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WEDNESDAY, JUNE 15, 193 WEDNESDAY. JUNE 15, 1983, Continued

HOYT" HALL 12:00 N WHb3
:00 AM- 10:30AM Multistabllty, Self-OsdllatIon, and Chaos In Nonlinear
OpIcBltly I Optics, H. J. Carmichael, University of Arkansas, Fayetteville, AR, &-, .
Hyatt M. Gibbs, Presider and C. M. Savage and D. F. Walls, University of Waikato, Hamilton,

, New Zealand.

ChSAM aIB ct Multistability, self-oscillation, and chaos in a model for polarization I
Chas amnd Optlcal Bltabillty: Blfuraton Structure, K. Ikeda, switching is discussed. Chaos is also predicted in two-photon
Kyoto University, Japan. optical bistability and sub/second-harmonic generation.
The structure of bifurcations exhibited by solutions of a delay-
differential equation that models a bistable optical cavity is inves- 12:30 PM-2:00 PM LUNCH
tigated in detail.
tU AMW a2 HUTCHISON HALL", 1130 AM WH&2 .... ,

Optical Bistabilly with Two-Level Atoms, H. J. Kimble and A. T. 2:00 PM-2:10 PM
Rosenberger, University of Texas at Austin, Austin, TX, and P. D. Introductory Remarks

Drummond, University of Rochester, Rochester, NY. S. L. McCall, Presider

Measurements of steady-state characteristics and of transient 2:10 PM-3:10 PM
response are reported for optical bistability with intracavity atomic Optical Chaos
beams in both standing-wave and ring configurations. R. Bonifacio, Presider

10:00 AM WHa3 210 PM WC1
4Opt"cal Bletabilty, Chaio In the Coherent Two-Photon Path to Optical Chaos, F. A. Hopf, Optical Sciences Center,

Processes, G. S. Agarwal, University of Hyderabad, Hyderabad, University of Arizona, Tucson, AZ.
India, and Surendra Singh, University of Arkansas, Fayettesville.
AR. 2:40 PM WC2

Chaos In Dispersive Bletnblllty, Axel Schenzle, University of
Higher-order coherent processes, such as two-photon absorption, Csn derse Bepu blf ty Al eeUi ty
in atomic systems in a ring cavity are shown to exhibit chaotic Essen, Federal Republic of Germany.

character following Feigenbaum scenario. The characteristics of 3:10 PM-3:40 PM COFFEE BREAK
chaotic regime and various exponents will be discussed.

10:30-11:00 AM COFFEE BREAK HUTCHISON HALL

3:40 PM-5:10 PM
HOYT HALL Flucuatlone and Instablities
11.0o,..,,.,o PM C. M. Bowden, Presider

Optical Bistabity II 3:40 PM WD1
S. L. McCall, Presider The Physical Mechanism of Optical Instabliltles;Yaron Silber-

berg and Israel Bar-Joseph, Weizmann Institute of Science,11:00 AM WfHbll Rehovot, Israel.- - -
Turbulence and 1/f Noise In Quantum Optics, F. T. Arecchi, RhvtIre
UniversitA di Firenze, Italy. Instabilities in nonlinear optics are related to wave-mixing gain "1

processes. Various self-pulsation phenomena and period doubling
Generalized multistability and chaotic behavior are observed in in optical cavities are explained and analyzed.
several quantum optical systems. Inducing jumps between
independent attractors leads to a low frequency of power spectrum 4:00 PM WD2
of 1/f type. Experiments and theory are here presented. Connection between Ikeda Instability and Phase Conjugation,

11:30AM WHb2 W. J. Firth, E. M. Wright, and E. J. D. Cummins, Heriot-Watt

Self-PulsIng, Breathing, and Cha In Optil Bletabillty and University, Edinburgh, U.K
the Lsa with Injected Signal, L. A. Lugiato, Istituto di Fisica Ikeda oscillation is interpreted as a four-wave parametric instab-
DellUniversita, Milano, Italy, and L. M. Narducci, Drexel University, ility. In a Fabry-Perot, the phase-conjugating grating induces a
Philadelphia, PA. new dynamic instability.

In this paper we review some of the most relevant manifestations of 4:20 PM WD3
self-pulsing in optical bistability, including the absorptive case in Clinical Quantum Fluctuations In Optical Blltablilty, Peter D.
which self-pulsing is a multimode phenomenon. Drummond, University of Rochester, Rochester, NY.

Absorptive optically bistable elements in the critical region have . •
increased quantum fluctuations by a factor of -,n, where n is the
threshold photon number. .,-
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WEDNESDAY, JUNE 15, 103, Continued THURSDAY, JUNE 16, 1983

4*40 M WD4 HOYT HALL

Phaciuiuons In Optical BlabtNt. Experimtl with Shot 8:00 AM-10:10 AMNoseS. L McCall, Bell Laboratories, Murray Hill, NJ, and S. Blatablllty* Semiconductors and Novel Schemes -

Ovadia, H. M. Gibbs, F. A. Hopf, and D. L. Kaplan, Optical Sciences Peter W. Smith, Presider
Center, University of Arizona. Tucson, AZ.

Using a hybrid bistable optical device with a large photon shot 8:00 AM ThAi"
noise, we have observed fluctuations and spontaneous transitions Room Temperature Optical Blatablilty In Semiconductors and
between the two states. A simple ladder model fits the data well. Realization of Optical AND Gates, S D. Smith, Heriot-Watt

University, Edinburgh, U.K.
5:45 P-6:45 PM DINNER (for on mpus registrants only) Recent developments in optical nonlinearities in InSb are review- .*

ed, and new devices including an AND gate and interacting logic
7:00 PM Bus" leave from the library for the Dryden Theatre elements are described.

(at George Eastman House)
6:30 AM ThA2

7:45 PM Film Show. "Man In the White SuiL" Advance. In GaAs Blatable Optical Devices, J. L. Jewell, S. S.
Tarng, H. M. Gibbs, K. Tai, and D. A. Weinberger, Optical Sciences

9:00PM Bums return to the University of Rochetercampus Center, University of Arizona, Tucson, AZ, and A. C. Gossard. S. L.
McCall, A. Passner, T. N. C. Venkatesan, and W. Weigmann, Bell

9:15 P1-15:30 PM Reception and Poster Pqer Review Laboratories, Murray Hill, NJ.
In the May Room of Wilson Commons

The achievement in GaAs bistable optical devices of room-
temperature operation, external switch-on and switch-off, and
advances in device fabrication are described.

9:00 AM ThA3
Nonllnearltles at the Bandgap In InAs, Craig D Poole and E.
Garmire, Center for Laser Studies, University of Southern Cali-
fornia, Los Angeles, CA.

Nonlinear absorption has been observed in InAs between 100 and
1000 K at intensities comparable with InSb. Parameters affecting
bistability will be discussed.

9:20 AM ThA4
Nonlinear Optical Interfaces, P. W. Smith and W. J. Tomlinson,
Bell Laboratories, Holmdel, NJ.

We review previous theoretical and experimental work on non-
linear optical interfaces and report new experimental results that
confirm the predictions of our two-dimensional Gaussian beam
analysis.

