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Theory of the acoustic realignment of nematic liquid crystals
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When an ultrasonic wave is applied to a nematic liquid-crystal cell, the molecules change their orientation,
leading to a change in the optical intensity transmitted through the cell. Modeling this acousto-optic effect
involves three separate theoretical issu@s:calculating the intensity of sound transmitted through the cell
walls into the liquid crystal(b) determining the consequent realignment of the liquid crystal,(enderiving
the change in optical transmission through the cell. In this paper, we present a theory that addresses all three
of these issues, and thereby reproduces the behavior seen in experiments. The theory shows how the perfor-
mance depends not only on the liquid-crystal material properties, but also on the geometrical parameters of the
system, such as the thickness of the glass walls, thickness of the liquid-crystal layer, angle of the ultrasonic
wave, viewing angle, and boundary condition at the glass-liquid crystal interface. The theory predicts that the
strong dependence on viewing angle still allows an optical image to be seen for realistic dimensions.
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[. INTRODUCTION sound through the multilayer geometry of water/glass/liquid
crystal/glass/water. This model predicts the intensity of the
Nematic liquid crystals are well known to exhibit an forward- and backward-traveling sound waves within the lig-
electro-optic effect, in which an applied electric field realignsuid crystal.
the molecules, leading to a change in the optical transmission (b) We must then determine how the sound intensity in the
through the liquid-crystal cell. In addition to the electro-optic liquid-crystal layer interacts with the molecular orientation
effect, nematic liquid crystals also exhibit an acousto-opticand realigns the molecules. For this calculation, we use the
effect, in which a low-intensity acoustic-field realigns the continuum elastic formalism developed in our earlier paper
molecules, again leading to a change in optical transmissiofi 2], but extend the theory to higher order in a perturbation
[1-8]. This effect can be exploited to visually observe varia-geries.
tions in an acoustic wave that probes the structure of a sys- (¢) Finally, we must derive how the realigned liquid crys-
tem. It is already being used in this manner as a means @ changes the transmission of light through the cell. We
nondestructively test materials for weakned$esll. Ithas  present this optics calculation, and show how the results de-
further potential applications in medical diagnostics and Unpend on the viewing angle. This angular dependence was not

derwater imaging. considered in our earlier work, which considered only nor-
In a previous paper, we proposed a theory for the acoustqng| incidence of light.
optic effect in nematic liquid crystal§12]. This theory In the following sections, we present the theoretical work

agreed with the then available experimental results as a fungy detail. We compare our results with the experiments in
tion of the incoming acoustic intensity. However, subsequengef.[13], using appropriate values for the relevant geometric
experiments by our group investigated the acousto-optic efparameters, and find good agreement between theory and
fect as a function of geometric parameters of the cell, parayperiment. We then use this theoretical approach to simulate
ticularly the angle of the incoming sound wave, the viewingihe images that would be seen in an acousto-optic device.
angle, and the thickness of the liquid-crystal ¢&B]. These  These calculations show that the viewing-angle dependence
experiments showed that the acousto-optic effect dependgiows an optical image to be seen for realistic device dimen-

sensitively on all of these geometrical parameters. The desions, Thus, the theory shows how an acousto-optic device
pendence on the cell thickness was consistent with the theemn pe designed for imaging applications.

retical predictions, but the dependence on the acoustic angle
and the viewing angle could not be explained by the theory.
In this paper, we generalize the earlier theory to address
the experimental results of RefL3]. For this generalization,
we note that modeling the acousto-optic effect involves three As discussed in the introduction, the first problem is to
distinct theoretical issues. determine the actual sound intensity that reaches the liquid
(a) First, we must calculate how much of an incoming crystal. Figure 1 shows a representation of the system and
sound wave is transmitted through the cell walls into thethe sound waves that are present. In order to solve the prob-
liquid crystal. We develop a model for the propagation oflem we must assume some form for the sound waves present
in each layer. In each layer there are two longitudinal acous-
tic waves possible, one forward traveling from transmission
*Present address: Geo-Centers Inc., Maritime Plaza Oneand one backward traveling from reflection, which we as-
Suite 050, 120 M Street, SE, Washington, DC 20003. sume travel as plane waves of the form
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The waves present in each layer are related to each other
because certain conditions must be met at the boundaries
between layers. There are four boundaries between layers in
the system, two between water and glass and two between
liquid crystal and glass. Snell’s law must be obeyed and three
other conditions must be met at each boundary: the compo-
nent of the displacement normal to the boundary must be
glass continuous, the tangential stress component in the glass must
be zero assuming that the fluids are nonviscous, and the nor-
mal stress of the solid layer must equal the over pressure in
. . . the fluid layer[14]. Assuming plane waves, those three
z=da boundary conditions can be written as

