
PH Y SICAI RE VIE% A VOI UMK 19, XUMHK8, 8

Theoretical and experimental study of the dynamic behavior of a nonlinear Fabry-Perot
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We have studied theoretically and experimentally the dynamic behavior of a nonlinear Fabry-Perot
interferrometer filled with a Kerr medium. The Fabry-Perot responses ranging from extremely transient to
quasi-steady-state in various modes of operation are considered. The experimental results. are in excellent

agreement with theory. It is shown that the quasi-steady-state operation requires not only a medium response

time much smaller than the cavity round-trip time, but also a characteristic time of the input intensity

variation several hundred times larger than the cavity round-trip time. Even in the quasi-steady-state limit,

.optical switching is often featured by overshoot and ringing after switching. The switching speed is limited by
the cavity buildup time.

I. INTRODUCTION

Recently, there has been growing interest in the
physical understanding and possible applications
of nonlinear Fabry-Perot (FP) interferrometry. '

Seidel and Szoke et al. first, proposed the use of a
nonlinear absorbing FP interferrometer for optical
limiting, discriminator, and bistable operations.
Later, McC all and coworkers successfully demon-
strated such operations with sodium vapor or ruby as
the nonlinear medium in the FP inter ferrometer cav-
ity. ' They pointed out, however, that their observa-
tions were actually dominated by the field-induced
refractive index rather than the nonlinear absorp-
tion. Detailed theory of the steady-state operation
of a nonlinear FP interferrometer filled with a
purely refractive medium has already been worked
out by Felber and Marburger. More recently,
various research groups have proposed and devel-
oped schemes that could lead to miniature non-
linear FP interferrometer for applications in inte-
grated optical circuits. Even mirrorless and in-
tegrated optical bistable devices have been demon-
strated. Theoretically, optical bistability has
been discussed using analog to phase transition. '
The quantum statistical properties and the spec-
trum of transmitted light of a bistable resonator
have also been investigated.

While the steady-state operation of a nonlinear
FP interferrometer is now well understood, little
attention, so far, has been paid to the dynamic
behavior of a nonlinear FP interferrometer. In
the practical design of a nonlinear FP interferro-
meter as an optical device, however, questions
relating to the transient characteristics of the
device, switching speed, etc. , are clearly very
important. We have recently reported the prelim-

inary results of our theoretical and experimental
study of. the transient behavior of a. nonlinear FP
interferrometer filled with a Kerr liquid. In this
paper, we now give a complete theoretical analysis
on how the nonlinear FP interferrometer behaves
in its operation from the extremely transient case
to the quasi-steady-state case as different charac-
teristic parameters are varied. ' We also show
experimentally that our results obtained with an
FP interferrometer filled with various Kerr media
(liquid crystal, nitrobenzene, and CS~) are in ex-
cellent agreement with the theoretical calculations.

We first review in Sec. II the theoretical formal-
ism. We then describe, in Sec. III, the experi-
mental arrangement and present, in Sec. IV, the
experimental results in comparison with the theo-
retical calculations. In Sec. V, we extend the theo-
retical calculations of the bistable operation to the
case with an ideal saw-tooth input pulse in order to
discuss the transient operation characteristics of
the nonlinear FP interferrometer more fully. We
consider, in particular, the dependence of switch-
ing speed and ringing in the output on the various
characteristic parameters. Finally, we discuss
qualitatively the effect of transient response on the
observed behavior of the nonlinear FP interferro-
meter reported by others.

II. THEORETICAL FORMALISM

We consider an FP interferrometer cavity filled
with a Kerr medium. We assume that the field-
induced refractive index &n in the Kerr medium
affects only the phase but not the amplitude of the
field inside the cavity. Then, in the plane wave
approximation with an input field Z„(t) = 8&(t)
exp(-i&et), the transmitted output field is
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respectively, and C[t, t —(m+ —,')ts] is the phase
increment of the field entering the cavity at t- (m

+2)ts and leaving the cavity at t. If the variation
of the field is small in ts, then Eq. (1) can be ap-
proximated by

where &([t —( m+~a)t, ]=Z,"~&&g (with &g( = Bi[t
—(I+-,')tzj —S,[t —(l-~)tz], I and m are positive
integers, tz is the cavity round trip time, R
=R exp(-o. d), o( is the attenuation coefficient in
the cavity, d is the cavity length, R and T are the
mirror reflection and transmission coefficients,

mmax
gm f CE tt t-(m+f /2)t g]dt's

tR 7

with m, „being an integer closest to but smaller
than (t- t')/ts.

