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(Submitted for Publication April 21, 1982)

The occurence of acoustical and optical beam displace-
ment effects at an interface of a liquid crystal and
another medium is explored. In contrast with earlier
discussions of infinite plane wave interactions, it
is argued that finite beams will undergo observable
beam displacements, The amount of participation by
differrent regions of liquid crystalline surfaces,
contributing to displacement, is evaluated for undis~
turbed surfaces as well as for those subjected to
external fields, Beam displacement effects are shown
to have measurable values which are of importance in
optical computing using LC components, due to their
potential for error generation,

The existence and significance of evanescent waves In
liquid crystals has recently been discussed by Moritz,!’?
These discussions have been limited to consideration of plane
wave incidence on infinite half-spaces, While these situa-
tions are of general interst, a more practical and relevant
problem is that of finite beaminteractions. The question of
general finite beam interactions is of substantial importance
since optical signal and image processing are evolving into
a mature stage, with a recognizable role for liquid crystal
devices,®’" in particular, devices using the varlable grating
modes as discussed by Soffer et al,® This communication
addresses the subject of finite beam effects, and in parti-
cular, beam displacement effects in liquid crystals for both
electromagnetic and ultrasonic beams,
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Acoustical beam displacements occuring in the reflection
of ultrasonic beams, with a Gaussian amplitude distribution,
has been discussed for liquid~solid interfaces by Breazeale,
Adler, and Flaxs(BAF). BAF demonstrated the beam displacement
through Schiieren photography of the ultrasonic beams re-
flected at water-aluminum and water-brass interfaces. The
ultrasonic and optical beam disglacement effects were also
discussed by Tamir and Bertoni’’® A survey of relevant
reviews of ultrasonics®;!! and light interactions 12-'* with
liquid crystals, indicates that the beam displacement question
has not been addressed in the context of liquid crystals,

Optical lateral- beam displacement effects at interfaces
can be summarized as follows: when finite beam incidence
occurs near the critical angle of total reflection, the
reflected beam undergoes a substantial lateral shift (A)
from the position expected in the geometric optics approxima~
tion, The analogous situation occurs with ultrasonic inter-
actions at boundaries., The conclusion of TB and BAF indicates
that the concept of evanescent waves must be generalized,
If we consider two infinite half spaces with an interface at
z=0,evanescent waves’ are essentially waves that propagate
at the Interface and decay exponent!allg away from it, Con-
sidering a homogeneous wave equation (V¢ +k?)y=0, for z<0, with
y representing.the field components, k the plane waves in the
2<0 half space, ¥ =exp(i(kxx=kyz~wt)), the dispersion relation
kz=(k?<kZ)? holds; for |kx|>k, U represents evanescent waves,

These evanescent waves occur, in general, only for dis«
crete real values of kx which will be labeled kp. The general~
ization is in recognizing that the propagation constants ky
may assume a discrete set of complex values kp=f+ia. The waves
are then termed complex guided waves or leaky waves. They may
propagate with decay along the x and z axes, in a lossless
medium, While this situation is not admissible for a plane wave
with real k, it is quite admissible for an evanescent wave of
finitte extent tg excite a leaky wave field, The Imaglinary
component of kp, the attenuation coefficient a, thus s not
restricted to absorption losses and may represent losses due
to leakage of energy from the guliding interface region, It Is
this leaky wave which offers the explanation for the lateral
beam displacement, Figure 1 depicts the beam displacement A
for an incldent bounded beam of width w, as compared to the
anticipated geometric optical reflection, The leaky wave
associated with kp contlinuously leaks energy at an angle
ep = stn*! (B/k} into the lower half space (z<0),
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\ low density material
X axis TA high density (LC) material

Figure 1: Lateral displacement of reflected beams;
solid lines-actual incident & reflected
beams, dashed Tines~ non-displaced idealization.

Liquid crystalline phases offer a diversity of boundary
conditions since they present dielectric anisotropies and
multilayered structures, As a result of this diversity a
variety of forward and backward leaky waves may exist, In this
note, emphasis is placed on the forward leaky waves,

The interaction between an incident beam and a leaky wave
structure obtains its largest magnitude when the phase match-
Ing conditlion sinb =B/k=sinep is satisfied, where® is the
angle of incldence. Note that this first-order analysis assumes
that interface between the liquid crystal and the second
medium Is a plane interface with the liquid crystal directors
uniformly aligned, The case of fluctuating or distributed
director angles is treated in the manner of reference 2,

Following TB, the lateral shifts are dependent on the
product of illuminated interface half-width and the attenuation,
A useful bounded beam approximation is the Gaussian beam (e.?.
laser beam) with an electric field distribution E(x)= (miw)~!.
exp( -x2/w?) where w is the half beamwidth at the point where
|E| decreases to 1/e of its maximum value, The harmonic time
dependence exp(~lwt) is implied, The condition of boundedness
of the beam will be manifest if the wavelength in the non-
liquid crystalline space satisfies the restriction k,=2mw/A>>1,

The aperture illumination may be represented in the range
~h<z<0 by a Fourier spectrum composition (for z= and a=(k2-£%)%)

(x)%'ﬁffF(n)e.i{(EO'g) x40} g an

Einc
with F( ) the spectral amplitude which contains the Gaussian
distribution, The reflected field may then be represented as
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where p(E) is the modulus and ¢(E) is the phase of the wave
reflectance coefficient, At this point, one may desire to
discuss multiply layered media such as smectics or periodic
cases as obtained through variable grating modes and William's
domains.

The salient feature of detailed analysis®’® is that the
lateral shift of the reflected beam increases with increasing
beam widths and attenuation; for a multiply layered structure,
the product atends to reach a constant value. A also increases
with a decreasing value of the incidence angle 6. The phase
matching conditions, however, must always be satisfied.

