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The pap er analyzes the light propagation in anisotropi c li qui d crystal
Ùb er structures in order to Ùnd the p ossibil iti es to apply the m to control and
sw itch the polarizati on state and modulate some parameters of the trans-
mitted light . T he long term goal and motiv ation of the authors w as the
suggestion to replace the light modulating liqui d crystal cell by a new gen-
eration of liquid crystal waveguides as an all- Ùber light modulator, as w ell
as sensors for di ˜erent environmental parameters.
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1. I n t rod uct io n

Since in t he functi onal Ùber opti cs there is a general tendency to repl ace
al l the opti cal bul k elem ents by the equi valent Ùber-opti c real izati ons, in thi s
paper results of theo reti cal studi es of light propagati on in opti cal Ùbers wi th l iqui d
crysta l l ine el lipti cal -core have been reported.

The l iqui d crysta l l ine-core opti cal Ùber acts as an opti cal ly anisotro pic medium
characteri zed by an indices ell ipsoid and can serve as a Ùber wi th easily contro l led
bi refri ngence. Ho wever, bi refri ngence is equal to zero in a cyl indri cal -core Ùber
when the l iquid crysta l m olecules are paral lel to the Ùber z axi s, and also thi s is a
typi cal structure of l iquid crysta l insi de the hol low-core Ùber. For no other reason,
i t was decided to use ell ipti cal -core l iqui d crysta l Ùbers where the bi refri ngence
has always non-zero value due to the non-symm etri cal geom etry of the core.

2. T h eor et i cal an al y si s of l i ght p rop agat ion in el l ip ti cal -co r e
l i qu i d cr ys t al Ùb er s

The el lipti cal Ùber is characteri zed by ell ipti cal cross-secti on of i ts core. It
has the property of gui ding two di ˜erent ortho gonal polari zed m odes wi th a small
di ˜erence of i ts propagati on constants despite the isotro pic materi al of the Ùber
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core. Theref ore the ell ipti cal Ùber pro pagates the l ight l ike an ani sotro pi c Ùber wi th
ci rcul ar cross-section. The di ˜erence between the pro pagati on consta nts is cal led
bi refri ngence and i t can be changed by m any envi ronm enta l condi ti ons. How-
ever, we have m uch more possibi l i ti es of l ight propagati on inÛuencing or adapt-
ing thi s ki nd of Ùber sensor element for a desired range, externa l condi ti ons and
others in the case of ani sotro pi c m ateri al of ell ipti cal Ùber core. Wel l-known, wi dely
used, relati vel y cheap, and wi th large abi l i ti es for adapti ng to the given condi ti ons,
ani sotro pi c m ateri al is just l iqui d crysta l.

In thi s paper the pro perti es of l ight propagati on in anisotro pic ell ipti cal and
step index Ùbers are discussed. For the purp oseof achi eving a more sim pl eform for
analyti cal soluti on the nem ati c l iquid crysta ls wi th three characteri stic m olecules
structures are inv estigated. Neverthel ess, before we describe the possibi l ity of get-
ti ng the analyti cal soluti on, the sim ple appro xi m ati on metho d for fast assessment
of the ell ipti cal l iquid crysta l core Ùber bi ref ringence is shown in the fol lowi ng
point.

2.1. Appro ximat e analysis of l ight propagati on in el l iptical-core l iquid
cr ystal Ùbers

The prel iminary investigatio n of induced bi refri ngence in l iquid crysta l Ùbers
can be real ized wi th the use of the f ollowing f orm ula preci sely described in [1, 2]

B = Â 2 F ( e ; V ) ; (1)

where Â is the norm al ized di ˜erence of refracti ve di ˜erences, e i s an ell ipti city ,
V i s a norm al ized frequency and F is a functi on.

Fi gure 1 was created accordi ng to Eq. (1) and i t demonstra tes the possibi l i ty
of changing the bi refri ngence in the Ùber by al teri ng the resulta nt refracti ve indi ces
of the core. One can noti ce tha t whi le changing the di ˜erence between ordi nary
and extra ordi nary refracti ve indi ces of the liqui d crysta l in the Ùber core the
bi refri ngence can change up to one order of m agni tude, whi ch is concerned as
a relati vely bi g change.

The dependence of the modes numb er on the resulta nt refracti ve index shown
in Fi g. 2 for two di ˜erent radi i of the ci rcul ar l iquid crysta l core is very interesti ng.
It pro ves tha t changes of envi ronm enta l condi ti ons inÛuencing the resul ta nt core

Fig. 1. Biref ringence of liquid crystal Ùber in a function of resultant ref ractive inde x

of the Ùber core for the given value of core ellip tici ty e and its semi- axes a and b.
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Fig. 2. N umb er of propagated mo des in a function of resultant ref ractive index for tw o

di˜erent radii of the circular core.

ref racti ve index can increase or decrease the numb er of pro pagated m odes. If thi s
typ e of the l iquid crysta l Ùber is pl aced just before the m odal Ùber coupl er i t
wo uld contro l the spl itti ng rati o of thi s coupl er by e.g. changing the externa l local
electri c Ùeld. It givesthe opportuni ty to bui ld the vari able Ùber coupl er electri cal ly
contro l led wi tho ut any mechani cal parts.