:50 AM ThA5
Mlrrorless Intrinsic Optical Blstablllly due to the Local Field .. -.
Correction In the Maxwell-Bloch Formulation, C. M. Bowden,
U.S. Army Missile Command, Redstone Arsenal, AL, F. A. Hopf,
Optical Sciences Center, University of Arizona, Tucson, AZ, and W.
H. Louisell (deceased), University of Southern California, Los
Angeles, CA.

We show that optical bistability occurs under suitable conditions
for material parameters that are due entirely to the local field cor-
rection incorporated into the Maxwell-Bloch formulation.

10:10 AM-10:30 AM COFFEE BREAK
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THUUSDAY, JUNE 16. 1963, Continued THURSDAY, JUNE 16, 1963, Continued

MAY ROOM/WILSON COMMONS Poster ThB7

10".30 AM-12c0 M Routes to Optical Turbulence In a Dispersive Ring Bistable
Podm slion I Cavity Containing Saturale Nonllneaities, J. V. Moloney. H. M.
P. Drummond, Presider Gibbs, and F. A. Hopf, Optical Sciences Center, University of

Arizona, Tucson, AZ.
Peste Th

, Poster Th Using a plane-wave analysis we show that coexistent attractors,
Optically Induced Changes in the Faraday Rotation Spectra representing distinct routes to optical turbulence, appear on a
of the FerromagnstIc Semiconductor CdCr2Sfe Norman A. single branch of a dispersive ring bistable cavity. Some of these
Sanford, Sperry Research Center. Sudbury, MA. routes appear to arise via a tangent (saddle-node) bifurcation and

are not found in the logistic map analyzed by Feigenbaum. When
Induced Faraday rotation in transmitted probe light that is due to a transverse variations in the beam profile are accounted for, a new
second circularly polarized pumping beam has been observed, transition sequence arises that is consistent with recent observ-
Sense of response followed pump polarization sign. ations in a fluid dynamical experiment.

Poster ThB2 Poster ThBl'
Muliparameter Universal Route to Chaos In a Fabry-Perot Resonant Frustrated Total Reflection (FTR) Approach to - -

Resonator, E. Abraham and W. J. Firth, Heriot-Watt University, Optical Blstabllity In Semiconductors, Bruno Bosacchi,
Edinburgh, U.K. Western Electric - Engineering Research Center, Princeton, NJ,~~and Lorenzo M. Narducci, Drexel University, Philadelphia, PA..•,

We present analytic and computational evidence for Feigenbaum aMDe d

bifurcation to chaos in a folded resonator containing a Kerr We discuss the resonant FTR (Frustrated Total Reflection) ..-.

medium with finite response time. approach to optical bistability and its relationship with alternative 'e1-
configurations (nonlinear, interface, waveguide, and surface-

Poster ThB3 plasmon).
Bistable Operation of Two Semiconductor Lasers In an Exter-
nal Cavty. Rate-Equation Analysis, T. G. Dziura. and D. G. Hall, Poster ThB9
The Institute of Optics, University of Rochester, Rochester, NY. Optical Hysteresis and Blatablilty In the Wave-Front Con-

Jugatlon by Electro-Optic Crystals, N. V. Kukhtarev, T. I.
The steady-state and dynamic behavior of a bistable laser reson- Semenets, and V. N. Starkov, Ukrainian Academy of Sciences,
ator containing two semiconductor elements is examined Kiev, USSR.
theoretically.

It is shown that, in the transmission and reflection types of the
" Poster ThB4 phase conjugation in the electro-optic crystals, noncavity optical

Optically-Induced Bistability In a Nematic Liquid Crystal, Hiap bistability may be observed.
Liew Ong and Robert B. Meyer, Brandeis University, Waltham, MA.
The s tia tfon tPoster ThB10
The structural b~istability in an optical field of intensity -200/cm2 in Observation of Blatablllty In Josephson Device, Barry Muhl-
a nematic liquid crystal is discussed. felder and Warren W. Johnson, University of Rochester, Rochester,

NY.
Poster ThS
Room-Temperature Thermal Opticl" Bhtab~lty In Thin-Film An apparently new type of (possibly metastable) bistabiity has
Interference FIlters and Dye-Filled italona, M. C. Rushford, D. been observed in a double Josephson junction device.
A. Weinberger, H. M. Gibbs, C. F. Li, and N. Peyghambarian, Optical
Sciences Center, University of Arizona, Tucson, AZ. Poster Thll

Theory of Muitistability In Josephson Junction Devices, Peter
Thermal optical bistability was observed in interference filters and D. Drummond, Barry Muhlfelder, and Warren W. Johnson, Univer-
dye-filled 6talons. CW operation and demonstration of crosstalk sity of Rochester, Rochester, NY.
holds potential for studies of optical signal processing.

Josephson junctions coupled to electromagnetic fields can have
Poster ThBU nonequilibrium phase transitions. A new theory of optical multi- - -

Self-Defocuslng and Optical Crostalk In a Bistable Optical stability in junctions coupled to waveguides is compared with
Italon, K. Tai, H. M. Gibbs, J. V. Moloney, S. S. Tarng, J. L. Jewell, simulations.
and D. A. Weinberger, Optical Sciences Center, University of
Arizona, Tucson, AZ. Poster ThB12

Intrinsic instabilities In Homogeneously Broadened Lmrs,
Self-defocusing effects are observed in a bistable GaAs-GaAIAs Lloyd W. Hillman, Robert W. Boyd, Jerzy Krasinski, and C. R. Stroud,
superlattice talon and compared with numerical simulations. Jr., Institute of Optics, University of Rochester, Rochester, NY."" Crosstalk via diffractive coupling is also simulated. -""

It is demonstrated that a single-mode homogeneously broadened
laser far above threshold is unstable to the growth of additional I

modes.
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THURSDAY, JUNE 16, 1983, Continued THURSDAY, JUNE 16, 1983, Continued .'

Poster Th113 Poster ThB2O
Zesin-Ceren.. Effects In Absorptive Polarization Bl- Switching Behavior of Blstable Resonators Filled with Two-
lablify, Govind P. Agrawal, Bell Laboratories, Murray Hill, NJ. Level Atoms, E. Chang, G. Cooperman, M. Dagenais, and H. t S

Winful, GTE Laboratories, Inc. Waltham, MA.
Zeeman-coherence effects in absorptive polarization bistability
are studied using a folded three-level system. The collisional For material parameters of physical interest, we show that an
decay of Zeeman coherence modifies substantially the bistable optical bistable device cannot switch off much faster than the two-
and tristable behavior, level energy relaxation time.

Poster ThB14 Poster ThB21
Effect of Driving Lae Fiuctuations In Opticai Bistability, Polrization of BlstablIty in Choleteric Liquid Crystals,
Charles R. Willis, Boston University, Boston, MA. Herbert G. Winful, GTE Laboratories, Inc., Waltham, MA.

We derive and analyze the master equation in the high O limit when The polarization state of an intense light beam in a cholesteric
the incident laser has amplitude and frequency fluctuations, liquid crystal displays hysteresis and bistability as the incident

intensity is varied.
Poster ThB15

* Optical Blstability in Nonlinear Media: An Exact Method of Poster ThB22
Calculation- Y. B. Band, Allied Corporation, Mt. Bethel, NJ. Simulations of the Dynamics of Opticai Bistablity with

Fluctutilons, S. W. Koch, H. E. Schmidt, and H. Haug, Institut fOr
, Exact equations are obtained for reflection and transmission Theoretische Physik der UniversitAt Frankfurt, Frankfurt-Main,
. coefficients for a plane wave incident upon a slab of nonlinear Federal Republic of Germany.