q)f water, sea
w3

\ (bl — by K, COSl, = ( ‘1’5,- - c;’)gj)k'gjcosegj
AN\ (g + v kysindy , (2.3

(qa;,j — ¢gj)(k'gj)2sin 2e'gj +( ngj + ,pgj)(k;j)zcos 2e;j =0,

EF| |-

Pu( i+ B2) = pg ((dg + 65 )OS 2

glass —(1,051_— l//gj)Sin 29tgj), (2.9

evaluated witht=0, x=0, and z=z; the location of
the boundary for{i,j}={1,1},{2,1},{2,2},{3,2}. These 12
equations are solved simultaneously for the 12 unknown
water, sea amplitudes.

The coupling of the acoustic wave and the local director
of the liquid crystal is derived from continuum elastic theory

FIG. 1. (Color online Schematic representation of liquid-crystal [12]. Considering thermodynamics the configuration of the
cell and how sound waves travel through it. The solid lines indicatdiquid crystals can be determined for different sound intensi-
the longitudinal sound waves which are produced as the originalies by energy minimization. This requires contributions to
sound wave propagates forward from the bottom/first layer reprethe energy from the sound interaction, the liquid-crystal elas-
sented withf superscripts and the backward propagating soundic interaction, and the wall boundary liquid-crystal interac-
waves created by reflection at the interfaces represented with tion. The same assumptions made in previous work regard-
superscripts. The change in direction of the waves at each laygng the form of these contributions were used again. In
interface are required by Snell's law. In the solid glass layers, theprevious work, the acoustic wave liquid crystal interaction
dashed lines represent the transverse sound waves. There is olyiergy was derived to be
one in each direction for isotropic solids such as glass.

(Vin) = 3ua(Ap)2(k-1)2, 2.6

¢m:Amei(1k'nz cosf)|n+k'nx sin eln—wt) (2_1)

noon ’ The wall boundary liquid-crystal interaction was assumed to
be the infinite anchoring energy case in which the first layer
wherem is f to represent the forward-traveling wave with of liquid-crystal molecules in contact with the wall have a
‘oz or s b to represent the backuiard-aveling wave Wit e o fie via & free energy minimization follows the

knz, andn is wyii =123 to indicate one of the liquid same reasoning presented in the previous paper; however, the
results differ as both forward- and backward-traveling acous-
tic waves are present in the liquid crystal rather than a single
forward-traveling wave. So the interaction energy is

layers org; ;j=1,2 to indicate one of the soliglass layers.
The z axis direction is normal to the glass surface. The

forward-traveling WaveAle, in the first liquid layer is a
known input. Also in the last liquid layer, only the forward-

; f b

=0. f b

traveling WaveAWS,. may have a 'nonz.ero vaIuAW3 0. In (Ving) = %Uzk@2[|AWZ|20052(,3— 0s)+ |AW2|2co§(,8+ 0)],
the glass because it is an isotropic solid, two plane transverse 2.7)
waves are also present
which is dependent on two of the acoustic wave amplitudes
m_ mi(=ktz coset +kix sind — f) that are determined by the acoustic calculation above. The
y=Bpet " n non no 2.2 free energy per unit area can be written as
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a [1 _ dp\? For the last aspect considered in the results section, varia-
F= f dz §(K15m2,3+ KsCogﬁ)(E) +(Vine) |- tions in both thex andy directions need to be allowed. In this
0 case integration of the effective birefringence yields

(2.9
A general expression fg8(z), which satisfies the boundary S= Z_WfaAn SirP({[ v+ B(2) 1>+ 7,2}1/2)’ (2.15
conditions 3(0)= B(a) = By, can be written as the Fourier N Jo y

series plus a constant

amrAn ) _

- jmz 6= —y {mBI+8B1(vx+ Bo)+ 27 (yx+ Bo) + ¥y 1},
,8(z)=,80+2 Bjsin—. (2.9
j=1 a (2.16

