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Optical Bistability:

An Undergraduate Experiment

W. P. Greene, H. M. Gibbs,
A. Passner, S. L. McCall, and T. N. C. Venkatesan

An apparatus for student use is described
that utilizes only commercially available
components and that can be used as several
different optical devices: optical memory,
optical limiter, and optical ac amplifier. This
simple setup is a close analog of the optical
bistable devices being developed for possible
optical signal-processing applications.

INTRODUCTION

The phenomenon of optical bistability
(OB) is interesting both in the physical
systems involved and in light of poten-
tially exciting applications.!* ¢ For a
recent review of OB, see Optics News,
Summer 1979." OB occurs in an opti-

Greene adjusts a photomultiplier tube as
her mentor Gibbs looks on.

cal system in which there is a region of
input intensities for which the output
intensity has two stable values for a
given input intensity. The two values
represent high and low transmitting
levels or states. With the system are
associated two input intensities at
which the system rapidly transforms
from one state to the other. This is re-
ferred to as switching, and the appro-
priate input values are called the
switch-up and switch-down input
intensities. If the input is varied peri-
odically, the transmission is seen to
trace out a hysteresis loop. One model
that describes this phenomenon in a
nonlinear Fabry-Perot resonator (FP)
is mathematically analogous to a first-
order phase transition.

Any such system is potentially an
optical three-port device through
which the transmission of a light beam
is controlled by a weaker light beam.
It is easy to demonstrate this in the
experiment described below. In fact,
the process has recently been achieved
in tiny semiconductor étalons, first in
a 5-um GaAs device!® and thenin a
500-um InSb device,' ¢ rendering OB
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Venkatesan, Gibbs, McCall, and Passner examine a GaAs optical bistable étalon.

a potential asset to optical signal
processing.

Optical hystereses in cavities con-
taining gain media (i.e., lasing media)
are not considered within the present
discussion even though some of them
were proposed and observed earlier.! ’
The analysis' 7>'® of a FP containing
a nonlinear gain medium is similar to
that for a nonlinear absorptive and
dispersive medium, but the physical
consequences and practical implica-
tions are quite different.

Initially, the consideration of OB
resulted from the study of FP resona-
tors containing nonlinear absorbers.
The possibility of OB’ occurring in
such a system was independently
recognized by three groups.2™ Some
clues to obtaining OB (Refs. 3,5) and a
clear demonstration of the effect in
Na (Refs. 6,7) soon followed. The
behavior of a FP resonator containing
a medium with a light-intensity-
dependent index of refraction has
been studied in detail.”'°® Such
systems are all optical and are termed
intrinsic, i.e., the nonlinear response of
the intracavity medium is directly
proportional to the light intensity.
More recently, nonintrinsic, or hybrid,
OB systems have been constructed
that introduce the essential nonlinear-
ity using electrical feedback to an
electro-optical device, with or without
a FP.! 1'% Thus the study of OB has
covered the span of perhaps 10 years,
and, in light of this activity, it seems
timely that OB take a place in the
study of physical optics. The dem-
onstration of this OB experiment at
the 1979 annual meeting of the Opti-
cal Society of America in Rochester
stimulated the invitation to make the
details generally available through this
article.

THEORY

Suppose that one considers an electro-
optical device whose transmission (V)
has a nonlinear dependence on the

applied voltage V. Then, by definition,

At the time this experiment was developed,
the authors were with Bell Laboratories,
Murray Hill, New Jersey 07974. W. P.
Greene, who was at Bell Labs under its
Cooperative Research Fellowship Program,
is now a graduate student at the Univer-
sity of Chicago.



Ip/l = T(V), 1)

where I is the intensity incident on
the device and I is the intensity trans-
mitted by the device; in the present
device T(V) = sin® (bV?) (Ref. 14) is
the approximate functional form of the
transmission. The constant b is related
to the half-wave voltage Vo by bV 2 =
m/2. If the transmitted signal is con-
verted to a voltage that is (amplified
and) fed back across the device, then

V=VB+aIT, (3)

where Vp is a bias voltage independent
of I and a is a constant indicating the
strength of the feedback. Combining
Egs. (1)-(3), one has

If =Ir' o [2 (V' +I)]% (4)

with I}’ = ofy/Vr, IT' = aI7/VT,

Vg' = V/Vr. Equation (4) is plotted
in Fig. 1 for V3' =0.33. When viewed
as I’ versus I}, the S-shaped curve is
clearly multivalued. Stability analysis
shows that only the values with posi-
tive slope are stable in steady state. As
the input.intensity is increased from
zero, the output I remains low fol-
lowing the lower branch until I, (UP)
is reached. At that input, the trans-
mission switches from a 10% off value
to an 82% on value. The transmission
remains on the upper branch so long
as the input does not fall below 7,/
(DOWN). Figure 1 is closely analogous
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to the hysteresis curves obtained for a
Fabry-Perot étalon containing a non-
linear medium,'~8

