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ABSTRACT

Prior to the contract we had proposed an acoustic streaming theory
to explain the "acousto-optic" effect which occurs in liquid crystals
and had presented cxperimental data supporting the theory. We subse-
quently extended the theory to include the simultancous effect of an
applied electric field. During the first yecar of the present contract

IR S0 S

we solved-the hydrodynamic equations which govern the strecaming and
- 7

obtained a solution for the magnitude of the fluid specd and flow

pattern for a small disc-~shaped liquid crystal. A sample, doped with
I grains, was used to test the solution experimentally. A series of
cells were constructed and tested which, in fact, showed that an
acoustic wavefront pattern can be visualized with this technique.
During the second year of the contract we developed and tested a mathe-
matical model which prescribes how a cell should be constructed in
terms of:  the densities of the cell walls, liquid crystal, and sur-
rounding fluids; the thickness of the cell walls and liquid crystal
layer; the acoustic speeds in cell wall (shear and longitudinal),
liquid crystal, and surrounding {luids; acoustic frequency; and the
incident acoustic beam angle. Cellis were also constructed and tested
in which an electric field could be applied simultancously with the
acoustic wave in such a way that the sensitivity of the cell to the
acoustic field could be udjusted.ﬁﬁ]n this way the acoustic intensity
region of intercst in the wavefront could be "dialed in".
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INTRODUCTION

Although the discovery of the "acousto-optic” effect occurred
over forty years apo, only in the last ten years has there been an
active research interest with approximately fifty rcsearch papers
presented in this area. Although a variety of mechanisms to explain
the effect had been proposed, only in the last five years has the
proper explanation been given. The work performed by the present
author was in part resgponsible for Lhis explana'ion.

The complete understanding of ithe acouslic-optic effect should
produce a liquid crystal based device which gives a visualization of
the acoustic wavefront. Such a tqo] could be extremely useful for
studying the interacgion of ultrasonic waves. -Thc author hag, in fact,
made such a device. ;Photop;ru})hs of ‘the resulting aconstic imarcs are
included in this proposal. The main task now is to improve ihe reso-

Jution.

REGFARCH SUMMARY

An acounto-optic ceffeet in neantics was noled as cnrly s 1930
h
by Fredericks and Zolin who oboerved colors in a homcobropienlly oligned

nematic when it was exelitoed asconctically.  Tuning fords with froguencicog




from 200 to 60D Hz wcere used as the acouslic source. They attributed

the effect to a rotation of the optic axis in the liquid crystal but gave
no details for the mechanism.
, 5 . s P g

In 1969 VFergason” provosed from a siwplificd cnergy analysis that

nenatics might be used as detectors of acoustical encrgy with intensities
-1k 2 . : 6 1 s

&s low as 10 W/ew . Also in that year Dreyer applied for a patent,
later granted, for a liquid crystal optical element composed of a thin (QS’Im)
eligned nematic sandwiched bvetween either two transparent glass platces or
a glass plate and a mirror. he cell was to be observed with crossed polarisuers.
“his device was proposed o5 & meuns of delecting electric, magnetic,

or acoustic energy. This type of cell has been used to produce the acousto-optic

effect which we are considering. The proposed mechanism causing the optica?
efTect was attributed to some sort of physical movement within the liquid crystal.

-

In 1970 Keusler and Suwyer mounted a 10 Milz ultrasonic transducer on
one of the plates of a cell such as Dreyer described with the difference Lhat

crossed polarizers were not used. They observed a visuxl pattern of

2

scattered 1ight above a Lhreshold of 1% m¥/em of acoustic intensity. The
rattern had slowly moving domnins which traversed the cell and bore
sirmilarities to the dynamic scattering mode caused by an electric ficld.
Ve will refer to this region of acousbic excitation as the "turbulent

thesel”

They atbribited the ofteet to either differentinl acoustic
ahsorption or acoustic slecuming allhough no detailed theory was given.

iney measured the on and off response tine for the offeet Lo be 0.1 see and

(. re¢ reapectively. The lalber ecould be reduced, they found, by o factor

|
i
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of 10 with an applied 20kHz a.c.electric field.

In 1971 Mailer,Likins, Taylor and Fergason8 used a homeotropically
aligned nematic of thickness 25 Fm to observe the effects of a 10 MHz bulk acoustic
wave. When a threshold intensity of k mW/cm2 was reuched,a white light pattern
appeared. As the intensily increased,the white light went through all
the orders of Newton's colors. We will term this region as that of "tunable
birefringence.” Above a critical value of acoustic intensity the turbulent region
set in as had been found by Kessler and Sawyer. Although no quantitative
measurements were given they observed o lowering of the threshold if an
electric field were applied. Again no theory was given for the efrlect.

The first theoretical attempt to explain the effect cume in 1972 with
Helfrich.9 ¥or a wave prorugating necither parusllel nor perpendicular to
the optic axis, he calculated the transverse second-order stress which arises
since the nematic is enisotropic. He predicted an inlensity threshold for
which the transverse stress results in a flow and induced tilt in the
nematic director. The threshold intengsity required by the effect is of the
order of 25 W/cm2 and much higher than that experimentally reporiced.

Also in 1972 Rertolotti, Martellucci, Scudieri and Sottelo reported
preliminary efforts to obtain the response time for the effect in the
region of tunable birefringence. They reported that the response time is less
than 12 Pscc,thoir expesrimental detection limil, Again no theory is propased for
the effect. They did sugrrest there is a cooperative response of the molecular
agmregiale rather than o single molecular resp .nne,

In 1973 Gr(‘gu::.s]l propagated a 3 Miv ultrasonic wave through water
to the neratic cell, aftor first reflecting the wave from an oplicenlly

trausparent plate. He found the acousnta-aptic ef et ocouwrred ol o threshiodbd of




)
a few mW/cm? For'the region of tuanable birefringence the rise Lime was
in the range of 30 to 50 maec with the fall time less than twice Lthe rise
time. For the turbulent phase he obtained a very fust time, faster Lhan
the characteristic time of the transducer. If an ccousticully opague object
were placed in the path of the wave its quite blurry imgge appeared on
the cell. Also standing =coustic waves in the waler woere imaged on the cell.
Although no theory was proposed,Gregsuss suggested Lhat the mechanism respoasible

for the effect may be cybotactic groups whiech might form in the nematic.
,

He received a patent™  in 19Tk Crom this work.
- 13 . .
In 1974 Dreyer sugsested the neoustic prevounre In Lthe cell conres
en electric potential by nieans of the plezoelceetlric propertics of the
liquid crystal. The resulting potentiuvl could then result iun o chnpv

. - . , . Ak .
in the director oricntalicn. More recently, however, he has ghated

he no lonop subseribos to this mechanism, his eordier reculls belng attribated
to capuclitive effects,

- . o 15 R : Lo .

In 197h Nagai and Iizuka ~ measured the threshold acouslic intensitly
using a 318 kHz wave for cells of souple thickness ranging rrow approximetieiy
;)

30 to 100 ym. The values of inteusitics for the thvreshiold vary fron 100 mi/em

!

’y '

- [ . - . Ve .
to 1 W/en , substanlially higher than any other group's findivss. They
further tound thie threchold intensity to be proportional lo the sguare of tnmple
thicknes:s. They presented @ theory bLesed on the Leslie-Dricksen cquations which
peodicted o Lweshold theb should very with sample thickness in aoreenent with
their expecimental recult, The theory was inconsislent, however, with first

. - . , 10

order eauntions contoining terms of sceond order and vice versa. Nooad

ey loniser hiolds Lo this LLoovy.
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In 197h Kagawa, Hatakeyama and Tanakal{ measured the threshold of
MBBA homeotropically aligned by lecithin treated glass surfaces. They
then made comparisons with the threshold for MBBA doped with cetyltrimethy)ammoniv:
bromide. A frequency of 400 kln was applied and the sample thickness
was 10 Fm. Both samples showed a decrease in threshold as Lhe temperature of
the sample increased.with the dopaed gample having a lower threshold al
a1l temperatures. They also found an clectric field of 66% of the critical electrie
field increased the acoustic sensitivily by a factor of 504 to 3007 depanding
upon which sample was used. The threshold for the acoustic intensities
was  of the order of 1D mw/cm? They presented no theory for these results.

- 18 . .
In 1975 Penz commenting on the work of Kesgler and S:fzwyer7 sugmested

that the mechanism for the effecl may be a vortex flew due to the anisotropic
abgorption of the ultrasonic wave.
3 1¢

Also in 1975 Bartolino, Bertololti, Scudieri, Telte and 8liwinski
reported that light passing through a nematic cell of 50 Ym thickneas
could be modulated from low frequencies up to around 1 Miz by acoustic excitalion.
Both the nematic and smectic phascs were investigatled. The transducer
was attached to one of the plales and was given square wave pulses. ‘ithoey
found the throshold acoustic intensity decrecases with acoustic frecucncy, o result
they aseribe Lo an accumulative effect at higher frequencies where the poriod
of oscillation approaches the relaxation tiwme for an clastic deformation.
Measuring the intencity »f the dight as a funclion of transducer voltupe they
found a change of slope in the light intensity versus vollage curve in

the region of tunable birvefringence, Since their sumple, CBOOA, hoe o sreet ic
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as well as nematice phase they were able to measure the thresheld voltnse

to the transducer as a function of temperature as the nematic arp exd

the smeelic phase. For this region the threshold voltage has a large

increase, a result they attributed to the diverpence of ‘r(_,,S , the verd - e
.

Since this proposal deals with bulk sound waves in Nopatics we have
limited our discussion thus far Lo this area. However, there huve been n cooe
studies for surface waves and shear wvaves as well as bulk waves incident

on cholesteric films.

)

Surface waves were used in 1971 by Davis and Chz‘mzbers"o to precduce
a standing acoustic wave pattern with the nematic in the turbulent phase.
The cpplication of &n cleetric ficld Jowered the scoustic powver leval e o
for the effect, No theory was prescoted to explain the efrect. Kepushinn - -7
also using surfuace waves, produced putterns in the reglon of tunable
birelringence vhere crossed polarizers are needed to observe the effvet. Tioir

anelysis is baved on a first order velocity oredient effect, the Mowel D - 000 oty
N

26 .
They also reported a technique’ ” to messure the stevetural reluzaticn b
of a nematic by measuring the acoustic Clow pattern which resnlts oo oo 00k
acoustic wave teaveling in a ssmple vhove dineasion size is large oompeorss
: e . . 31 Cs s .
Lo the aconstic wavelength., Tn fact come of thelir work precoded that o

T
-

Kessler ot al.’ The Lheory of Kapustina et nl. was subsequently cruicis
by Miyono and ‘.%ht.rlfl;yi’32 (Note rerterence 28 For more detailed frnvoes =Lion
ol thelr experimental techniquo.) for not correctly explaining fhe ottt
ot Tight that appeared, for not giving the required magnitude ot
Liceivinsence and for predicting thet the Lranmitted Tight intencity w

oocil nte with the imposed frequency, o resall o which Migono and Ulen

revort Hid not o oceur in theipr work., chyano o Chen peegs oo b e ie i o




quantitutive acoustic streaming model to explain their results., They did not obaserwy

any threshold for the onset of the effect.

Shear wave excitation of a nematic has been studied by Kagawa, Hatakeyama

and Tanaka%{’29 They found a threshold ol oscillation amplitude. As the

amplitude increased post the threshold a phase similar to what we have
called the turbulent region ultimately set in. They found liitle effect

from changing sample thickness. Thelr theoretical analysis was based on

a simple continuwe el«stic thzory and predicted a threshold which is independent

of samvle thickness as their experiment indicates. However, their theory

also required that the product of frequency and threshold displacement

should be a constant , bul thelr experiment did nol bear this outl.

12,30,31

Cholesteric liuuid crystuls have also becn used in place of

neratics in the accustic cells. For these cells polarizers are not necesoary

since the efrect is thermal. The acoustic wave heals the cholesteric causing

a change in the pitch and hence the color of the cholesteric. Practical

application of this technique is diffricult due Lo the relatively

high avoustic intensity levels reguived and the temperature control one mus!

We may swmearize the research prior to 1976 for bulk wuve induscnent

ceonsto-optic effect s follows: As the acoustic intensity iurrease., o

of

threshold js reached for which white light pasces through the cell olicerced

using crossed polarizers, As the intensity continues Lo increase,liewt o

[

colors appear up to @ critical level of intensity where Che turbulont phiace

is established with light scattered, an effect visible without polaricer:,

b st iin o nk

|
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The intensily for the threshold is usunlly of the order of 10 rW/erm”

and decreeses with an increase in swiple thickness, temperature or
application of an electric field. The threshold drastically increascs
near the nomatic to smectic phase Lransition. There have been wide
differences reported for the response time for the effect from the I/:;z:c
to sece rauge. A wide variety of mechanisms has  been reported to explain
the efrect but only lwo quantitotive theories, both of which prodict thore
should be a threshold for the erfect.

In 1976 the author prescuted o pmpur (Bee Appendix 1.) ut the
Sixth International Liquid Crystal Conf\“x'mlv':c33 based on research pectorod
here alo the University of Howeli with C. gripaipan and G.l“zmg.Bh Since for
the previcusly reportoed experiments in the last seven yeurs Lhe sumple
thickness is typically less thau one tenth of the acounbic waveloroth and
there is so large a difference in acouslie impoedance at the glass newmatic
boundaries it seems inappropriate to asswne therc is a single wave propagsled
across the nemutic porpendicular to the glass plates, as is asmaed by

the above Lheories. Rabther we asserl the accustic wave ciuses a lalerad

flos. 10 there 1s o wave al cue poinl in the cell enld nob in oo adjacent
point a trensverse acoustic wave is induced., Tt is this transverse

wave which cuausces Lrancverse acoustic streaming resullineg in the Lurning

of the director which i responsible for the tranocmitted light in Lthe rojion
of tunable birefringence. For Lhe cose reported in Appendix 1 the differconce
in pressure was due to the aive-ncmsbic boundaries. For most of the coses
reportoed thas for lhe pressure difCerence comes ffrom the boundarey of

the acountic field ov nen-uniforaity  in the intencily cerons the seonstic

v

|
1
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field itself. We further assert that there is no threchold lor the effect.
Whut has been previouszly reported as a threshold results from the trancmitted
. . . L . , :
intensity being dependent upon V' where V is the transducer voltase.(See
Eq. 20 in Appendix 1.) The absence of a threshold can be scen from the gruph
in Fig. b of Appendix L.  The graph shows the sudden increase in the intensity
with voltage is quite a good fit to Egs. 18 or 20 in Appendix I. vhich
are not threshold equations. The presence of K33 in ¥q. 18 explains the
divergence of the reporled threshold as the nematic-smectic transition
tenperature is approached. The Discussion Section at the end of Appendix I
lists our experimentul evidence supporting our thcory.

Also at the Sixth International Lignid Crystal Conference the work of

.

Candau, Pelers and Hugui ? was presented in which they showed similur conclucions
to ours: there is no threshold and the mechanism responsible for the cffect
ig acoustic slreaning. liowever, I believe the detuils of their theory are in
error. Their streaming force is perpendicular to the glass plates even thoush
the spzeins between the glass plates is as small as L% of ihe acoustic wavelenglh
and the laerge difference in azcoustic iwpedence between the liguid crystcl
and the gluss gives strong reflections. It is this error in mechanism
which forces their assuaption that the director must be tilted ceven viien no
acoustic field is applied. I believe the mechanism responsible for the ef fect
with their arvaugement arises from the boundaries in the cell between where
there 1o an aconstic wove and vhere there is none. The multiple reflections
of the acoustic wave add Lo give an oscillating pressure, oscillaling with
the freqiency of the acoustic wave. There is little { less Lhan 195%) sprcind
variation of the pressure along the axis perpendicular Lo the gluss plates
due to the nultiple reflections of the acoustic wave at the plua-nomat jc

boundarics. The oscillating pressure then causes o laternl oscillating




flow which results’in a lateral acoustic streaming force. The same nmechaunisnm
applies in the acoustic bewn where the intensity is not laterally uniform.
Less important are the nen-insignificunt cross termzx coupling fluid velocily
and director orientation which are omilted from their sireming force. They
measure the response time for the effeect to be of Lhe order of scconds. |

30

A third paper presented at the came conference by Dion und De Forest

e
&
(o]

concluded there was no throshold. The mechanism they proposed was based

on the anisotlropy of acountic speed in ithe nematic. The acouslic wave is

transmitted to the cell ‘nrough water wb an angle of hbo to the platce norred.,

The observed pattern inaicaetes the dirccetor tilts in cone direction,u

conclusion which the aulhors feel implies strewning is not the mechenism. T

believe that here also thoe mechanism is acoustic streaning which occurs as the

wave reflects back and forth through the cell. Since the wave cumes in al an

angie thore is a net trensverse molion {or the reflecting wave in the

cell which gives rise to streaming in that direction and hence the tilt

in one dircction. Their cxperimental curve is quite similar to our graph,

Fig. 4, in the Appendix. If the maxima and minimi of the curves are plotted as

our Fig.> in the Appendix their data show a lincar il as well as our data. They

2

reported a very small intensity , J;iﬂJ/cm , is reguired for the cifect. Tiisg

figure is based, however, on the pressure of an acoustic field wilh intensities
(]

in the n¥/cn” range which taper off along the edges to the smallor range wlieoo

the effect is still seen. 1 feel whal is being secn i the resull of the latern

acoustlic streaming induced by the higher intencity regions.

The zuthor presented an invited paper at the Ovdered Fluids ani Liguid

Crystel Semposium held In conjunction with the 1971 national mocting of
the American Chemicul Sociely. See Appendizx I1. The paper shows Lhabl if no
electric field is applied to the nomatic cell during the simultiancous

stimnlation of an ultrasonic wave Lhe cxperiment:ally determined behavionr




agrees with what the author’s theoretical model predicts.

j
]
1
i

T 1ar .38 . ¢ .