This differs from the previous work which only considered Which is only used in cases where the viewing angle is varied

the specific case oBy,=0. We consider only the leading N both thex andy direction. _
term j3, in the Fourier series. Combining EqQ.7)—(2.9) The optical intensity transmitted through crossed polariz-
and integrating gives ers can be calculated from

z B
Kam?B7  aky,U loo=lmint] sin2<—). (2.17)
F= 4a + 4 [lA\fN2|2+|A\?vZ|2 opt— 'minT !0 2
+3.(2 Al 12c0928-—26. Y+ |AP [2cog 2 These equatiqns describe the entire experimental system. We
o281 W2| 1280 Wz) | W2| 4280 expect any differences between theory and experiment to
+20W2))— HO(Zﬂl)qA\fN |2sin(28,— 29w2) arise fro_m apprOX|mat!ons made in the theory _to simplify the
2 calculations, such as ignoring sound attenuation.
+|A, |?sin(280+26,,)1)], (2.10

Ill. RESULTS

where J, is the Bessel function anH is the Struve func-
tion. This free energy can be expanded in powerg-pand
then minimized with respect t8,. We retain the first three
terms of the power expansion to improve the solutions. Th
gives a value foiB;.

The final aspect to consider is the transmission of ligh

through the cell. As was noted in the previous paper th he frequency of the sound waves was 3.3 MHz. The experi-
important quantity is the effective birefringence which givesmentally measured birefringence wam~0.17, and the

the phase retardatlpn of light passing through thg liquid Crys\'/vavelength of the laser light was 0.633n. The literature
tal. Approximated, in the previous work, for viewing normal

to the surface this was written as values indicate a range of densities and speeds of sound for
glass. We used for the purposes of this calculation a repre-
Ang [ B(2)]~AnsirB(2). (2.10) sentative_ de_nsity of 2.6 g/chand a speed of 6000 m/s for
the longitudinal waves and 3731 m/s for the transverse

Now it is desirable to be able to consider viewing angles thatvaves. The speed of sound in the water and liquid crystal
are not normal to the glass surface. So this equation is re¥as assumed to be 1500 m/s. The Frank's constanivas

The theory will be compared to experimental results al-
ready published for cells containing 5CB which range in
. thickness from 150 to 30@m [13]. Many of the parameters
I?’equired in the theory have values that can be obtained from
the physical system. The cells are made by sandwiching the
tquuid crystal between glass plates which are Q0@ thick.

written to incorporate viewing angle dependence as chosen to have a value in the order of magnitude typically
found in liquid crystals, 10° dyn. The experimental setup
Angid B(2) 1= Ansirt({[ v+ B(2) 1%+ 73}1/2)’ briefly has a liquid-crystal cell which can rotate with respect

(2.12  to an optical laser system and an acoustic transducer placed a
sufficient distance from the liquid-crystal cell so that the
wherey, andy, are the components of small viewing angle acoustic field is fully formed. The transducer can also be
in thex andy directions, respectively. We initially considered rotated with respect to the orientation of the optical system.
the case in which only changes in the angle inxliirection  This effectively allows one to consider variations in the
were allowed. We integrate the effective birefringence @ver viewing angle and variations in the angle at which the sound

assumings(z) and y, are small withy, =0, waves meet the surface of the liquid-crystal cell.
) Most of the physical parameters of the theory are fixed
™ (2 ; icular material and setup are chosen. One param-
5=—| Ansi[y,+B(2)], 2.1 once a particu P P
A Jo [t A(2)] 213 eter,u,, which represents the coupling between the director

and the density gradient, at present cannot be calculated and

amAn 5 _ must be computed by fitting the experimental data. In Fig. 2,
6= ——AmB1cod 2(Bot 1) 1+ 4B1SIN 2(Bot 7:)] experimental data for a 290m cell with incoming acoustic
sound at—17.5° off normal is plotted along with the results
+ 27 Sirf[ Bo+ v« (2.14  from the original and the current theory. The original theory
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5.0 r y . T . T T TABLE |. Fitting parameteuw, for cells.