The phase increment 4 is given by
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Assuming the variation of ~n in a round trip time
t& is negligible, we can write

14 t, t — m+ — t~
2

The fields inside the cavity are related to E,„,by
I&-tl'=no&IE~I'=nP'I&pl'/R Equation (6) can
be written in the integral form as

t
gy(t)

+
IE (t }I2 (t t&/-4pd-ti

tl pcTTD

where (t)0
—((d/c)2nod and &Q(t) =((p/c) J bn(t, z)da.

The spatial variation of ~n arises from the inter-
ference of the forward and backward propagating
waves in the cavity. It is sinusoidal and is there-
fore averaged out in the round-trip integral of hP.
For Kerr liquids, &n and hence &(II) obey the Debye
relaxation equation, namely,

8b P (pd
rp + &(t) =—(5n~ + 5ns),

C

where T& is the Debye relaxation time, and 5n&
and 5n~ are the quasi-steady-state field-induced
refractive indices seen by the forward and back-
ward propagating waves E& and E~ inside the cav-
ity, respectively. Since the field-induced polariza-
tion in the medium is Pz", s —(no/2v}n, (l Ez I

+ I&el )Ez, s, we have tn, ,s=(2w/no)BP~ s/8Z, ,
= 2n21&~, s +n21&B F I ~ Equatio~ (5} then be-
comes

(6)

(8)

and Eq. (7) becomes

&p = [3(pdn2(1+R)/noc~ j I&out I
~ (9)

In Secs. IVand V we shall discuss how large T, should
be relative to ~D and t~ in order. to assure the
quasi-s teady-state operation.

The couyled set of Eqs. (1), (4}, and (7} now
fully describe the dynamical property of the non-
linear FP interferrometer. They can be solved
numerically on a computer using iterative self-
consistent loops. A number of examples will be
shown in Secs. IV and V. When the characteristic
time T, of the input intensity variation is much
larger than w& and t&, the operation of the FP in-
terferrometer should become quasi-steady state.
As expected, Eq. (1) then reduces to the well-known
result

.4

E,„&
—TE„exp[i(&0 + 4—(t))/2]/[1 —R exp(i(t)0+id P)]
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IH. EXPERIMENTAL ARRANG-EMENT

There are three important time constants in the
problem: the characteristic time of input iriten-
sity variation T„ the medium response time 7'&,

and the cavity round-trip time ts (or the cavity
buildup time 7', defined as 7', =ts/~1-R exp(i/0} ~).
In our experiment, the input to the FP interferro-
meter was a laser pulse; so we can use the pulse-
width ~~ as the characteristic time T,. With the
Kerr medium in the FP interferrometer, 7'& is the
Debye relaxation time. We wanted to consider in
our experiment cases ranging from T&» v~»t~ to
&p & 7g) & t~ to &p&& tg» Y~, covering a wide range
of the nonlinear FP interferrometer operation
from the extremely transient to the quasi-steady
state. In order to achieve this, we used three
different Kerr media: a liquid crystalline mater-
ial n-P- methoxyb enzyiid ene-P-buty laniline (MBBA)
in the isotropic phase, nitrobenzene, and CS2. Be-
cause of its pretransitional behavior, MBBA has a
relaxation time ~& which can be easily varied by
temperature. " Corresponding to a temperature
variation from 65 C to 45'C, w& of MBBA varies
from 15 to 174 nsec. Then, for nitrobenzene and

CS2, we have 7'& —45 and 2 psec at 20'C, respec-
tively. We also used two single-mode Q-switched
ruby lasers with different pulsewidths w~ =14 nsec
and 62 nsec (full width at half-maximum}, respec-
tively. Both laser beams had a Gaussian beam
profile with a radius of -0.15 cm at the entrance
of the FP interferrometer.

