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ABSTRACT
A nematic liquid crystal cell is used in conjunction with a
mirror retro-reflector to modulate a low-power laser beam.

The ob-

ject is to determine the feasibility of the combination in transmitting information from a remote sensor without a large energy
source at that sensor.

Analog modulation does not appear workable,

but a digitally-encoded scheme is feasible.
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INTRODUCTION
--A requirement exists for a remote sensor system with the

attributes of low cost, low energy demand, and at least a limited
all-weather capability, that is, its remote reporting capability is
not significantly degraded by light fog or rain, seasonal and
diurnal temperature extremes, or dust effects.

The more obvious

applications for such a device are petroleum pipeline monitoring,
environmental air and water quality monitoring, military surveillance systems, household utilities-meter reading--anywhere a large
amount of data must come from a great number of dispersed sources at
a relatively low data rate.
These requirements suggest the use of a nematic liquid
crystal utilizing its light-scattering property in response to an
applied voltage.

Then sunlight or a laser light source could be

used to provide the energy to send the information to the remotely
located receiver, obviating the need for a large energy source at
the sensor.

BACKGROUND, PROCEDURE, AND APPARATUS

---

Nematic Liquid Crystal

Besides the solid, gaseous, isotropic liquid, and plasma
aggregate states of matter, some substances at temperatures just
above the transition from solid to liquid exhibit a behavior that
cannot be said strictly to reflect the properties of any of the
other states.
liquid crystal.

The term given to the state

ne~r

that transition is

Various changes occur in different materials from

heat, magnetism, or electric forces, or from chemical action.
Appendix B describes the properties of liquid crystals in more
detail.

The property of concern for this report is that of the

nematic liquid crystals, which change from clear liquid to turbid
or milky appearance when subjected to an electric field on the order
of 5000 volts per centimeter.
At least one-half of one percent of all organic and some
inorganic materials exhibit a liquid crystal property.

However, the

transition temperature range for most of these materials is narrow
an d occurs at temperatures a b ove 7o oc.

The weather requirement for

most applications would require the ability to perform in ordinary
outdoor temperatures.

This requirement excludes most of the materi-

als except a material commonly called MBBA
butylaniline).

(4'-metnoxybenzylidene~4-

Commercially available grades of MBBA have tempera-

ture ranges from about 10° to 50°C.

There are some crystal combina0

0

tions that have temperature ranges from 0 C to 50 C, and these are
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also commercially available.

The pure MBBA crystal had a sufficient-

ly wide temperature range for our prototype system.
There

a~~ -two

different techniques for using the light

scattering properties of the nematic crystal:
reflection.

transmission and

Commercial MBBA is reported to have contrast ratios of

about 20:1 and our testing approximately confirmed this.

Our sys-

tem used the transmission property and used mirrors to improve
contrast.
Cell Construction
The construction of the liquid crystal cell is shown in
Fig. 5 in Appendix A.

It consists of two parallel glass plates

with conducting surfaces facing each other and spaced from about
1 to 6 mils apart by plastic insulators.
thin coat of gold (100

Xthick)

The glass plates had a

vacuum deposited on a single side

and an aluminum bus on one end of that surface.
SiO protected the gold.

An overcoat of

These plates are commercially available.

The temperature ranges of the plates were very wide (e.g., -50°C
0

to 200 C).

The liquid crystal was sandwiched between the glass

plates, and electrodes were attached to the bus strips to complete
the cell fabrication.
The nematic liquid crystal material was applied in drops
to the conducting glass plate and spread

~ver

it.

Capillary action

and the bordering spacers served to retain the liquid.

The thick-

ness of the nematic layer was determined merely by measuring the
thickness of the plates and spacers with a micrometer.

The

4
micrometer readings were adequate for the cell thicknesses we were
using (.7 to 6 mil).

The cell has the electrical characteristics

of a parallel .plate capacitor with the liquid crystal acting as the
dielectric.
transparent.

In the absence of an electric field the system is
Application of a low DC voltage, or a low frequency

(e.g., 100Hz) AC voltage, to the plates causes the liquid crystal
to turn opaque.

The liquid becomes turbulent and scatters light.

This condition is called dynamic scattering.
Cell Measurements
A TI XL80 photodiode was used for measuring the light transmitted by the liquid crystal cell.