a0l i Thickness
g £ f\ (/’Lm) eacoustic(deg Uz (Cm7 971 572) Yx (dEQ :80 (deg
f 290 -175 1.3 10° 0.56 0.0
2 290 -175 1.3x1¢° 0.0 0.54
= 294 —~19.0 25103 -0.40 0.0
3 295 -18.0 1.64<10° 013 00
& 258 -17.75 43x10° 025 0.0

angles in either case are half a degree which is within the
uncertainty of the experimental values. This data shows that
very good agreement can be obtained with the experimental
FIG. 2. (Color onling Optical intensity W) vs acoustic inten- results with less than a degree. change in either one anglg or
sity (mW/cn?) for a 290.m thick liquid-crystal cell with sound ~ the other. The results for varying either angle are indistin-
hitting cell at—17.5°. The symbols are experimental resgktg], ~ 9uishable from each other at low acoustic intensities for such
the solid lines are results from the previous thefitg] and the ~ Small angles.
dashed line is from the current theory. The theory shows that the performance of the system de-
pends on many physical parameters, some geometaetl

agrees with the experimental data before the first maximu har_acterlstlc)s and some associated with the . materials
but departs rapidly after that. The fit of the original theory I|qy|d-crystal characte_nstlasTable ! sho_ws th_e_flts for a
was only on experimental data up to this first maximum as jranety of cells. filled with SCB. The obtalngd fitting param-
was not possible to obtain a reasonable fit if more data pointgters_agree with each other fa|rlylweII. Sm_ce th_e material
were included. The revised theory is able to match the overcmains the Samée, purely geometrlcal considerations shoqld
all trend of the experiment past the first peak account for the differences in the cells’ performances and this

We have initially assumed that the viewing anglgand IS Conflrmed for the theo_ry. Reproduc_mg_the exact physical
the molecular pretilt anglg, match the experimentally mea construction of cells for different cells is difficult so to better

0 - . . .

sured values of zero. Because the pretilt and viewing anglﬂf‘dge between .the performance of d'ﬁ‘?re'.“ materials com-
can be varied in the theory, it is possible to use one or th&arng the re_quweayz for the theory to fit _d|fferent Experi-
other as an additional fitting parameter and see how the fit Orinental materials will remove the geomet_rlc_al con_5|derat|ons.
the experimental data is affected. The results in Fig. 3 are Apart frpm the dependence on acoustic intensity, we must
plots of two fits of the data where in one the pretilt of the also consider the dependence on the ang[e of the incoming
molecules was used as a fitting parameter with viewing anglg‘Ound wave. The_ experiments show mqlﬂple pegks in the
still fixed and in the other the viewing angle was a fitting response of the liquid crystal to acoustic intensity as the

parameter and the pretilt remained a constant. The ﬁtteangle of the incoming SO“’Fd wave varies. Some of thes‘?
peaks are quite narrow. This can be understood because in

50 systems with more than two layers reflected waves are pos-
' ' ' ' ' sible which allows for the possibility of resonance effects.
Depending on materials and geometry of the system nearly
all the sound may be transmitted through at different angles.
In addition, sound can travel simultaneously as a longitudinal
wave and a transverse wave in solids. This means that a
non-negilible sound intensity may be present at angles larger
than the critical angle for the longitudinal sound waves. In-
deed for experiments on a liquid-crystal cell that is 30

thick the best response is seen at an angle d7.5°.

In Fig. 4, the optical response observed for a fixed acous-
tic intensity is plotted versus the angle of the sound wave for
both experimental results and predictions of the theory. The
two parametersy, and3,, used in the theory are based on a
fit of the experimental data for a 299m cell of 5CB at its

FIG. 3. (Color onling Optical intensity W) vs acoustic inten-  OPtimum angle of-17.5°. Note that there is no further fit to
sity (mWicn?) for a 290um thick liquid-crystal cell with sound ~the angular dependence. The theory predicts the best re-
hitting cell at —17.5°. The symbols are experimental results, theSPonse in the same angle range as the experiment and also
solid lines are results from the current theory using viewing angledredicts that the peak will have a narrow shape. In addition
¥ as a fitting parameter (0.56°) and the dashed line is from thdoth theory and experiment show a broader weaker peak
current theory using molecular preti, at the glass interfaces as a around 8°—10°. The theory has an additional peak predicted
fitting parameter (0.54°). at 12.5° that is absent in the experimental data. In Fig. 5,
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results are shown for a cell that is 10n thick. In this case 8.0 ; . ; - ; . ; .
the sharp peak has shifted to a lower angle in the experimen
tal data and the broad peak at lower angle has become s
much weaker that it is barely distinguishable from the darks
state. The theory also predicts that the peak shifts to lowerZ
angles and that the broader peak at lower angles is mucl@
weaker. The shifted peak in the theory has also become muc2
sharper than the experimental result. Overall the theory pre§ 4 °
dicts the behavior as the sound angle changes as well as ho&
these changes depend on thickness. The peak at 12.t
present in the theory for the thicker cell is also present at this
cell thickness. The extra peak in the theory represents aresc 0.0 S e $ . 1*2' ’-‘-1*6-
nance condition which is dependent on the dimensions anc ° A .
. . . ngle of Incoming Sound Wave (deg)

