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akéﬁ?OHY OF LIGHT PROPAGATTON NORMAYL TO THE ¢PTTC AXTS OF A

CHOLPSTERTC TTQITD Owvonhy,

NPROTICTTON

Ve have sn far investignted thaerﬁﬁtcmlly’nnd exneri one
fally tre propagntion of light 2lone the avt'e nvis of the
cholesterie liguld cryetale. The pgenercl npreement hotweoen
theory and evneriment confirm thet *he m»de)l thet hae been
ageumed ie eagentinlly correct,  In this charter we heold
comasider the ~romagation of lipht at ~irht rmples o the

ontie sxia,

Whenm Lieht 1e inetdent nermal tn the corew axis of on
hamrrereoun snecimen of cholesterte liauid crratal, snne
Irtereeting effeets nre ohserved. If the ineldent Beam ‘e
rerrlte, diffrnetion patterne sre formed sn o dlptont soreen
eomewhat pimilap to thoze nreduveed by am omtlenl prating.
Theee rotterns were ohserved %y Sockmann, Veiboom, Snyder,
Melmer nnd Diete (198R). If the eneeli-evt 1g oheepved |
through & mieroscore, alternnte dork and (relatively) hreisht
hende are scen, When the mieroscore lg vrved efther colocaep
or further away from the evecimen, there ‘s seveppnl in
the nnttern thot is, the derk region beeeses beisht snd the
brighter resion dory, There were firet chrorved by Rehingen
mé Yard (private commmicotion)e We shnll now diecuss the

therry of 1fcht neoarapntion normel o the gerew nxle rnd

expln

in thege effecte in some detnil

T
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Pigure (28) in Chapter I {s & schem~tie di-rrom of
helienl etrﬁcture ehowing the orincinnl axes of the
successive lavere rctéted ahout 0Z. Te ohnll punnnge thed
the nrineinal refractive indices ~f ench laver rre n,

and n, (n, rrenter than n,).

et s nlene wave be ineldent ~lons OVe Clenrly 2 v-ve
with ¢leetrie vector noiarired -arallel 4o 02 has the
refragtive indev enme fop @l lavers, =ql tr ny and fe
therefore transmitted vwholly ns the ardinoeyr rov, Tﬁe
wave will thus anvear t o enenunter no inhomoreneitice in
the mediums On the other hand, the wrove with electrie veetnr
volerimed nearallel to OF 1.es verrem@icoulnr %40 02 Wil ene
ecounter a refrretive index whiegh vrrize wepicdienlly from
nq to n alons the Z direction. A vlane wovelfront nel rised
parallaa to OX will therefeore, suffer nerindic changes tm
of amplitude, fe wae firet Aememetreted hy Wood (1934), due
to the faet that narallel reve require n a1inhd curv-ture,
vhen trevelling in = medium in whieh the rradient of the
refractive index ts normrl to the dipcetion AL nremasction,.
Thus, the awvlitude and ~hese of the cperront wove front
will vervy leng O7 with = vneriodfc P/? - W 1f the niteh
Oof helienl structure £nd will eive ripe t~ ' "Ipagtion

effeoctse The nhenomeneam | S analepase 4+~ *he d1ffrcction
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of light by altrreonic waves and ean be solved by annlying
t he theory of Ramen and Nagendra Nath (1935).

The vrriation of the refractive index will cnuse co—e
parte of the ww front to move fagéer thon the other 2nd

the wrve front will aequire corugntion and the emergent

wrve front mny be exnreres fnp

Y =g (y, z) exp (ox1 T¢)

vhere #(y, 2) ie given by n Pouricr's serics in the form

g (7 2) =% £, () exo (xtfe/a )

where A = ®/2

The diffraction from euch & wavefront vill evidently

give rise to maxima at anglep

sti™ (0 2/A)y n =0, 3, T Beeses
where )\ ia the wavelength of 1izht nmd  half the nth of
helix, 7o evaluate the Pouricr coeffleients and hence the
inteneities ~f the 4iffrretiom maxima 4n the genersl cnme
ie rather a comrlet problem, end ve thesef wre, hrve %4

reecort to sn onnponyisate ro ' udtion.