."material. The bistability is calculated for slabs of InSb..., m i h at c a oDetailed numerical solutions are presented for the dynamics of the

Poster ThB16 fluctuating light field in a nonlinear resonator showing optical
* Self-Beting Instabilities in Sistable Devices, J. A. Martin- bistability.

Pereda and M. A. Muriel, Universidad Politecnica de Madrid,
Ciudad Universitaria, Madrid, Spain. 12:00 M-1:30 PM LUNCH

A self-beating phenomenon for instabilities in optical bistable
devices is reported. A general differential equation is presented. MAY ROOM/WILSON COMMONS
Liquid crystal was employed as nonlinear medium.

1:30 PM-3:00 PM
Poster ThB17 Poster Session II
Empirical and Anaiytlcal Study of Instabilities in Hybrid P. Drummond, Presider
Optical Bistable System, J. A. Marlin-Pereda and M. A. Murie!,
Universidad Politecnica de Madrid, Ciudad Universitaria, Madrid, Poster ThB23
Spain. Instabliitles and Chaos In TV-Opticai Feeback, G. Hausler and

N. Streibl, Physikalisches Institut der Universitit, Erlangen, Federal . -
Conditions for instabilities in hybrid bistable devices are analized. Republic of Germany.
Studied cases are I OUT versus I IN and I OUT versus VB. A
straightforward method to achieve instabilities is presented. TV-optical feedback systems are a simple realization of multi-

dimensional (space/time) dynamical systems. We show some
Poster ThuSl experimental results of bistable, unstable, and chaotic behavior.
Distributed Feedback Blstablity In Channel Waveguldes, G. 1.
Stegeman and C Liao, Cptical Sciences Center and Arizona Poster ThB24
Research Laboratories, University of Arizona, Tucson, AZ, and H. Polarization Switching with J 1 /2 to J 1 4/ Atoms In a Ring C.

G. Winful. GTE Laboratories, Inc., Waltham, MA. Cavity, W. J. Sandle, M. W. Hamilton, and R. J. Ballagh, University r .
of Otago, Dunedin, New Zealand.

We analyze optical bistability in a channel waveguide using a
grating for distributed feedback. We investigate theoretically the steady-state behavior of a ring

cavity containing a gas of J = /2 to J = 1 atoms subjected to a
Poster ThBg steady magnetic field.
Cyclotron Slstabillty of Electrons In Vacuum and Semicon-
ductors, A. E. Kaplan, Purdue University, West Lafayette, IN.

Cyclotron resonance of free (conductive) electrons in vacuum
(and semiconductors) can exhibit bistable and hysteretic behavior
that is due to (quasi)relativistic masseffect of the electron.
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THURSDAY, JUNE 16, 16, Continued THURSDAY, JUNE 16, 1983, Continued

PCst ThtuS Poster ThS31
Ople la ity Baedon Sel-Foclng, P. W Smith and D. J. Absorptive Optical Blatability with Laser Amplitude Fluctua-
Eileriberger, Bell Laboratories. Holmdel, NJ. tions, M. Ku, and K. Wdkiewicz, Institute of Theoretical Physics,

Warsaw University, Warsaw, Poland and J. A. C. Gallas, Max-
We review theoretical and experimental work on self-focusing Planck-lnstitute of Quantum Optics, Garching. Federal Republic of
bistabiity and describe new experimental results in which high- Germany.
order self -focusing and multistability are observed for the first time.

Absorptive optical bistability with fluctuations of the injected signal
Peee ThB2S is investigated. In the limit of large laser linewidlh a Fokker-Planck
Optical BtaMlUy In Four-Level Nonradlathe Dyes, Zhen Fu equation is derived and its stationary solution is discussed.
Zhu and E. Garmire, Center for Laser Studies, University of .
Southern California, Los Angeles, CA. Poster ThB32

Precise Measurements of Blstability In a C02 Laser with
Theory and experiments show bistability that is due to intensity- Intracavity Saturable Absorber, E Arimondo, B. M. Dinelli, and E.
dependent nonresonant dispersion caused by an excited meta- Menchi, Istituto di Fisica dell'UniversitA. Pisa, Italy.
stable state that is populated in the process of saturable
absorption. The optical bistability of a standing-wave laser containing an intra-

cavity SF6 absorber was observed versus the pumping parameter
Poster ThB27 and compared with an appropriate theoretical model.
Traveling Wave Bltabliity, J. A. Goldstone and E. Garmire,
Center for Laser Studies, University of Southern California, Los Poster ThB33 .
Angeles, CA. Periodic Window, Period Doubling, and Chaos In a Liquid

Crystal Bistable Optical Device, Jae-Won Song, Hai-Young Lee,
We investigate bistability without feedback based on a quantum Sang-Yung Shin, and Young-Se Kwon, Korea Advanced Institute
mechanical analog of the classical Duffing oscillator that leads to a of Science and Technology, Seoul, Korea.
bistable susceptibility tensor.

Periodic windows as well as period doublings and chaos have
Poster ThB2S been observed in a twisted nematic liquid crystal bistable optical
Ouantum Theory of Optical Excitonic Bietability, C. W. device with a delayed feedback.
Gardiner, University of Waikato, Hamilton, New Zealand and M. L.
Steyn-Ross, York University, Toronto, Canada. Poster ThB34

Effects of the Radial Variation of the Electric Field on some
A master equation approach to the intracavity interaction of Instabilitis In Lasers and In Optical Blstability, L. A. Lugiato
excitons, electrons, holes, and light is shown to give an explanation and M. Milani, Dipartimento di Fisica dell'UniversitA, Milano, Italy.
of optical bistability in GaAs.

We discuss the matter of instabilities in homogeneously broad-
Poster ThB29 ened ring lasers and absorptive optical bistability assuming a
Optical Dlstablifty In Semiconductors, C. C. Sung, The Uni- Gaussian transverse profile for the electric field.
versity of Alabama in Huntsville, Huntsville, AL, and C. M. Bowden,
U.S. Army Missile Command, Redstone Arsenal, AL. Poster ThB35

Theory of Optical Bltabillty In Colllnear Degenerate Four-
The effect of exciton and bi-exciton excitations in semiconductors Wave Mixing, Richard Lytel, Electro-optics Laboratory, Lockheed
and the local field correction on the condition for optical bistability Palo Alto Research Laboratory. Palo Alto, CA.
are quantitatively studied.

A theory of collinear degenerate four-wave mixing in isotropic
Poster ThB3O media, including pump depletion, is presented and solved. Optical
Critical Slowing-Down In Microwave Absorptive Bistablity, A. bistability is predicted and discussed.
Gozzini and F. Maccarrone, Istlituto di Fisica dell'UniversitA, Pisa,
Italy. S. Barbarino, Islituto di Fisica dellUniversitA, Catania, Italy Poster ThB36
and I. Longo and R. Stampacchia, Istituto di Fisica Atomica e A Saturable Interferometer Theory of Absorptive Optical
Molecolare del CNR, Pisa, Italy. Biatability, N. M. Lawandy and R. P. Willner, Brown University.Providence, RI.