Our experimental setup is shown in Fig. 1. The
FP interferrometer cavity was formed by two
X/200 plane mirrors with R =0.98 separated by
d =1 cm. It was filled with one of the Kerr liquids
and placed in a thermally controlled oven. The
temperature of the FP interferrometer could be
stabilized to within 10 3'C. The linear round-trip
phase shift $0 in the cavity was measured by an
He-Ne laser beam and then modified to its value
at the ruby laser frequency through calibration.
For coarse adjustment of $0, the FP interferro-
meter was mechanically tuned, and for fine adjust-
ment, thermally tuned. Because of the small at-
tenuation loss. due to scattering and absorption in
the three Kerr liquids we used, the effective mir-
ror ref lectivity at the ruby laser frequency was
R =. 0.78. The experimentally determined finesse
of the FP interferrometer was 13. Input and output
laser pulses at the FP interferrometer were mea-
sured by fast photodiodes and displayed on two
simultaneously triggered Tektronix 519 oscillo-
scopes. The input laser power was always kept
well below the self-focusing threshold in the Kerr
medium. Absolute laser intensities were obtained
by measuring the laser power, the beam cross
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FIG. 1. Schematic diagram of the experimental setup.
P: polarizer; BS:beamsplitters; L: lense M: movable
mirror. TS: telescope. PD: photodiode- PM: photomul-
tiplier.

section, and the beam divergence at the entrance
of the FP interferrometer. The measured peak
laser intensities were accurate to within 15%.

IV. EXPERIMENTAL RESULTS AND COMPARISON

TO THEORY

Our measurements with different pulse inten-
sities were made at FP interferrometer phase
detunings b $0=0, -O.lv, and -0 2v. rad. ($0=4/0
+multiple of 2v). These values of &$0 were cho-
sen such that the steady-state operation of the non-
linear FP interferrometer are in three different
distinct modes, e.g. , the power limiter, the differ-
ential gain, and the bistable mode respectively.
Figure 2 shows three typical examples far each
value of &$0. The dots are obtained from the mea-
sured oscilloscope traces. The plots on the right-
hand side of Fig. 2 give I,„t vs I„with time t as
the varying parameter. The solid curves are the
theoretical curves. We first fit the measured I! (t)
by a Gaussian pulse. Then, using Eqs. (1), (8},
and (7), we calculated I,„t(t) and &Q(t). The self-
consistent calculation was carried out with the
difference of 4Q between two final successive
iteration steps less than 1 mrad. One normaliza-
tion constant was used to fit the peak of I,„,(t) in

Fig. 2(a), and then, the same normalization con-
stant was used for calculating I,„,(t} and L@(f}in
Figs. 2(b) and 2(c). Furthermore, the calculated
I,„,(t} also took into account the response time of
the detector system through convolution with the
detector response function. The same procedure
was taken in calculating the curves in Figs. 3-8.
In all cases, we find excellent agreement between
theory and experiment.

Figures 2-8 show progressively how I,„,(f),
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FIG. 4. t& &~&= wD with t&=0.11 nsec, 7'&=14 nsec,
and 7'a=15 nsec. Others are the same as in Fig. 2.
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2.

FIG. 8. v'D«t~&v& with tz=0.11 nsec, v'& =62 nsec,
and 7'D=2 psec. The FP interferrometer cavity is filled
with CS2. Others are the same as in Fig. 2.
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&Q(t}, and I,„,(t) vs I~(t) vary when the molecular
relaxation time ~D decreases from 7D» Tp» t~ to
r~«ts«r~ When r. D~ t~ (Figs. 2-5}, the curves
of tLQ(t} show clearly the transient response of the
medium to the cavity field, but when r~ « t» (Figs.
6-8), the medium responds to the field almost in-
stantaneously, and d, P(t) becomes essentially pro-
portional to f,„,(t}. The variation from the trans-
ient to the quasi-steady-state operation of the FP
interferrometer can also be easily seen in Figs,
2-8. In the power-limiter mode (b $0 —0), I,„,vs
I,„first appears as a loop in the transient case, and

gradually shrinks to a line as the operation be-
comes less and less transient. In the differential
gain mode (4/0 ——O.lvrad), a similar but more
easily visualized transformation takes place with