In 1977 Dion™ and Dion and Jacobj) proposed a new Lheory where
the effect was atiributed to anisotropic absorption of the acoustic
wave in the nematic giving rise to a torgue on the molecules. They reported

_ o e . 2 .
the power required for the effecl was in the microwatt/em™ region

s 2 .
rather than the milliwatt/cem™ region reported by other rescarchers. We
feel the new data they report agrec with our model and further note thot
they are using liquid crystal thicknesses of 250 micrometers rather
than the 10-100 micromelers used by other rescarchers. Moking such o

change for H, the liquid crystal thickness, in our Fqustion hb in
Appendix IIT results in a predicted decrease in the level necded ror
» _ S N AU 2 . o
observation of the effect from the milliwati/em” ranze Lo the wicrownlt/en
range.
e s : oo, W0 .
Tn 1977 Hiroshima and Shimizn reported that sound iclds could

be visualized using a mixture of nematic and cholesteric liquid ervatal,

where there is a change of texture f{rom planar Lo focal conic. No

polarizer is necded for the observatlion. They assume Lhe mechanism
. 9 . . .
proposed by Helfrich;” however,no detailed comparicson is made between Lhe
observation and the theory.
o . ) k1, ke . . . ‘
In 1978 Hagal and lizuka reported a nemnatic cell in which ‘
the liquid erystal was divided into a serics of seporated sepments. The
division was made Lo confine the flow due to the sound (i.c¢. the acoustic
streaming). With the cell they were able Lo improve Lhe resolulion above whet
had been previously obtained. This rescarch agnin implics indirectly the
Ly

streaming mechanism. In the independent work by lLebrun, Cantnu and Leteleer

in 1979 a similar cell is construclted wvith similar conclusions. The divection

i
1




- N

of the stremsing they Luke to be mainly perpendiculior Lo the gltans
Wi . : ,
plates in the arca of the incldoenl azcoustic beam, rather than
the transverse flow model of the present author. This aulhor huo
consistently insisted the flow is transverse and now has direct
evidence that such is the case:
During the initial year this contract with ORI has beon in force

WS, 06, b .

the present author as reported Lhe solution to second order of

thie hydrodynumic equutions governing the flow in a system such as the

one usal in the nepetic cell. Dxperdoental confirmation (see Appendix 11 1.)
of the direction and wasnitude of the Ulow was made Ly microscopic

observation of fine graing suspended in trannpuarenl oil stimJduated by

an acoustic wave. Various cells have been made for oboervatlion of an weaustis

wavelront by means of the nematic acousto-oplic effect. In Ficure 148 &
close-uy of the cell is shova vhiteh allove visualivotion off the aquneon

of nemotic liquid crystal homcotlropically aligned with no acousbie wive
present. The squares are 0.8 wm on the side and ave separated by streips
of Riston, a pholo-recist. In this way the flow is confined Lo ench nenatic
square so it should be possible for a sguarce in which there was o flow

to have an adjacent square with po Clow. The cell appears deckened oincee

il is observed between crossed polarizers. A small usmount of light can be seen
at the nemalic-Riston interface in some of the sguares due Lo wl tgnment

of the interfuce rather than from Lhe glass «ar{aces which lood been Lrontod
with lcecithin,  In Figure IB the change in trancmitted light is shown wheu
an ultrusonic beam is directed Lo the cell. In Fignre 1C the acoustic wave
is rewmoved and the cell reloxes back toward the slale of Figure AL Thic
relaration process Lukes place more quickly If an electrice ficld is

applicd. The dark region on the 1ol of Figare 10 is duc Lo Lhe
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transducer blocking the Ticht rom the ecli. The dask line seen Lo be aimost
vertical in Figure 1, IF and 16 is the edge of o transparent plastic

strip which covers the left side of the cell, In D no wave is emitted

from the transducer. In F and ¢ the ultrasonic wave is turned on and

the diftraction paltern of the acoustic wave is scen uas well as a certain
amounl of the wave which is transmitted through the plastic. The difTlercuce
between F and G is how far the plastic strip is From the cell. 1n B othe
cell 1s seen with no plastic presents In Figure 20 o cell with no Riston
array is compared with the roruer type of cell,  In both of theae cells

the back glass plate 1o silvercd and therefore observed in reslection.

M

In Pigure 24 the optical fwmnge of o made o form 1o shown wilh o wive

support.. The "M was placed in the acoustic bewr giving its ceoustie 1
in B where no Histon avray was used. The foam was placed hocdictely bohind
the mirrored wall of the c¢ell. Note th wire support which in placed rfurther fron
the cell is Just burely visible. Tn € the coll is shown with the ™™ poasved
In D a cell is shown for which the nematic is conflin.d by & Riston array.
Figures 3 and b show the acoustic diffraction patterns of vurious obijcet:
placced in the path of Lhe acoustic boewn. Colls Cor fhere Clpuros are oboorved
in transmicsion rather than reficetion. Toey do net heve ooriveopred surfee o
a Ristou array. Figure 3A shows the pattern obtained for o wice bent in oo "u"
shape. The dark "U" shape is the optical dringe seon sinee o bransparent el i
utitized., o Figure 38 the pattern is due to the odye of w clear placti
strip.  In Figure BA Lot the optical imaee of o straipht wire mny be secr
!
as well as the acoustic ditffraction pattern that is torred. Por Bothe :
acoustic intensity is increasced over thato of A and ror O the wirve i
moved favther from tiae celty Note the differonee in Pringe opocdu s on the
left and right sides o the wire, his differencc 70 dac ! Thiee st :

between the incident beam and the nemabic coll,




Working with the present author on this project during the firvat
contract year has bhecen W. Laidlaw, a visiting professor from the Unive

of Calpary. Since there is still disasveement in the Titerature even

29 . Lo L8
nowjg’ 10,48 as

to whether Lhe acousto-opltic effect is due Lo streaming,

Professor Laidlaw has presentod an overview which chould cleqry up raeh of

the confusion. See Appendix IV, He aleo has included time dependence for

Lhe ouset of the of feet which has been omitted tLheoretically dw all previon:n

work.

During the fivel part of the second contract ycear we have concentrn! .

on the influence of the incident aconastic angle. One pronp repord

the offect only occurs for Ltheir colle al apgles Frorn 07 to A0 ae e s

now understand why.  For the ef'fect to occear,) strvone vy wucts o i !

liquid crystal layer. Vor significant sbreamio: Lo occar there st b

ampl itude maximum in the Jiquid crystal layer. The ineident onleg

impedanecs of the Jiguid eryctal, el walts and surroaniic, Do’

By

wall thicknesses and acoustice frequency which result in the laree seplion o

are thove which allow wmaxinmmm acoustic transmission., UL refore o 1ot e

tical model has been developed which preseribes how theoo prrrosclors o

oplimized for maximization of the effect. The details of Lhis worl o

Appendix Voo This report, therefore, should prove most useful cinee il

N

bow o coll should be coustruclted or o given acoustic Troquency. (el

conctruceb] whitch verified ome mod),

W

H

11

Aleo during Lhe cecorndd yenr of Lhe contract the c0rect of an appliod

clectric ficld upon Lhe vicad] paf torn was investiated. The muathor b

developed an equation (Appopdix 1) which shows how the consitivity of

th

acoustlto-oplic efffocl depends npon o similbanconsly apylicd edeoteie Uiebid,

AMthourh previons anthors have vreforred to the ebmgse b the Line venponne

durs to an electric field the pattorn cencitivity to the electric field

by
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not been investigated. PFor a nematic liquid crystal with positive {nerativie)
diclectric anisotropy an incercase in the c¢lectrice ficld caunses a deerease
(increace) in the sensitivily of the cell Lo the acoustic ficld. Therefore,
it would appear the acoustic intensity region of interest could be "dialed
in" by an electric Ticld. For Figure % the ultrusenic beam was incident
upon a thin lucite sheet in which a one-quarter inch circle has been cutl.
Part of the souna was transmitted through the Jucite and supeyimposed upon
this intensity was the diffraction pattern from the hole. The inlensity

is ol l'orm:

RIS . . " 13l . . .
Acous Lic Effect is "on" for intenuities above the
dushed lines duce to the electrie ricld
Intensity for each picture:

—\—/ - f\-— —_ 4———— lor Fig. HA
. v L\lr\,.,, < For Fig. 5

Radial Distuance

The elcctiric field for Figure 5 part A was adjusted to reveal the diffraction
pattern and for Figurce 5 part B for a more senvitive acoustic detector. Sinee
the nematic used for this ecell has positive diclectric anisobropy the clectric
fiecld wus reduced in going from Figure SA Lo YR, For o incrensse in electeice
field the enlire fiecld of view would go dark.

In Figure 6 a trausparent cell covers the Ficld of view for ench picture,
The solid circle in the left of euch picture i the transducer operatingg al
1 Mz, The open circle cenbered in cach pictore is the mount. for Lhe initinal
lipht polarizer, At approximatoely b5 degrees to the horizontal de an aln-
minuwn rod jocated just on the transducer sidy of the cell, In Fipure CA Lhe
aconstic diffraction pettern of the rod is vicual iwed, The clectrie field

ig approvimalely 10 v oems ol 100 Hao o For Fipgure 68 the applicd obeotric

NV
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1i21d is reauced to zere aad the tucbuwlent mode apprars, all buat destroy-
in5 the observation of th.: acoustic diflfraction pallern. By incroasings
~he electric field above the value in Figure 6A ordor miy be restoraed and

ve to only the first few fringes, Figure 6C. However,
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¢ven with the high electric field more fringes may be seen by merely in-

crezsing the sound intensity, Figure OD. The picture in Figure 6 were all
°

~uxen Tor sound intensities in the range of 0.02 to 0.10 W/em" . '"This same

¢22]1 can be used for visuwlizatioun of intensitics over an order of magnitude

*, by merecly using a larger eloctric field. In Figure 7 the acoustic
ircansity is 1.5 W/ew . In Figure TA & series of concenlric circles is
=rown as well as the poit -rn Trow the aluminum rod. 'The circles are the
z2oustic diffraction from an air bubble formed on the cell wall by cavita-
tion which ocecurs Tor an aroustic wave of such intensity. Agin in Figure
T2 the turbulent mode is s«<en when the field is reduced. Tn Figure 7C the
crousbiz vave s removed and the field restored bul still one minule laler
sorie regions of non~aligrment persist along the fringe lines where the
turbulence was more pronounced.

In Figure 8A the acoustic diffraciion patlern from a stralght edpe is
shown. The transparent plastic strip blocks the beam from the left portion
o7 the pictures. For Figure 8B a red filler is placed in fronl of the
czmera.  In this case it is shown tht the contrasl of the pattern may be

inproved for the cell bty yebl another melhod, a light Tilter.
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FUTURE WORK

We now undoerstand Lhe mechaniom {acoustic strenming) which causes the
acousto~optic effoct; Lhe simultancons offecl of an applicd eleelric field;
the role of cell wall thickness, density, anl wave speced:; the role of the
Jiquid cerystal layer thickness and wave spied; the role ol the densily and
wave apeed of the swerounding fluid:sy and the efTect of ('h:mii nge the inei-
dent acoustic angle. We have succceoded in making o variely of cells to
visualize acoustic shadows Trom obJects as well as aceountice difvraction
pattoerns.

However, a nunmber of arcens necd to be dnvestigaled. The most important
of these is the resolulion of Lhe acoustic image.  Thoere are o varicly off
cell designs which woe now have dn mind vbilivim, the dncichlis obtained
from the study completed Lhus Tar.  One of these deasipns encopsulatoes Lhe
neralic in thin, flexible, transparent, plastic. The plastic should be
coited to make 1L clectreically conductive so an electrie field may be miain-
tained Tor proper aligrment of the Tiquid cry:tal. e Lechimolosy of en-
capsulating liquid ecrystals is well cotablished s evideneod by Lhe lTiquid
crystal thermometors and "wood" viness now on Lhe maerket . We merely used to
have o actiatic Tiguid crystal cneneaaddobed roathers fhan the chelealorie Tiguid
cerysbal presently used.  There are companien which muke eleclrically conled
Lhin plastic and we have received o saeple Cromn one suclh compuny . By matceh-
ing, Lhe dnpedance of the plastic Lo thal of wiler the cell should be quitle
transparent. to Lthe cound and Lherclfore distort, the ficld being studied oo
Tittle as possible.  The flexible plastic is less fragile than the thin
glans presently uscid and yol thin cnourh to preovent multiple reflections
in the cell walls Lhereby dincreasingg the resolution.  Fneapmalaling the

Tigquid erystal shontd also improve Lhe resolubtion sinee Lhe acoustie ctrenning




:’.(’l
which causes Lhe effect will be confined.

It is also advisabic Lo use highor frequencices Lhoan we have used thus

As the frequency incereases lthe wavelenglh decreases thereby improving,

the present diffraction limited resolution. We have been vworking with o

IV mm wavelensth acoustic wave, so nalurally it is nol surprising that the

roaclution in our presenl ¢ells are about, this longth.

Although the mathomatical groundwork has been laid, we stil) necd to

study quantitatively the time responce of the cell.  The resporse will be

sured as o Tunction of acoustic inloncity, frequency, liquid erystal

v

Laver Lhicknecs and visconily.

Finally, there arce important temperature effecets which soould be in-

tigated. T the liguid erystal has a smceetie ao well as a nenmatic phase,

23 the tempoeruature is lowered through Lhe nemalic phnne, the K33 elastice

constant will diverge causing a striking change in the acousto-optic cffect

weich i poveeacd by Thic consbant.,
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SIGHIFICARNCHE

There is widespread technological importance Lo the researeh which we
are proposing.  We feel we understand the basice mechanism responsible for
the acousto-oplic effect in the bireiringent region aud wish to extend and
further tesl our formulation. The resull will have immediate implications

for application. An adequate understanding of the mechanism s necessary

before one can success{ully usce the effect, for instance, in amplitude-

phase data converters, detection of acoustic signals and acoustic Tield
imaging.  We feel the poor results oblained thus [y in attempled spplica-
tions ave the resull of the lack of understanding of the underlying mechanisu,
The succens of the Lechnique would be Important in acoustic holography,
medicnl diagnosis, and naval underwater visualizatlion.

Finally, the widespread carrent intereast in the field of lignid crystais
among; ceienlists [rom a wide varicly of disciplines is indicative of its
perceived importance in the pursuit of understaunding of condensod madt tor,
These mesophases are parlicularly important in arecas of stutictical mechnmic.,
phase transitions and the many body approach Lo condepsed malter,  Acousntic
excitation of Tiquid eryctalae bolth near and removed from regions of phuase
transitions is an importznt tool in Lhis pursuit.  Althouch nuch worlk has
been done on first order interacbions of an acoustic ield with o Tiguid
crystnl, our proposal wonld sabelantially incrense the knowledye of sceceound

order c¢fffects on ligquid crystals for which so 1iltle s known,

|
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AN ULTRASONTCALLY TNDUTED OPTICAL EFFECT IH A NEMATIC LIQUID CRYSTAL

Chatri Sripaipan
Departient of Electrical Engincering, University of Hawaii
Charles F. Hayes
Department of Physics and Astronomy, University of Hawaii
and
Gauticr T. Fany
Department of Electvical Enginecering, University of Hawaili

Honolulu, Hawaii 94822, U.S.A.

ABSTRACT.

A scries of lines parallel to the liquid crystal boundary have been
obscrved using crousced {olurinrs on a homeotropically atigned nematic
liquid crystal cell excited by ultrasonic bulk waves of about 1 Mz, Ve
propose that the physical mechanism responsible for the rotation of the
polecules of the Vigquid crystal from thueir perpendicular position is the
acoustic streaning which occurs in any viscous ltiquid. Theoretical
gnalysis of the rnoadel shows that the linces should be separated by onc
quarter of the ccoustic vavelength and 1the intensity of the light re-
flected from the cell through crossed polaerizers shoeuld be proportional
to sin?(EV' ), vhere V is the excitation voltage applied te the transducer

and B is a conctent, Both predictions are cupported by our oxporimental

recults,




Introduction

It has rcc.‘:;-ntly been found [1-4] that when the intensity of an ultra-
sonic bulk wave, incident normally on a homeotropically aligned nematic
liquid ccll, exceeded a certain threstiold, the cell became bivefringent.
The birefringence was attributed to the tilt of the liquid crystal di-
rector {rom its perpendicutar position with the tilt caused by some sort
of hydrodynamic flow. But the physical mechanism of the flow has been un-
clear.

In order to explain this phensnenon, some mechanisms such as cybotacs
tic nematic phase [2], and anisotropic absorption [5] have been suggestad,
but they are neither supported by quantitative theories nor verified by
expcrimental results. The first quantitative thcory was proposed by
Helfrich [6]. He considers the transverse componcent of the radiation
pressurc generated by the anisotropy in the visco-elastic proportics of
the liquid crystal to be rvesponsible for the acousto-optic effect. The
threshold acoustic intensity for hydrodynamic instcbility is estinmnted
by his theory to be 25 W/cm?, which is much higher than the experimental
results found by others [1,2,h] to be only a few millivatts por square
centimeter. Magai and lizuka [3] have obtained, fron the Leslic-Srichuen
hydrodynamic cquaticns, a threshold intensity for hydrodynamic insta-
bility of 0.2 W/cm? but recently Hagoi [7] expressed doubts chout the
existence of such o threshold.

In this paper, we report the results of an investigation of the
acousto-optic effect in a homeotropically aligned neratic liquid crystal
cell. Ve observe a scries of lines parallel to the free edues of the
Viquid crystal cell and have made quantitative moasurcnents of the re-

flected Fight intencity through crossed polarizers as a function of
9 Y 9




2.
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the excitation voltage to the piczoclectric transducer. A physical model
bu&ca on acoust}c streaming is proposed to explain the observed phenouweng
and a quantitative relationship between the reflected light intensity and
the excitation voltage is derived from the Leslic-bricksen hydredynamic
cquations using the accustic streaming theory. Finally, we Vist the

evidence supporting our model and compare it with other mnodels.

Expariment
2.1 Expurimental Sel-up

The test cell consisted of o thin layer of K- (p-Hethoxybenzylidene) -
p-n-butylaniline (M3BA) (Lostman Chemical No.o X11240) sandwiched between
a glass plate and a wivror (Fig. 1) at a roow temperaturc of 2i°C.  Homeo-
tropic alignnent was achicved by a thin coating of lecithin on the two
inner surfoces which were separated by two narrow styips of mylar spacers.
The glass plate and the wirror were glucd together on the two edges along
the spacers; the othoer two cdges viere Tett open. The cell was coupled to
a thickress mode piczoelectric transducer through a thin laycer of vacuum
grease.

Optical observations were made using a rellected-light polarizing
microscope (Hiken S-KL). For a larcer ficld of view (2.5 em diameter),

a Bausch and Lomb Stercosoom microseepe converted into a reflected-light
polarizing wicroscope vas used,

For guantitative veasurements of reflected-licht intensity from the
test cell, the systeri of Fig., 2 was wred.  The light source of the micro-
scope was a 3-rW He-te lasere A 20 ol jective vas used with the ficeld
aperture fully closed so that the ervea investigated vas small (0.2 na

diamcter) and therefore nore uniform.  The image projected on the front




end of the bhotomultiplicr without the eyce picce was a uniaxial creus
when the liquid crystal was in its unexcited staie. The pin hole aper-
ture of the photomultiplier was placed at the center of the cross.  As
the signal applied to the transducer was Vincarly increasced, the light
intensity was plotted as a function of excitation voltage on the XY

plotter.

2.2 Experimental Results i

a) Qptical observation of o smal) arca (7.5 wn diaucter)

As the voltage applicd to the transducer at about 1 Kz was
slowly increased, the liquid crystal changed from a dark appearance to
one having @ pattern of white arcas. Then colors started to appcar at
the center of the white arcas in the sequence of incrcasing phase cif-

ference while the preceding color moved to the perimeter. After scvered

orders of color change, the ceonters became light brown.,  This we identi-
fied as the end of the region of tunable birefringence and the start of
the turbulent region where the liquid crystal strongly scattered light.
The light brown areas replacced the colored pattern.  Continuing to in-
crcase the voltage disinclination lines and wave-like patterns (poriod
= 100pm) appeared. They moved in a vortex motion (Fig. 3a) with their
speed increasing with voltage. Finally, totolly dark arcas appecoicd as
the liquid crystael went into its isotropic phase. A thermistor attached
to the bottom glass plate of the liquid crystal cell registered a signi-
ficant temperature increasce during the turbulent phasc.

When o voltage (3'J()VU__P at 1 MHz) Tarqger than thot necded for
the turbulent region was sulddenly applied to the transducer with the
cell at room tewperature, the tiguid crystal cell went innediately to

the end of the region of tunable birefring nce, then noved through the

PR )
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turbulent region and inte the isotropic phase in about one minute.

b) Pattern on the whojc )jﬂuid cgﬁdfﬂ_fxﬂjuin the region of

Looking over the whole cell, we saw thot the vhite arcas formed
lines parallel to the two free edges (Fig 3k).  This poattern was beot
scen vhen these lines were making hSO to the polarizer and th: anulyrer.