Experimental evidence and theoretical analysis of the critical PoiecR

slowing down in a confocal resonator tuned at the 3-3 ammonia We utilize !ne method of summing transmitted waves, rout iely
inversion line are reported. used to analyze interferometer structures, to develop an optical

bistability equation that allows us to calculate switching times for
both the up and down processes.

Poster ThB37
Blstabillty In Optical Waveguldes, C Sibilia and M. Bertolotti,
Istituto di Fisica, UniversittA di Roma. Roma. Italy

The possibility of bistable behavior in a nonlinear transverse
inhomogeneous waveguide is discussed

40.
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THURSDAY, JUNE 16, 1963, Continued THURSDAY, JUNE 16, 1963, Continued

Poster ThS38 HOYT HALL
Nonlinear Fabry-Psrot Transmlsalon In a CdHgTe Etalon, G.
Parry, J. R. Hill, and A. Miller, Royal Signals and Radar Establish- 3:00 PM-4:30 PM
ment, Malvern, England. Enhanced Semiconductor Nonlinearitles

C. R. Stroud, Jr., Presider
We extend our study of large nonlinear refractive effects in
cadmium mercury telluride to investigate the transmission 3:00 PM ThC1
characteristics of an etalon. Theory of Resonance Enhanced Optical Nonlinearities In

Semiconductors, H. Haug, Institut fOr Theoretische Physik,
Poster ThB39 Universitat Frankfurt, Frankfurt-Main, Federal Republic of
Self-Pullsing and Chaos In Inhomogeneously Broadened Germany.
Single-Mode Lasers, R_ Graham and Y. Cho, Fachbereich Physik,
Universitat Essen GHS, Essen, W. Germany. The optical nonlinearities of semiconductors, enhanced by one-

and two-photon excitonic resonances, are treated in a unified
Self-pulsing and chaos in inhomogeneously broadened single- theory. Illustrations are given for InSb, GaAs, and CuCI.
mode lasers is investigated in the framework of two models with 4
and 6 deg of freedom, respectively. 3:30 PM ThC2

Room-Temperature Optical Nonlinearitles In GaAs Multiple
Poster ThB4O Quantum Wells, D. A. B. Miller, D. S. Chemla, A. C. Gossard, and P.
Sefi-Pullngs, Hysteresis, and Chaos In a Standing-Wave W. Smith, Bell Laboratories, Holmdel, NJ.
Laser, L. A. Kotomtseva, N. A. Loiko, and A. M. Samson, Institute of
Physics, BSSR Academy of Sciences, Minsk, USSR. GaAs multiple quantum wells show large optical nonlinearities at

room temperature, at wavelengths and powers compatlble with
Conditions for self-pulsing, hysteresis, and three types of chaotic laser diodes. Recent progress is summarized.
behavior considering the gain and losses longitudinal structure in a
standing-wave laser as a dynamic system are considered 4:00 PM ThC3
theoretically. Nonlinear Optical Response of the Lowest Exciton Reso-

nances In GaAs, R G Ulbrich, Bell Laboratories.
Poster ThB41
The NMR Loser-A Nonlinear Solid-State System Showing 4:30 PM-4:50 PM COFFEE BREAK
Chaos, E. Brun, B. Derighetti, R. Holzner, and D. Meier, Physik-
Institut, Universitat Z~rich, ZCjrich, Switzerland. HOY-'HA,HOYT HALL'.-"
We report on novel experimental observations and corresponding
theoretical considerations of a system of strongly polarized 4:50 PM-5:30 PM
nuclear spins in a solid that is placed inside the tuned coil of an Poster Open Forum; Questions and Answers
NMR detector such that self-induced laser activity sets in. J. H. Eberly, Presider

Poster ThS42
Optical Nonllnssrity and Bistability due to the Bexciton Two-
Photon Resonance In CuCI, N. Peyghambarian, D. Sarid, and H.
M. Gibbs, Optical Sciences Center, University of Arizona, Tucson,
AZ.

We analyze the nonlinear dielectric function of CuCI in the vicinity
of collision broadened biexciton resonance and discuss the
operation of a bistable CuCI etalon.

Poster ThB43
Optical Extinction Theorem Theory of Optical Multistabillity
Bifurcations and Turbulence In the Fabry-Perot Interfero-
moer. R. K. Bullough, S. S. Hassan, G P. Hildred, and R. R. Pur,
UMIST Manchester, U.K.

We connect the envelope Maxwell-Bloch equations with optical
bistablity (multistabiliy) in a Fabry-Perot (FP) cavity in a rigorous
and potentially quantitative way.

Poster The4
Optical Olstablity from the Dicke Model. R K. Bullough. S. S
Hassan, G P. Hildred, and R R Pur, UMIST, Manchester, U.K.

We report on analysis of the quantum Dicke model.

-. .
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HOYT HALL HOYT HALL

,00 AM-10:lO AM 10,40 AM-12:20 PM O
Dynamical Transverse and Other Effects CDS and Thin Film Bletability
L. Mandel, Presider D. Walls, Presider

1:00 AM FAl 10:40 AM FBI
Considerations Involved In tho Design of an Optical Digital Optical Bistability and Hysteresis under Phase Conjugation In
Computer, Alan Huang, Bell Laboratories, Holmdel, NJ, CdS Crystal, M. S Brodin, A. A Borshch. V. I Volkov, and N. V

Kukhtarev, Institute of Physics of the Academy of Sciences of the
An optical finite-state machine is used to illustrate how the paral- Ukrainian SSR, Kiev, USSR.
lelism and noninterfering propagation of optics can give optical
bistabilfty an edge over other switching technologies. The results of theoretical and experimental investigation of the

optical hysteresis in phase conjugation under degenerate six-
O:30 AM FA2 photon mixing in CdS crystal are presented.

Polarization Switching with Sodium Vapor in a Fabry-Perot,
M W Hamilton arid W. J. Sandle, University of Otago, Dunedin, 11:10 AM FB2
New Zealand Low-Power Optl Sistabllty near Bound Excitons In

Cadmium Sulfide Dagenais and H. Winful. GTE Laboratories
We report observation of polarization switching (including absorp- Inc., Waltham. MA.
tive switching) with a Fabry-Perot containing Na vapor, exciting the
Dt transition homogeneously broadened with Ar buffer gas. Transverse optica bility was observed with power levels of I

*mW or less. Reg 'ndic pulsations were also seen. Sub-
t:50 AM FA3 nanosecond switc, . ,pected
Transverse Solitary Waves In a Dispersive Ring Blstable
Cavity Containing a Saturable Nonlinearity, J, V Moloney, A. C. 11:30 AM FB3
Newell, and D W. McLaughlin, University of Arizona. Light-Induced Nonreclprocty: Directional Optical Bsletablilty;

Spectroecopy of Induced Anisotropy; Nonlinear Sagnac "
9:10 AM FA4 Effect, A. E. Kaplan, Purdue University, West Lafayette, IN.
Obeervation of Optical Hysteresis In an All-Optical Passive Nonlinear nonreciprocity induced by the interaction of counter-
Ring Cavity, R. G. Harrison, C. Emshary, and I. AI-Saidi, Heriot- propagating waves through Kerr-nonlinear index grating can
Watt University, Edinburgh, U.K. cause a variety of novel directionally asymmetrical propagation
The first observation, to our knowledge, of dispersive optical effects.
hysteresis in an all optical passive uni-directional ring cavity is
reported. Ammonia gas is used as the nonlinear medium. 12:00 M F94

Vacuum-Deposited Thin-Film Intorlerometers as Bistable
9:30 AM FAS Devices Operating Continuously at Room Temperature, S. P.
Absorptive Optical Blstablity In a Bad Cavity, Paul Mandel, Apanasevich, F V Karpushko, and G V Sinitsyn, Institute of
Universitd Libre de Bruxelles, Bruxelles, Belgium, and T. Erneux, Physics of the BSSR Academy of Sciences, Minsk, USSR
Northwestern University, Evanston, IL. Bistable operation and regenerative pulsations were observed

We show how to perform an adiabatic elimination of fast varying using thin-film interferometers made of different materials
variables when the atomic and field decay rates have comparable Threshold input intensity is about 400 W/cm, switching times are
magnitudes. - 10- 1 sec.