Phe vrriction of the refrsiet’ve index with 4wiat £or the
#lectric veetor volarired »arallel ¢n OX is given by the wal |

knovn reliation.

ks ~\l’u&./"‘
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1/11’ fad ‘[1%_% + QZE X onootcooonuo(i)
n ng"

(gee Ramnchrmdrsn and Ramocsoshar (19681), Put this cnnnot
be direcetly uped withrut Af7lculty In the derdvntion
of the thuorye 80 we ghnll evniuate n eimple expreesion

&3 followg 3

Let the 8llipeoid =4 BB with Centre "0' be the ontlienl
indicatri of the mntartal ot eohe voint 2 ~lon~ the 2 nxle,
and 0X De the dipeetion of vrowag-tion of the exirnordinnry
r~y vhich hag i{ta 2lentrie veetor in the nlare »f the -ever
Pigure (1)s The lengthes e and oB recrerent the nrinetnal
refraetive indices of material ny and ngs  The refrrotive
index for nn extracrdinary ray nropegated adong 0X {s siven
by OF which {p the length nf the d1nagter e-mjugnte to ok,
Consider the rectenguinr axea & =nf v « Let the equation
of OL be

Toe myq teveens(®)

2ige1 3 Optical indicntrix of the wotepinl st a
point 2 rhers ml = ton 9 = tan Pxefp and thot of 08-7 -
By o  esecess()
fince n » gx end rp =P, we hove B = PX/P mA B nt a
d1ictonce '2' 2long the 7% rxis ‘s (Pne/p)e  The cméition
Par theee liner to e corniugnte A{amrters of the

ellineoid 1o o

N

£
* as ssnssseeld)
o
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Fle. 1 _QOptical indicatrix of _the material at a boint z along the qu’ax‘sﬂ
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1.0, By Ep = -b?‘/ag (from Anelytical Geomeiry), using
the value of 32(8) turne out ns

..nzé‘

Y] = -ng' ooocno(a)

Ny 'm

By combining (4) and (B) the coerdineter »f B turn cut

&e

9
" (nx‘m;;* N W R
The length of 0B 1»
4 2 4 1/2
(Q‘z,qa)x/z,ﬁ_‘x ¢ n, (e

? ? . d
Y By tny

It oor' be simrlified by trking ndvantege te the fnet that

ny and ny, are very menrly equal by putting ng T, + (An)
and exvanding (8) in rowers of (4 n) and neglecting t he

terme ~f the order (2 n)2 and highey we ~ot

n =n - (2 n) cos® gxe/P

“my -(sn) condnafP =]

= 1/2 (nq + ng) = 1/2 (ni - ng) con 2xz/A

It con ece vell he token as

n = 1/2 (n, + :e) -1/2 (ay ~ nz) ein exe/A  (7)
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The eror between (7)' and (1) im quite smnll, For examvple
with 4 = 1.8 =02 u, = 1.5 the mextsum error in n, = 0.14
per centy withn, = 1.8 and B, = 1.8 It te 1.2 per cent with

(4 =« 2) ana n, = 1e5 | a 3.5 per cent.

Now according to the model n, chenres diseontinuonely
on nageing from one 'f7ar ta the rext, dut aep discueced in
the theory of 17kt incifent maralle) to the optie axie the
angle hYetreen the princiwl axee cf the succeeelve nmolscular
layers in the heiieal structure in only af the crder of
10°2 =pdirne ap legp, 80 that to = gond annraxioation (1)
nny bhe tnven to be convinuously varying funotions One
further aporoyirrtion mmde is 3ot £he curvuture 7 the
rey in the »ndiun and conucouent ohsnzes ~f the miitude
are neplizible, Y7 orly the FMiret few orders of Al1[lfprnge
tiom nre of intereei, this anproximation 1s val14 when
( NA) te oml) (Romen en4 Nagendra Xath, 1958)s After
passine threush o pell of tnicunees L, the trrmemiited wave

at o helzht » w111 be given hy

Y o+ exs E”i (e -, T"/c-)]