The distance between the Tighted lines decre - ed as the ultra-
sonic irequency increesed.  Pictures of the liquid crystal cells {25 pis
and 70 um thick) were tahen at different frequencics from 650 ke to
1.33 tHz. The distances between tighted Tines vere measured at 17
places on these photographs and found to be (.29 i_0.0S)A where X ods
the wavelength of scoustic bulk waves.

When the liquid crystal cell was placed directiy above the
transducer, two dark lines, one parallel to the polarizer and the other
to the analyzer, formed a crong ot the center of the cell, As the
stage was rotatced, the cross remained basically intact. Vhen a sucll
air bubble was introduced into the liquid crystal, concentric rings of
lighted lines were seen surrounding it (Fig. 3c¢).

c) Eiﬁht dctqcliun usinﬂ_a phg&g@ﬁlt[ﬁlivr

The set-up of Fig. 2 was uscd to find end plot the reflected
Vight intensity at the center of a Vighted area as a function of the
excitation voltage to the tronsducer. The orientation of the nicros
scope stage was sct for maximuom birefringence, at which the tighted
lincs made “50 to the polarizer and the analyier.  The resalt for a
60 e cell at 0.609 My is presented in Fig. b

Vhen the signal Trom the photomultiplicr anplificr won obuerved

ditectly on an occilloscope, it did not contain the ultracound frcgooney

4
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when the Viquid crystal was in the tunable bivefrvingence regicn.  How-
ever, in the turbulent region, the light was secen to be modulated by

the ultrasound frequency.

Theory
3.1 Description of lb?.f“l”iEFIﬁffﬁﬁl_

Our physical nwodel is as {ollor: As the botton glass plate of
the biquid crysta) colt moves verticaelly upward the pressure in the
MBBA is increascd., A horizontal pressure grodient will be induced at
the two free edges of the cell, the air-hdb/l boundarics. As the boltom
glass plate moves doviward the gradient is reduced and then reversed,
The oscillating gradient induces an oscillation in the positions of the
boundarice whidh ¢ .oore waves to travel horizontally through the cell.
Conscquently a <tooing wave oy Lo set up between the air-HBEBA bounde-
ries with nades> ant antinodes in lines parallel to the boundaries. The
standing wave sets up acoustic streaming [8] between the nodes and
antinodes which turns the tiquid crystal moltecules in the plane por-
pendicular to the free boundaries and the g¢lass plates. The arcas
betveen the nodes and antinedes appear as lighted lines under a
polarizing microncope with daric Vinces indicating the nodes and anti-

nodes.

3.2 Theorcticel faalysis
In the hydrodynamic formulation of Stephen [8] based on the Oscen,

Franl, Ericksen and Leslie theorices, tho director, velocity, pressute

and density are all coupled, Ve expand the variables in the coupled

v




equations aroupd their equilibrium values assuming o standing coupression
q ¢ <] i

wave. Taking u to be any of these variables,

2
= u_ + ¢eu + ¢ u
u c | A

where Yy, is the equilibriun value and e a parameter to indicate the degrec
of approximation we are using. Each equation is valid to each power of
€. The equilibrium value of the director is token in the z direction.
The pressure and density equilibrium values are constant and the velocity
equilibrium value is zero. For cach variable, eh is a sinusoidal func~
tion of time. Therclfore, Uy concists of a sinuscidal function of time
vith twice the frequency of U and a static part coming from the time
average of the ul2 terms. We take the time averoge of the equations to
order 62 so only the static part of u, is of intecrest.

We consider a homeotropically aligned nematic sandwiched between
two glasey plates at z = 0 and z = h., Assuming the dircctor may turn {rom
the z direction, we may take the x~z plane to always contain the director
and solve the equations in two dimensions without loss of generality.
Later we wil! identify the x axis as the dircction of second-order hydro-
dynamic flow.

To first order we have five variables: the two components of velocity,
the divector, pressure and density. We have the four hydrodynamic equa-
tions of Stephen and we take the {irst-order pressure

2
Py = ¢'py (M)

vhere ¢ is the velocity of sound and P the first-order density of the
fluid. A term proportional to the partial time derivative of P could
be added but the net effect may be absorbed by o changb in the bulk

viscosity [8].




To first order in € the hydrodynamic equations arc

0= 3% - 3%
ot Jz
2
0 = MR E.(_)f - (t&d't'\s,) RIS ‘* 3?3_
dt x QXE It =
, L 2
et Jre! [?.'.9\1’21) A - g iy ) 5
= IR 10 ) t
0= P2k * e St - (k‘z 'T? *] 5 I" 4,‘9 a0 {‘11) 3 1.._
()'t» - < 9 2 ’
Z

- ( "'2 “‘{"‘s * _‘19.31,2.,‘1‘;1.9 )53,2;;,1. - ‘!_‘ I 10) 3
Z x

Jdz

Ve arc using Stephen's [9] notation for the viscosity coefficients, W,.
We have omitted the small elastic terms from Eq. 2 and have taken u7 to
be zero since expcrimentally [11] its value is much smaller than the
other cocfficients. (Carc must be taken in identifying the proper
viscosity since Stephcn takes the viscous force as Btijlaxj and many
others 5 Dtij/axi)

Ve scel soluticns of Eq's. 2 = 5 near the lower nematic boundary,
z =0, which become standing woves in the bulk of the nematic. Using

the approximation ! & wp /u we obtain
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. 2
If we cxpand o, and Y in terms of uik /wpo we hove o, =Y, = 0 and

o; =Y, = ﬁupo/(ug-*ugikull)i B. tn the normal fluid case [12] we have
Bo = Vw;b/Zn where N is the shear viscosity. For the nematic we have

as one nay expect B = nupé7§ﬁ}'whcre Ny Is the shear viscosity in the

direction of the director, the z divection.

Taking the time average of Lg. 3 to sccond order in € we have

, PR - DV, P,
=< -2 ()o Y1 : xL - Qo\ Al _3__:/_):}_ ‘fo Vyy Sl - 2
Jx 3 dz d x

+{ (st ) D (g 2% 0y oot fao SR CRAI
J

7 X

L/

~
(a5

N

2
[ ] ) , .
' + < \/) 3 E:—— ( Vxl ...J.l%}_ + V?‘ 1 :__I:)_l ) - (_ }i_{i ,_,__ i t ;l__]_: ’19—) _;)_A___‘_,_}’._g (11)
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vhere the bracket,d ), denotes the time average. We have omitted terms
. . . ?

whose time average is found to be zero and have again assumcd k<<(ﬂpolni.
Ve have only included the viscosity coefficients of Leslie. For example
products of the dircctor gradients with velocity gradients are omitted
from the viscosity tensor. For fivst order such terms will not appear,
However, they can appear in sccond order. HNevertheless since cach terin

. ~fz X
would involve an N and hence a fector of ¢ only the boundary region
will be affected. Ve will assume Bh>> 1 where h is the thickness of
the nematic in the 2 direction. Therefore in calculating the light

transmitted through the nematic we find the onitted terms do not affcect

the ansvry,

The dircctor equation beconc, to sccond order in ., after o time




average,

= ~ k. 3 .b_n_z.?. + (>\ J2) +\" 8) < “X.'L ?_’__Y_%.J_\) + ( >\?+)\3)< nx) f\ V?.‘)
d z Q x N

(17)
b

- \’ 6\ 20 - !Jzz( Y 9 Y + 8'3 !

oz Q z

vhere the Ai are viscoclastic coefficients and k is the Frank bend

‘33
elastic constant., Using the previovs solutions Eq's. 6 - 8 we muy solve

Eg’s. 1l ond 12. Assuming a solid imnmovable planc at z = 0, we take:

V2 TV 7 0 at 2z = 0. Assuming the nematic 1s sandwiched between two

planes the sccond at z = h from symmetry we take avleaz EV g 0 at

z = h/2. For homeotropic alignment we take Ny = 0 at z == 0 and {rom

vertical symmetry we, take no = 0 at z = h/2. Me obtain assuming f2h >> | "

.- . ? : . -~y - ?
V. p© WA sin Py (L1J6~1:84 3u )1 €, -z +z&

h hg

a) <)
A S U MM T F ] (12)

Ay
g Vot ll)
The bracketed term on the right of Eq. 13 would also contain three addi-

-26z z
C b g cach

tional terms involving factors: , cos Bz e-Bz and sin Pz ¢
of which is only significant ncarv the boundary. The constant, Cl,is

the sum of the coefficicnts of the first two of the three omitted terws.
tt is a function of yg, wg, Mg, o, and Hpy. However, since in Lq. 12
vie take avxz/az its value is not important in the determination of NP

Ve find Va2 is smaller than Veo by the factor k/fi. By letting woF 0,
i %9 and uq = ZH)Eq. 13 reduces [8] to the normal {luid «treaming

velocity

10
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For the static change in the director we find
- ?,' Oky . — 1 RV 4 \ '__-24_.3 11
nx?— 3kA in 2kx 118(2116 ‘A8+ 31]9__{1'10_}t3lf[ 2 z fﬂTJ (1)
Y < I
} . 1 4y :
W ko (=1 gtu 9"+ 11
The bracketed term on the right in Lg. (M) should also contoin five
z

-2Bz -z . -
g , COs Rze & and sin f.o¢

additional terms. Three terms involve e
as vic found in Vio Therce t¢ a cotistant term arisiig from the boundary
condition nxz(O) =0 and a term Vincar in z arising from the boundary

condition nxz(h/2) = 0. In the bulk thase last two terms arce smaller
than other included terms by V/fh, Therefore omitting the region near

z = 0 we have the form given in Eq. b,

The light intenuity through crossed polavivers is given by [10]
1= 1 sin? (24) sin® (6/2) (15)

where ¢ is the angle between the polarization of the incident beam and
the projection of the optic axis of the material, & is the phase difference

betwoen the ordinary ray and the extreordinety ray:
/

2y d_(ne LL_"_Q,)-_E‘_i_'J.?:-Q

6 T e
(¢}

Here d is the thickness of the naterial, n. and n ave the refractive

indices of the extraordinary ray «nd ordinary ray respectively, Ao is

1
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Ly

ed

the wavelength of light, and © is the angle between the optic axis of
the material and the direction of light propagation.

{n our case,(s has been chosen to 450, d = 2h because we detect the
light reflected by the mirror, the tilt angle of the |iq§id crystal mole-

cule 0 varies with z and

+ n

x2 (16)

sin § = na

From Eq. 6, we see that nag” 0 for Bz >> 1. That is, N is zero
in the bulk of the liquid. Also, since we do not observe any ul trasound
frequencies from the reflected light, n. can be neglected. We take the

approximation

/2 2

d sin2 0 ~4 o dz a7

[@an =

and again assume h8 >>1 to obtain

_ .2,) .2 Bh-? P ) 5ol 2
I=1 sin (2¢)sin n(ne»no)h A zin 2kx \8(c116+ 3y 9+“1110+L111—1'8)

(18)
0 2 2
27:3:5:7 A k35 C (-ugtug*u 11
For the piezoelectric transducer, A is proportional to the excita-
tion voltage V, thus we obtain the reflected light intensity
I!
Iasin [BV'(1-cos (kkx))/2] (19)
where B is a constant. At the center of the lighted area, cos (4kx) = -1, ’ H
hence
Iasin? (8vY) (20)
Eqs. 19 and 20 show that the periodicity of I in the x direction is ‘

0.25 X and the phase difference is proportional to Vh. The light inten-

sity has a maximum or minimum whenever

12




BVh = Nn/2 (21)

where N = §/n =0, 1, 2, ...

4. Discussion
Our theoretical model proposes that the changz in the optical
properties of the liquid crystal is the result of acoustic streaming.
Experimental evidence supporting this model are
1. ‘A series of lighted lines parallel to the liquid-to-air )
boundaries are observed. those lines are clearest when the boundaries
are making 450 angle with the polarizer and the analyzer. Therefore,

the molecufes tilt in planes perpendicular to the boundaries and the

glass plates as we assume in our theory.

2. We see concentric rings of lighted lines around an air bubble
g with circular [iquid-to-air boundary which shows the existence of waves
reflecting from the boundary.
3. These light.d lines are separated by distances of (0.29 :_0.0B)A

compared to the theoretical value of 0.25A.

4, The reflected light from the liquid crystal is not modulated

§ by the frequency of the ultrasound in the region of tunable birefringence.
Thercfore, the observed acousto-optic effect is not due to the first order
effect which is shown to be negligible in the theory.

5. The plot of reflected light intensity versus excitation voltage
agrees reasonably well with the theoretical prediction of Eq. 20 (plotted
as a broken line) up to excitation voltage = 40 V. The phase difference
obtained from Fig. 4 at the maxima and minima of the light intensity is
plotted in Fig. 5 against Vu. tt shows good linecar dependence of V in

agreement with the theory up to N = §/m1 = 6., Since we have made the

13




assumplion that n>§< 1 in the derivation of our theory, we do nat expect
the experimental results to agiee with the theory for large values of
phase dilfcrence.

6. The first peuk in the transoitled intencily curve, Fig. b, occure

for an opplied rms vollage of 2hv, Moo vring the eloetrical poser Lo the

transducer at this voltuge and takjug into account Lhe choupe of aconstic

L6

impedance {from transdacesr Lo liquid eryslal pives en intensitly of approvimetoiy

2
20 mvutt/em” Lo the liguid cryslal al lhis voltoge. We may cormpere this

experinentally determined acoustic intensitly with the thcoretical valuce

using Fa's. (195) and (18) with &/2 equal to T/2. We assuue a standin:
1 '

%

betveen the free bounduries which are separaled by 3 where ) ecouals Lhe
4 s

s : . .. . L 13

acoustic wavelength in the MBBA and take the acoustic damping constunt

to be 017X . Yhe resaltiug theorcticnlty regquired inlensity s epprovimately
)

3
LI a N . .
10 mwati/om” in order of magnitnde egreement with the above veluce and much

lower thuan previous theoretical vu'lu':-s;.3’6
In controst with other models [3,6] which considered the enisotropy
of thce visco-elastic properties of the nematic liquid crystal to be
responsibte for the hydrodynamic flows, our model propesces that the
rotation of the liquid crystial molccules is due to acoustic streaming
which occurs for any viscous liquid. [Instead of predicting a threshold
L .
of instability, our theory predicts a Voo dependence in dloser agroerait
to our cxpervinental results.  Furthertove, other modele assuning no
transverse dependence could not predict any varietion in the transvetse
directions while our rudel can explain the pattern of parallel lines on

the Viquid crystal celdl,

14
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Figure Captions

Figure 1
Figurc 2

Figure 3a

Figure 3b

Figure 3c

Figurc h

Figurce o

Test Cetl

Block diagram of the system for plotting reflected Vight
intensity versus excitation voltagc

Liquid crystal in the turbulent region showing disinclination
lines and wave-like patiern without the polarizer {excitation
voltage = 120VrmS at 0.6069 MHz, cell thickness == 70 um)

The Tiquid crystal cell in the region of tunable bircfringence
showing o scrice of white lines parallel to the two free

boundarics (excitation voltage = 36V'_n at 0.608 Mlz, cell

\S
thickness = 70 pm)

Concentric rings of white lines surrounding #n air bubble
(excitation voltage = IZVrms at 0.8 Mz, cell thickness =
70 um)

Flot oi relfected light intensity through crossed polarizers
versus coxcitation voltage to the transducer using the system
of Fig. 2 (frequency = 0.669 MHz, ccll thickness = 70 wn,
time taken to plot = 1 hour). E€q. 24 is plotted as o broken

line for conparison

1
Plot of phase difference versus (excitation voltagc)* using

the dato from Fig. b
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The Acousto-Optic Effect For & Nematic Liquid Crystal in

the Presence of an Applied Elcctric Field

By C.F.Hayes
Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

A homeotropically aligned nematie liquid crystal cell,
N-P-Methoxybenzylidene-P-N-Butylaniline (MBBA) wus excited by
ultresonic bulk waves of 270 kMz. A d.c. eleciric field was
simultancously applied parallel to the oplic axis ;f the liquiil
crystal. The cell wes observed with a polarizing microscope
in the reflecting mode. Detection of the transmitted light shows
successive maxima «nd minima as the wltrasonic intensity increases.
These maxima and minira occur al lower acoustic intensities
as the electric ficld is increased. A theory is proposed based
on acoustic streuaning in the presence of an electric field to explain

these results.
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I. Introduction

It has been oyer forty years since Frederiks nnd Zolin® observed
the acousto-optic effect. They took tuning forks from 200 to 600 Iz und
acoustically excited a nematic. The cause of the effect was attributed
to a rotation of the optic axis althoush no detuils for the mechunism
were given. In the lost eight years there has been a renewed interest
in the effect with a mumber of quantitative studies ;per-fonnz-zd.l"8 Most of
the experimental reports refer to a threshold of acoustic intensity
required before the effect occurs. The first two theoretical explanations

9,6

for the effect also predict such a threshold. In 1976 experimental

results were presented which indicated there was no threshold for the
effect.lo_lz Two of these reportslo’ll indicate the mechanism responsible
for the effect is acoustic stremming, although the formulation in each case
is quite different.

In this paper we will extend one of these formulutionslo to include
the effects of an applied electric field. In the next section the theory
is presented which shows how the previously derived eguations need to
be modified for inclusion of the field. Altﬁough our results arc for an
electric field they arc equally valid for a magnetic field as well. 1n the
last section the resu' bts of experimentsl evaluation of Section 11 s wic

presented.

1




I1. Theory .

In our sample the nemutic is sandwiched between two glasc plates. The
lateral edges of the nematic are open to a free air boundary. As the ultrasonic
wave passes from one glass plate to the nematic to the®other glass platle
it produces a lateral wave. This lateral wave must be produced since in
the nematic there is an ultrasonic wuve and hence a pressure and in the
adjacent air thore is nuch less intensity for the ultrasonic.wave and hence
less pressure. The difference in acoustlice intensity is the result of
the diffe.ence in acouslic impedence change for the wave traveling from
glass to nematic compared with from glass to air. The difference in
pressure in these laterally adjacent regions oscillates with the frequency
of the eprlied wave causinz a lateral wave which reflects back and forth
from free edge to free edge.