:kS0AM FAG 12:20 PM-1:30 PM LUNCH
Critical Slowing Down and Magnetically Induced Self-Pulsing
In a Sodium-Filled Fabry-Perot Resonator, J. Mlynek, F.
Mitschke, and W Lange, Institut for Quantenoptik, Universitat
Hannover, Hannover. Federal Republic of Germany.

Transients in all-optical bistability and tristability are studied.
Critical slowing down and magnetically induced self-pulsing are
observed in a sodium-filled Fabry-Perot resonator.

10,10 AM-1040 AM COFFEE BREAK
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1:30 PM-3:10 PM
CuCi, Liquid Crystal, and Diode Laser Bistability
L. Narducci, Presider

1:30 PM FC1
Mutlstabillty due to the Helical Optical Distributed Feedback
In the Cholesteric Liquid Crystals, N. V. Kukhtarev, Institute of
Physics of the Academy of Sciences of the Ukrainian SSR, Kiev,
USSR,

Optical multistability with response time 10-9 sec is predicted for
the impurity-doped cholesteric liquid crystals.

2:00 PM FC2
Bistable Injection Lasers, Ch. Harder, K. Y. Lau, and A. Yariv,
California Institute of Technology, Pasadena, CA.

Experimental results and an analysis of the switching speed
(critical slowing down) and stability (induced self-pulsations) of
bistable inlection lasers are presented.

2:30 PM FC3
Optical Blstabllity In CuCI, B. H~nerlage, J. Y Bigot, and R. Levy,
Laboratoire de Spectroscopie et D'Optique du Corps Solide,
Universitt Louis Pasteur. Strasbourg, France,

In CuCI, two-photon absorption to biexciton state gives rise to
renormalization of the dielectric function that leads to optical
bistability with fast commutation time.

2:50 PM FC4
Radiation Pressure Induced Optical Bistablilty, A. Dorsel and
H. Walther, Sektion Physik, Universitat Munich, Federal Republic of
Germany, and P. Meystre and E. Vignes, vax-Planck-lnstitut fOr
Quantenoptil:, Federal Republic of Germa,,y.

Optical bistability without nonlinear medium can be achieved by
using the effect of radiation pressure on a mirror.

3:10 PM-3:40 PM COFFEE BREAK

HOYT HALL

3:40 PM-4:40 PM
Discussion Session
E Garmire, Presider

4:40 PM-4:50 PM CLOSING REMARKS

A,,.0
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Chaos and Optical Bistability: Bifurcation Structure

K. Ikeda

Department of Physics, Kyoto University, Kyoto 606, Japan jJ

The phase of the output light from a bistable optical

cavity containing a nonlinear dielectric medium obeys the

following differential equation with time delay:

dx(t)/dt =-x(t) +Trlif(x(t-tR)). (1)

Although the equation of this class is familiar in various

areas such as ecology, neurobiology, acoustics and study of

electric circuit, the behavior of its solution has not been

investigated in detail. In this paper we report the results

of our recent numerical study of this equation. It is found

that, with increase of parameter p, which measures the in-

tensity of the incident light, or delay tR, the solution of

Eq.(i) exhibits transition from a stationary state to peri-

odic and chaotic states. In the course of this transition,

there appear successive bifurcations of a novel type, which

form, so to call it, a hierarchy of coexisting periodic solu-

tions: As i is increased, the stationary solution becomes

unstable at the first bifurcation point and breaks into a

number of periodic ones. These periodic solutions form a

set of higher-harmonics which can coexist with each other.

With further increase of p, each of these solutions further

bifurcates into a new set of coexisting periodic solutions.

V?' 
. .
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Such a bifurcatiorn rakes place successively, causing an

accelerative accumulation of coexisting periodic states and

making the time evolution of the solution more and more com-

plicated, until a chaotic state sets in. In the chaotic

regime, the coexisting periodic states in turn coalesce suc-

cessively into fewer sets and are finally reduced to a

single chaotic state with totally complicated time evolution.

This type of behavior, which has never been before in any

other nonlinear system, appears generic in the class of

Eq. (I).

4 1

.*
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Optical Bistability with Two-Level Atoms

H. J. Kimble and A. T. Rosenberger
Department of Physics
University of Texas

Austin, Texas 78712
and

P. D. Drummond

Department of Physics and Astronomy
University of Rochester --

Rochester, New York 14627

Since the first observation of optical bistability in 1976 (1), a large

number of investigations of this phenomenon have appeared in the literature

(2). Of particular theoretical interest has been the bistable system composed

of "two-level" atoms within an optical resonator. While the theory in this

case is well-advanced, only recently have experimental results been obtained

(3,4). The work that we report is for absorptive bistability with an

intracavity medium that approximates a collection of two-level atoms.

The intracavity medium in our experiments consists of multiple beams of

atomic sodium that are optically prepumped before entering the mode volume of

an interferometer. The density of the beams can be varied to provide resonant

absorption at in the range 0 to 2.0. Two different collimating geometries

produce Doppler-broadened absorption profiles of either 13 or 30 MHz

full-width at half-maximum, as compared to the natural linewidth of 10 MHz.

Our experiments have been carried out with both standing-wave and ring

interferometers with values of finesse ranging from 150 to 500.

For low intracavity atomic density, our measurements of the evolution of

steady-state hysteresis in absorptive bistability are in reasonable .

quantitative agreement with our calculations based upon a single

transverse-mode theory in the mean-field limit. Absolute switching

intensities for incident and transmitted fields are obtained from measured

powers and empty-cavity characteristics. Values of the atomic cooperativity
a- *10"
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parameter C are likewise computed directly without adjustment. At the largest

values of atomic cooperativity investigated, we have observed marked

departures from the usual steady-state description of optical bistability. An

evaluation is in progress to assess whether these departures result from

spatial effects (due to the large values of at or to the excitation of higher

order transverse modes) or from the possible existence of dynamical

instabilities in the experiment.

In an investigation of transient response in absorptive bistability, we

drive our system with a near step-function change in incident intensity from '

zero to intensities above the upper turning point of the steady-state

hysteresis cycle. As the switching increment above the turning point

diminishes, the time to reach steady-state increases by more than tenfold

above the empty-cavity filling time. Our results are in qualitative agreement

with earlier theoretical work for plane waves; a quantitative analysis is

being pursued.