It has been emphasized that a bi-
stable device can be constructed from
any optical material or system whose
transmission is a nonlinear function
T(V) of an applied voltage ¥.'* For
example, T(V) for the ferroelectric
lanthanum-modified lead zirconate
titanate (PLZT) crystal used here is
not given exactly by Eq. (2); the ex-
perimental data are shown in Fig. 2.
Since T(V) is not expressible as a sim-
ple function, direct calculation of / I'
versus IT', such as was done above, is
no longer possible. But the calculation
can be performed graphically.®+* 4 On
the graph of T(V), also plot the straight
lines (V - Vg)/ Vo =Iy/I; = T(V)
whose slopes decrease with increased
input intensity since Vo = of;. Fora
given input intensity, T(V) must ob-
viously satisfy both the T(V) curve
and the T(V) straight line; i.e., the
intersections of a line and the curve
give the possible values for T(V) at that
input. For example, Fig. 3 shows an
experimental T(V) and two straight
lines labeled UP and DOWN that cor-
respond to the switching values of the
input. Using the intersection values,
now plot T(V) versus I; as in Fig. 1.
The bistable region of Fig. 1 corre-
sponds to the range of input intensi-
ties for which there are three inter-
sections of aline with the experimental
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Fig. 1. Plot of the transmission of a hypothetical PLZT crystal between crossed polarizers with

feedback [see Eq. (4)].
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Fig. 2. PLZT transmission curve. The left
curve is for increasing V; the right for de-
creasing. This intrinsic hysteresis could be
used for an optical memory if V is pro-
portional to the input Iy because T(V)
would reveal whether the present Iy was
reached by increasing from zero or de-
creasing from a maximum, But the char-
acteristics of such a device would differ
greatly from the present OB device, in
which V is determined by /. In particular,
without feedback, no switching would occur
for an infinitesimal change in input in-
tensity. This PLZT hysteresis is undesirable
for this experiment in that it is not needed
to observe OB.

T(V)

Fig. 3. Graphical determination of trans-
mission with feedback from known de-
pendence of transmission on voltage.

T(V) curve. More generally, if
(dT/dV) > T/V, then I is a multi-
valued function of I; for the appropri-
ate bias voltage, and OB can be ob-
tained.!® Experimentally, one usually
varies I; back and forth between zero
and a maximum and then increases the
feedback gain and adjusts V5 until OB
is observed.

EXPERIMENTAL SETUP

The apparatus is shown in Fig. 4; this
setup is essentially identical to that of
Ref. 14 except that there the polariza-
tion is rotated with a LiNbO; crystal.
Here the nonlinear optical switch is an
electroded PLZT ceramic wafer bonded
to glass-supported crossed linear polar-
izers. This switch is made by Motorola
under the composition name 9565.
The device is easy and safe to handle,
especially if mounted on a translator
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Fig. 4. Simple apparatus for observing optical bistability (top) and its schematic. The light
source was a linearly polarized multimode He-Ne laser. LP is a linear polarizer, BS is a beam
splitter, and PLZT is a piezoelectric crystal in which an electrical feedback signal modulates the
transmission through electric field-dependent index changes. The Motorola 9565 bonded wafer
consists of the PLZT and LP’s within the dashed box. I7 and I7 are the input- and transmitted-

light detectors connected to the oscilloscope CRT.

for positioning. The bonded wafer has
an on-state transmission of 17%and an
off-state transmission of 0.032%. The
light source is a 1.mW He-Ne linearly
polarized multimode laser; almost any
source could be used so long as its
polarization is linear along a fixed di-
rection and it can be modulated and
collimated. Here, the light is modu-
lated by using a linear polarizer
mounted on a slow motor.2® A polar-
izer is inserted before the glass-slide
beam splitter in order that the input
detector receive a light flux propor-
tional to that passing through the first
polarizer of the PLZT bonded wafer.
The detectors are Texas Instruments
type TIL81 phototransistors (see Fig.
5).2° The feedback amplifier can be a
Kepco OPS-1000 operated with an
internal feedback resistor of 1 MS2 and

B
cﬁE OUTPUT
I %ol

=BV — TIL8I R=1008

I

Fig. 5. Phototransistor detector. The case
tab indicates the wire connections (top
view).