13

We will use the hydrodynamic formulation of Stephen to deseribe
the subsequent motion of the nematic including the director's resulling
orientation. With the exception of the electric field te:ms our equalions

10

will be the same as we have previously reported. To first order we have:
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O = ?_Qi ¥ Qo 3__;__55_\ + P, 3';;“

We are assuming the z dircction to be perpendiculuar to the glass
boundarics and the lateral wave to travel along the x axis. The cquilibriun
orientution of the director we heve telken to be aleng the 2 axis. We use the
subseript 1 to refer to variables oscillating with the frequency of the
acoustic wave, und the subseript @ to refer to the second order sclution$§
for the variables. ‘ihen U ois the time; (), the densily; v the fluid speedy
\‘i , the 1 th Leslie viscosity and ¢, the wave speed. We  omit the elaslic
and clectric field terms T1ow Eq. 1 since they may be shown Lo te o oand b, Yaking

WKy L

the approximation }\'2(( W%/‘l.wc obtain the following solutiocns to Eg'e. 1~ b
'
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In taking the hydrodynamic equations to first order we have omitied
terms involving products of the variables which are osecillating with the
freguency of the imposed zcoustic wave. If we take the egquetions to second
order we must take these terms into account. 8ince the varialion is sinusoid-d
these terms involve a constant term plus one which veries with twice the
acoustic frequency. We will be interested only in the former type and thereforc
take & time average of our equations to second order to eliminate terms

having twice the imposed frequency. Eg. 2 to second order is then:
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wvhere the bracket, 4 ), representas the time average,
In a similar munner we may find an equation Tor the dircetor neglecting

thone terms which are zero in the nemalic bulk:
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We are here assuming that the nematic is a perfect insulator and also
omitting any piezoelectric effects.
We assume the glass boundaries are at z = 0 and z = h which results
in the boundary conditions: v = v =0at 2z =0 and])vzx/a zZ =V =0

x2 z2 z2
at z = h/2. We obtain:

Voo= 34K swahx (2 - +3 o+ L WL - R
X2 " Pom Pat 3 Par 2Py "Wl G- 2 + 2 J i
} +- \ ¥ T h 2

4 w &" "\34’ va(.\"- k/\u)

For the director we assuue nx2 = 0 both at 2z = 0 and z = h. We obtain:

N = AN simlady) V"’J(H" g p..)
4 o kys ( —t\% + Pq ‘& P“’) al“’\

AEEY:
h

(13)
Y (os{az)- & C’ﬁ\((\\\) ¥ CSC((L\\)—_] Sin (a Z) %

vhere
‘ .
- 2 (M)
ah JeuE /4\” k33
There are also terms in Eq. " involving e~8 2 which we have omitted
since they contribute nothir | to the equation in the bulk of the pruntic,

. \ .
This assumption may be stated as “ b)) /6 vhere for our experiment the

ratio of these quantities is of the order of 10 to 1.
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If 1light is now passed through the sumple in a direction perpendiculer
to the glass plates the intensity of the light whick is transmitted if the

sample is placed betwoen crossed polarizers is

L=T, sia(20) sin>(s/2) (1

where G) is the angle between the plane formed by the optic axis and the

(%)
N’

direction of light provagation and the uxis of polarization and S is

the phase difference between the ordinary ray and ithe extraordinary ray

$= 27h (ne-ny) sin o | (1¢)
No ]

where n, and n, are the refractive indicies for the extraordinary and

ordinary rays respectively, e is the angle the direction of light
makes with tLhe optic wxis and ) o ie the wavelength of light., We

have

S'\‘\% = “‘\ *Y\‘l “7)

However, since nxl is zero in the bulk of the nematic we will make

the approximation thatl

W
fe _ -
\.\ 2 WM G - Sb ﬂ*l ()Z (lZ}
We are also spain assuwning 8 >> \/ h
Combining ¥gq's. 13 ~ 18 we find
2

A i

1I-= Ic S'\\:(Z(M S\\\‘l 3“("(\ \\” DS ’\ J“\ ')"p)() \‘GQj\ l )FI
W w XS WY (- P * e p.‘

(14)




where

F = |
S 5w ()

3 \”1 gl

3 S* 4 31‘ns' swliys)

Cos(ws) + y* s’ S]nm(\nS)

(20)

Y37 swmme) cos (yos) - 13' 3 sin (v s)]

where s is the ratio of the electric field applied perpendicular to
the glass plates to the critical value of clectric field for a Frederiks
tranciticn:

S= £ /g,

+

\t a lateral position vhere 2kx = Wi/z_ we would expect the light

. . - R
intenzity te vary as sin” (BFV

) where B is a constant, since V the
voltage epplied Lo the transducer, is propertional to A. This dey .dence
has been tested experimentally for the casc where no electric ficid
was applied. As V was increuased & series of maxima and minima occurred

C 2By e . .
Just as the sin“(BI'V') function predicts. However, the purpose of this

:

presant study  is Lo examine how the lighl Intensity changes with electric
field. As the field increcce:s oo does F thercby moving the maxima and
minim. 5o they oceur ot lower values of V. One wuy to examine the field

deper:i- oo is to mewure the thiift in the mexina  and minima as a function

of elr "iric ficld. Huwever, thr cquations involved would still include

severa! wnknown constantas,  COne wiy of eliminating these constintie is

by set.ing V and hence A for the first maxima for no applicd ~ld and

then noasuring the intensity oo Lhe electric ficld is increasced.




For A fixed so the light intensily is at the first maxinmum with s = 0

we have:
1

(o]

- . 2 * *
= 5;“[2x315,7r/\n5] (22

The only unknown in Eq. 22 1is s the ratio of applicd electric field to
criticel electric field. This equation will be the basis for comparison

with experinental resultls.,
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III. Exgeriment .
The sample cells were nade of a thin layer of N-P-Methoxbenzylidenc-
P-L-Butylaniline (MBBA) sandwiched betweern either a conducting glass plute
and a front surface mirror or two glass p-tes. The experiment was performed
at room temperature , 24%¢, The plates were held apart by two thin spacers’
meking the MBBA thickness 80 rm. The cross section of the MBBA was circular
in shape with a diameter of about 2 mm. The sample being studied vas
digk shaped with the flat sides in contact with the glass plates and the
circular edges open to the zir.
The cell was mounted with vacuum gre:.se to a piezoelectric transducer
oscillating in the thickness mode causing a continuous compression wave
to be propagated through the sample having a frequency of 270.9 kHz. Therefore,
the acoustic wavelength in the MBBA was about 5.9 rua, a value much larger
than the thickness of the MBBA disk . The value of wavelength is close to
the value for a standing wave laterally wcross the MBBA with the center
of the disk a node and the edges antinodes. It would be wortl :ile to test
the theory we are propo:ing by studying the effects of variation of the
radius of the MBBA disk. We have not as yel made such a study. The pattern
which appears in the microscope when the cell is acoustically excited
iz a dark cross centered about the middle of the sample extending to the
ediges  with an orientaticn parallel to that of the polarizer and analyzer.
Puth the center ond edges of the sample are dark. Between them is a ring
of light which appears white al lower trunsducer voltage: and then colored
€5 the voltage is increased. These observetions wre in keeping with
the physical nmodel presented in the previous section. For higher frequencics

riore conplicated patternc aprear.




Since the effect of acoustic excitation which we are considering
is not sensitive to impurities the MBBA as supplied by the manufacturer
was used without further purification. A thin coating of lecithin on
the inner gluss surfaces was used to achieve homeotropic alignment. The
electric field was maintained acrocs the sample by conunecting electrodes
to the inner conducting surfaces of the sample cell.

A polarizing microscope in the reflecting mode held the sample cell
for study. ‘ihe white 1light source of the microscope was used with a
filter to allow lighl of wavelength 0.63% 0.04 Pm to pass through the
sample to the bottom plate or mirror and on to the photomultiplier.

Tne method of detection is described in more detail elscwhere.‘o A x20
objective was used to limit the field of view Lo a small region (0.2 mn
diameter), thereby giving more unifermity.

The procedure was 1o increase the voltage Lo the transducer until
the first maxima in light intensity was reached while holding the applie
electric field to zero. The voltage applied to the transducer for this
point was 13.2 Volts. Calling the light intensity,T.for this point 1,

measurenents were taken for I as a function of applied electric field.

The resulls are shown in Fig. ) where the solid line is a graph of Eq. 22.

Within the accuracy of the experiment the data and theory agree.

The agrecment strengthens the validity of the physical model we

d
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are proposing. However, it would appear that as far as practical applications

are concerned the sencitivity of the acousto-oplic effect in nematics

can not be greatly increased by the application of an applied field. 1t

should be noted fineliy that wherecas we Lhave been concerned with an electric

field Eg. 27 is equ:lly valid for o mapnetic field vhere s = H/ﬂ(:wjthllc

the critical mapgnetic field for a Frederiks transition.
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A graph of the rztio of the light intensity transmitted through
wne cell with and without on applied electrice ficld while the cell was

teing excited acoustically by en ultrosconic wave of magnitude equal to

thal required for the Tirst light intensity maxima in the absence of an
ercoirie field versus the ratio of the wpplied electiric field to the
eiectric field required for a Frederiks transition. ‘'fhe solid line is

Zor Equation 22,
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1. INTRODUCTION

The fact that acoustic waves could give optical effects in neratic liquid
crystals has been known since 1936. 1In that year Fredericks and Zo].in1 excited
a nematic liquid crystal by tuning forks of 200 to 600 Hz while making optical
observations with crossed polarizers. It was not until 1969 that Fcrgason2
suggested that a liquid crystal device may be made for detecting acoustic in-
tensity. Since 1970 therc have been approximately forty research articles pub-
lished in this area. However, the basic mechanism causing the ef fect was not
understood until the last three years. Differential acoustic absorption,3
transverse secound-order stross,“ cybotactic groups,5 the piezoclectric effccfﬁ
and anisotropy of acoustic speed have all ' :en proposed to be the mechanism
for the effect. 1In the earlyv work, both ¢.perimental and thcoretical, a
threshold of acoustic intensity was reported to be required. In 1276, threc
groups: Sripaipan, Hayes, Fang;7 Candau, Peters, Nagni;s and Dion, DoForost;g
reperted that therve is in fact no threshold for the effect. The former two
groups attributed the effect to acoustic streaming. Further, whereas all of
the previous work had required some special property of a liquid crystal for
the effect acoustic streaming would result in any viscous liquid. It is simply
that acoustic streaming or any flow in a liquid crystal results in optical
effects.  The streaming theory has been coxtended to include the gimultanecous
cffect of an electrie ficld by Haycslo i 1978. Apain the streaming model
suecessfully explained the cxperimential results.  The logical result of tae
streariag explanation is that a cell to visualize an acountic field could be

made by separating the liguid crystal into distinct regions to confine the

~
y

. R 11 ,
flow. Nagai and Tizuka have made such a deviee.,  However, there has not

been a direct observation of the flows induced in these cells nor quantitative




theoretical work performed giving the speeds of flow or the flow patterns in
the cell. 1t is the pgoal of this report to provide direct evidence for the
flows. In Scction I1 a theory is presented vhich predicts the mapgnitude of
the flow speed and the form of the flow pattern one would expect in a vis-

cous fluid. In Section I1I recults are presented for observations of these

fluid flows.

B Sa e s e s Wt st e smes -  vvem @ e v e
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[ IT. THEORY OF FLUID MOTION ’ 1

A. Non-viscous Limit

We will develop cquations describing the motion induced in a disc shaped

liquid bound between two solids. The solid surfaces are assumed planar with an
ultraseonic wave traveling from one solid, through the fluid and on through the
second solid. We will! take the eylindrical boundary of the disc to be open to i
a gas of negligible density. Such a system could be made by placing a drop of
water between two glass microscope slides. We will further take the distance

between the planes, the height of the disc, to be smaller than the wavelength

of the ultrasonic wave. The oscillatory motion of the wave will produce a

static flow in the fluid, acoustic streaming. We will find the form of the

resulting flow patterns and tie magnitude of the fluid specd.
In order to understand the approximations which must be made to obtain
a tractable solution we will first investigate a simpler problem where vis- | i

cosity is omitted ond the disc is assumed of infinite height.

Consider a column of non-viscous fluid with equilibrium density P
supported by a piston. See Figure 1. We assume the piston-fluid interface
is located at z = 0 and take the radius of the fluid to be R.  The result of

. ' . . - it . . .
the pizton's velocity, Ac » 1s a compression wave which propagates along

the cylindrical axis of the colurn, the positive z axis. Because of the

boundary at v = K there will also be latorally induced waves as well. The

equation describing the pressure, Py odin the column is

1 A’y
v?}'r:—. _C7 ot ? (])

witere € is the gpeed of the wave din the fluid. At r = R we must have P o= 0. :

The solution to Lqg. 1 satisfyving this boundary condition is




"
P=YA J (k) el ky z - it
n ' n o n

vhere Jo( ) is the Besscl function of order zero,

2
2 _ W "2
kn T oc? n
and
Ctn = kn R = 2,405, 5.520, 8.654, 11.792, . .
vhere

Jo(un) =0 n=20,1, 2, ...
. 3 . . k3 -’
The partial differential equation relating the pressure to v, the
fluid velocity is givean by
O~ =~VP
t
We have at z = 0 the further boundary condition:

"'ill)t
v. = Ac
z

Combining Fq's. 2, 6, and 7 we have
B "
po wA Ei An kn Jo (knr)

R
: I T . : . r r r , .
Operating on both sides of Fq. 8 with R Jo ((lm R)d <R) we obtain
e}

. 2pymA
n oo, ky g ()

Yow solving Lq. 6 for v, and taking, r - R we find

2i A jk'r;z—imt
v, = o

R R
n

(3)

(4)

(5)

(6)

(7)

(&)

(9)

(10)
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From Eq. 3 and 4 we see the value of R may be adjusted with respect to
A to give k; = 0. This condition gives a resonance and may occur for modes

n=20,1, 2, ... . The corresponding valucs of R avre:
R = .383 ), .879 A, 1.38 X, 1.88 A, . . . (11)

Figure 2 shows the amplitudes of vp/A at z = 0 as a function of R/A  for modes
n = 0 and 1. .
From Eq. 3 we sce if R < .383 X% then k; will be imaginary making the wave
' damp out in the z direction as seen from Eq. 2. The amount of damping depends
on how close to resonance the radius is. In Figure 3 VR/A is graphed as
a function of Z/A. VWe sce for the mode 0 the damping is less the closer R/A
is to the resonant value. We also see that the mode n = 1 for R/A = .38 damps
out more quickly than mode n = 0 even for R/A as low as .22, about 407 lower
1 than the resonant condition for that mode. We also see from Figures 1 and 2
that although the disc is being driven by a piston oscillating in the z direce-

tion the major motion can be radial.

From Fq. 6 we can also find the radial velocity as a function of r:

y 23AJ) (anr/R) ,".:J.( kn 2ot ).. (12)

Yr 7 b RE 3, ()
From Eq. 12 we sce at r = 0 all modes arc zero. For the n = 0 mode the maximum
velocity occurs at about 757 of the maximunm radius. A different situation would
exist for an infinite strip of fluid between two plances.,  In that case the
Bessel functions weuld be replaced by sin's and cos's and the maximum speed
would occur at the fluid edye. For the n = 1 mode of oscillation the fluid
for r < (IR is out of phase with the outer section.  Apain the maximum speced

for this mode doces not oceor at the edge but at about r = (35R.
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B. Viscous Model

With the aid of the resalts we have obtained from Scction ITa we nay
now procecd with a model closer to the physical system under study.  Rather
than an infinite column for the fluid we will asswwe a heipht H with the origin
of Figure 1 poved along the z axis so the upper and lower bouaduaries occur at
z = Hf2 and -I/2 respectively,  Since we are nwow dncluding viscosity we will

start with the Navier-Stokes equation:
ay) -+ + 1 >
‘1 2 g - -
Py -3::— + (v Vv = =P VpH Yyt (C+~3- n) v (Vs v) (13)

Since we are assuming the hydrodynamic variables way be cxpanded about thedir
equilibriun values we will for now drop the higher order effects. We will

take for a rectilinear coordinate system in component {orm:

Vi 2 P )2 1 ] >
OYA o Le? Yy 2 - 4o X . {
Loy ¢ a3 FoVT v (1 n) e Vv (14)

If we operate on Fq. 2 with Z)/?)xi and sum over i we have

-
Vv 22y nu? v Lye? v
po TR Vip 4 nv Vew #(c+3n)v vV » v) (15)

The hydrodynawnic variables mast also obey the continuity equation:

AV () =0 (16)

where again to first order we have

ap .
e 4 {:O\ v 0 (17)

c

N . | - . . it
Combining Fg'le., 19 and 17 and ascuming a time dependence o we have
14 {

Ao V’p = 0 8)

where 4 ,
N 1 A A 1) B
o RN 3 w’ (19)
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The solution to Eq. 18 is
kynz ~kpz ] diwt
p = rf{ [Aln Jo (kpr) e M+ Ay, Jo (knr) e R ] e (20)

where we have Jdropped the i from in front of the k: factor since we will assume
R < .383 A and from Scection IA we know for that case the z dependence is real.

We also have analogous to Fq. 3

K2 =2 - L (21)
Ao
In order to simplify the solution of the Navier-Stokes equation we define two
new functions according to

v =2 9{'_& (22)

and

<&
]

Y
1

SR
‘o

2 (TV) (23)

Now we have
->

Vev=v"0; (24)
so from Fq's. 17 and 18 we find ¢ may be related to p:

dwAop

= - 2"
¢ oo (25)
The z component of Eq. 13 to fir,t order is
-
dv 3p ( 1 Yaw-w
Yz - 2% 4 2 ol Y VY
Po ¢ = gy TNV Vo ¥ C4'3”) Y (26)
Using Eq's. 17, 18, 19, and 22 we obtain
n_ y? -
'ﬂnpo veg £ 27)
where
1 9
£= %3 (V)
Taking
k? = ¥ v o_ i_"‘f‘Q (?8)
n n n

dassioniteniel
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the solution of Eq. 27 we tuke to be
1 JUE A 17
€= 5 [Am Jo (k 1) WA (k 1) e ko ’] S (29)
From Eq. 28 then
. ) kg ~kpz ] dwt '
Yo ‘}{ [A 3n J; (l\nr) ¢ + A,m JU (knr) e I8 /kn (30)

Eq's. 20, 25 and 30 may be used with Eq's. 22 and 23 respectively to obtain

_ « dwAgkp kiiz ~kiz

ki kh\z -z ) it
+ =2 {Aan € - A e Jl (knr)c:

kn un
and
s " 1, L.,
v = 5 Tiwhoky [A % A o k“&] (32)
z ny o Po n 2n

kpz -kr',z} oL dwt
[A n® + Au e Jo(knl Yo

n
Assuming a no-slip condition at z = +H/2 we must have v. = 0 there. For the
experiment woe have performed B/ A = 055, From Figure 3 we sce the amount of
damping which has occurred as the wave traverses the vertical distance W of

the dice. We will therefore take ae an acceptable although not excellent

appreximation that v, A(’,—]mt at z = +1/2. For these boundary conditions
we find
A ~2f0 kn A (13
R LS A Y A 3
In 2n i kg :nJl((ln) (Zk['] - kn 1)
2 k7 HA
A, = A= T T TG (34
in 1) o .1, (lu) (2kn L“H) €
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For the case under study k' >> k;H and kﬁH << 1. If we assume we ave near the
n
mode 0 resonance condition from Figures 2 and 3 we see we may drop the higher

modes. Under these approximations we have

= Ako __H kbz _ -K§z iwt
Yr T TGy |7V ka2 R ERLL (33
1wt
_ 2AJ0(kor)e
V. T o d (o) (36)
0o 1 0

From Eq. 28 we see that ké is complex. For v, what actually occurs is a

cos wt rather than the exponential. For the radial component:

Ak Rekd (z-~H/2)

v=
b o aoJ1 (ao)

?
-2z + H [e cos [Imko(z~H/2) + wt}

_e—RekO(Z * H/2)co:>s [Imk;(z + H/2) + wtﬂ x J!(kor)