Work supported by the National Science Foundation, Grant No. PHY-8211194,

and by the Joint Services Electronics Program.

1. H.M. Gibbs, S.L. McCall, and T.N.C. Venkatesan, Phys. Rev. Lett. 36, 1135

(1976). .

2. Optical Bistability, eds. C.M. Bowden, M. Ciftan, and H.R. Robl (Plenum 0.4

Press, New York), 1981.

3. Jeyer, H.W. Wiedenmann, M. Rateike, W.R. MacGillivray, P. Meystre,

Ither, Opt. Commun. 37, 426 (1981).

4. ,nt and H.J. Kimble, Optics Lett. 7, 353 (1982), and

Opt. Commun. (1983).
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Optical Bistability, Chaos in the Coherent Two Photon Processes:

G.S. Agarwal, School of Physics, University of Hyderabad, Hyderabad

- 500 134, India and Surendra Singh, Department of Physics, Univer-

sity of Arkansas, Fayetteville, Arkansas 72701.

The cooperative behavior of a system of atoms contained in a

ring cavity is investigated under the condition that the fundamental

1
atomic transition is a two photon transition Maxwell-Block equa-

tions are used to obtain the input vs. output relation by adiabatic-

ally eliminating all the atomic variables. The fundamental equation

that results is a complex two dimensional map--which in the mean

field limit reduces to the standard bistability equations. The

characteristics of the two dimensional map are numerically investi-

gated. Such a map is shown to lead to chaotic behavior following

the Feigenbaum scenario. The sequence of events following first

regime of chaos is a set of period halving bifurcations. The

characteristics of the power spectrum in the region of chaos are

presented. The effect of noise on the period doubling bifurcations

in the present model, is also investigated and the connection with

3the theoretical predictions is established. The changes in the

dynamical characteristics of the system when atomic inversion

relaxes on the same time scale as the cavity round trip time will

also be discussed in detail.

%***,~*-* .--.
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TURBULENCE AND 1/f NOISE IN QUANTUM OPTICS

F. T. Arecchi

Universita di Firenze, Italy

An exciting chapter of physics has been the study of fluctuations and

coherence in lasers: how atoms or molecules, rather than radiating e.m.

field independently, decide to "cooperate" to a single coherent field;

then, for still higher excitation, how and why they organize in a complex

pattern of space and time domains, with small correlations with one another

(optical turbulence). Here we discuss these new features of quantum

optical systems.

It is generally known that n. 3 degrees of freedom nonlinearly

coupled may lead to multiperiodic or chaotic oscillatory behavior (turbu-

lence). Since quantum optics, in the finite-boundary (single mode) plus

semiclassical approximations, is ruled by the 5 Maxwell-Bloch equations,

2
one expects similar behavior in quantum optical devices Often these

instabilities are ruled out by time scale considerations When the atomic

variables have fast damping times, at any instant polarization and in-

version are in quasi-equilibrium with the rather slow field amplitude,

hence the evolution reduces to a one-equation dynamics (adiabatic elim-

ination of atomic variables). That is why a gas laser beyond threshold

~~assumes a smooth coherent behavior. But make a bad cavity, or add an ex- '"

. ternal modulation as done for Q-switching or mode-locking: then one easily

gets a three-variable dynamics, sufficient to yield chaos, for particular

values of the coupling constants. What was initially considered as a "bad"

or "dirty" behavior (self-pulsing, irregular mode-locking) is nowadays
¢.4.

studied as a relevant phenomenon. Furthermore, when many domains of attrac-

tion coexist (optical multistability) and an external noise allows for

jumps among them, a low frequency power spectrum appears with a shape f
1) l k t e 1 f no s s l 3 4" ".,. (r::"  like the I/f noises familiar in many systems ,as7-.•oftw

Equivalent to the three Lorenz first order eq, is a system of two

Ist order eqs. (or one 2nd order eq.) plus an external modulation. An

-;-,,-~~~~~~~. ,--, .- .. -. :....- -: -.., --..--- -. ,.. .. -.- ---- -". .- .. ...-- .- .-...
• , _, 6 7 , ! ,n,,' , " . ' .' - . -. " - .' .' . .-, ' .~ - - -.m - ' ' - • .- " -" -' . " " " " " . . . . . . " ' . -' . " - • .. . •! . - "
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example is the driven Duffing oscillator '

+ . :x- xl A cos,,' tit..

which can be experimentally realized with an electronic circuit 
53

The potential corresponds to a single minimum. For different cgntrol

parameters ILA, (either modulation amplitude A or frequency o ) it may

give a sequence of subharmonic bifurcations leading eventually to chaos.

Noise is not essential (deterministic chaos), but if we add it, the

number of subharmonic bifurcations before chaos becomeS smaller and

smaller. This can be put in terms of a scaling law where the variance

of the external noise appears somewhat as a modification of the control

5
parameter

Let us now change the sign of the potential, getting two stable valleys.
•" "

Depending on the initial conditions, we have two independent attractors.

Increase / until they both get strange. Now, addition of a random noise

may trigger jumps from one to the other. These jumps give a low frequency

divergence in the power spectrum Here, random noise is essential to

couple the two strange attractors otherwise independent. After the first

evidence of the jumping phenomenon, a similar effect was observed in a

4
Q-modulated CO laser . It corresponds to a set of 2 coupled rate eqs.,

2
with time dependent cavity losses k(t), that is, calling t the population

inversion and n the photon number, to

- R - 2cr.-

(2)

where k(t) = k (1 + m cosw t).
0

Fig. la shows generalized bistability, that is, the simultaneou co-

existence of two attractors in the phase space (i, n). Increasi g the mod-

ulation depth m, the attractors become strange and the power spectrum

displays a low frequency divergence (fig. lb).

°. .

• "." "" "-" ."- -"- . ..'" "."."- . * ." -.•.'".*."- '. .." - """"' "".". . "- . . "". . .. . . *'- -- " ."".". '"'," -"-p,.,
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Fig. 1

Bistability and 1/f noise in a CO laser with loss modulation
a) coexistence of two attractors iperiod 3 and 4 respectively). The two

superposed spectra correspond to two starts with different initial con-
ditions

b) comparison between the low frequency cut-off (dashed line) when the
two attractors are stable and the low frequency divergence (solid line,
slope O =0.6) when the two attractors are strange

3 4
Experiments / show that nonlinear driven systems yield power spectra

with a low freauency divergence f- o( being around whenever the fol-

lowing conditions are fulfilled: i) the system is multistable, that is, it

has 2 or more attractors; ii) the attractors are near to be destabilized or

they have just become unstable; and iii) yhe system is "open" to external

fluctuations, i.e., the presence of noise is essential to yield jumps between

different basins of attraction. The above conditions show that we are in

" presence of a phenomenon which occurs beyond the usual approach to chaos by

either one of the current scenarios. A simple jump between two attractors

3 4
is not sufficient to explain the phenomenology. Indeed, experiments 0'

show that, when leaving an attractor, the representative point in phase space
.

S. ,- *.-.- ... ,, ~'_, .. Q, ... *..-. ., ,- , . . ,.,. .. ,.,*-~ . , .-. ,, .., ,, • . . • ,,.. . ,. ...*,,,, --* ., , o ,, ,:
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has a long erratic motion before landing onto another attractor. This "transient"

regime is made of motions among repulsive orbits.