variable 1-kQ2 input resistor to adjust
the gain. A variable 100-kS2 resistor
between the supply’s +6-V terminal
and the input null point determines
the bias voltage. Or the Kepco ampli-
fier (~$650) can be replaced by the
much less expensive (~$15 for opera-
tional amplifier and transistor) circuit
of Fig. 6.22 Note that all the compo-
nents of this proposed undergraduate
experiment are commercially available
and are relatively inexpensive. The most
expensive components are the ampli-
fier and the PLZT wafer (~$200).
This wafer requires high voltages, but
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its advantages are its very large aper-
ture and its ready availability (because
it is used in welder’s goggles). Un-
electroded wafers are much cheaper;
they can be cut into several crystals
and homemade electrodes attached.
When waveguide electro-optical de-
vices become readily available and in-
expensive, the high-voltage amplifier
will no longer be needed.

RESULTS AND DISCUSSION

Figure 7 shows an oscilloscope display
of the hysteresis curve, as well as the
time dependence of the input and out-
put signals, for the apparatus of Fig. 4.
Here, the bias is set at 313 V,and V'
swings between 313 and 1100 V. Such
a trace may be observed over a fairly
wide range of bias voltages and ampli-
fier gain. Under good conditions, the
ratio of the higher and lower trans-
mitting states may be around 10:1.
Switching times, that is, the times for
the system to flip from one state to
the other, are on the order of a few
milliseconds.

That the system is indeed optically
bistable is readily demonstrated.!*
Referring to Fig. 7(a), stop the rotat-
ing polarizer so that the system is in
state A. Briefly shine a flashlight on
the output detector to switch the de-
vice to a point A’ on the upper part
of the curve directly above A. Ob-
struct the path of the input beam to
restore the system to A. Also, by vary-
ing the gain and the bias voltage, one
may observe the clipper, limiter, and
differential gain modes of the system.

It is of interest to consider what
causes the switching events associated
with bistability. Referring to Fig. 3
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Fig. 6. Inexpensive feedback-amplifier circuit.
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Fig. 7. Optical bistability observed with the apparatus of Fig. 4.

again, at low input intensities, V is
low, as are T'(V) and dT'(V)/dV; the
(V - V)|V, straight line is nearly
vertical, i.e., V' ~ Vp. Here it is im-
portant to note that V= Vp + aly
(i.e., feedback). At sufficiently high
Iy, the al term begins to contribute
significantly to V, thus increasing

T (V) and further increasing /7. When
the (V - V)/V, straight line becomes
tangent to the lower knee in T(V),
i.e., becomes the UP curve, the device
turns on in a runaway manner. The
transmission passes through the peak
transmission (spikes in Fig. 7) and
comes to equilibrium at a lower T(V),
so that Egs. (1) and (3) are satisfied
simultaneously. Now, in decreasing the
input light, i.e., increasing the slope in
Fig. 3 from that of the UP line to that
of the DOWN line, the turned-on de-
vice requires less input for high trans-
mission than was required to turn it
on. Once the input is low enough that
(AT/dV) > T/(V - Vp), the device
rapidly turns off.

In summary, a simple apparatus is
described that permits a student to
observe optical bistability. This phe-
nomenon is an interesting dynamical
process having potential for all-optical
data processing and having interesting
phase-transition properties.!

APPENDIX: ALTERNATIVE
APPROACHES

The experiment suggested herein in-
volves readily available components
and only a 1-mW He-Ne laser or even
an incoherent light source. This experi-
ment is, of course, a hybrid experiment
involving both electronics and optics
and no cavity. There is a close analogy,
however, between this hybrid experi-
ment and the intrinsic experiments
involving an intensity-dependent re-
fractive index within a Fabry-Perot

interferometer. The analogy can be
made even closer by using a PLZT
crystal (with no cross polarizers
attached, which results in a much
more fragile element) within a Fabry-
Perot interferometer. Or feedback can
be made to a piezoelectric on which
one of the Fabry-Perot mirrors is
mounted.! * Hybrid experiments are
suggested here because at present it is
simpler to supply electrical power than
laser power. However, a somewhat
higher-power laser (~20 mW) would
enable one to observe intrinsic ther-
mal optical bistability in a color
filter.2® In that case, an intensity-
dependent refractive index is induced
within.a Fabry-Perot cavity by opti-
cal absorption, leading to heating and
thermal optical path-length changes.
As the field of OB develops, undoubt-
edly low-power intrinsic systems will
become easily available.
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