I,„, vs I„eventually showing the S-type character-
istic curve in the quasi-steady-state limit. The
bistable mode of operation (b, po =- 0.2v rad} dis-
plays the transition from transient to quasi-steady
state most dramatically. In the transient limit
[Figs. 2(c) and 3(c)], I,„,vs I„is also in the form
of a loop, even though the circulation around the
loop is counterclockwise, opposite to that appear-
ing in the power limiter and differential gain cases.
Then, it begins to appear like a hysteresis loop
in Figs. 4(c) and 5(c}, and finally transforms into
such a loop towards the quasi-steady-state limit
in Figs. 6(c)-8(c).
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We note that even in Figs. 6 and 7, with T~/rn
=310 and 7000, respectively, the curves exhibit
some transient characteristics. This is because
in these two cases even though the material re-
sponse can be considered as instantaneous, 7'&/ts

=140 is not large enough so that the cavity field
buildup is still somewhat transient. With a longer
input laser pulse in Fig. 8 corresponding to r~/f„
=620, the transient effect is clearly reduced.
Even in the quasi-steady state, the optical switch-
ing of the bistable operation mode occuring in a
time comparable to tR would show some transient
phenomenon in the form of overshoot and ringing. ~

In our experimental observation, however, they
are partially masked by the slow response of our
detection system. The overshoot and ringing ef-
fects could be important in the applications of fast
optical switching. We shall therefore discuss
theoretically these effects as well as the switching
speed in Sec. V.
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V. DYNAMIC BEHAVIOR OF OPTICAL BISTABILITY

In order to exhibit more clearly the transient
characteristics of the bistable operation, we also
performed theoretical calculations using a trian-'
gular input pulse. The results are shown in Figs.
9-11 with the detuning of the FP interferrometer
set at bpo —-0.4v. In Fig. 9, three different val-
ues of &~ (250', 100t„, and 50'}are used while
the other parameters such as the Debye relaxa-
tion time v~ (=0.01ts), the mirror ref lectivity
8 (= 70%), and the input peak intensity „I( nrom la-

ized to 1) are kept constant. Since we have v~ &f„
» v'~, the medium response in this case is essen-
tially instantaneous. The transient effect there-
fore arises from the finite time required for the

. cavity field buildup. As shown in Fig. 9, the tran-
sient effect in the sense of slowing dow'n of the
switching speed is quite obvious even at 7'&/ts —100
and only becomes negligible when r~/ts ~ 250.
Then, the overshoot and ringing after switching
are also more clearly displayed with longer ring-
ing periods in the more transient cases. Physic-
ally, overshoot and ringing after switching can be
easily understood. As is well known, field in a
resonant cavity cannot make sudden finite changes.
It has to approach the final value through interfer-
ence of multiple reflections. When the finesse
(or the Q factor} of the cavity is sufficiently large,
we have then the underdamped and ringing situa-
tion. We also expect to have more ringing in a
cavity with a larger finesse. In the quasi-steady
state with v~»t~»7D, the ringing should be over
in roughly two cavity buildup times (r,). If we
consider optical switching as completed when the

0 50
TIME (units of roundtrip time) NORMALIZED INPUT INTENSITY

FIQ 9 Igg(t} Ipgg (t) and I«& vs I&~ of the bistable
model of operation calculated for three different pulse
durations && with 6/0= —0.4~, ~D=0.0ltz, RO=70%,
and the normalized input peak intensity kept constant.
Note the different time scales in the figures on the left.

ringing is over, then the switching time is limited
by a few w, even in the quasi-steady-state opera-
.tion.

In Fig. 10, we show the effect of the finite med-
ium response time on the switching behavior.
Three examples are given with va —0.01t&, 2.st~,
and 25t~ and the other parameters kept constant.
Clearly, even when 7~/7b =100, the transient
switching characteristic in the form of slow switch-
ing and ringing is still obvious. This is mainly
because 7& ~ t& so that the material response slows
down the cavity field buildup. Therefore, the
quasi-steady-state case is expected to set in only
when 7'D & ts and 7'~ /ted 250.