The initial configuration

grounded a guard ring around the detector for fast response time,
but inasmuch as the photodiode response was already several orders
of magnitude faster than our need for the nematic material, the
guard ring output was paralleled with the main detector because it
gave a smoother response.

+
G

An oscilloscope was used for rise and fall time measurements, but a
VOM was used for recording detector output versus voltage on the

5

liquid crystal cell.

The results for several values of cell thick-

ness are shown in Fig. 4a and Fig. 4b.
mission versus

~~~tage

Fig. 4a gives typical trans-

curves for a single passage of light through

a cell and Fig. 4b shows transmission versus voltage applied to the
cell for two passes of the light through the cell.

Note that there

is a "squaring" effect because of the double passage.
The motivation for using liquid crystals for the sensor
display application was their supposed low power consumption, and
although it had been an assumption from the beginning, measurements
were made to see just how much power was actually required.
values were less than 0.02
for 10 volts, and 5.6

~A

~A

Typical

for zero impressed voltage, 0.8-0.9

~A

for 30 volts, all these measurements DC.

Thus the power requirements over the energized region were from 8 or
9

~W

up to about .17 milliwatt.

Current increased to around 11.5

~A

for 50 volts, or about .58 milliwatts when the cell was well into
contrast saturation.
Retro-Reflector Construction
A retro-reflector was constructed from simple triangularly
shaped, plate glass, rear surfaced mirrors cemented together.

It

was fabricated from three mirrors made into a corner reflector,
lightly bonded with cement or caulk, adjusted to return a narrow
beam back to the source, and cemented permanently in place.

The use

of this simple system greatly reduced the retro-reflector costs.
The retro-reflector was used in tests up to 400 feet and returned a
beam accurately within about a foot; placement of the mirrors was
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critical.

A cell was then placed in front of the retro-reflector

so that when no voltage was applied to the cell, the light from the
source would

~e_ $trongly

reflected to the remote detector.

When

voltage was applied to the cell, the liquid crystal became opaque
and sharply reduced the reflected light.
Once it had been determined that it was possible to regulate
the reflection of a liquid crystal cell and retro-reflector combination, the other decision was the form in which the information
should be transmitted.

Straight analog modulation of the reflected

light was initially considered, but it was not practical because
of hysteresis of the nematic, small variation of the scattering
because of temperature fluctuations, and lack of sufficient linearity.

Also, since the cell could eventually be viewed from an air-

craft, atmospheric variations might cause transmission errors.
Another approach was a time-sequence digital transmission of information in a pulse code format.

This was not feasible because the

liquid crystal cell response was too slow.

The rise time of the

dynamic scattering seemed to be a function of the cell thickness:
the thicker the cell, the slower the rise time.
also to be a function of temperature.

This time seemed

The rise time typically was

300 milliseconds while the fall time was typically 500 milliseconds.
Besides the slow cell response time, time sequence digital transmission is subject to errors from atmospheric fluctuations.

7

Retro-Reflector Array
The technique finally selected was a spatial digital display
format, with several retro-reflectors to an array.

One liquid

crystal cell with its retro-reflector would be used for each bit.
A generally circular shape was used to correspond to the shape of
the illuminating laser beam.

Two cells. could be used for intensity

reference, one cell full "off" and one full "on"; however, for the
tests the array had two cells off (not energized).

The two reference

cells would reduce the possibility of error when the display was
read or photographically recorded.

An asymmetric display pattern

was used to allow orienting the display for reading.

An analog to

digital converter could then be used to drive the display.

A read-

out system using this configuration could be read from wide angles
and at large distances.

Using the digital format with the reference

on the display for the "1" and "O" levels reduces the possibility
of reading error.
The system could be used in a number of ways.

An airborne

detector could record the read-out display using a camera as detector and a laser as illuminator.

Another possibility is to use a

laser as an illuminator and read the display directly.

The simple

display format would allow even simply reading over much larger
distances than would using a numeric display.
Testing Array
Our tests were run on the array using photography.

A

helium-neon laser with less than one milliwatt output power was th~

8

illuminator.

The first test was to determine if in fact anything

would be visible and under what exposure conditions; the next to
determine if the individual pattern could be discerned at that

---