Such a sim ple m odel presented above in thi s part may be used for a fast and
prel iminary veri Ùcati on of the experim ents, intro ducto ry predi cti on of the opti cal
characteri sti cs of liqui d crysta l and for matchi ng them to the desired condi ti ons.
Thi s m etho d cannot help us to Ùnd the molecule structure or di recti on of the
bi refri ngence changes, the typ e of reori entati on, and others. Genera lly thi s metho d
does not describe precisely changes in the anisotro pic core structure. T o be abl e to
Ùnd parti al ly the m ore preci se descripti on a more com pl icated m etho d shoul d be
deri ved. Mo st of the m etho ds described in the l itera ture, e.g. [3], assume weakl y
gui ding condi ti ons, but in our situa ti on the di ˜erence between refracti ve indi ces
of l iqui d crysta l in the Ùber core and i ts sil ica glass claddi ng are to o large. The
possible way to Ùnd thi s typ e of analyti cal soluti on is proposed in the next part
of thi s chapter.

2.2. Analyt ical solut ion of l ight propagation in el li ptical -core l iquid cr yst al Ùbers

It is com forta ble to analyze the ell ipti cal liqui d crysta l Ùber in ell ipti cal
coordi nates system shown in Fi g. 3. The ell ipti cal coordi nates system (¿; ² ; z )
are represented by ortho gonal to each other fam i lies of semi-focused el lipti cal and
hyp erbol ic cyl inders and m oreover the coordi nates ¿ and ² vary in the fol lowi ng
ranges: 0 ç ¿ ç 1 ; 0 ç ² ç 2 ¤ :

The relati ons between el l ipti cal coordi nates and Cartesi an coordi nates
(x ; y ; z ) are the fol lowing :

x = qch¿ cos ² ; y = qsh¿ sin ² ; z = z : (2)

It is assumed tha t the Ùber core is com posed of an ell ipti cal di electri c
\ cyl inder" wi th the electri cal perm i tti vi t y tensor

=
" . Out of the surface ¿ = ¿0 ,

i .e. out of the Ùber core, we have an unl im i ted dielectri c area cal led Ùber claddi ng
wi th the dielectri c constant " 2 (Fi g. 4). Addi ti onal ly we assume tha t the claddi ng
is hom ogeneous, isotro pic, and tra nsparent for tra nsmitted light, but the core is
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Fig. 3. Ellipti cal coordinates system. Ellipse ¿0 describ es the core-claddin g border.

Fig. 4. C ross-section of the elli ptic al Ùber: a = q ch¿0 | long semi- axis, b = qsh¿0 |

small semi-axis, q | semi- focal length.

an anisotro pic medium . Nei ther the m edia of core nor the cl adding are m agneti c
m edia.

W eare consi dering three characteri sti c nem ati c l iquid crysta l m oleculesstruc-
tures in the wa veguide core. T aking into account the Frank free energy density , also
presented in [4, 5], whi ch assumes tha t the ori enta ti on order of m olecules is con-
stant wi tho ut changing the envi ronm enta l param eters, we intro duce the m olecule
structures in Fi g. 5 and described below:

a) pl anar structure | molecules of l iqui d crysta l l ie para l lel to the Ùber long
axi s;

b) hyp erbol ic structure | molecules by thei r positi ons create the hyp erbol ic
coordi nates;

c) ell ipti cal structure | molecules by thei r positi ons create the el lipti cal coor-
di nates.

The pl anar structure is the m ost popul ar one, because duri ng the Ùll ing
pro cess of the wa vegui de by l iqui d crysta l the m olecules tend to a para l lel positi on
to the glass surface. The hyp erbol ic structure can be created when the m olecules
are forced to be perpendi cular to the glass surface. The ell ipti cal structure is
app eari ng especially when a constant electri c Ùeld is appl ied along the long axi s
of the ell ipti cal wa veguide core.
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Fig. 5. T hree characteristic molecule structures of liquid crystal in the ellip tica l Ùber
core, (a ) hyp erb olic, (b) elli ptic al, (c) planar.

Al l structures described above can be represented by the di agonal electri cal

perm i tti vi ty tensor
=
"

=
" =

2

6
4

" ¿ 0 0

0 " ² 0

0 0 " z

3

7
5 : (3)

It is possibl e because an electri cal perm itti vi t y tensor has to be sym metri cal and
the di recti on of the m olecules is always para l lel to one of the ell ipti cal coordi nate
axes.

Then we have the f ollowing : for the planar structure " ¿ = " ? ; " ² = " ? ,
" = " , for the hyp erbol ic structure " = " ; " = " ; " = " , and for the
el lipti cal structure " = " ; " = " ; " = " , where " ; " are di electri c con-
stants respectivel y for the polari zati on of l ight perpendicul ar and para l lel to the
m olecules, respectivel y.