The Aiifraeted ammlitvde Alme & direction maizing an

magzle 3 vitih regrect ¢ the Jdlrect bheam whll be vropetional o

4 onl 0 # 1/2 ( Y ol (mz)
‘ PUOVERS D AR - —————
. f‘dexp ) ! /2 (g =5y} ein (== as

where 24 g #he widty 1w the e vions the 2 xin, Therefnre

the tern involving (my + np)/? dons net eonssibuic narthing ®
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the corugatian of the wove front clong the 2 ~xise. 30 1t

i® neplecteds Purting

wu=ge/\ 1 b=ex/ny vanI.[(ni-nﬂ)/)]

the real and i{maeinnry ~apte of the Iviterrnl turn out
regnectively nn

a
Kbaa (ve 24r 0) cng (v g1n b2} - ain (ur sin 8)

e¢in (v ein bw)—jx de

I, =
p ! «d

and

3 v .
IE a [ | atn (ur ¢4n8) oce {v cin bg) + coe (ur cind)
-
gin (v ein ber) t} dg

Tow we have the utandnpd exnsngionm

cog (v gin bw) = oL er(v) eese (2rb=)

(v) ein (Tref bz) (see

Fateon, 19¢4)

gin (v ein bhe) = oF 32r¢3

vhere the sumretions exterd fmn m~ero to iniintty end indiecnten
that the coeffisciert of T, te Wl thrt of the o ter topmes
¥e obtrin a
I, =22t 7 (v) [ 208 (ux ain 3) cor (2vBe) 4e
- e -6
4
“fE Jorps (V) £;nln (uz rin Q) sin (B4 be)  ag
Using the trensformetion of wraiunote into sume *» d1fferences
? eog A oo B o= com (pum) + con (difference)

£ ein A sin B = cos {(d1Cference = cos {aum)
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%e have

4
I, =% Joplv) S | cos {(u ein 0 #+ 2rdb) s} + coe {(u t'n 0 »
-

220 = }]dz

4
Iores (™ {dEm {(u £in & + Prel b) e} - onp {(u ein 0 -
!E!?;J 13) n}]dm
g0 { (v ein & + 2rd) 4

oy {(u sin 9 + ory) 4

;;;.m{(u gin 8 « ¢ + ) d}
{v min & ~ § rb) &

Y‘ gin i{a ain O & Ap £ 1 h) a}
+ 24 § J (v)

nﬂlna'qr"l)h.d

gir,§§u giy 6 - g;""‘f ») gj} (8)

g, = Q&' I (V) / gin IN? min 9) cos (2rbm) a4~
o

3
+ 223, (v} [ con {ur ptn 2) sin (OTFY ba) 4»
PRS- ) 'd

Using the L-rmul-tiarm t 2 aln 4 cos B = ein (sun + ain (A4fference)

9 oouw i 8in D = 2in {sun ~ gin §difference)
and aimplifyins in the drevious wav the diffeaction integral

12 turns out ~e =ereo,
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We cee tuzt the magnitude of engh individunal term
in (8) attaineg 1te higheet =agimum (the athepr moxima
being nealigivly smnll cosmared to the highest) when
ite denoninntor venipghed, Alse we see thot chen sny
one of the terms s maximm all the others have aege
ligivle values as the numerator »f ench cannot exceed
unity sna thn denominstor is some inteprnl nonvralehing
ruitinlae of b wileh s sulletently larres £ the
meximn of thr wmagnitude of {B) correspends tc the

maxims of 2l vion opevr when

0o when

usin v« (204 1)b =0
that ie

Gein O 2 abh ® 0 ceeee(9)

Tn? 1e an ofd or owvon positive integer. The cquatiom
(f) rilvea the éirontiame in mhieh the megritude »f the
amplitude f¢ mrrirur vhich corresyrnds cleo to the
mexdmng of the fntenefhy. Bubelituting for 12 mad Y,
the conditinon Fov ~eximum may he exprensed Qoite S dhew
relly ae

sln nd v & n AN oA esee{10)
The magritudag of the vericus eomnarents T the 1irege
tiona given 3y (17) ~on e calonlated 1L we ¥now

. 1' nl.. vn
Jn(.) or Jn {= ;fnﬁ )
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Thus, the relative intensities of the m*! gomponent o
th
tha n  component l.esy the ratio of the internsities

of the mth snd nth ordere 1o

3.2 (v)

where

V = 2D {8y ~ Kgl/)
In the fpotrovic erne (An) ~ n, =ng = 0
In the care «l1l the other arders vanish exesnt the asero
comrorent Ver

JA(0) =0 for 211 m = 0 mma J, (0) = 1
Com—arizon with egperiment §
Diffrection vatterns s