By setting r = R in the real form of v, we may obtain a value of the radial
amplitude of oscillation compared with that of the piston. For our sample

we have H = .032 ecm, Re k' = Im k' = 1112/cm and at resonance R = .22 cm. The
resulting ratio of radial velocity to maximum piston velocity (which cquals
also the ratio of radial distance amplitude to vertical piston distance ampli-
tude) is plotted as a function of z in Figure 4. The resulting maxinum ratio
shows for our case the radial motion has an amplitude less than 207 that of
for the piston. Therefore, the infinite ratio for mode 0 shown in Figure 2
turns out to be of the order of .1 when viscous effects are considerod. Also
in Figure 4 a diagram is shown which depicts the deformation of the disc cross
section. As the planes move upward the fluid bulges out at the bottom and in

at the top. As the plancs then move downward the opposite occurs.
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Let us vow return to Eq. 13 and cxamine the term we omitted., In light of
the soluﬁions, Eq's. 35 and 36, we sco that each terw of Iq. 13 oscillates
sinusoidally in time. Although in Eq's. 35 and 36 we have used the complex

exponential form, since the velocity is real the term we earlicr omitted from

. >
Eq. 13, po \; ¢ Vv, will have a factor of c032 wt. Since cos?' wt = () + cos 2r=_:t)/2

if the time average of the omitted term is taken a non-zero static value re-
sults. Thercfore, t@c time average of the other terms in the equation must
also give non-zero static values. Since these other terms involve only the
hydrodynamic variables to the first power we conclude a static value must be
added to the values we chtained in Eq's. 35 and 36. This static flow is called
acoustic streaming. We will denote the static addition to the variables with

a subscript 2 signifying the second order solution: Voo Pys Vo The time

average of Lqg. 13 to sccond order is

> . - _.2 9p 2 1 .9 L

p <v er> = —C ’5{-‘2 +nVv V2r + (C+3n) ™ v V?_) (37)
Ty s o a2 P2 2 103 .2

p <v \/vz> = ~ct = +nVv Vo, + (z;+3n) Vo QY v2) (38)

where the brackets denote a time average and merely involve replacing the
cos2 wt factor with 1/2. 1f we operate on Eq's. 37 and 38 by 8/3dz and 3/91,

respectively, subtracting the results we obtain

._a._ AT - _g_ AN v, = [8 72 S v 12 ]
Py (v Wy mgr (v ) e Vv e Vv, (39)

Arain invoking the appro<irations used to obtain Fq's. 35 and 36 alonpg with
l.(')H >>1 we find we may identify V*with 3*/92" and obtain with the help of

Fe'las, 22 and 23

o =2 ke nGon) 20k § 40
T g Y Toan 1ty
2 2n ‘to J] (O.o) B(kor) ‘(I\(‘.ko)

: , -b . 3
X [(,'1(“)3 a - sin a) + e (cos b 4+ sin h)] + 4.-17.31- (-2'/.7+ c,z * ¢,

 —— TR e e e .
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where
a = Re ké (2 -~ H[2) (41)

<
1t

= Re ké (z + H/2) (42)

and where we have again taken the real part assuming Re ké = Im ké as we find

to be approximately truce for our systems. The contribution from ¢  can be
2

shown to be small so that Eq's. 22 and 23 become

= ! '
Vor oP/dz (43)
R
Vo2z © T ¥ or (1w2)
The values of the Ci's nay be found using the boundary conditions that both

v and v,

2¢ 925 equal zero at z = + H/2, TFinally we obtain the sccond order

contributions to the velocity:

p A” k3 B Jy(ker) . D Ty (ko) 3 2 [a . -b ]
v, = o~ e B S0 e S 0t e = fe” sinat e sin b
2r n ao Jl(ao) a(kor) 2(Re ko
322 3 ‘
Y T i R ey S B i 44)
2(Re ko) H 8(Re ko)
PAZKE 10 ( 9 J, (kor)
v, == -t Aho ko L 0 (g oy 2 atker)
2z 2n o Jl(ao) r N 15 0 9 (kox)
. "n(‘)“ a - sin a) + O—b(coq b + sin b)
X (. (R(‘ k(‘))3 ‘f Ccns aQ 51 < 4 S sin
8 (Re ké)3 2 (Re k('))3 n? (45)

bootse 44 and 45 will be the basis of a comparison with the experimental results

thive obtained,
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Iil. EXPERIMENT

A barium titanate crystal was used to produce the ultrasonic wave (cew)
in the sample under study. The wave was transmitted from the erystal through
the conducting glass electrode immediately above the erystal, through vacuum
srease which was used to wount the sample holder, through the bottom glass
slide, throuch the sample {luid disc, and on throuph the upper glass slide.
Various fluids were uscd: water, a cholesterie liquid crystal, a nematic li-
guid crystal and a transparent vegetable oil. The o0il's viscosity is closer
to the nematic whose motion we will ultimately consider. Therefore, measurc-
ments reported here concern the velocity induced in the oil. To measure the
magnitude of the flow in the disc the o0il was doped with a hydrocarbon basc
ferrofluid (0.17% concentration}. Aggregates of magnetite can then
be seen in the oil by means of a polarizing microscope. By mecasuring the
speed of these particles the speed of the 0il may be determined. The parti-
cles were of the order of one micron in diameter, The thickness of the disc
was .032 cm so the particle size was small compaved to the distance over which
the specd of the {luid changed appreciably. The diamter of the disc was fronm
one to four mm, small compared to the 12.7 mm diameter of the barium titaunate
crystal. The micrescope was calibrated so the vertical position of the par-
ticle whose speed was being measured could be determined when the microscope
was focused on that particle. A scaled container was also used so that the
ultrasonic wave would f{irst travel through one em of water before reaching
the fluid disc. Using a capillavy viscometer the ratio of viscosity to den-
sity of the o0il was determined, n/p = 0.66 + 0.03 cmz/sec. From Eq. 28 wc
see ké can now be determined if we know the frequency and wave speed.  We
take ¢ = 1.46 x 10° emfzec and f = .20 Mz, We find the real part of kéz

small so ka = 1112 (1 + i)/cm.
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] From Eq. 4% we sec that the radial flow goes to zero at r = 0 duc to the
Jl(kor) factor. 1t becomes larger for larger values of r and then goes to zero
near the edge r = R due to the derivative of Jl(kor). The value of V,y, on the
other hand is larger at r = 0 and decrcases as r is increased and finally is
larger but with a different sign near r = R. A diagram of the flous our equa-
tions predict is shown in Figure 5. The upper diagram, T, depicts the flow \

pattern although actually H is much smaller with respect to R than we have

H drawn. The lower pattern is not what we predict from our equations but the

flow patterns that would pertain if the models proposed by other authors were
applicable. If the fluid is observed at r = R/2 as one focuscs from the top

to the bottoem the particles can be scen to {low toward the center near the

top, toward the edge ncar the middle and toward the center near the bottom, in
accordance with the pattern I which our equations predict. A more quantitative
comparison is presented in Figure 6. The graph shows the fluid speed in the
radial direction (toward the center is taken as positive) as a function of z.
For the data shown R/A = .21 and the frequency was .26 Mz, The taller (labeled
I) peaked curve in Figure 6 is the best fit of the quantity in brackets in

Eq. 44 using our experimentally deternmined value for k'o. Since cverything in
the brackets is determined a best fit was made of the data to a constant times

. . 9 .
the bracket. The constant so determined was (13 + 1) x 10 cmj scc/micron and
2 e aae . 3
X = 2.3. the smaller peaked curve (labeled 1T) in Figure 6 is a best fit
whore both k'( and the constant arce to be found. Their values are respectively
)
: ) 9 3 . S o2 . )
470 + 10/cem and 2.0 + 0.1 x 107 em” scce/micron with X = 0.3. The later valuc
of k'o appears unaceceptable in light of the small error on viscosity and the
better fit we take to be fortuitous. Tt is noteworthy that the fit is so pood

since for the data plotted R/XA is about half of the resonant value for which

Eq. 44 was derived. Notice the peak ucar the top of the disc, the onc on the

. n L . 5 it
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right in Yigure &6, is slightly less than the one on the left.  The reason for

. . . . imt
the differcence has to dv with cur assumption that v, Ae

both at the top
and bottom of the dise. Making the boundary condition that v, © 0 at the top
decreases the top peak to about 20% of the boltom peak.  The data scems to be
in between these two extremes and it would appear we have taken the better
approximation in allowing the upper boundary to move. Data was taken for R/A
equal to .21, .29, .30, .36, .39, and .45, All of the radial velocity pro-
files have the same basic pattern as those data shown in Figure 6.

Frequencies of .26, .77, .68, and 1.07 MHz were used both for direct con-
tact of the sample holder with the barium titanate erystal and with the crystal
in a cell so that the wave was propagated through about one cm of water before
reaching the sample. All of the flow patterns observed in the microscope using
the water cell were radial. For the direct contact case for certain frequen-
cies and locations on the crystal it was possible to induce patterns of ecither
two or four rather circular flow patterns. The discs became slightly distorted
from circular to ellipsoidal in shape for these non-radial patterns. These
patterns are assumed due to non-uniform oscillation of the crystal. For these
cases the pressure in Fq. 1 uust be assumed to be a function of angle. The
solutions arve similar te the well studied oscillating drumhead.

The radial velocity in ¥q. 44 is proportional to Az, the square of the
piston velocity amplitude.  But this amplitude should be proportional to the
voltage applicd to the bavivm titanate crystal. In Figure 7 thercfore we have
plotted the radial velocity measured at a fixed r and 2z as a function of vol-

tage., The solid line is oA fit to a voltage square curve.
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Figure 1. Diagram for calculations of the infinite non-viscous
cylindrical fluid. The piston driving the oscillations
is in the xy plane. For the viscous disc of height H

the origin is moved along the z axis a distance H/2.
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L Figure 2. Graph for the ratio of radial speed amplitude to piston

speed amplitude versus the ratio of cylindrical radius

to acoustic wavelength.
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Figure 3.

Graph of velocity ratio versus z/\. The velocity ratio
is the ratio of radial speed amplitude to piston speed

amplitude.
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Figure 4. Velocity ratio (radial to pistomn's) versus distance
along the z axis. The model assumes no-slip at the

boundaries and incorporates viscosity.

91




t
My
t

VeLociTy RaTio




Figure 5.

Flow patterns in the disc due to acoustic streaming,
The upper diagram, I, is the pattern predicted from
our second order solutions. The lower pattern, II,

is that assumed in other theories.
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Figure 6.

Velocity of fluid due to acoustic streawing versus
distance through the disc at r = R/2. Curve I is

a best fit to the data using our measurcd value of k'o.
Curve Ii is a best fit allowing k'o to be determined

by the fitting process itself.
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Figure 7.

Velocity of the fluid due to acoustic streaming versus

voltage applied to the transducer. The solid line is

a best fit to a voltage square dependence.
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The Mathematical Description of a Nematic Liquid Crystal in an

Acoustic Field
W. G. Laidlaw

Physics Department, University of Hawaii, Honolulu, Hawaii

I. INTRODUCTION
The recent literature attests to a growing interest in acousti-
(1)

cally induced structures in liquid crystals The resulting

optical effects are of potential use in display devices - for example
. (2) . . .

as acoustic cameras . Theoretical explanations have, until re-

cently, been at odds with a number of experimental observations.

(3,4)

Early attempts attributed the sudden appearance of the "new"
optical character for the system (sce fig. 1) to the occurrence

of an instability in the steady state regime gencrated by the

imposed acoustic field, Unfortunately, the acoustic powver,

which these models predicted would bring about an instability, was

as much as two orders of magnitude greater than the power vhich
experiment showed would generate the new optical pattern(5 )- More
recently, experimental results have been explained satisfactorily(6’7) in
terms of the gradual build up of an acoustic sitreaming pattern, (sec fig. 2).
In this explanation the sudden appearance of the optical pattern is
simply a function of the complicated dependence of the optical effect

on the acoustic streaming. 7This is illustrated in figure 3. One

should cmphasize that the acoustic streaming pattern invoked in this
explanation cventually becomes unstable for, at sufficiently high

input powver,a turbulent flow pattern obtains with a concomitant

sudden change in optical pattern,




This manuscript presecats a rather simple analysis of the ' '
mathematical models which have been employed. Our hope is that

-

of establishing the relation between them.

II. MATHEMATICAL MODEL (i) The Dynamic Equations

We undertake a description of the liquid crystal acoustic field

system on a hydrodynamic scale. For this purpose we shall utilize |

the hydrodynamic equations expressing conservation of mass, conser-
vation of encrgy and conservation of linear momentum. One must also
introduce equations to describe any additional hydrodynamic scale
variables, for example, the director variab]eé which characterize

the liquid crystal. For this latter purpose one commonly introduces
(8) (9)

the "Oseen equation" in the fashion of Leslie and Eriksen

Alternatively one may employ the "Broken Symmetry equations" as

(10) (11)

developed by Martin et al. and Forster , Or one may utilize

12
the "torque model" of deGennes and collnborators( ). The advantage
of the Leslie-Eriksen equations is that they purport to treat the
dynamics far from an cquilibrium state and their equations,corrcct
R . (13) c1s

to second order, are readily available and have been utilized by

. (14) . . . .
several authors . For rather compelling recasions, discussed by
Martin et al., there is a firmer thcoretical basis for the “Broken
Symuetvy” approach. Unfortunately, the present literature contains
the broken symwetry equations only in their linearized form although,

oo o1 (15) . . .

in principal » they could also be written out in a nonlincarized
form [For example sece reference (16) where they have been obtained

for a nematic liquid crystal.] Certainly the elegant conceptual

frame work of the Martin and Forster approach (e.g., reactive fluxes,




dissipative fluxes etc.) is well worth utilizing (see reference (16)

where they have been employed).

In any casc the equations governing the dynamics of a nematic
liquid crystal are a set of seven equations [from conservation of
mass(1), linear momentum (3), energy (1) and the broken symmetry
equations of the director (2)]. 1In terms of a cowplete set, {X},

of hydrodynamic scale variables ai(?,t) they may be written formally as

i,=1+7 ; 3% a, + &({ai}) + {i({aiaj}) +...=0 (1)

Here G is a linear operator in which any member of the sect of o,
appears only linearily, fl is a linecar operator in which mcmbers of
{ai} appear in a bilinear or quadratic form. We shall give further
specificg of & and H as the nced arises. It scems worthwhile

to first discuss the method of the solution of eq. (1).

(ii) The Reference State

Because of their complexity the solutions of the set of eqs. in
(1) is frequently carried out in terms of a reference state. The
reference state is normally some readily obtained solution of eq.
(1) for example the equilibrium state or some other appropriate
"steady state” solulion. Unfortunately, solutions of eq. (1) which | i
would serve as appropriate reference states are semetimes not readily
avni]able! As we shall sce this is certainly the case for the system

under discussion. We introduce a reference state by writing, for all i
a, = o, + Gai (2)

where the supersceript v denotes the known expression for the variable

ul in the reference state.  The displacement 6(1], is sowetimes written

oy asini,




w(17)

as a “power series , giving, for eq. (2)

_ .0 09 (2)
@, =a, +o + o + ... 3)

The precise way in which eqs. (2) and (3) are choscn and utilized
in the nematodynamic equations has a strong influence on the theore-
tical conclusions. Hence some simple applications would scem worth-
while at this point. For purposes of discussion imagine ¢} to be
completely decoupled from the other hydrodynamic variables. We than

take oy to be given by

.

J 2
-a—g o, + a)oy + Alal_ =0 (4)
We introduce Q(l) 5 a solution of this equation with some specified

boundary conditions. Substitution of eq. (2) into eq. (4) yields

2 8y + (ay + 2803,7) Soy + A ” = 0 (5)

If AGal can be taken to be small relative to the lincar coefficient
then ve can neglect the last term to obtain the "linecarized" and

homogeneous equation
) r
3 Say + T8y =0, T} = a; + 2A;04 (6)

The quantity Fl displays the nonlinear heritage of this equation
r X .

through 2Aj0). However, if the referecuce state is chosen such that

T r . . . .
o) is zero then 2Aw; = 0 and the linearized cquation carries no
information about the nonlinearity of the original equation. 1If

r . . . . . .

on the other hand oy is von zero this information is retained and

solutions of the lincarized form (¢q. (6)) can reflect the nonlinear

|
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character of the original equation. Tndecd it is just this feature

which allows linecar stability theory to probe the solutions of non
linear cquations(l8). A particularily simple illustration is the use

of a steady state solution of eq. (4) namely aﬁ = —axlA. This

gives Iy= -a so that the solution of eq. (6) is

Say(t) = 80y(0) et n

The implication of equation (7) for a; > 0 is that Sa, grows
exponentially with time so that oy rapidly deviates from the
reference description. One concludes that this reference solu-
tion of eq. (4) is absolutely unstable. More interesting in-
stabilities would arise if a; were coupled to other variables
and one shall have occasion to treat this in detail in a subsc-
quent communication.

Turning now to the power series solution we substitute eq. (3)
into eq. (4) and obtain the zero first and sccond order cquations

as

e 0 + a1l 4 a@®)? =0 (®)
a/’?)t (11(]) + (ap T 21\(1(0))011(1) = 0 &)
B/at 31(2) 1+ (ay + 2Au$0))u§2) + A(af]))? = 0 (10)

An essential step in obtaining these equations is the asscertion that

m) (n) .
u( (1( ) is of order m + n. The homogenous part of the sccond order

cquat ion is the sawe as that of the first order cquation.  Indecd if
(0)

the reference state is sueh that o is zero then, in these homo - i

gencous parts, all inforuwation about the nonlinearity of the oripinal
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equation 1Is lost. As we shall see this is indeed the case for the

analyses of acoustic streaming which select the equilibrium state

(0) ‘

i.e., no sound field (v = 0) as the reference solution and treat

the steady sound field as first order and acoustic streaming as part

Qa7)

of the second order contribution . Theoretical analyses carried

(6)

out in this fashion (llayes R Candau(7 )) would not even suggest an
instability as arising from the homogencous part of either the first

or second order equations.

The set of nematodynamic equations ave, of course, more compli-
cated than this simple exaﬁplc. However, this should serve to illus-
trate the role of the nonlincarity and the reference state in both
the linearized equation and in the first and second order equations

of the power series approach.

(iii) Reference Descriptions

Even Jf one were not interested in instabilities it is clearly
of some importance to select a reference solution with some case.

. . . r . .
Certainly solutions with all relevant = 0 emasculate the lincarized form |
Because of this various authors have utilized descriptions for

. r .
which relevant @,  are not zero. However, at the same time, these

refercnce descriptions may be solutions of only part of the original

equation or their relation to the original equations may be less

straightforward. For example, Chabun's(lg) clegant analysis of
the instability of a liquid crystal in an acoustic ficeld utilizes
a "pump solution” - an oscillating solulion of the homogencous part
e orinrinal ot ions L L (3) .
of the original equations. On the other hand Helfrich and later
(4)

Nagai introduced a reference "state” which can perhaps be best

characterized as a "shear-deformed"” deserviption but its relation to
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the full nematodynamic equations is less than clear.