geometry of the cell present in the theory that is not met in
the real experimental system. This is possible as the theory FiG. 5. (Color onling Optical intensity W) vs angle of in-
assumes infinite dimensions for the size of the cell while theoming sound wave for a 150m thick liquid-crystal cell. The
real system has finite boundaries. symbols are experimental results, and the solid line is the result

In addition to the dependence of optimal acoustic anglgrom the current theory.
on thickness, the optical response to a low acoustic intensity
also depends on the liquid-crystal thickness in the cell. Thé@nd these angles change gradually as the cell thickness
original theory predicted that the optical phase retardatiorthanges. Similar trends are seen at a higher acoustic intensity
scales a=®, wherea is the liquid-crystal thickness in the of 2 mWi/cn? in Fig. 7. The regions that had the greatest
cell, provided that the acoustic angle is held constant. In ouresponse at the lower intensity have had the largest increases
current theory, which considers acoustic transmission and reén their intensity. This follows from the shape the theory
flection in detail, we see that the thickness dependence mgyredicts at a particular thickness and acoustic angle as seen
be more complex for two reasons. First, changing the thickin Fig. 3. It is difficult to analytically extract the thickness
ness changes the acoustic resonance conditions, whiglependence of the acoustics problem as the solution of the
changes the acoustic intensity in the liquid crystal. Secondl2 equation system has many terms present. The dependence
as we have already seen, changing the thickness changes @i thickness predicted by the current theory is consistent
optimal acoustic angle. The experimental measurementith the experimental measuremenis3| even though it is
were not made at a constant acoustic angle, but at the optiot exactlya®.
mal angle for each cell thickness. The optical response observed is dependent on the view-

To see this more clearly for a given set of fitting param-

eters the optical intensity at a sound intensity of 1 mW/cm  30f
was tracked as a function of both the angle of the incoming
acoustic wave and the thickness of the liquid crystal. In Fig.
6, the results are shown as a density plot as a function o ,5|
acoustic angle and cell thickness. The grayscale color chang
from white to black corresponds to increasing optical inten-
sities. The plot shows that certain acoustic angles are optima 26
4.0 T T T T T T T
©

15¢
_. 3.0t
=
=
=
5 2.0} 10t
c
8
g 1o}
o sl

L .
0.0 ; 4';'.—/."0\‘../.7.\ PR 150 175 200 225 250 275 300
0 8 2

Thickness
Angle of Incoming Sound Wave (deg) ) ) o
FIG. 6. The optical intensity is denoted by grayscale color as a

FIG. 4. (Color onling Optical intensity £W) vs angle of in-  function of angle of incoming sound waveeg and cell thickness
coming sound wave for a 29@m thick liquid-crystal cell. The (wum). Grayscale color changes from white to black denotes in-
symbols are experimental results, and the solid line is the resultreasing intensity. The incoming sound wave has an intensity of
from the current theory. 1 mwicn?.
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FIG. 9. (Color onling Optical intensity W) vs acoustic inten-
sity (mW/cn?) from theory for a 29Qum thick liquid-crystal cell
with sound hitting the cell at-12.5°. The viewing angle is varied
37 O(black,—, 1(purple,---—), 2(red,-), 3(blue,—- —), 4(green,—
—).
150 175 200 225 250 275 300
Thickness

larger shift than that seen in the experiment. The experimen-
FIG. 7. The optical intensity is denoted by grayscale color as EIaI res_ults also show a dependence of the_maX|mum optical
function of angle of incoming sound wavdeg and cell thickness |ntgnS|ty observed as t.he viewing angle varies. The theory as
(wm). Grayscale color from white to black denotes increasing in-derived does not predict such a trend. _ _
tensity. The incoming sound wave has an intensity of 2 mv@/cm  The theory has given good agreement with the experimen-
tal results, and we now want to turn our attention to condi-
tions not yet seen in the experimental system. This is one
: ) ractical value of the theory in that new cases can quickly be
experimental system and predicted by the theory for th valuated, and the best cases can be selected for experimen-

viewing angles from 0° 1o 4° are shown for the optical e tal study. From considerations of the original theory having

sponse versus acoustic intensity. Note that the location of thﬁle liquid crystals oriented at 45° to the incoming sound
first maximum is shifted from higher acoustic intensities towave is a potentially more responsive condition. So in Fig.