Diftrection patterns wore revorted in cholesterite

liguid erve'ele by Meidonm, et al, (1963)e Tn fret
thepe authors hvs nointed out the similarities heotween
the nhinomenon M4 the 4if{r<ction by nltrasonie waves,
In their experisent, & laser Lorom wag ~ent ot rlghe
angles to the ondle axie of 2 Jiguid ervetrllina
mixture »¢ chelesteryl chloride 2nd cholegtaryl
myrietate which wre vlaced in ~ oosnetie fleide Tn
vary atren;s flelds in nlanece and thue *re soper exig
2limne varelic! 4o 4 fields,  The p mmle v vented
by & gtresm of het n'irncon pae md waa allowed do
align for about four to five hourse  Thir mrmnelienlily

nligned crystnl exhibited neriodicelly varving refractive
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index and acted as an optierl gratings When the heam
of Helium-N1itrosen Laser (83123 A) wae directed om the
samnle perpendfouler to the f{1el?d, diffrnetion
patterns ~ers chacrved (F13.2)e (Sackmann etc. (1968),
Re.W. Wond 1934),

The cholesteryl chloride and the cholestsryl
myrietate have helienl structuree of ormosite conceg,
so that the piteh of the liquid ervetnline, mixture
could be cltered by the changing the tomperaturc,
Theredy the poeitione Sf the ai1fi{r otion apoks :lgo
shifted zeenrdingly. The Adiffraotion maximn vere
ptrongly »nlapi~ed «1%th the slecipric vactor nernendicu=
lar to *the perew nxigy as 1t to be erpectecde Pevfeot
nolaprization eruldd NOt he ~chicvad boenvee of some de-
poleries$ion Aue t» serttering. | 0 intensity mensurew
ments hnve been rencrted by them. A4¢ o certain teme
pernrture, there ececurred an oxaet coapensntion »f the
two orposite serowd strueture and the pomnle hecrme
nemntic With ¥ = e, then 211 the molecules zre = rallel
to ene anrther #nd nervendieulnr to the maznetie 7iclde
Under theee eircumetance only the centrol ppot wuna

pyrecent,

We now evalunte the relative intengitice ~F the
d1ffrnetion moxime for gome tvnienl vlunesm of the

parameters involveds Sackmann, et all (1968}
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uged a cell of thickness L = 0,028 cms and Helium-
Neon Laser beam (6328 A)., The layer birefrinrcnce
4~ n! in cholesteric liquid erystal usually lies in
the ranpge 0,008 to 0.3, Substituting theee vnluese
of Ly ( ) and ny = ny, in the exvression for inten=-

gities of Aiffrrnotiom nattern and usine the well mown

expansion

I (v -g_)1/2 &sa (v = nx/2 -~ =/4) {1 -
17

(4n® = 12)(4n® - 3%)(4n® - 8%)(4n® - 7%) }

. * sese
41 (8v)

(&2 - 12) (“2 - 12)(“2_32)(4,‘2.52) ‘

- oin (v ~ nax/2 ~ :/4){ - &

11 (8v) 31 (8v)3 J

(vatoon, 1944)

the relati{ve intemsities & the mero first sma ecoond
order maximn have been nlotted, There are zhown in
Pigures 3 and 4 far a few values of n, - g ronzing
from 0,008 to 023 which correepond to v ranging from
8.2 t0 310.3, The erloulations {lluetrnte the pro-
nounsed chenpees which can he seen in the intengity

dlatridbution under different exverimental conditione.

¥e also notice from the ficurs th~t the relotive

intensities of the 4iffrretion daxima will naot lend ¢o
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Fiowre 1. Diffrasctinn nattern Af o 1 7801 e, oniobla i
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Fie. 3. Relative intensities of_the zero,first and second order maxima
for different. values of (An)
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an unambiguoue experimental determinrtion Of n, -n2-
But by an experiment Wth two different thicknesses
and under same exmerimental conditions (n1 - aP) can

be determined.

1iouid ervets1line solutione.