The implications of utilizing a reference solution (a;}
which is not a solution of the full equations can be illustrated
by recourse once again to solutions of the simple relation given
by eq. (4). Let a{ be such that it is a solution of the homo-

geneous part of eq. (4) namely that

) r
3¢t alalt =0 (11)

. . r
Then substitution of a; = o] + 80, into eq. (4) gives

-3_3{ Say + (ay + 2Aalr)6a1 + A(alr)2 + A((Sul)z = 0

The assertion that (8a))? is small now leads to the inhomogenous

equation

535 Sy + DSy + Afa, ) = 0 (12)

rather than the homogeneous form obtained earlier in eq. (6). Since
. 3 .
eq. (11) requires that the only non zero al are time depcendent the

(19,

solution of eq. (12) becomes mathematically complicated (cf. Chaban
In any case, the solution of the homogencous part of eq. (12) may in-
dicate stability;yct, because of the inhomogeneous term, 8a) may be
substantially different than zero. To avoid the more complicated
mathematics let us treat a case where the reference state {air} is

tine independent and non zero [Eq. (11) precludes this but it is

easy to sec that if aj; were lincarily coupled to another variable

az as in
2
‘5‘{' ay +ajeg astty + Aoy b ... = 0
r 3 r r
we could obtaln a solutifon «y ¢ 0,6“'ﬂ] = 0]. Taking oy to be
dt. b




a constant mecans I'} is a constant and we can imnediately write the

solution of eq. (12) as

It -t t Tv r 2
8oy (t) = 8ctp(0)e -e f e A7) dt’

vhich integrates to

-T't A(ar)z ~T'c
60.1(t) = S§a(0)e - ——I.—J—- l—-e

and for t > ® and T > 0 we have

Sa(t) - —;—‘: (2,52

. . . X . . .

Hence @3 could, with increasing o3 becone quite different than just
r . s .
a3 even though I'y remained positive, i.e, even though the system
-I';t
remains stable in terms of a decaying exponential e . Of course,
r . . . .

if -2Aay were made sufficiently large I'y could change sign, 6aj would
. . . . r
increase dramatically with time and, the reference a; would clearly
be unstable. Whether one observes only this instability or one

2
observes the gradual growth of the contribution %L (alr) will de-

1
pend on how ¢} is probed experimentally. The instability may occur

s . . r,2
before this latter contribution becomes observable or %%(al ) may be

observed prior to the instability.

(iv) Boundary Counditions

Although boundary conditions apply to the set of ai the solution
is carried out in terms of the secparate parts of o (cf. eq. (2) or
(3)). This presents few difficultices with uir and Gai in eq. (2)

. r . . :
since a, usually has well defined boundary conditions. However, in

(o]

. . : r
expansion to sccond order as in eq. (3) the selection of ni = ai




o e

(1) (2) (0)

1 + o, = ai - ai . The scparate condi-
(2)
i

defines only the sum a

(1)
i

tions on « and « can be selected arbitrarily.

(v) Normal Modes
Given an appropriate refercnce description and its boundary

conditions the solution of the nematodynamic equations may be addressed.

The methodology of Raylcigh(zo)

(6) (&)

,» Nagai » Candau

followed,largely, by recent workers

(73,

(cf. Hayes proceceds directly to the expres-

sion for ai(m)(t). We have repeatedly seen (sections (ii) and (iii)) the

role played by the solution of the homogeneous part of the dynamic
equation. Where there are, in fact, several such coupled dynamic
equations there are some advantages to solving the homogencous
cquations in terms of their normal modes. This is particularly so
in the case where the coefficients of the homogencous equations
are coustants. The efficacy of a normal mode analysis is apparent
even in the solution of inhomogeneous cquations, for example equa-
tions of thé form of eq. (10).

We shall illustrate their use by considering the set of second

order nematodynamic equations denoted by

2 a2y _lg_a__(z) +F=0 (13)

(2) (2)

Here o is a column vector with elements o, M is a matrix with

. . 4
elements M. . defined in terwms of the operators —— = and phenomeno-
ij Bxi ox,
logical coefficients such as those for viscosity, vn, heat conductivity

K, etc. The inhomogencous part F is a column vector with elements Fi

1, ()
3

.

This "force" F, is defined in terms of products o vhere the

latter are solutions of the homogenceous equation

? !
e @ tMatl =0 (14)
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2
We introduce normal modes Yy, by writing( D
=it
Y5 = v (0e (15)

where the Yj(O) are elements of a column vector

y=Vla (16)

Here V is such that

lv=1and v 1

—

V=A (17)

=

and A is a diagonal matrix widxelementsAjj = Xj. We should empha-

size again that M is the same for both the first and second order

equations.

Given the definitions of eq. (16) and (17) we can rewrite the
set of coupled inhomogeneous equations of the second order equation
as a sct of uncoupled inhomogeneous equations. We simply multiply

-1 (21 .
from the left with V 1(21) and use "¢ = V Yy on the right of M to obtain

0y VetV MYy +VIF=0

or

. .Y
Ay, +FET =0 18
AR RN (18)

where FjY =LV, 1 F 19)

ji 1

The complcete solution of eq. (18) can be immediately written down as

—Ajt —)\jt p Ajt-’ Yo s
h, = y. (L) = v.(0)e - e e F,'(t) dt (20)
by 2 ¥, = YO VAL
0
(note we use wj for the complete solution of eq. (18)).

(17
In trcatments ) where the acoustic streaming ig taken to be

part of the sccond order solution one asserts that F, contains a
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constant term and the remaining terms are of less {mportance. Under

these conditions cq. (20) integrates to give

At FY -t
v;(t) = v (0)e MRl B I ] (21)
3

Consequently one can describe the solution of eq. (13), i.e., the

second order equation, in terms of the "modes" ‘g given by eqs (15)-(17),

The description in terms of the variables al(z’ (i.c., VZ) » p(Z{
etc.) is obtained by simply inverting eq. (16) to give
(2) ,
= IV, .{ 22
ay (0) = IV, 0. (0) (22)

(vi) The Charactcristics of the Sccond Order Solution
We shall discuss only those cases where the inhomogencous term
is constant and the eigenvalues Ai of 2 have positive real parts.
In these circumstances the response and long time characteristics are of

interest. From eq. (21) we see that as t » @ we have

Y
F
P, = .
j A,
]

Thus wj reaches a steady value which we might remark is sinply that

(23)

obtained from the second order equation (eq. (18)) on ignoring
aYi/Bt' For the long time steady value of say ai we have

a, =L V_.FY/A. = L V.V, F /X, 24
i lJJ/J jk 1JJk"/J 24

It is this solution which corresponds to the steady acoustic

streaming solutions of Hnycs( 6) and others. We shall emphasize

that once one has the cigenvalues, A,, and eigen vectors, V.,
i i
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of the first order équation then all one neceds to complete the
solution is the "forces" Fi of the sccond order equation.
The response time of the sccond order solution can character-

ize either growvth (TG) or decay Tt In the case of growth we take

°
the initial state to have Yj(O) [recall section (iv) and note that

this implies all a;(z) (0

= 0 at time t = 0 so that a(0) = ai (0) + ai(l)(o)].

Hence eq. (21) is just

c F. Y ~-A.t
wj(t) = - Xl' 11-e 3 (25)

-1

G SN which gives for cq. (25) L A
k’ij (v) - ll)j («) :

(2)

G
i fac

-1
3

We can write T, as 1, =
¢ G G

The growth of the individual,ai is of course characterized by

several rvesponse times. If all ai(z)(o) = 0 eq. (22) gives
F.Y -ALt
« @ -xv | [1-c ) (26)
i 5 33 Aj

and in anology with eq. (25) we see that there are sceveral response

times T, . = 1/,.. Which of these T,. . appears dominant will depend
G,j AJ G,) Pl et

on the c¢lements of (V..FY/X.).
13 ) 3
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Alternatively one can enquire as to the decay of, say, the
steady long time value of ¢§s. when the inhomogeneous term (which
we think of as a "force" which had maintained this steady state)
is suddenly shut off. This means that in eq. 21 we can take
Yj(O? = Yjss at the instant the forces Fi are set of zero and

write eq. (21) for decay (D) as

D ss _ljt
t) = ¢, 27
wj( ) ¢J e (27)
.
WL/ 5
Defining the response time TDj as{ gives
() - Y. (=
. ¢J( ) vJ( )
c =t
pj 3
(2 would

As with growth, we would expect that decay of a given aj

be characterized by several decay times as in
At
(2) ss ]

o, =% V...
3 ij'; ©

—Ajc

e
Vs Vi R A£_~ (28)

= I
We must remark that the decay time of a given mode ¢j is the same
as its response tiwme. Further it should be clear that the decay
times Xj-l do not depend on the "forces" F'. The Yj arc the roots
of M and in the power series expousion utiliziung an equilibrium

reference (f.e., no sound) the watrix M can be shown [Ei' cqs. (8) to (10)

T R OSSR
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with alr = 0) to reduce to that of the equilibrium case. TYFor this
reason onc would not expect this method to predict a response time
Aj—1 which depended on the sound field.

A word of caution is, however, in order if the response times

(7) (2) .

are probed in terms of the individual ai . Notice that in both
eq. (26) and (28) the forces Fj enter as coefficients of terms with
different exponential decay characteristics (16). Now these forces
Fi do not depend in precisely the same way on a given external stress,
e.g., electric or even the acoustic field. Hence changing these
external stresses will change the relative contributions of the
various terms in these expressions for growth and decay of ai(z) in a
complicated way. As a result the apparent decay time can depend more
than just Xj-l, it could depend on the external stress in a complicated ]

way(zz).

The long time behaviour and respouse times of acoustic strean-

ing when the reference state is chosen as somcthing other than equili- 7
brium can differ from that given above. For example, if the reference

(19) (4)

"pump" solution or an acoustically strained description

state is a

then in the lincarized equation,

3
[3{ 6 ot Mbu + F = 0] :

where M now retaing information about the reference state - i.e.,

about the iwposcd acoustic ficld-in contrast to the cases discussed
above. If the refcerence is such that 2 is time dependent the mathe-
matics is complicated (cf. Chaban) but if M is constant it is casy

to sce that the analysis of the previous few paragraphs goes through
in the same way. Now, however, the characteristic "response™ times

Aj—) could be divectly dependent on the fmposed acoustic Ficld.

Assuming stability the Jong time steady state resalts should, hovever,

be the same.
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IIT. CONCLUSIONS
For a nematic liquid crystal in an acoustic field the power
series solution carried to seccond order from a reference state

of zero acoustic power (i.e., equilibrium) 1is. incapable of dis-

playing an exponential growth (iustability) of the characteristic
solution. Other reference descriptions could display such an in-
stability. Howcever, the use of reference descriptions which are

not solutions of the full nematodynamic equations leads to solu-

tions which may deviate significantly from the reference descrip-
tion yct still exhibit stability of the characteristic solution.
Depending on the mode structure the response times may show a

complicated dependence on the acoustic or other external fields.
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I. INTRODUCTION ‘

The acousto-optic effect is a phenomecnon occuring in a nematic liquid 4
crystal in the presence of both an ultrasonic wave and a linearly polarized
light wave. The nematic cell is constructed by inserting the liquid crystal
between two sheets of glass chemically treated to promote homeotropic alignment.

Lecithin is a typical chemical agent which causes the long axes of the nematic

molecules to become oriented perpendicular to the glass sheets. Normally no
light is transmitted if the cell is observed between crossed polarizers. How-
ever, if an ultrasonic wave is directed to the cell, light will be transmitted
through the second polarizer.

Since 1976 it has been knownl that the mechanism causing the effect is
acoustic streaming. However, the dependence of the effect upon the incident
acoustic angle is not understood. 1In 1978, Letcher, Lebrun, and Candau2
reported for their cells the effect took place in a relatively narrow range
of incident angles, 27 to 30 degrees. In 1977, Nagai, Peters and Candau3

and, in 1978, Nagai and Iizuka4 reported the acoustic frequency dependence of

the angular variation of sensitivity and gave preliminary results which indi-

cated the transmitted light intensity increased with increcased acoustic

transmission. In 1979, Perbet, Hareng, and LchrreS reported strong lipht

transmission at incident acoustic angles of maximum and minimum acoustic

s . 6
transmission. Also, in 1979, Lebrun, Candau, and Letcher reported the narrow
angular range for the efiect becomes broadened when thin glass is used for the
cell.

In this report we describe the study we have undertaken to analyze the

‘
‘
h
s

angular dependence of the acousto-optic effect. In Scection I1 a theory is

developed which gives the acoustic transmission of the ¢l as a function of
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incident acoustic angle, frequency, speed of the acoustic wave in the fluid(s)
surrounding the cell, density of the cell, density of the fluid(s) surrounding
the cell, density of the glass, speeds of the longitudinal and transverse
waves in the glass, thickness of the glass layer, thickness of the liquid
crystal and acoustic specd in the liquid crystal. Since cach of these quan-
tities are measurable, as well as the actual transmission, the final equation
can be rigorously tested experimentally. The results of such testing is
reported in Section III for both a singlec sheet of glass and the liquid crystal

cell. A comparison is also made in this scction between the acoustic trans-

mission and sensitivity of the acousto-optic effect. This comparison gives
insight into the results mentioned above by other researchers. We also obtain
results for the angular dependence of lJines which often appear in cells ex-
hibiting the acousto-optic effect. 1In the final sections conclusions are drawn
from these observations. Appendix A contains a computer program for evaluation
of the acoustic transmission for a given sct of the above mentioned parameters.
Appendices B and C contain graphs of the transmission for typical cells as a

function of angle for various frequencics.




1I. THEORY

To obtain an expression for the transmission of an acoustic wave through
a liquid crystal cell, we will usc the coordinate system of Figure 1. Al-
though experimentally we will immerse the cell in water the expression will

allow the fluid on each side of the cell to be different.

Since fluids support no shear waves we will only have one wave function

in the water and liquid crystal regions, a wave function for the compression

wave:
¢ = (6'c % 4 ¢"e 1% el(ax—wt) (1)
In the glass we will have an additional function for shear:
Y = (‘z’"OlBZ + Wué'lﬁz) el(dfx—wt) 2)

We note that the x component of the wave number, o, is the same for both types
of waves. Due to Snell's law we further see ¢ is the samc in each medium.

The material speeds may be found from

_ 8¢ _ oy
Ve T % T 3% (3
and
¢ ay
= L 4 -
vv Ix 9z 4

The wave speeds may be expressed in terms of the Lame” parameters (A,n) and

the density, p. The longitudinal spced is given by

(5)

and the shear speed by

b - U (())
M
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For the fluid region the only stress is the pressure, since p = 0, but for

the glass regions we must gencralize to

~ 3 [3u du du :
z, = A (ax x + A z) + 2p 0y ? 7

S duy | duz

Zy T M (32"+ x ) (8)

where Uy and u, are material displacements from equilibrium in the x and =z
directions, respectively. These displacement components are related to the

specd compouncents by

_ dv

Uy =0 * (9)
= iv,

uZ ; [} z (10)

As indicated in Figure 1 we use the subscript 1 to denote the water glass
interface at z = d. We let
P=ad = wd cos0/ ¢ and Q = Rd = d cosy /b

Combining Equations 1 - 4 and 7 -~ 10 we have

L} [1]
Va1 o'+ ¢
t "
. o' - o
= A (11)
2 \y' - \}lll
7y
.L - A + a1l
n ‘x] Y Y

where

4

W‘ o naies ity v




For interface

where B is obtained from A by letting P=Q=0.

of B:

io cos P

-~ sin P
—L)l- (Ak? + 2p0?) cos P

[s N
E’l----81n P
w

5%»(«2 - 87) sin Q

v
X2

Voo

Zyo

E;-sz

~2io
R 0
0 -i(~0? + %)
a K?
ik _+ 207 u) 0
Ry K’
0 ~2i0 /K’

2 we write a similar equation:
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-a sin P
ia cos P
1 2 g 2y e
o Ok? + 2pa?) S f

-iao
-~ ¢cos P
®

B sin Q

io cos 0
(12)

LA sin Q
w

S6? ~ o7
2 '-(-(-2-(-0’" of). cos Q

d)' - ¢v|
(13)
\yl - ‘{‘"

Of more interest is the inverse

(14)
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We are using the notation of Brekhovskikh® and Spiclvogel. We take
k? = 0% + o? (15)
K2 = o? + g2 (16)
and use
2 - 12¢
BEKY = k2 (2u+ A) (17)
from Equations 5 and 6.
Combincd LEquations 11 and 13 we have
Vxl vxz vx?
-1
v v
z1 - A R« 22 - a 27
z
2] 22 zZ2
1, 1 2
2u x1 2p Tz 24 %2
we et sin 0 = o/k and sin v = o/k so the components of a are
aj) = 2 sin’y cos P + cos 2y cos Q (19)
ajp = i(tand cos 2y sin P - sin 2y sin Q) (20)
sin0
a3 = ~— (cos Q - cos P) (21)
pec
ayy = ~2ib(tanf siny sin P + sin Q cosy ) (22)
bcos8 sin 2y sin P . ,
ay; = i = ST s = s & ] ) 2
a,) i [ C cosy tany cos 2y sin O] (23)
ayy = cos 2y cos P + 2 sin7y cos Q (24)
ayq = ;i (cos? sin P + tany sin0 sin Q) (29)
asy = 2b siny (cos Q - cos P) (?26)
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a3)] = 2pb siny cos 2y (cas Q - cos P) 27)
. cos’2y . . 2 .

az; = —ip (c —~=—-=% gin P + 4b cosy sin‘“y sin Q) (28)

cosf 1

a3z = cos 2y cos P + 2 sin’y cos Q (29)

agy = Zipb2 (cos 2y tand® sin P - sin 2y sin Q) (30)
e i {2 cost sin?y sin p 4 S0872Y_sin Q

ay} = 1.(C cosf sin“y sin P + 7b cosy (31)

ayy = §399;59§—3l (cos Q - cos P) (32)
_ i (sin 20 sin P _ cos 2y tany sin Q

“‘*3‘zp( c? b7 (33)

ayy = 2 sin?y cos P + cos 2y cos Q (34)

The last component of Equation 18 is
Lo - ayy v ‘tayo v, toayyz . +ayy z /2 (35)
2n “x X2 ) ¥ Ty %0 ’

This equation describes what happens at the glass fluid interface. MHowever,
since there can be no transverse stress in the fluid we must also have no

transverse stress in the glass at the boundary: Za ZX? = 0. Therefore

Equation 35 reduces to

ay sz + ay Vv + ay g3 22 =0 ('{())

z2 i

Incorporating Fquation 36 into Equation 18 we obtain

_ aj)) ann ajy) ays -
v =layy ~ =t + fayy — - 4 37
X1 12 ahl VZ? 3 any 27 a7
Vo My M, V.o
; 1 z 18
z, My M, Z,, (38)
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\ where

| My = ayp - az1 ayp/ay) (39
My = ap3 - apy ay3/ay) (40)
M3 = a3p - a3y ayo/ay) (41)
M, = az3 - a3] aya/lay (42)

In a fluid b = 0 and vy = 0 so to relate v, and z, between interfaces 2 and 3

wve have analogous to Equation 38:

v azy'  azy'
2 - z3
= (43)
z azgp'  aszs’ z
z2 : z3
where
ay>' = cos Pl (44)
a?:" = —1 S_l_n__I.).L_C. COS_OLC_ (45)
) e CLe
-1 C sin Py¢
a,,' = iPic (e Pre €46)
cos0j,¢
{133' = oS PLC 47

where the LC subscript refers to the value of these parameters in the liquid
crystal region.

We have for the second glass region:

v M M, v,
23 i Zh (48)
Zz} MR M:, ZZ'.