distance and array spacing; and finally to determine if an "off"
could be distinguished from an "on".

Fig. 1 and Fig. 2 show clearly

the difference in light returned from the array 100 feet away when
there is no applied cell voltage versus that when all except two
reference cells are energized.

The right hand cell in the second

row down permitted some uncontrolled transmission through the transr

parent spacer.
up to 350 feet.

Sharp ' photographs of the array were made at distances
Tests were not conducted in fog or rain.

Fig. 3 shows the array.

The retro-reflectors are 2 1/2

inches on a side, they are on 3 1/2 inch centers, and the effective
(controlled) areas of the cells are approximately 1 1/2 by 1 3/4
inches.
Photographing the display was done on a darkened range with
the camera mounted on a tripod.
display in daylight.

Photography was not done of the

However, the display was illuminated in the

daylight (in the shade of .a tree) at a distance of 200-300 feet with
the laser handheld or merely steadied against a fixed object and
held for 12-15 seconds, so aiming an illuminator-detector would
appear not to present any problems.

IMPROVING CONTRAST
Once the- £oncept of transmitting information over some
distance with this device had been established, we tried to increase
the contrast between the on and off states.

There we had consider-

ably less success.
We had considered simply increasing the number of cell
transits a beam made through the cell-retro-reflector combination.
But since the minimum transmitted intensity loss in one transit was
70%, we tried alternative schemes to increase contrast without
overall light attenuation.

Since most of the intensity loss in the

clear cell is associated with interfaces at the surfaces of the
glass, a graded interface ("coated" optics) was a possible fix.
However, the cost and complexity of such an addition were not in
keeping with the original intent to design a simple device.

Simi-

larly, though contrast ratios as high as 10,000 to one have been
reported for transmission devices, these devices involved complicated Fourier optical filtering.

Further, they were suitable only

for viewing along, or near, an axis normal to the cell, and thus not
suitable for us.
Thin Cell
One method we attempted was to use extremely thin cell
spacing.

For this we used silicon monoxide (SiO) vacuum-deposited to

a thickness on the order of ~ ~m.
a Michelson interferometer.

(This measurement required use of

The thickness d is given as a function
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of fr i nge shift, wavelength, and index of refraction:

d =

(fringe shift) 6328 ~
2 (nSiO -1)

-- A measured shift of
refraction for .6

1~

~m

fringes for SiO, for which the index· of

light is 1.95, corresponds to .45

~m

thickness.)

As Fig. 6 shows, the light transmission through the cell shows a dip
of about half from around 12 volts to about 20 volts, and then it
starts to rise again.

This phenomenon we had not encountered in

the literature, and we have no explanation for it.

Investigating

at higher voltages, we discovered a sharp rise in current through
the cell and this was seen to be accompanied by arcing through
the cell.

A field on the order of 160,000 volts/centimeter had

broken down the nematic, and the material was destroyed.
Common-Plane Electrodes
We attempted to solve the glass interface problem by
eliminati ng the conducting glass surfaces.

A vacuum- deposited

aluminum layer on ordinary glass was covered with a thin layer of
SiO and then scribed in a serpentine pattern to leave two interlaced
electrodes in the same plane:
/

.,..,.

\\

\\
'·

'

\

\

\,

I

..,.

..,.

/

\.
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/
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Nematic material was applied to this, and there was some clouding
when voltage was applied, but the effect was not pronounced and the
leakage

curre~t _ was

high (Mechanical scribing had been used).

This

approach did not seem promising.
New Nematic
Trials with another nematic material, a combination that
had a larger temperature range than the MBBA we had been using,
showed an irreversible clouding after voltage was applied to the
cell.

The insulating spacer in this case had been an electrical

device insulating spray.

The supplier could not provide an explana-

tion, suggesting only possible contamination of the materials.
That phenomenon could be the basis of future experiments, but it
was not immediately applicable to the purpose of this paper.

SUMMARY

-- -

This study set out to determine the feasibility of transmitting information by liquid crystal display over long range.

It

established that information can readily be transmitted over distances of several hundreds of feet with equipment of minimum sophistication.

A single cell-and-reflector combination did not prove

suitable for either analog or time sequence digital application, but
a spatial array worked well.

We have no reason to believe our

success could not be extrapolated at least to distances of thousands
of feet, especially with standardized fabrication of cells.
On the other hand, the light transmission loss in cell
passage is high and attempts to reduce this loss and improve on-off
contrast were not fruitful for us.