A dynamics in terms of a recursive map must allow for at least two independent

attractors. The simplest one-dimensional man with two attractors must have two

7-- extrema
extrema". Hence we study a cubic map in the interval (-1, 1)

3
Xn+l (a-l)x - ax . (3)
n•l n n

To account for item iii) the map will be disturbed by white noise with r.m.s.

-7 -5
between 10 and 10 . Up to a value a = a = 3 3 / 2 + 1 3.598 076 ... , .

the motion is confined either on the interval (-1,0) or (0,I) with qualitative

features alike the well known logistic map. For a = a , we may still have two

independent attractors, whose domains, however, are interlaced in complicated

ways over the interval (-1,1).

The simplest stable pair of attractors A,B above a is a pair of period-3

attractors which are superstable for a = 3.981 797 .... These period-3
s

attractors disappear for a a 3.982 000 642 .... For a < aea (fig. 2 )
5

XnI Fig.2 - Cubic map for a a,b,and

c show (not in scale) the

intervals covered by one of
the two period-3 attractors.

.11 .. o

4 
.

the presence of a small amount of noise makes it easy to leave one attractor

and jump toward the other one. Before landing into the other attractor, the

representative point wanders on the available space through a long transient.

because of the complex structure of the two basins of attraction. The corre-

": .' ., .- ".".-"0 -" .- "." ': .-. '.--. .'". .'.''' -- -. " " " ' - .' ,. " ... , .' -. ' '.' .- - .- . -" ..
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-O

sponding low frequency power spectra, for different noise levels, are given

in fig. 3.

4 __ __

Fig.3 - Power spectra for a=a,

35 and for increasing noise -7

levels 6-, that iga) 5xO -

b) 10_, c) 2xl- , d) 4xlO - '
e) 10

They can be fitted by f
with Cg decreasing from

1.5 for a) to o.5 for e)

.S 1 1-5 19 1, -"J

These spectra show a power law region extending over about one decade with a

slope between 0 and 2. They appear qualitatively in agreement with the ex-

perimental spectra of Refs. 3 and 4

7A model explanation of the above spectra was given in terms of jump

processes among three regions of phase space (the two attractors and the inter-

mediate transient), by taking the jump probabilities decorrelated from the

internal motions within the three regions. This leads to a power spectrum made

of three Lorentzians which fit well the spectra shown in fig. 3.

Extrapolating the model to a many attractors situation we formulate the

conjecture that for the limit of a highly multistable system (large number of S

attractors), the low frequency part f-V( has the exponent O 1 1. This is akin

8to the well known model for 1/f noise in equilibrium systems where the

1/f slope is the sum over a large number of Lorentzian curves suitably weighted.

4 . . ' .. , . .' '. ."..' .. '.' ,.', ".: '.' ' " ': " : ' i ". " ' ""• .' B - " . " , " " - , - : • J . - , - , ' . - . % - ' ' , - ' ' - . - . - , . - ' . . ' . ' . - " . . - . , - - . . . -



WHbl- 6

REFERENCES

1 -E. Lorenz, Jour. Atmos. Sc., 20, 130-141 (1963)

2 - H. Haken, Phys. Lett., 53A, 77 (1975)

3 - F. T. Arecchi and F. Lisi, Phys. Rev. Lett. 49, 94 (J982). The slopes

in the spectra of this paper must be multiplied by 2, for a miscalib-

ration of the spectrum analyzer.

4 -F. T. Arecchi, R. Meucci, G. Puccioni and 3. Tredicce, Phys. Rev.Lett.,

49, 1217 (1982)

5 -J. P. Crutchfield and B. A. Huberman, Phys. Rev. Lett., 43, 1743 (1979)

6 J . P. Crutchfield and B. A. Huberman, Phys. Lett. 77A, 407 (1980)

7 - F. T. Arecchi, R. Badii and A. Politi, to be published

8 -R.F. Voss and J. Clarke, Phys. Rev. B13, 556 (1976)

16.



-7 73.7 .-.7 .7.7 W 7 7 -7 ... ..07

WHb2-1

SELF-PULSING, BREATHING AND CHAOS IN OPTICAL BISTABILITY AND THE LASER

WITH INJECTED SIGNAL

L.A. LUGIATO
ISTITUTO DI FISICA DELL'UNIVERSITA
MILANO, ITALY

and

L.M. NARDUCCI
PHYSICS DEPARTMENT, DREXEL UNIVERSITY
PHILADELPHIA, PA 19104, U.S.A.

"- The subject of spontaneous pulsations in Optical Bistability has

- stimulated considerable interest following its prediction by Bonifacio

1.
. and Lugiato in the framework of the plane-wave, ring cavity model and

the realization by McCall 2 of an electro-optical converter of cw coherent

. light into pulsed radiation. In a subsequent important development

3
..- Ikeda 3 showed that, in the dispersive case, the Bonifacio-Lugiato

instability leads to chaotic behavior (optical turbulence). This was

4later observed in a hybrid device by Gibbs, et al

In this paper, we review some of the most relevant manifestations

of self-pulsing in Optical Bistability. First, we consider the absorp-

tive case in which self-pulsing is a multi-mode phenomenon because the

resonant mode remains stable while some of the sidebands can develop

5instability . On the strength of the "dressed mode formalism" of

6optical bistability which represents an extension of Haken's theory

of generalized Ginzburg-Landau equations for phase-transition like

7phenomena in systems far from equilibrium7 , we have arrived at an

essentially analytical understanding of this phenomenon. When only

"" "- , ' -," " . . . .. . .... . - -. .l a.
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the nearest two sidebands of the resonant mode become unstable, we have

i
identified the entire domain of existence of the self-pulsing state in

the plane of the control parameters. This region is divided into a soft-

and a hard-excitation domain, where self-pulsing develops with a behavior

that is reminiscent of second- or first-order phase transitions, respec-

tively. In the hard-excitation region, one self-pulsing and two steady-

state solutions are found to coexist, yielding hysteresis cycles that

involve self-pulsing states along one of the branches. On approaching

the boundary between the self-pulsing and the precipitation domains, the

self-pulsing state becomes unstable. The instability is evidenced by a

marked "breathing" behavior of the pulse envelope, whose transient nature

has been linked to the unstable character of the limit cycle that bifur-

cates from the self-pulsing solution at the instability threshold.

When dispersive effects become important, self-pulsing behavior can

arise even in the single-mode regime described by the well known mean

field model8'9. For appropriate values of the control parameters, a

large segment of the high transmission branch becomes unstable leading

to periodic and irregular (chaotic) self-pulsing. On approaching the

chaotic domain from either boundary, one finds a sequence of period

10"- 1

doubling bifurcations of the type described by Grossman and Thomae

11
and by Feigenbaum in the framework of the theory of discrete maps.

As true also with most other dynamical models, the chaotic domain of

this single-mode dispersive bistability contains "windows" of periodicity.