lower valqes as the viewing apgk_a INCreases. AI.SO at .thplo, we consider a cell that has a molecular pretilt of 45° and
larger deviations from nprr_nal viewing the opt|_cal.|.nten5|tythe sound being transmitted normal to the glass surface
observed at zero acoustic intensity becomes significant. Th

amount of shifting per degree of change in viewing angle ar Viewed at 45° and 44.5° compared fo results for a system
- gp 9 9 g ang Svith no molecular pretilthomeotropi¢ but the sound trans-
similar between the theory and experimental results for the

smallest deviations. At the larger deviations the trend is cor- 59

ing angle. In Figs. 8 and 9, the behavior observed in th

T T T T T T 4
rectly predicted by the theory but the theory shows a slightly |
4.0}
4.0 T T T T - g L
| N o —— V= ] 3 3oL
‘/’/ }( VvV & - A Vet g
__ 3.0+ o -\ TN A -0- Y= 2 4 fol r
=z AN T ~ £,
=, | o # ;/ % ‘Q\ —v— Yx_3 1 = .0
7/ (s}
= f'( e Y4 g |
= - -
5 2.0 V;/ i6L
g |7 ' - .
8 1.0 b - 0.0¢msso = L 1
' e 0 5 10
g 1 Acoustic Intensity (mW/cm2)
A &
o 0 10 20 30 40 50 FIG. 10. (Color onling Optical intensity W) vs acoustic in-

Acoustic Intensity (mW/cm?2)

tensity (mwW/cni) for a 290 um thick liquid-crystal cell. The solid
(black) line is for the theory with no molecular pretilt, 0.56° view-

FIG. 8. (Color onling Optical intensity «W) vs acoustic inten-
sity (mWi/cn?) from experimental data for a 290m thick liquid-
crystal cell with sound hitting the cell at 12.5°. The viewing
angle is varied (lack,—, 1(purple, - —, 2(red,-), 3(blue,— -
—), 4(green,— —.

ing, and sound hitting the cell at17.5°. The dashe@reen line is

for the theory with 45° molecular pretilt, 45° viewing, and sound
hitting normal to the cell surface. The dot-dasad) line is for the
theory with 45° molecular pretilt, 44.44° viewing, and sound hit-
ting normal to the cell surface.
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‘

mitted at 17.5° viewed at 0.56°. With no sound transmission5
a cell with no pretilt and some specified pretilt do not have
the same response at a given viewing angle; however, th
behaviors can be mapped onto each other. When the molec3
lar pretilt is increased to 45°, the viewing angle that corre-
sponds to normal viewing for a system with no pretilt shifts 2
to ~45°. The benefit of a pretilt is that the acoustic reso- |
nance conditions are not affected for changes in pretilt and ¢
different pretilt may allow a resonance condition to be ex- 0
ploited. The overall shape of the curve has changed althoug|
the value of the acoustic intensity at the first maxima in
optical intensity has not changed significantly. The broader
shape of the curve with molecular pretilt shows that the sys-
tem is sensitive over a large range of acoustic intensities4
This is a desired property for a real device. So the new cast¢
could be considered the better of the two, based not on whicl®
requires the smallest acoustic intensity to reach its maximurr,
optical response but on this other requirement for applica-
tions. The small change in viewing angle from 45° to 44.44° 1
shows how sensitive the system remains to viewing angle
Consideration of this case emphasizes that there are severoo i > 3 4 5
important factors guiding the optimization of parameters for (c)

a real application.