The algori thm gui ding to the characteri stic equati on is the fol lowing [6]:

A. T ransform the electri cal conducti vi ty tensor into the ell ipti cal coordi nates
system and its diagonal form ;

B. Fi nd the form ul ae for the longitudi na l electro magneti c Ùeld components
for desired m odes, whi ch have the soluti ons in non-m odiÙed and m odi Ùed
Ma thi eu functi ons of I, I I, and I I I order [7];

C. Fi nd the longi tudi na l electrom agneti c Ùeld com ponents in a functi on of the
tra nsversal com ponents;

D . D eterm inant of the set of the equati ons, whi ch can be dra wn from bounda ry
condi ti ons for ta ngent com ponents, should be equal zero, whi ch gives the
characteri sti c equati on.

Thi s metho d gives a possibi l i ty to Ùnd the analyti cal soluti on of l ight pro pa-
gati on in the el lipti cal wa veguide wi th the liqui d crysta l anisotro pic core. Tha nks
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to thi s m etho d it is possibl e to inv estigate the ideal and not disturb ed l iqui d crysta l
m olecule structure in the ell ipti cal core. However, to be abl e to m odel the pro paga-
ti on of light in a wa vegui de wi th an arbi tra ry m olecule structure, to gether wi th the
m etho d presented above the advanced num erical m etho ds should be im plemented.

The next chapter shortl y describes how to exp erimenta l ly investi gate the
l iqui d crysta l Ùbers, how to change the structure of molecules and how thi s Ùber
could be used.

3. L iqu id cr yst al Ùb er l ight pr opagat in g d evi ces

Ma ny di ˜erent parameters modul ating l ight pro pagati on in l iquid crysta ls
have been intensi vely studi ed over the past years holding a great potenti al for
appl icati ons to vari ous ki nds of sensors uti l izing Ùber opti c sensing techni ques.
Any pro spective l iqui d crysta l sensors shoul d be coupl ed to opti cal Ùbers tha t
del iver opti cal signals to a sensing region.

Very interesti ng and di ˜erent exp eriments can be proceeded wi th the l iqui d
crysta l ell ipti cal-core Ùber proposed in thi s paper. A special m etho d for connecti ng
the l iqui d crysta l Ùber wi th leadi ng- in and leading-out Ùbers was devel oped. Thi s
m etho d al lows us to avoid fusion of the Ùbers, whi ch could destro y the l iqui d
crysta l inside the sensing part. Al l the Ùber sections: lead- in, l iquid crysta l and
lead-out, can be glued insi de an externa l capi l lary. From the point of vi ew of opti cal
power the best e£ ciency can be achieved by usi ng the single m ode lead- in Ùber
and the mul ti mo de lead-out Ùber to receive the l ight tra nsmi tted by the sensing
l iqui d-crysta l Ùber. The described conÙgura ti on of the Ùbers is shown in Fi g. 6.

Fig. 6. Schema of the liquid crystal Ùber sensor.

Some prel im inary exp eriments were presented in [2], where one can Ùnd the
exam ple characteri sti cs of l ight propagati on in l iquid crysta l Ùbers under changes
of di ˜erent externa l condi ti ons l ike temperature, electri c Ùeld, and hydro stati c
pressure.

4. Co n cl u si on s an d p ossib ilit ies of im plem en tat io ns

T o conclude, tw o ways of theo reti cal analysis of l ight pro pagati on in the
el lipti cal -core l iqui d crysta l Ùbers have been presented. The Ùrst one, a very rough
m etho d al lows us to m ake som e prel im inary study and the second one is based on
the analyti cal soluti on, whi ch to gether wi th num erical m etho ds can be a powerf ul
to ol .
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Theo reti cal analysis and som e exp eriments [2] prove tha t i t is possible to
bui ld very prom ising devi ces. Am ong these devi ces we can Ùnd the fol lowi ng:

¯ Co ntro l led and adjusta ble Ùber coupl er wi tho ut m echani cal elements.

¯ Fi ber sensor based on a nonl inear self- focusing e˜ect | worki ng between
l inear and nonl inear reg im e. For a given molecules structure we have the
nonl inear phenom ena cal led self-f ocusing described in [8]. In these condi ti ons
lots of opti cal power is coupl ed into the lead-out Ùber. W hen the externa l
condi ti ons change the structure of the m olecules inside the l iqui d crysta l
Ùber and hence the condi ti ons of nonl inear phenom ena are not f ulÙlled any
m ore and the lead-out Ùber receives m uch less l ight.

¯ Polari metri c sensor wi th an acti ve liqui d crysta l element also parti cipated in
a constructi on of opti cal neura l netwo rk. Li qui d crysta l Ùber can be also used
as a swi tchi ng element or a cell of the neura l netwo rk. Al so the polarizati on
of tra nsmi tted l ight is di ˜erent when the structure of molecules is changed
by externa l condi ti ons.

¯ D iscrete and mul ti- thresho ld wa rni ng sensor. There are di ˜erent phases of
l iqui d crysta ls, whi ch can be changed also by tem perature. Each of the l iqui d
crysta l phases has di ˜erent tra nsmission condi ti ons and whi le thi s phase is
al tered then the am ount of l ight reachi ng the detecto r is di ˜erent. In tha t
way the sensor can warn us about overcoming certa in l im its induced by e.g.
tem perature.
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