.APPENDIX A

--The figures in this appendix show the equipment and results
of this study.
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Fig. 1.

Array from 100 feet.

Cells are not energized.

Fig. 2.

Array from 100 feet.

All except two reference

cells are energized.
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Fig. 3.
centers.

The reflective array.

The cells are on

3~-inch
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Transmission
through cell

---

.31

1.2 mil

. 25

1--3.5 mil

\

''

mil

\
\

\
\

'

0

20

10

30

40

Voltage on cell (volts)
Fig. 4a.

Light transmission versus voltage for various

thicknesses of nematic layer.
unobstructed light path.

Amplitude is measured with respect to
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Transmitted Light Intensity

1

.s
.4
.3
•2
.1

10

20

30

40

so

Voltage on cell (volts)
Fig. 4b.

Light transmission versus voltage for two 1.2-mil

liquid crystal cells in tandem.
cell is approximately

7~%

The intensity with no voltage on the

of the unobstructed beam.
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glass plate
XXXXXXXXXXXXXXXXX

conductive coating
nematic

lead

spacer
material

XXXXXXXXXXXXXX

~----.Jlead

_:_cer

\

xxxxxxxxxxxxxxxx conductive coating XXXXXXXXXXXXXXXX

I
Fig. 5.
coating is 100

glass plate

Liquid crystal cell construction.

R gold

film.

Conductive

)

19

Transmission throygh cell

.40

• 30

.20

.10

I

0

10

20

30

40

50

Voltage on cell (volts)
Fig. 6.

Light transmission versus voltage for .45

~rn

cell.

The intensity is measured with respect to an unobstructed light path.

APPENDIX B
LIQUID CRYSTALS
In addition to the three normal states of matter--solid,
isotropic liquid, and gas--and the plasma, certain substances
exhibit another state, the liquid crystalline or mesophase, with
properties similar to both liquid and solid.
This new state was first observed by an Austrian botanist
named Reinitzer in 1888, when he noticed that crystals of cholesteryl
benzoate upon being heated first formed a turbid liquid and then on
further heating became a clear liquid.

The behavior was different

from that expected from impurities in the material in that the
changes between phases occurred at definite transition temperatures,
rather than over ranges of temperature as might be expected from
mixtures with impurities.

Subsequent study has shown that a defin-

ite different state of matter exists, with, for example, a range
where there is a negative temperature coefficient of viscosity and
nuclear magnetic resonance peak multiplicity.

There are three

different types of liquid crystal material called smectic, nematic,
and cholesteric.
Smectic Liquid Crystal
In some liquid crystal material the molecules form planes in
which the rod-shaped molecules are standing up, or are generally
normal or almost normal to the plane of the layer.

These planes
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slide smoothly over each other, and the name smectic was taken from
the Greek word for soap-like or slimy.

Soaps are the most common

example of

Both the outside and the

th~ ~:r.te.ctic

liquid crystal.

inside layer of a soap bubble, in fact, are single-molecule-thick
layers.

The general name in the literature for this type of molec-

ular arrangement, in which the individual molecules of a molecular
layer are perpendicular to the plane of the layer, is homeotropic.
The molecules may be aligned in rows within a layer,

or distributed at random throughout the layer.

The layering propen-

sity is so marked as to cause the stepped formation in drops on supporting surfaces.

CJ

22
Mechanical vibration can cause some layers to slide over the lower
layers.
Smectic~1quid

crystal has_ not received the quantitative

experimental treatment that nematic and cholesteric have, primarily
because of experimental difficulties.
theory of the phenomenon yet.

There is relatively little

Practical application will probably

await further research, and it is not likely to come soon.
Nematic Liquid Crystal
In some liquid crystal material, microscopic threads are
visible because of the change in index of refraction at the edge of
regions where the optic axes of the molecules are aligned differently.
thread.)

~

.

(The term nematic in fact comes from the Greek work mean1ng
The molecules are essentially cigar-shaped, with a side

chain branching off at an angle.

In the liquid crystalline state,

some molecules tend to line up parallel to each other in large
aggregates, or "swarms", in which they are generally free to rotate
around their own axes and around each other but are restricted in
other rotations.

The swarms are surrounded by isotropic liquid.

In unstressed bulk nematic material, the axes of the different
swarms are independent of each other.
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There are some fifteen or more electric effects in liquid
crystals, some of which follow here.
that a nematic

~aterial

In 1963, Williams discovered

forms a mosaic of bent stripes called domains

when a thin layer is subjected to an electric field.

In 1968, .

Heilmeier discovered an effect that he called dynamic scattering.
In this effect, the motion of ions in the liquid affects the swarms
in this manner:

When an electric field is applied to the nematic,

the swarm axes tend to line up nearly, but not exactly, along the
field direction (the difference being caused by the side chain
influence).

The clusters thus are stable with respect to the general

direction of the field, but they can rotate relatively easily about
an axis parallel to the field.

The ions, in migrating under the

influence of the field, torque the swarms.
and time-varying.

The torquing is random

The molecules exhibit bire-fringence, that is,

their index of refraction differs for light traveling parallel to or
perpendicular to the optic axis--the long axis.

The indices of

refraction for the material called MBBA, 4'-methoxybenzylidene-4butylaniline, for example, are 1.545 and 1.755 for the ordinary and
extraordinary ray for light of 6328

Rwavelength

at room

temper~ture.

Light traveling through the liquid is scattered by the swarms.
Although the light is generally scattered forward--at small angles
from the original path--multiple scattering can cause most of the
light in the beam to be removed.

For swarms that are somewhere

around ten or more times the wavelength in diameter, the effect is
independent of wavelength.
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....

Another effect is distortion of aligned phases, in which the
optic axis is made to rotate from one surface, through the liquid
crystal, to another surface by sympathetic alignment of the liquid
crystal material with the surface material; applying an electric
field then forces the optic axes in line except in the immediate
vicinity of the supporting surfaces, and in this effect a polarized
beam of light, which could not traverse the liquid crystal when the
optic axis varied continually through the material, can pass when

I ·-

the field is on.

1
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--;:.
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In guest-host interaction, a dichroic dye--that is, a
material whose color absorption depends on the relative orientation
of the dye molecule and

th~

polarization of the light beam--is mixed

with a nematic material and the nematic molecules turn.

In turning

they orient the dye molecules in response to the electric field.

Other effects in nematic material depend on response to mechanical
or magnetic stress.
Nematic liquid crystal material is useful as a solvent in
nuclear magnetic resonance experiments, and that is probably the
main use of the material except for displays today.

It seems that a

solvent of nematic material permits .intramolecular interactions to
be observed without being suppressed, as they would be in a solid
yet without being overshadowed by the stronger interactions between
molecules, as would happen in a gas or isotropic liquid.
Cholesteric Liquid Crystal
Cholesteric liquid crystal comes from cholesterol derivatives
and materials with cholesterol-like molecules.
essentia~ly

The molecules are

flat, with a side chain projecting up from the general

plane of the molecule.

In the liquid crystal state, molecules will

associate with all their axes parallel and lying in a plane.
Another plane of molecules lying next to the original plane will be
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similar except that the axes will be at a slight angle to the axes
of the molecules in the first plane.

The effect is similar to

placing a number .of coarse-threaded bolts in a layer and placing
another layer on top of them.

Cholesteric materials thus twist the

plane of polarization of light passing through them.

(This effect

is pronounced; optically active cholesteric can rotate the plane of
polarization of incident light by 18,000°/mm, about 1000 times the
effect of the optically active material quartz.)

The layering effect is used in sensitive temperature-sensing
devices, since the color of light reflected from the material is
dependent on separation of molecular layers and thus on temperature.
Sensitivity of .1°C is claimed for some cholesteric material.
Certain chemical impurities, on the other hand, can diffuse rapidly
through the material and cause an almost immediate change of color
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through the cholesteric, so it can be a very sensitive pollution
detector.

Some chemicals change the basic structure. of the liquid

crystal; some merely use the material as a solvent, in which case
-.-

the color change is reversible; and some react with the liquid
crystal material or catalyze other reactions.

Acetone, benzene,

chloroform, and petroleum ether react with a number of cholesteric
preparations.
Cholesteric liquid crystal may also be used with nematic
material in a modification of the usual nematic display device.
About 10% cholesteric material mixed in with some nematics produces
a display with a memory--when the originally clear material is subjected to a voltage on the order of that ordinarily required to
energize the nematic alone, the mixture clouds.

When the voltage is

removed, however, the display does not clear but remains clouded
for periods of weeks--with no applied voltage.

Application of AC

voltage in the kilohertz range clears the material in milliseconds.
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