8




where the Mi 's are given in Equations 39-42,

Equations 38, 43, and 48 combine to give

v, ¢ G v
21 - Zh (49)
z) Cy Cy qu
where
C; C, M; M, apy! a?_3' My M,
= (50)
Cy Cy M3 My / \a3x' a3z’ M3 M,

Equation 49 relates the z component of stress and velocity of interface 1,
the first interface the incident wave encounters, to interface 4, the final
interface of the cell. We may now match the incident wave with interface 1
and the transmitted wave with interface 4 and thereby find the acoustic
transmission of the cell. We will change the origin of the coordinate system

in Figure 1 so it lies in interface 4 and take the complete cell thickness

from 1 to 4 to be H. Then for the initial wave we have

o = [¢; Ciaa(z—ﬂ) + ¢g e—iaa(z—n)] e—i(oax—wt) (51)

¥ =0 (52)

where ¢" is the amplitude of the incident wave and ¢' the amplitude of the

reflected wave. The wave is travelins in the negative z direction.

Similarly for fluid b

~-iapz  i(oax-wt
e l)L e ( < 0 )

(5%

for the wave transmitted throupgh the c¢ell. Using Equations 3,4, and 7-10

e i(ox-wt ;
and omitting the common factor of e ( ") we have i

q
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= 1 ’ + . Y/
Vxa 103 (¢a ¢)a (54)
= . 1 - " (A 4
vza a (¢a ¢a (55)
Zxa = 0 (56)
= 3 ' 1" ©
z,. iwp (¢a + ¢a (57)
= 1 Tt T,
vxb 10b ¢b (58)
R (BB
Vop T g 6y (59)
= 1 LR
Z.b wp, ¢b (60)
From Fquation 49 we have
- v o4 » \ (XN
@, (¢a ¢a C, Cy ap ¢b
= L (61)
u\p:l (qmz‘l + ¢:{) C3 Cx, wpy, ¢b‘ '
We define the transmission coefficicnt as
= v g U] 5
D ph ¢‘b /pa ¢a (62)
and the reflection coefficient as
- ] 1"
vV o= ¢a/¢a (63)

Egquation 61 provides the means by which these coefficients may be evaluated,
To calculate the transmitted acoustic intensity we must cevaluate |D|. Care
must be take in doing so, however.  The longitudinal speed in the glass is
over three times the speed in the water. Usce of Snell's law shows the
critical angle for the two types of glass we use occurs at 1% deprecs and

15.5 degrees, Similarly, the shear wave speed in the plass is over twice the

10




longitudinal speed in the water. For the two types of glass
critical angle for this type of wave is exceceded at 25.5 and
Therefore, we find three regions for the angle of incidence.
equation for the transmission must be found for ecach region:

where no critical angle is excceded, where only the critical

longitudinal wave is exceeded and where both critical angles
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we use the
27 degrees.
A separate
the region

angle for the

are exceeded.

For example, in the second region taking 0 to be the angle for the compression

wave in the glass and Ga in the water we have from Snell's law

sinf = € sinBy so if

Ca then

atdsd BN |

cos P -+ cosh |P|

(64)

(65)

(66)

Similarly, if both critical angles are exceeded we must make changes in cos vy,

sin Q, and cos Q.

Therfore, certain terms which are real in the matrices for one region

will be imaginary in another.

2.2 ?
bw pb/ab

N
i

although the form for I(ﬂ will change for each region.

I|” -

RESL

Fquation 67 will be the basis of comparison for the measurcments we will
make for the amount of ultrasound transmitted through the liquid crystal cell,

It should be noted that Fquation 67 does not include any damping due to cither

11

Nevertheless we do find for all regions:

y. ‘2
le, ] + _‘"f'fl_l_CJ_l]“ + [|(;3| + 9 parb|Cy ]
! tgn > O oy T

(67)
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viscosity or surface waves in the cell. Furthermore, We have omitted the
small anisotropy for the speed of sound which occurs in liquid crystals.
The latter simplification appears to be less severe than the former ones.

12
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III. EXPERIMENT

A. Single Layer Verification

To test Fquation 67 experimentally, we start with the simple case of a
single sheet of glass rather than the liquid crystal cell mentioned above.
For this case the lCil reduce to the fMiI of Equations 39-42.

Two Panametrics Model V302 transducers are used for the transmitter
and hydrophone. The transmitter is driven by a Hewlett-Packard Model 3312A
function generator in the amplitude modulation mode externally modulated by
a Hewlett-Packard Model 3310A pulse generator. Pulses were typically 25y sec
in width containing approximately 20 cycles per pulse. The frequency is
measured using a Hewlett-Packard Model 5326A timer/counter. The glass sheet
is placed in the center of a water tank 30cm x 40 cm x 60 em. The acoustic
transmitter is located 8 cm from the glass sheet with the hydrophone approxi-
mately the same distance on the other side. The glass is suspended by an
angular positioning device allowing orientation to the nearest degree to be
specified. Initial alignment is facilitated by a laser. The signal from
the hydrophone is amplified and sent to both a PAR Model 160 boxcar inteprator
and Tektronix 564 oscilloscope. For the data on the graphs presented in this
section the values are read from the oscilloscope.

The glass sheets are 15 em x 15 cm x 0.16 em and 15 em x 15 em x 0.0146 cm,
respectively. The diameter of both the transmitter and hydrophone are 2.5 cm.
By noting the time of the various pulsecs displayed on the oscilloscope the
reflection source may be identificed. As the orientation of the glass changes
the times between the reflection pulses and main pulse chanpes. The larpest
reflected pulse amounts to 107 of the main pulse.

The following constants are used for the thicker glass, longitudinal and

shear speeds:  5.61 x 10° cm/sec and 3.32 x ]()5 em/acc, respectively, with a

13
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density of 2.54 gm/cm3. For the thin glass these values are 5.81 x 105 cm/sec,
3.48 x 105 em/sec and 2.51 gm/cm3, respectively. The thicker glass is float
glass obtained from PPG Industries. The manufacturer supplied the values of

! lb/inz, and the Poisson ratio, 0.23, from which

Young's modulus, 1.0 x 10
the above acoustic speeds are obtained. The thin glass is obtained from
Corning Glass Co. which supplied the shear modulus, 4.4 x 106 psi, and
Poisson ratio, 0.22, from which the acoustic speeds for the thin glass are
calculated.

Figure 2 is a graph of the ratio of the hydrophone voltage with the
glass present to that without, The abscissa is the angle between the normal
to the glass plate and that of the acoustic beam. The crosses are the ex-
perimental values obtained approximately every degree. The solid line is
the theoretical result from Equation 67 for ]DI u: ing the above constants.

It should be noted that there are no adjustable parameters used in this
graph since each constant of Equation 67 is known. There are two peaks of
1007 transmission in the thecoretical plot at 16.5 degrees and at 35.4 deprees,
as well as a dip to zero transmission at 15.9 degrees. Experimentally the
crosses in the graph show the upper peak, though shifted to 34.5 degrecs and
reduced from 1007 to 707 transmission. The lower peak and dip are missing,
however. These discrepancies are due in part to the finite acceptance angle
of the hydrophone. Figure 3 is identical to Figure 2 except each point on
the theoretical plot is averaged over the values for 3 degrees on cach side.
The averuaging brings the upper peak down to a maximum of 82.97% and places it
at 35.2 degrecs as well as greatly reducing the lower peak and almost elimi-~
nating the dip. This averaging will be performed in the subscquent graphs.

Figure 4 shows the comparison of theory and experiment for a sinpgle

shect of the thin glass. The theory appears to uniformly predict two to threc

14
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percent higher transmission than what is realized experimentally, in agree-
ment with Figure 3. Considering we have omitted any dissipation of the sound
wave we would expect such a result. A frequency of 0.858 MHz is used for
Figures 2 and 3 and 0.857 MHz for Figure 4. For the thicker glass the re-
sulting wavelengths for the longitudinal and shear waves are, respectively,
0.65 cm and 0.39 cm. The ratio of wavelength to glass thickness is 0.25 and
and 0.41, respectively. For the thinner glass the longitudinal and shear
wavelengths are 0.021 and 0.036, respectively. It is this smaller ratio for
the thin glass which makes it suited for the nematic cell exhibiting the
acousto~optic effect. We shall see the uniform higher sound transmission
allows for a greater light transmission in the acousto-optic effect with

less angular sensitivity.

B. Liquid Crystal Cell Investigation

The nematic liquid crystal is 4 - cyano - 4' - n hexyl biphenyl commonly
known as K18. The transition temperature for the crystal to nematic phase
transition occurs at 14.5° C and the nematic to isotropic transition at 20.4°%c.
It is obtained from Atomergic Chemetals Corp. and used without further puri-
fication.

Each cell is constructed by coating two glass sheets with lecithin to
promote homeotropic alignment of the liquid crystal. The coated sides are
placed next to one another with 80 pm spacers at the edges. The liquid
crystal is then introduced at the glass edges between the spacers and pulled
into the cell by capillary action.

After the cell has been filled with the nematic the edges are coated
with wax. Epoxy is then applied at all edges. The wax is used to prevent
the nematic from reacting chemically with the epoxy. For cells made with

the thin glass the cell is mounted in a plexiglass frame for added support.

15




The acoustic wave for these cells is generated by the method described
above or with a Medi Sonar Model 1100 ultrasonic generator. The latter
i operates at 1 MHz and is used when greater power is required. Intensities
of 1.1 Watts/cm2 may be obtained with this unit,
For measurement of the light transmitted by the acousto-optic effect a
150 Watt lamp is used. Light passes through the liquid crystal cell, a

second polarizer with an axis oriented at 90 degrecs to the first, and to a

photomultiplier. The signal from the photomultiplier is amplified and sent
to a digital voltmeter.
Figure 5 shows the ratio of voltage to the hydrophone, with and without

the liquid crystal cell, as a function of angle. For Figure 5 the cell is

constructed of the thicker glass and an acoustic frequency of 1 MHz is used.
The crosses are the experimental ratios and the solid line is the theoretical
value of IDI from Equation 67. The details of the program used for the evalua-
tion of Equation 67 is found in Appendix A. The solid points on the graph

are for the light intensity in arbitrary units transmitted via the acousto-
optic effect.

It would appear the acousto-optic effect is operative when the cell con-
figuration allows maximum transmission of sound. This result appears to
explain the results of Letcher, Lebrun and Candau2 who reported a strong
optical signal for only a narrow range of incident angles, 27 to 30 degrees,
This result is also in agrecment with Nagai, Peters and Candau3 who found
a corrclation with experimental acoustic and optical transmission. Equation
67 also explains their results for acoustic transmission versus film thick~
ness, their Figure 7. Also, the broadening of the transmission for thin
glass as reported by Lebrun, Candau and Lctcher2 is explained. This result

r
. . . J
is in disagreement to that of Perbet, Hareng and LeBerre” who report an
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optical signal for large acoustic reflection. We find no optical signal
for large acoustic reflection.

If we conclude that Equation 67 may be used to predict maximum acoustic
transmission and therefore maximum transmitted light from the acousto-optic
effect it would appear the equation could be used to prescribe how a given
cell should be made for a particular acoustic frequency. Or if the cell
size is determined by other considerations, FEquatict 67 could be used to pre-
scribe the acoustic frequency which should be used. For instance, for the
thicker glass cell used in Figure 5, assuming an incident angle of zero,
Equation 67 is used to determine the acoustic transmission. See Figure 6.

The results indicate that an acoustic frequency of around 500 kHz would give
the best results.

For Figure 7 the cell was constructed of the thinner glass shects. Again
we see as the acoustic transmission increases more light is transmitted. 1In
comparing Figure 7 with Figure 4 and Figure 5 with Figure 3 we see the dif-
ference in the theoretical sound transmission and experimental sound trans-
mission increases as one changes from a single glass shect to a liquid crystal
cell. The increase is reasonable since the means of dissipation has increased.
The flows induced in the liquid crystal which give rise to the acousto-optic
effect are in fact an added means of dissipation of the acoustic energy.

Another means of dissipation is the surface wave gencrated. Figure 8
shows a series of photographs for the cell viewed between crossed polarizers.
The photographs labeled A to T have the incident acoustic beam at angles 00,
4, 12.50, 150, -17° (from the right rather than the left), and 33°.  The dark
circle with the knob on the left din the photographs is the acoustic trans-
mitter. The small tilted rectangle in each picture is a spacer. In cach

picturc vertical lines arce shown. In the absence of acoustic waves these

17
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lines disappear. The light transmitted in each line is the result of
acoustic strecaming in the liquid crystal (i.e. the acousto-optic effect),
As the angle of incidence incrcases the distance between the lines decreases.
Figure 9 is a graph of the line spacing as a function of angle. If we imagine
a plane wave of incident anglec, 6, coming to the cell surface the component, .

d, of the wavelength along the surface is given by
d= — (68)

We would expect a surface wave to be generated and the distance between the
lines to be proportional to d. Since for normal incidence Equation (68)

shows d to become infinite we generalize the cquation to
line space = afsin (@ + b) (69)

where a and b are constants. The constant b should result from the diver~
gence of the incident acoustic beam. The continuous curve in Figure 9 is
for Equation 69 with a = 1.25 mm and b = 14.38 degrees. Lines similar to
these have been reported by Perbet, Hareng, and LeBerre.5 The angular
dependence we observe lends support to their claim that the lines result
from surface waves.

From Equations 38, 43, 48, 59, and 60 we find the ratio of Voo tov,__,

zZ3

My + Pb Cb My

v 3 cos0p

o T Mt M
3 fy “p M2
Mo+ wﬁEGEBTM

)
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Since this ratio is complex it contains information concerning the phasce.
The two surfaces, labeled 2 and 3, are the liquid crystal boundarics. If
this phase is 180 degrees we have a peristaltic wave traveling along the
liquid crystal layer. If the phase is zero degrees we have an ordinary
flexural wave. 1In Figures 10 and 11 the phase calculated from Equation 70
is plotted as a function of incident acoustic angle for the thick glass and
the thin glass cells respectively. Referring to Figure 5 we sce there is
a significant amount of light from the acousto-optic effect for incident
angles in the range of 29 to 33 degrees. From Figure 1C we sce the boundaries
are out of phasc (50 to 140 degrees) in this region giving rise mainly to a
peristaltic wave. From Figure 7 we find for the thin glass cell the light
intensity increases with angle and from Figure 11 the phase difference
becomes smaller with angle to a phasc of around 20 degrces at an incident
angle of 40 degrees generating mainly a flexural wave. 1t would appear
therefore the dimportant feature giving rise to the acousto-optic effect is
the amplitude of vibration for the liquid crystal boundaries as indicated
above rather than the relative phase.

It is of intevest thercfore to sec how the angular transmission changes
as a function of the acoustic frequency for the cells. Appendix B is a
series of graphs which show the theoretical value of lDI from Equation 67
as a function of angle for the thick glass cell. For low frequencies,
100 kHz, for which the ratio of acoustic wavelength to thickness of a single
glass plate is about 0.03 the curve is fairly flat with a transmission
greater than 507 for all anpgles less than 60 deprees.  As the frequency is
increased to 300 kliz the lower angle transmission  decrcases and a peak
appecarks at higher angles.  The peak becomes narrower at 400 kHz and appears

at a lower angle., By 500 klz a peak has appeared at lower anples, as well,
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and is seen to increase in location at 600 kHz., These peaks continue to
approach one another and are nearly superimposed at one Miz.

In Appendix C a series for a thin glass cell is presented. For the
first graph the frequency is 1.0 MHz which still gives an acoustic wavelength
to glass thickness of about 0.03 since the glass is so thin. Again we see
a rather flat curve with the transmission above 607 for all angles. At 2 Miz
a pecak appears and at 3 MHz a second onc, At 4 Mllz the two peaks have narrowed
and merged. The narrowing continues to 8 MHz.

In Figure 12 the theoretical plot of amplitude ratio versus the thick-
ness of the nematic layer is plotted for an acoustic frequency of 1 MHz and
zero acoustic incident angle. It would appear from the sound transmission
the best thickness for a cell made of the thin glass would occur at 2060 micro-
meters. For higher frequencies the peak occurs at lower thicknesses and is
narrower. At 1.9 MHz the peak occurs at 70 micrometers.

In Figure 13 the theoretical amplitude is given as a function of
acoustic frequency, for a cell of the thin glass with zere acoustic incident
angle. The decrease in ratio above 3 MHz continues up through 8 MHz, as
seen in Appendix C. It would appear the best frequency occurs at 1.9 Miz.
Therefore, we conclude the best cell for the thin glags and for zero incident
acoustic angle would occur for a frequency of 1.9 Mz and find the optimum

nematic thickness to be 70 micrometers.

20
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IV. CONCLUSIONS

We have developed an equation to allow evaluation of the acoustic
transmission through a liquid crystal cell as a function of incident acoustic
angle, frequency and thickness, density and acoustic specds of the materials
in the cell. Although a number of simplifying assumptions arec made in the
derivation, such as omitting viscous dissipation, we find good agreement
between the theoretical prediction and the experimental realization for
acoustic transmission. We also find a positive correlation between the
maximum acoustic transmission and the maximum sensitivity for the acousto-
optic effect. Therefore, the transmission equation may be used to prescribe
cell structure and acoustic frequency for the utilization of the acousto-
optic effect. Appendices B and C contain examples of how onc may use the
equation in this way. The maximum acoustic transmission of the cell occurs
at those angles where the component of the incident wavelength along the
glass surface matches the wavelength of a flexural or peristaltic wave along
the glass at the imposed acoustic frequency. Therefore, the maximum acoustic
transmission occurs when the liquid crystal boundaries have their largest
amplitudes of oscillation. The result is important for the resolution of a
visuallized acoustic wavefront pattern. To increase the resolution we must
not only dampen the lateral flow of the liquid crystal but we must dampen the
lateral flexural or peristaltic wave induced in the glass walls., There are
several means of inducing such damping. We are presently attempting to in-

crease the cell resolution by increasing the lateral damping.
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APPEND1X A

Appendix A contains a program in Basic to give the acoustic trans-
mission through a liquid crystal cell as a function of incident acoustic

angle.
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10 V1=0

20 REM DENSITY R1(H20), R{GL.ASE) » R3(L..Cudy RACAIR OR H20)
30 REM SFEEXD C1(H20), C(GLASSE)» RGLASS)y C3(L.CL)y  CACAIR O
40 REM DISTANCE IDldL.C.)» N2(GLASS)

90 REM ANGLE  V1CdH20) = THE INIVIAL ANGLIE
160 F3=:1

170 RA=1

180 Ri=1

120 C4:=150000

200 F=200000

210 R=2,5

220 C1=150000

230 C=560845

240 hE=332216

250 C3=130000

260 Lil1=,008

270 D2=,0146

300 IF CASIM(VII/CL>1 THEN 400

310 6GOTO 1000

400 T IAGSINC(VL)Y ZC1=1 THEN 5000

410 GOTO 3000

1000 SE=CXSINVI)Y/CI

JO10 S9=EXGTIN(VLY/CH

1020 C8=S0RT(I-1%5872)

1030 CO9=8QKRT(1-1%5972)

1040 C7=2%C972--1

1060 F=2%3.14159%Fxn2%C8/C

1070 Q=2%3, 145594 FRD2XCY/B

1080 S6=SINCI*)

1090 Co6HE=COS(F)

1100 SU=6INQ)

13110 CH=CNS Q)

1120 J1=2%RBXCO*86KGY/0-59xC7%X65/09

1130 J2=C7XCHE2REPT2XCS

1140 JR=—-68%B9%E85/ (CXRXCP)-CHXES/ (CXR)
1150 K1=—-24RXRASOXC7HCHF2XRERXEQMCHCS
1160 K2=-4KBHIGKEGT2RCIREEG~CRRXCT72X56/08
1170 KEA=C7XCHE2RE972H0S