Ag deperibed in Chonter I, Robinson and co-dinre
nere (1057, 1958, 19631, and & nrivate comrmmicntion)
discoverad that certain polyvevtides dismolved in
orgenic =zolvente ndonted the cholesteric etrveturo,
usunlly of very large witeh 100)above a certnin omeenw
tration, There 2uthore oheerved thrt whenm there
hemogenenusly nlimed eraciments are vicwed throurh g
mioroecere at risht nelem te tho ~ntic axts, » seriee
of equidietomt varnllel Asck Yinee (with evnein~a of
the grder of C.1 45 2.001 mm) internversed —ith lighter
| fneg, rmmnine ncrvendienler to the helierl (or optie)
axis nre peont, vhen the light was polarized with t he
cleatric vealor -wruwendieviar tn the heliesl axin,

The dfstonce between the adineent dark (or brisht)

linas was P/9, The lines vrmished when the electric
veetor wae related s~ 2@ to %é narallel to the helienl
axise It hes hoen further obeerved (Werd, 12497,
nrivate commmiontion) that when the light wie ralor!ised

with the cleatric vector vernendicuiar to tre “elical
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exis, and the microscope wng racked slowly upwnrde

(or down wirde) the lines at first become blurrcd =mnd
were then replaced by a similar set of linee d‘gnl-ced
side ways nlong the helical axis by P/4. On rncking
the mioroscors & little further ths lines again hecome
Plurred amd finclly replaced by » sat of equivalent to
the orlcinal one, This sequence could he renented
sevarnl $imen ~"nd the renent weriod wae substantinlly
sonstant. The author hae deseridhed this effect ae a

‘focuseir verindicity'.

The foeusing reriodidity may de explained in terms
sf the medei discuesned earlier. In deriving tne
theory, we reaumed the 1ncident boam to be orefoetly
paralisl 2nd n2glz2oted nny deviations in the -eth of
the raye on travercing the tediume On the other hand
i f there |0 & verv silight divergence in the herm, the
rays will be gevinted, ns was demomstrated by some
beakkdf4E berutifnl exverimentes of R.W. Wood (1934)

with the followine set up.

A glaze through 50 ems. long by 10 eme. high and
P cme., wide with plate glass ende In filled to the
depth af 3 eme. with plate rlars ende, is filied to the
depth of 3 ems with a strong solution Of alum.
On this is floated a layer of wrter containtng 10 */.
of aloohol, which i{s very much lighter thrn tho nlum
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selution, though having about the same refractive
index. A mixture of glycerine and 88 per cent aleochol
hag & much higher refraotive index, but n svee'f’e
gravity intermedinte between these two liquids,
consequently it is vossidble by meane of & gl ass
siphon, érawn down to a smnll averture which is hent
in & horizontal 4irection, t» ‘ntroduce 2 layer ~f 1¢
between the fium golations end the supernatont v ter.
Yhe three golutione were vreviously anidirfied «ith
gulphuric n¢td, and rendered flucrescent vith culrhate
of guinine 'n ordnr thnt the mashe ~f the rrwe o~uld
he folleweds Ry ceunti~vs ctdtting the dtflfusleon of
the ln7erz Imtc erch ot*er ¢:n he aesisted, ond we
have 22 A re:vlty © medium 1n vhich the rzfrnetive
i~fdex ‘neraenzes frow the surfzees teounrde the a2 jlunm
»lene, end then decreagse frwxw th'ls rlane tow »de the

bnttows,

Now, 1f A very narrow heam of light from rn arce
lamp, mnade narallel by meane of 2 condensing leng,
be thrown shligquely into one end nf the thourh, 1t
will be seen to troverse the liquid in the {np of a
mont beoutiful blue w: ve, the curvetwwe of vhich
vrriee with the anrle at which the rov enterss A ray
of light travelling in & eine curve {e shovd In Pig,.

B(e =nd b). (HEE=CEeageete228)
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The alternate convergence and divergence of
raye, 2nd the succersive focl wag obtnined by allowe
ing o nearly parsllel bdundle of rars to enter m end
of the through in a horirontal direction. @&
vihepmaglh eo=idein. vhensnames SEEubte slwen- eyl

Fror ¥ood'e experimentes 1t 1@ obvious th ¢ vhen
a slightly'éivcr@ent beam is ineident normel to the
ontic oxle of £ cholegteric 1touidoryetnl, there wild
he in the field ~f view pleneg in shich the tenm
vill ®he 4n focne irnterview hy pleres 4n ehich 4 will
e sut ~f foour interlevel hy nlrnes in vh'‘ch 14 w11l
te out of focues This *hepefepe exnlairg the frouspe

ing periodicity oheerved by Rodinson 2and Ward,
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