For a real portable device, the acoustic intensity required FIG._ll. Incoming sound intensity proportio_na_l to brightness of
to reach an optical peak is one useful criterion in ranking the@ test image. Calculated response of 5 cn? liquid-crystal cell
performance of cases. Another criterion is that the systerf’@! IS 290um viewed from 30 cm awayb) for no base sound
shows roughly equal sensitivity at all sound intensities up td"tensity:(c) for 1.1 mW/cnf, and(d) for 5 mwi/cn.
the sound intensity when the optical response first reaches its
maximum value. This means that variations of sound intenthe theory developed in this paper. For this calculation, a
sities will have an easily interpretable meaning when viewedYiewing plate 5<5 cm was subdivided into 126115 equal
The first criterion is dependent on the thickness of the liquid-Sized pixels. The individual regions of the liquid crystal were
crystal cell and viewing angle or molecular pretilt. In addi- @ssumed to reorient independent of each other. The sound
tion it is dependent on the coupling constant, which de- intensity that reaches a particular liquid-crystal pixel was
pends on the material. From the predictions of the theoryProportional to the gray scale intensity of the sample image
any material could be made to give a desired level of rein Fig. 11(a). A white pixel corresponds to full sound inten-
Sponse by s|mp|y making the Ce” thicker_ In practice thes|ty a.nd b|aCk tO no Sounq IntenSIty. The .mO.nOCUIar viewer
maximum possible thickness is limited by the difficulty of (eye or camenais 30 cm distant from the liquid-crystal cell
achieving good a”gnment in thick cells. The cell a”gnmentand at a location such that the lower left corner of the image
is critical for giving a good dark state and large intensityis being viewed at 2° from the normal in both directions.
range. In addition other desirable properties such as thé&his was chosen so that the cross pattern produced by linear
speed of response, not covered in this theory, degrade withfoss polarizers would not obstruct the view produced by the
increasing thickness. So for the real system an optimal thicksound waves. The viewing angle for each pixel can now be
ness that has the best tradeoff of response versus speed vifmputed from the geometry and used in the solution of the
have to be chosen. The second criterion can be manipulatéfeory in each pixel. Figure 11 shows the results for a few
regardless of the material via changes in the geometrical palifferent sound intensities. Figure (b} shows that without
rameters of the cell and its orientation with respect to theany sound intensity reaching the liquid crystal a pattern of
sound waves. However, it is also dependent on the viewin§right and dark fringes would be seen. As the sound intensity
angle. In a real device visual information from different re- increases the image appears superimposed on the fringes. It
gions of a two-dimensional image is viewed by the eye or ds first visible at about 1-1.1 mW/cinFig. 11(c) shows the
camera at different angles. This angle dependence is difficukalue at 1.1 mW/crhand is easily identified at 5 mw/dm
to remove in practice. This viewing angle dependence meari8 Fig. 11(d). The most sensitive parts of the image are the
that for a real device having the optimal performance at onéegions that were between the brightest and darkest strips of
viewing angle may not be important as having acceptabl&ig. 11(@. Some parts of the image are not viewable, but
performance over a wider range of viewing angles. |ndee0(’3|eal'|y sufficient information is present to discern the image.
the strong viewing angle dependence might lead one to ques-

tion Whe_ther a usaple device is even possible. .Thu's, it is IV. DISCUSSION
worthwhile to use this theory to explore what the final image
from a device may look like. We have considered improvements to a promising con-

The process of viewing a real image was modeled usinginuum theory to model the coupling of acoustic waves with
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liquid-crystal behavior. The previous work for the original mental results it now provides a tool to rapidly consider fur-

theory confirmed the important influence choice of materiakther alterations to the physical geometry to alter the perfor-
has on the performance and response of liquid crystals tmance of the liquid-crystal cell. Finally, we have considered
ultrasonic waves. There were however several features g the theory how the strong angle dependence of the liquid-
recent experimental results that the original theory could nogrystal cell impacts on their usability for real applications.

predict. We incorporated more details of the acoustics of thejsing dimensions that might be seen in a real device the
physical system which resulted in a theory that predicts all otheory predicts bright and dark fringes that mask parts of a
the trends observed in the experimental system. The theopga| image. The spacing between the fringes is sufficient to
makes a prediction of the optical intensity versus acoustigliow enough of the image to show that it can be discerned.
intensity that is consistent with experimental results. Thet should be possible to further improve these results by post
presence of optimatesonantacoustic angles for the liquid- processing of the image or small changes in the viewing

crystal cell is confirmed in the theory and its predictionsangle so that every region of the cell is periodically viewed
compare favorably with the experiments. The change in thet an optimal angle.

optimal acoustic angle as liquid-crystal thickness varies is
also correctly captured.
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tion and orientation of the cell. These results demonstrate the This work was supported by the Office of Naval Research
importance of choosing the appropriate cell geometry as wekind the Naval Research Laboratory. A.P. Malanoski and
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