1189 Li=-1%U772Kk005/7 (24R¥CP) ~2%89 7 2XCHXE46/C
1120 1.2=:--68RC7HCOH/CHSOXCTRTCH/C

2000 L3=-GRRC7%00/ (2 RT2RRACYIFGAEREEXCH/ (CT 2410




2010
2020
2030
2040
2050
2060
2070
2080
20970
2100
2110
2120
2130
2140
2150
2160
2170
2180
2189
2190
2200
2210
2220
3000
3010
3020
30350
3040
3050
3060
3070
3080
3034
3085
3090
3100
3110
3120
3130
3140
3150

3140
3170
31400
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M1=02-01%L.2/1.1
M2= PR -J1IXIL3 /711
MI=K2+K1%L2/7L1
Ma=RN3-KI1¥L.3/L1
T8=C3IXGIN(VIYI/CL
UE=8QRT(1--T8™2)
123, 141 89%F DI xus/C3
A1=CO5 K1)
A2=-GIN LU/ (RAXC3)
AZ=-RIXKCIXSIN(FLY /UB
N4=0]
El=—MUdM2XAZ-MIkMIRA2 - MM 3RAA R LML kAL
EX2=MIXM2XO1THM LM AKAZ M2 AMAKAS - 2R M 2K A Y
EZ3=MIEMIKXAL ML EMAEAI-FMEUG4 A4~ MM IXA 2
EA=-M2X 3N ~M2EMARAZ-MEkHMAXA2 M ARMARNAA
Z1=R1IXCL/7COS¢CV1L)
ZA=RAKCA/SURT (L -1 ¥ (CAXGTMVIY Z7C1L)Y 7 2)
T2::4XZ A7/ ((ZAXKEALZLXEL)Y 2 (ESHZ1XZAKER2) ™2
T2:=0QRT(T2)
FRINT INTI0OXVEXIB0/3.14) /105 T2y TABCLSIEONT2) "
V1i=V1+3.14109/180
IV V1-70%3%,14/7180 THEN 8009
GOTO S006
S58=OXETINCVIY /T

GIN(VIY Z7CH
=HART(S872-1)
MART CL--1%E972)
C7=2%C9"2-1
P"”*X 14159 kD2%C8/0
Q=243 1A1BPHUFRD2XCP/R
Géh= (LXI(F) EXEC-) Y /2
Ch=CEXFEY LEXF(C~-FY) ) /2
S5=SINCQ)
C5=C05{Q)
J1=-BUOCBXGHK2AEGQ/C-SPHC7REH/0CY
J207%CHF @TRAXCH
JE=-GHBREPKED/ (CARRCY TGS/ (CXIR)
K1z 28 DRRAGOIRCTZHCHF2XKBHIKGPRCT/NCH
K2z QRIS 72X 0PG5 CRINkC 72856708
K3=C7XRCHF210972K0
L1w~1*C7”2$05/(2*B*09)*?LSV"k(ﬂmqb/t
Do RO/ RCH/CYSBHC 7R CH /0
[ ?%L/ GOZCART20RA0CP) - SHKOHRCE, CET2XID
GOro 2010

~!




5000
5010
9020
030
5040
9050
G060
H070
5080
H0%0
5100
110
G120
5130
$140
5150
5160
5170
180
H190
G200
8000

S8=CX8IN(VLY/CI
SP=RIEIN(VL) /C1
C8=5QRT (H872-1)
C2=8QRT(S9272-1)
C7=--2%C9"2-1
P=2%3. 141592%F¥N2%C8/C
Q=2%3 . 141G XL2%XCP /R
8H=CEXF () ~EXP (=F) ) /2

= (EXP P HEXF(-F)Y) /2
=(EXP QY -EXF(-Q)) /2
EXPCQIHEXF(-Q) ) /2
= RRCBRSHR2UEP/C--82XC7%EH /0T
S7RCHFRXEPTRHCE
QBnJV*uu/([*F*fV)‘(‘2“6/(Lﬂh)
-RQEBARUSPHCT7RTCOHL "A<1va§\‘)9>}<l‘,/>!- Co
KBxhﬂh9"2*L9*£ ~ORRXC/722856/708
Z7*C6}”¥‘9“?$CL

L1s—-1XC772%E5/ (C2RRRCPI 20597 2HCHREEH/0

-HO%C7 Eé/(%"ﬂ???*?i/ﬁ

4 *‘9*&//ﬁfﬁ/(““ TRARLY ) -SHLERRCH /(O
GOTO 2010

ENT

)\“)




146

APPENDIX B

Appendix B contains the computer print-out for the acoustic trans-
mission as a function of angle for a liquid crystal cell using glass 1.6
mm thick and a liquid crystal layer 0.08 mm thick. The frequencies used

vary from 100 kHz to 1 MHz.
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RUN
FREQUENCY = 100000
ANGLE SRLRODT T2

0 53031519 X

2 ,53049074 %

4 531017464 %

6 5318928 %

8 53310191 %

10 534589461 X

12 .53614786 %

14 534671979 %

16 +S0364879 %

18 55621914 x

20 5574456564 X

22 595194362 ¥

24 .567808% *

24 57475542 %

28 LSBR27IS06 %

30 59174335 *

32 L60187154 b

34 61309944 %

36 LORHABR3Y7 X

38 63904676 %

40 65380648 %

42 466976124 X

44 ,468680188 %

46 70511943 *

48 7243843 x

50 /744586355 %
52 7654945 X
54 78469849 %
56 80879103 X
58 830465597 %




FREQUENCY =

ANGLE
0 34651734
2 34652966
4 3486546605
6 34661781
8 34664528
10 34650293
12 ,34585976
14 ,341486675
16 26142594
18 3775428
20 37185871
22 ,37389204
24 .37855748
26 38512721
28 .39352561
30 40397373
32 ,41638378
34 43135173
36 449209945
I8 47001909
40 49453893
42 52311694
44 55619384
46 59413948
48 .63713051
o0 68497454
U2 .73688352
94 772120591
06 JB4526676
98 .89552709

SR.ROOT T2

el 3

% X K x




FREQUENCY ==
ANGLE SQ.RO

0
2

-~

4
6
8

16
ig
20
29

oy

208

46
48
50
52
54
56
s6

s 323465379
v A2349076
32298899
322092405
320646008
£ 31828903
31372772
30122937
15743477
37393455
35301396
349409
35052289
35454088
36123751
70708413
38415687
40184839
PH2A746
HH05H482
AP9H648752
H49L92308
61903527
70804023
G1H24999
PANAZZLHT7Y
QIAP2697
Q8251659
Q0117879
797299463

* *

* & 9 & 6 6 * T 6 & 4 ¥ e 4 s+ & & * e 2 s 0

-

300000
or 12

% 2% 3 ¥ %

b




FREQUENCY =
ANGLE

0
l)

F 4

4
b

8

10
12
14
16
18
20
22
24
26
28
30
32
34
34
39
40
42
44
46
48
S50

E’)

vl

S54
56
58

400000
SQLROOT T2
s A4575546
« 44550411
+ 4446042
s AQR2TBBT774
«A3BEHAL22
+ 43071008
.41496347
o;. /\16/03/
?.9410913E-02 X
«DH7428437
.49033762
45781837
o4409 094
WAL 399
.420[9840
+ A1 8%

46({|941
12948621
oqu))/o 302
« 7088387
287912815
WP99794624
87226826
e HAQRTHIRT
A7693099
37026756
e 30125195 X
« 25502311 *

E S S

X

X

%

\/
b8



FREQUENCY = 500000
ANGLLE SQ.ROOT T2

«P97571%5
99701681
« 2935330841
e 992855622
«22154948
99454154
P PV9R9471
+ 24080152
62643351 E-02 X
«84LLEAD241
« 29819855
e 95546492
+838643918
+ 71178303
+A61440708
2 S49868327
vy 319350358
+531080318
54167191
2 O2599904
80105178
99890647
S957952
.4Ju70490
PRPH223
+ 21062089
+16007319
s 12793022
+10637034
0213782

X

A %k X % e




FREQUENEY = 600000
AMNGLE SR.ROOT T2

0 303500073 X
2 30179229 *
4 29324018 X
6 28215715 ¥
8 2718099 *
10 26538554 X
12 ,2484626798 X
14 ,28324073 ¥
16 3,8622229F-02%

18 30400501 *
20 35175208 %

22 461571146
24 ,4639044649
256 90453744
28 97731108
30 78256852
32 6412208
34 59504245
36 64279457
38 083487577
40 L 95840298
42 ,50310603

44 264612826 ¥
446 16407187 X
A48 .11207212 *

SO B.21005742E-02 X%
92 6 ABGOOPUE-02 X
G54 5.0914509R-025%
96 A4 2331909E-02%
98 Z.6242261FE--02%

152

%




FREQUENCY = 700000
ANGLE SQL.ROO0T T2

0

2

A

6

8

10
12
14
16
18
20
22
24
26
30
32
34
36
38
40
42
44
44
48
1)
52
54
54,
58

+ 14614023 W

+ 143928759 x

13834244 X

+ 1310977 ¥

12417377 X
11882437 X
115325246 %
1114234 X
3, 608021 E-02%
172956716 *
o 18446935 X

cyeyrpiE g ryi
e 2R2275H2G X

P 292682343 X
4481302

s 7700595656

+9871477)

+ 76243345

cO7334193

o 79491950

» QHP02435

41070682 b
12100635 X
«108NG3/Y b

6 RN4NLPPLE 02 X

048192727 X

B eDREATPBE-02%

WO271L3297 ¥
2.1096884HE-02%
1e7743445E-02%

01499378 X

S e TRVREEN

Fom——

X

»




FREQUENCY =
ANGLE

0

2 9.2695369E-02
4 B.7360146E-02
6 B.100LSB16E-0R
8 7,5310103E-02

10

| 12
14

. 16
18

20

37

A s
24
< £,

auid

28
30
32
34
36
38
40
42
44
46
48

[ 54
J

a2

54
Sé

58

7410251145

-02

6.+ 7543982F--02
60 1327740E-02 %

S 2167358E

» 12910011
+127140%7
214876961
+ 19321633
¢ 20435823
30303717
905037299
84255748
o 702711364
+ 992470917
+A4T7118)
16220712
084928257

A P74LPGRID

~0 4%

=Q2%K

Fe20DEDEDE Q2K
2203998 1E-02%
LoOGOGPR2120-02%

L2087 EE
90 41329 7YE
L00758951

e DY3PV 2L

=0k
=Q3B%

*

~03%

800000
SQ.ROOT T2
09482426

K 3K %

X
X
X

X

X




RUN

FREQUENCY =

ANGLE

DO HNO

12
14
14
18
20
22
24
26
29
30
3
34
36
30
A0
42
A4
46
48

[t
J

92
54
NT)
oh

062
«0354
+ 044
039
+037
035
034
s 027
012
119
097
+ 107
«133
188
e 331
+ 7905
895
992
o 312
02724
.04
021
012
1007
004
2003
+002
001
001
001

SQ.ROOT T2

x
X

%

1000000

b3

X

15

b4
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APPENDIX C 1

Appendix C contains the computer print-out for the acoustic trans-
mission as a function of angle for a liquid crystal cell using glass 0.146 mm
thick and a liquid crystal layer 0.08 mm thick. The frequencies used vary

from 1 MHz to 8 MHz.
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RUN

FREQUENCY = 1000000
ANGLE

24
25
28
30
32
34
34
38
40
42
A4
A6
Ag
50
52
54
56

N3]

697
697
697
1697
697
697
697
+ 694
724
705
+ 700
+ 706
+708
711
+714
718
722
728
734
+ 742
o 73
e 759
77
+ 781
o793
+ 807
« 821
835
851
+B6H

SQL.RO0OT T2

L S S

% % ¥ X K WX
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FREQUENLCY =

ANGLE

0 .8u45
2 .8064
4 .86

b6 867
8 .877
10 .889
12 .9054
14 .928
16 9203
18 953
20 9274
22,99
24 .999
26 9299
28 .908
30 9248
32 942
34 912
36 L082
38 .856
40 834
42 .818
44 ,.809
46 .808
48 .813
50 .825
52 .844
U4 847
56 893
58 .92

2000000
SQ.ROOT T2




FREQUENCY = 3000000

ANGLE
0 148
2 199
4 159
6 16
8 161
10 163
12,165
14 01()7
16 208
18 .194
20 .204
22,22
24 .243
26 274
28 317
30 378
X2 L A482
34 .08
36 732
I8 .89
40 4986
A2 995
44 764
45 .24
48 .94
50 962
52 .99
54 . 9908
H6 W96
58 881

sQ.ROOT T2

% ¥ K%

b3

159
4
X
X
X
X
X%
X
X
X
X
bt
X
X




FREQUENELY =

ANGL.E
0 086
2 065
4 046
6 +066
g 046
10 065
2 066
14 .064
16 101
12 .08
20 083
22,089
24 099
28 133
30 164
32,21
34 286
36 415
38 629
40 .89
42 998
44 9913
45 999
A8 2959
S0 764
52 .54
S4 488
D6 W 296
S8 2588

SQAROODT

T2

4000000

¥

160

¥ ¥ 3%




oo

12
14
16
18

e
s

22
24
26
' 28
30
32
34
36
38

42
44
AL
A8
Ho
52
1 04
56

o8

FREQUENCY = 5000000
ANGLE sSR.ROOT T2

+041
«041

+ 04

.04

04
039
038
036
077 X

.00 X

001 X
*

Pt il B

VOO 4

» 0461 X

2072 p3
087 X
L1111

152

e 227

el

* 694

279

929

2249

e 567

301

191

131

L0998 %
O7Y X
. 0({){) X‘

X % W
W % FK K K

b




FREQUENCY = 6000000

ANGLE

0 .033
2 +033
4 ,032
6 031
8 031
10 .03
iz ,029
14 .0246
16 .08
ﬂ + 04
20 .04
22 ,0449
24 00‘;‘?
26 058
28 L0073
30 028
32 ,144
34 L2449
36 501
38 944
40 ,999
42 752
44 ,316
446 L1594
49 .09
50 .06
52 043
54 ,033
96 027
S8 L0233

SRLRO0T T2

*
%
*
X
*
X
*
*
*
X
b4
X
X
X
x
¥
X
*
X
X
X
X
X
X
%
X
X

X
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FREQUENCY = 7000000
ANGLE

0
2

o

4
b

8

10
12
14
16
18
20
22
24
26
28
30
34
346
36
40
42
44
44
48
50

=
o2

54
56
58

+033
« 033
032
+ 031
+ 03
w029
027
+023
)
041
3 04
1043
048
058
074
+ 104
186
$ 327
JB12
s 974
e AED

Lar LI P
IRtasv]

+108
NOMTY
s 036
+ 024
«018
013
O
LOO9

SA.RO0T T2

¢ XA K KX

X

X

X

b
X
X

2% X X
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FREQUENDY = 8000000
ANGLE SQLROOT T2
0o (424 P *x

; 2 045
1 4 . (" "\l “’:‘
: 6 042 |
8 0% P ‘
10,015 ' ‘
12 054
14 025
16 2/7 %
12,005 %
20,041 g
22,053 ¥
24,05y X
2 C’) ¢ (-' \.,) ‘;' )2‘
28 00y ¥
30 120 %

X 3 %

3 X M X

30,00 2 :
44,009 % :
KT T % '
A I AP »

,) 3] . :l- "; G *

42 w0 %
44 L0 X

N A M W
G L0/ b

U L0112
G2 L 004
914 L0048
UhH 00
L8 004

N
RS
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Figure 1 gives the coordinate system for the liquid crystal cell. The origin
is at the first glass-liquid crystal interface for the initial matrix cal-
culation and is moved for the final matrix caleculation to the lower glass-

fluid B interface.
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Figure 2 is a graph of the ratio of veltages from the hydrophone with and
without a single sheet of 1.6 mm thick glass as a function of augle.
Therefore, this graph shows the acoustic transmission of the plass as a
function of angle., The crosses are experimental points, The solid line

is from Equation 67 for IDI. Since each factor in the cquation is measured
there are no adjustable parameters used to induce the fit. Therefore, the
graph represents a scevere testing of the theory. Yor this graph the thicker
glass cell is used and a frequency of 0.858 MHz, No correction is made for

the finite acceptance angle of the hydrophone.
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Figure 3 is identical to Figure 2 only correction ismade [or the finite

accepiance angle of the hvdrophone,
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Figure 4 is a graph of the ratio of voltages from the hydrophone with and
without a single sheet of 0,146 mm thick glass as a function of angle,

The frequency is 0.857 MHz.




172

L SZ5E5=230 N2 2TENG

Zh ay jaar=4 a1 =
{

.

1

4

_

B

i

d

!

<

i

m

4

i

]

|

i

4

m

_

|
+4+++++4
+++++++++++++++++++++ “

DI PR

1

19

A
)
.

j R 1

SANLITIHAE




173

Figure 5 is a graph of acoustic transmission through a liquid crystal cell
made of the 1.6 mm thick glass as a function of incident acoustic angle.
The acoustic transmission is measurcd as the ratio of voltage from the
hydrophione with and without the prescnce of the liquid crystal cell. The
solid linc is the theoretical value of |D| from Fquation 67. The crosscs
are the measured valucs of acoustic transmission. The filled circles are
measured values of tranmsmitted light intensity via the acousto-optic effect
using arbitrary linear units. It should be noted that the maximum light

intensity occurs at the incident angle for maximum acoustic transmission.
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Figure 6 is a graph of acoustic transmission as a function of acoustic
freousoney. The solid line is the theorcetical value from Equation 67. The
crosses are the experimental values. There are no adjustable parameters useod

to induce the [it since each parameter in Equation 67 is known or mcasured.

A liquid crystal cell made of 1.6 mm thick glass is used for thesc results.
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Figure 7 is similar to Figure 5 only the liquid crystal cell is constructed
of thinner glass, 0.0146 mm thick. The filled circles represent measured

values of transmitted light intensity via the acousto-optic effect.
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Figure 8 is a series of pictures of the liquid crystal while excited by an
ultrasonic wave. The spacing between the resulting vertical lines is scen
to decrease with dncreasing acoustic angle. The angle of incidence for each

picture is:

A. zero degrees

B. four degreecs

C. twelve and one half degrees

D. fifteen degrees

E. negative scventeen degrees (from the right rather than left)
F. thirty three degrees
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Figure 9 is a graph of the distance between the lines such as those shown

in Figure 8 as a function of incident angle. The solid line is the {it from

Equation €9.
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Figure 10 is a graph of the phase angle of one liquid erystal glass surface
with respect to the other versus incident wave angle for a liquid crystal
cell constructed of 1.6 mm thick glass. Equation 70 is used for these

valucs.
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Figure 11 is similar to Figure 10 only for a cell made with 0.0146 mm

thick glass.

66




e B b

i

{

4

o

i

1

!

i

3

!

¢

‘

i

!

7

)

1

-

|

i

-

. ++++++++++++++++++++++.‘.

.ﬂ++++++++++ + H i

FUUR SN Sahh e .‘

++++++++++ * )

s '

et + 1

i

L i 4 I3 e s + 4 x—

4 =) KRx oty rgond = & o]
- [B3ASNESZA N2 STOEINES




187

Figure 12 is a graph of acoustic transmission from Eguation 67 as a function
of liquid crystal layer thickness for a cell of 1.5 mm thick glass. A

frequency of 1 MlHz and incident angle of zero degrees is used.
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Figure 13 is the acoustic transmission for a cell made with 0,0146 mm thieck

glass versus frequency.
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