Periodic structures {in the xy plane) can be characterized
by multiple propagation factors, in contrast with the single
value kp discussed earlier., The multiplicity for integer orders
n is expressed through the condition kpn= k, + 2rn/d with d
being the periodicity length,

Thus kpn= B + ia =B + ia + 2mn/d, where B is the phase
constant of the fundumental harmonic, The hierarchy of phase
matching conditions is ksin® = ksin 6p, with 0pn the leaks
age angle of n~th harmonic, Thus, quite a large number of
different lateral shifts are possible since any one of the
harmonics may compete, or offer phase matching conditions,

In the optical case, there are possible ordinary and extra-«
ordinary wave couplings for leaky fields, as described earlier?
due to the crystalline aspect (uniaxial , in general, for nema-
tics, biaxial for smectics and biaxial nematics such as those
discussed by Saupe'ind Pleiner and Brand!®), In the ultrasonic
case, there are a variety of propagating and non-propagating
modes the leaky waves can couple into,

If the effects of fluctuations in director orientation are
now taken into account, in the manner of reference 2, it is
obvious that there always will be a certain fraction of liquid-
crystalline material whose directors will satisfy the phase
matching conditions for excitation of leaky waves and conse«
quent - beam displacement,

In order to evaluate the effect of fluctuations, one
needs to consider a range of values for the phase matching
conditions, i.e., Opn =80< 6~ < Opn +86, where &8 is an
angular acceptance measure for phase matching, For the case
of an undisturbed sample, the fraction of a bounded beam
that is shifted depends on the distribution of director
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orientations, and the order (n) that we are interested in
(as well as grating periodicities). Adopting the classical
Saupe-Maier theory to illustrate the general features of
interaction with nematics, the orientational distribution
function (see notation of reference 2) is

p(cosa)=Z~exp{AgS (3cos’a =1) }
2kT
with

Z=r1d(cosa) exp{ A,S (3cos?a~1)}
; o

The fraction of shifted energy to non shifted energy is
thus propertional to the ratio, Q, of director angles satisfy-
ing the phase matching conditions, to all angles. In other
words:

-1 cos (Bpn+86+-6,)

Qpn(60,66) = 2~ J (cosa)d(cosa)

cos(spn-ée-eo)

where the mean orientation of the director is 85 and the
fluctuation angle is o (8 =6, + a), The quantity 86 is

the angular acceptance of phase mismatch which will allow

the beam displacement to occur. TB point out that an angular
acceptance of 10 seconds of arc does not cause any difference
in the beam displacement A for beam width of 2 mm, The actual
values of &0 for liquid crystals remain to be determined.
Results of representative calculations for nematics with a
Saupe-Maier potential and A3S/2kT=2 are given in figure 2.1
for 66 values of 10, 20 and 30 seconds of arc (cases a,b and c).

These curves yield the percentage of beam displacement of
peak value that will occur for a given order of diffraction
grating mode, versus different director angle orientations.
Note that the discussion revolves about participation amounts
rather than the actual values of the reflected fields., The case
of n=0 gives a qualitative description of the beam displacement
effects In an undisturbed Viqaid crystal, When, say a nematic,
s subjected to external flelds (e,g, electric), the director
orfentation will vary according to geometry and field dependent
conditions, As a representative case, the Williams Domain Modes
(WDM] are tnvestigated with director orientation dependence as
given by Penz and Ford'?, The director orlentation follow
the modulation 0=0gsingyxsing,z where gz and gx are wave vector
components satisfying certaln geometrical conditions imposed
by the cell,
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The field induced distortions modify the total number
of director angles satisfying the beam displacement conditions.
The variation of the director due to the external fields is
accounted for by integrating over the angle 645. In other
words, 0o becomes a continuous variable according to the
preceding expression , and Qpn'*QINTEG,pn= prn(G,GB)dG .

Since we are interested only in surface effects, the z
variation does not enter, and we are concerned only with vari-
ations along the x axis (e.g, in a display cell where the
cell faces are in the xy plane).

When we consider the ratio of Q over a natural length
scale and takg Into gccount the equivalence of director
orientation (n and -n), we see that the Integral can be simply

expressed as 8, cos(0pn+56-6)

QlNTEG,pn(e°’66)= {% p(cosa)d(cosa)} de.
-0% cos(epn—dﬁ-e)

To illustrate the effect of the field on theratio of
directions participating in the beam shifts, to non participa~
ting directions, the grating order dependence 6pn is provision-
ally suppressed by setting Gpn=0. Figure 2,2 depicts the effect
of regular distortion (William's domains) for 6,,=0 and n=0
conditiond corresponding to 10,20 and 30 seconds of arc. While
at first it appears that there will be less beam displacement
by the field induced disturted surface, it must be recalled
that it represents a very specialized situation. The overall
beam displacement effects require summation over.all grating
modes, i.e. QINTEG,p = Zn QINTEG pn{ 60,68). The summation
is from n=0 to a cutoff mode numbér determined by the actual
boundaries of the grating pattern., It can be seen, however,
that for the undistorted situatuion, an asymptotic saturation
effect is present, while for the n=0 mode of the field distor~
ted case there is an exponential type Increase in the beam
displacement participation,

The situation in the acoustic case is expected to be
similar, tt Is apparent, however, that with increasing use of
analog computing devices utilizing liquid, crystal components,
the presence of beam displacement effects, even at a conserva-
tive 107 percent level (suggested by fligure 2,2), will iIntro=
duce computing errors, The actual error rates are not the same
as the beam displacement q ratios discussed since actual
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errors depend on the angles and resolutions required, However,
in devices that aim towards very high data rates or with
multiple liquid crystalline components, this source of com-
puting errors needs to be recognized,
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