In the quasi-steady-state limit where v&» t&

»vD, the ref lectivity of the FP interferrometer
mirrors will finally set the switching speed and
affect overshoot and ringing. We show the effect
of mirror ref lectivity in Fig. 11. As seen in Fig.
11, lower mirror ref lectivity slows down in switch-
ing speed and da,mps out the overshoot and ringing.
The apparently slower switching is due to the
smoother and broader FP interferrometer trans-
mission curve at lower B, while the stronger damp-
ing on the ringing arises from the lower finesse
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mode of operation for three different molecular relaxa-
tion times T~ with &$0— 0 4x 7'p 250tz& R~ 70%
and the input peak intensity kept constant.

IG 11 in(t)s Iout(t), and Iout vs Iin of the bistable
model of operation for three different effective mirror
reflectivities Ro with 4 fI50= —0.4~, T D= 0.01 tg, T p
= 250tz, and the input peak intensity kept constant.

of the cavity.
From the above results, we can therefore con-

clude that in order to have a sharp optical switch-
ing, we need a cavity with a higher finesse, but
then overshoot and ringing after switching will be
more obvious. The switching speed is fastest in
the quasi-steady-state limit (7~ » ts» v&) and is
limited by the cavity buildup time.

The theoretical discussion here can be qualita-
tively extended to the experimental observations
reported by others, although the equation govern-
ing the material response may be different in dif-
ferent cases. For example, Smith et al. used a
nonlinear FP interferrometer in which the nonline-
ar phase shift was provided by an electro-optical
crystal driven by the transmitted or reflected
light. ln that case, the material response was
dominated by the response time 7& —-1 nsec of the
electronic feedback system, i.e. , 7+ plays the role
of 7'D. Using 7D=—v~=1 nsec, tz -—1 nsec, R
=63 /g, and v~ » t~- 7'~ in our calculation, we can
actually obtain a set of I,„t vs I„curves for the
various modes of operation (corresponding to dif-
ferent 6/0) very similar to what Smith et al. have
observed.

Grischkowsky' has studied the bistable mode of

operation of a nonlinear FP interferrometer filled
with Rb vapor. The characteristic parameters in
his case are t& ——30 psec, TD ——200 psec, 7~=7
nsec, R~ —0.'t3, and &$0 =- 0.24 rad. Since 7'D

&ts even though rgtR =230» 1, the transient re-
sponse of the FP interferrometer should be quite
obvious. The output should resemble the I,„,curve
in Fig. 10(c). An actual calculation taking into
account the finite response time (-1 nsec) of the
detection system and the true input pulseshape
can in fact reproduce the observed I,(t) quite
well.

Overshoot and ringing in optical switching of a
FP interferrometer has been mentioned by Smith.
They can, in fact, also be seen in the bistable op-
eration of the mirrorless feedback scheme as re-
ported by Feldman. 6

VI. CONCLUSION

We have presented here the results of a detailed
theoretical and experimental study of the dynamic
behavior of a nonlinear FP interferrometer filled
with a Kerr medium. The three modes of opera-
tion, namely, power limiter, differential gain,
and optical bistability, are considered. The ex-
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perimental results covering a wide range from the
extremely transient to the quasi-steady-state case
are all in excellent agreement with theory. We
show that in order to have quasi-steady-state op-
eration, the characteristic time of the input inten-
sity variation must be several hundred times the
cavity round-trip time which should in turn be
larger than the material response time. Even in
the quasi-steady-state limit, optical switching in
the bistable mode of operation is still often char-
acterized by overshoot and ringing as the cavity
field makes underdamped adjustment from its ini-
tial value to the final value. The optical switching
speed is then limited by the cavity buildup time.

Switching is less sharp and ringing is more highly
damped if the FP interferrometer cavity has a low-
er finesse. Although our theoretical calculation is
restricted to FP interferrometry with a Kerr med-
ium, the results are still valid in a qualitative
sense for the other types of nonlinear FP inter-
ferrometer.
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