties of such materials. The main purpose of this work was to investigate
effective permeability of wire helices in the region of centimeter wavelengths.

A resonator method with transmittance measurement is used to determine the
effective complex permeability of wire helices. We used a cylindrical resonator with
a high Q-factot and with a possibility to vary its resonance frequency in the region
from 2.8 GHz to 6 GHz in the experiment. The sampres under investigation were
helices with characteristic sizes d, / < ) (d is the helix d.iameter, I stands for the
length of the helix, and .\ is the wavelength). These samples were placed into the
maximum of magnetic field amplitude (high e-factor r/s11 mode was utilized) at the
axis of the resonator. The axis of the helix was parallel to the magnetic field vector.
In order to calculate the effective complex permeability of a sample, we measured
the resonance frequencies and Q-factors of empty (fo, eo ) and loaded (fr, e, )
resonators. After that we calculated the effective magnetic moment of a sa.rnple
using the perturbation technique [3] and then we carried out the normalization
of the data obtained. As a factor of normalization we took the total voiume of the
sample (V : td2ll4). Formulas for calculation of the efrective complex permeability
it = lt' - jp,t' were as follows:

' . t - t  ,  l f o - f '
l t  

- L - l ; - ; -

n I o

p = i(*-*') '
where h is the form-factor. This value equals to the ratio of the energy in the volume
of the sample divided by the energy in the whole resonator. The results obta.ined
were tested by measuring a sample of iron powder which had the same shape. The



permeability of this sample measured in resonator was in good agreement with
results obtained by another experimental method.

It is worth noting that the chirality factor had no influence on measurements
of p of helices, because in this case the electric field at the axis of the resonator
equals zero, the electric field in the volume of the sample was negligible and thus
the chirality factor ofthe helix did not perturb the electromagnetic field in resonator

l4l.
The helices under investigation were 3 mm in diameter and had the pitch equal

to 1 mm. These samples were made by use of wires with various conductances and
thicknesses. The results of measurement of effective va^lues of. 1t : lt' - jlt" for three
different samples are presented in Fig. 1-3. The dependence of p' and p" on the
frequency has the lesonance character. The real part ofthe permeability may take on
values both greater than unity (tt' > t - the paramagnetic effect) and smaller than
unity (p,' < 1 - the diamagnetic effect). The losses reach the maximum value at
the resonancei lltt : max, and p'is zero. It is typically that the predicted resonance
frequency is in disagreement with the lengthwise lesonance which one should obtain
at a particular wire's length of helix, as2* Lf \s = 0.6 - 0.7 (where -t is the wire's
length, and )s is the resonant wavelength).

The anaiysis of the presented curves shows that when the resistance of the wire
increases then the resonance values of p,' and p" decrease, but at the same time
the resonance frequency band width A/ becomes wider. As a result the product
pl.L",L f is approximately constant.

Thus, it is shown that conductive helices with certain sizes d, I < ) have a strong
resonance in microwave region. They have large magnetic losses in the resonance
region and) in addition, the helices under investigation have paramagnetic properties
in some frequency bands,
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