Rol

-.. * * .. .. . ..
. . .
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We have characterized the behavior of bifurcating solutions and their .61

critical slowing down in the neighborhood of each threshold with asymp-

totic power laws. These will be reviewed in detail. In the purely

dispersive limit, we also show that our model reduces to the one

12
analyzed recently by !keda and Akimoto 2

. If the absorbing medium is

converted into an amplifier, the optically bistable system becomes a

laser with an injected signal. We assume that the laser is above thres-

hold and that the incident field frequency is detuned from the operating

frequency of the laser. Obviously, when the injected field has a vanish-

ingly small amplitude, the laser oscillates at its own frequency. On the

other hand, when the incident field intensity is large enough, the entire

system is expected to oscillate with the incident frequency (this pheno-

menon is well-known as injection locking). We have analyzed the

behavior of this system over the entire range of variation of the incident

belo thelocing hresold13
intensity below the locking threshold. For a small incident field, the

output power exhibits oscillations with a frequency equal to the mismatch "

between the incident and the laser frequencies, as originally proposed by

14"
Spencer and Lamb . On increasing the incident intensity, the output

becomes chaotic. A further increase in the injected signal leads to an

inverted sequence of period doubling bifurcations with one- and two-

periodic solutions exhibiting undamped breathing over limited domains.

Finally, in the vicinity of the injection locking threshold, the system

develops a chaotic spiking regime of an entirely different character from

the irregular oscillations noted above. From our results, it is reason-

able to speculate that the observation of chaos should be accessible with

an all-optical system.

- .
.,,- ..-.
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'"iltistability, self-Oscillation and Chaos

in Nonlinear Optics

H.J. Carmichael

Physics Department, University of Arkansas, Fayetteville AR 72701

C.M..Savage and D.F.Walls

Physics Department, University of Waikato, Hamilton, New Zealand

We describe a system comprising two circularly polarized ring-

• , cavity modes coupled via a J' to J transition. Both modes are equally

excited by a linearly polarized incident laser.. The steady-state trans-

mission of the cavity shows optical tristability and polarization switching

as predicted by Kitax:c et al.(-) and recently observed.. We generalise

. the model of Kitano et al. with the inclusion of saturation and absorption.

In addition to optical tristability we find quadrastability (four stable

output configurations for the same input intensity), self-oscillation,

and chaos. (3) We have studied the chaotic region numerically as the incident fri

laser intensity and the detuning of the cavity modes is varied. The routes
71~~

to chaos appear to be a-.alogous to those in the Lorenz equations. For a

.".. -...
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decreasing incident intensity the passage to chaos involves a new period- 6

doubling sequence of periodic windows embedded in chaos, where in each

periodic window conventional period-doubling of the Feigenbaum type is

observed. We have estimated the experimental parameters required to

observe chaos in this system and find that power requirements are modest,

although the limitations imposed by the adiabatic elimination and single-

mode assumptions used in our theory cause some difficulties -- chaos

may well remain, however, when these theoretical restrictions are relaxed.

We also predict chaos in two similar systems where a pair of ring-

cavity modes are coupled via a two-photon transition and a second-order

nonlinear susceptibility, respectively. Two-photon optical bistability

has been discussed by various authors, where it has been the practise to

neglect the Stark shift associated with the levels mediating the two-

photon transition. With the inclusion of Stark shifts self-oscillations

and chaos have been found in a model for two-photon bistability, For

second-harmonic generation in a ring cavity McNeil et al. predicted
(4),..

the possibility of self-oscillation some years ago. We report that with

the inclusion of a cavity detuning, omitted from this earlier work, this

system may also show chaos.

.1. M.Kitano, T.Yabuzaki, and T.Ogawa, Phys. Rev. Lett. 46, 926(1981)

2. S.Cecchi, G.Giusfredi, E.Petriella, and P.Salieri, Phys. Rev. Lett.
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New Zealand Symposium on Laser Physics (Springer) to be published.
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Chaos in Optical Bistability

a%

M.W. Derstine, H.M. Gibbs, F.A. Hopf, and D.L. Kaplan

Optical Sciences Center

University of Arizona

Tucson, AZ 85721

.- a.- ,

Abstract:

Experiments on chaos in a hybrid optically bistable system with delayed

'- - feedback are presented. Special attention is paid to the connection of these

- - experiments to the issue of what chaos is, and why it has recieved such considerable

* .*- attention in recent years.
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Summary

The phenomenon of chaos has been a topic of considerable study in the last few

years. Chaos is defined qualitatively as the appearance of apparently-random

behavior in systems that are deterministic. A familiar example of such a case is a

pinball machine. The recent interest in chaos has been spurred by the hypothesis

that chaotic behavior can be defined objectively; it results from deterministic

dynamics in which all motions are unstable (by the usual criteria of exponential

growth of a small perturbation). Experimental evidence that random motions are due

to such instability is still difficult to come by. Instead attention is focused on the

periodic motions associated with chaos (called 'the path to chaos'), since they are

more amenable to theoretical prediction. A widespread interest in the 'period

doubling sequence* (the periods of different waveforms are related to each other by

factors of two) has been spurred by the Feigenbaum universality hypothesisl which

gives specific predictions that can be tested experimentally.

Ikeda 2 ,3 was the first to predict that chaos could be observed in optical

bistability, and also suggested the use of a hybrid bistable system of the sort that

we have used. 4 ,5  The present device uses an electro-optic modulator as the

nonlinear element, with a delay in the feedback provided by a 1.1 km multimode

optical fiber. This gives a response time - lis and a delay time of 6ps. With such

a fast system, we can take spectra of the output in real time, making the

identification of the output waveforms straightforward. We find that waveforms

converge rapidly to their asymptotic form. Most importantly, in our experiment, the

output follows a change in the device parameters adiabatically, which is difficult to

.%. %
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accomplish in experiments with much slower response times.

The hybrid device normally followed a period doubling route to chaos, and the

quantitative response of the system is consistent with theory. We find that the

period doubling sequence cannot be explored in detail, since device noise limits the

number of waveforms. 6 This limitation is itself in qualitative accord with theory,

but the quantitative aspects of the response to noise is in substantial disagreement

with theory. In addition we find that the path to chaos is typically nonunique in

our device. We observe waveforms other than those of the period doubling

sequence.7 These observations are associated with hysteresis loops, which we can

trace out in our device due to the fact that the waveform tracks the device

parameters adiabatically. In general, our results indicate that the study of the path

to chaos is not as decisive a test of theory as was originally hoped.

In addition to observations in hybrid devices, we have found all optical systems

which respond in erratic ways. While the response of these devices is similar to the

hybrid, we have not yet seen the period doubling sequence, which makes it difficult

to claim that the device response is chaotic.

, ...I
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The Physical Mechanism of Optical Instabilities

Yaron Silberberg and Israel Bar-Joseph

Department of Electronics, Weizmann Institute of Science

Rehovot, Israel J

Nonlinear optical systems can transform a continuous wave input beam, if it

is intense enough, into an oscillating light output. The system which has been kO

most thoroughly studied is an optical resonator, usually of the ring type, con-

1,2•3
taining either a Kerr medium or a two-level medium. Unfortunately, the

mathematical approaches of these studies do not lend themselves to a tractable

intuitive explanation of the self-pulsation phenomena, and do not identify the

physical origin of instabilities. In this paper we consider a different ap-

proach, showing that optical instabilities stem from one source, namely, gain

generated by four-wave mixing processes. This gain, together with feedback sup-

plied by the resonator, leads to oscillation of sidebands of the input field.

The beating between these sidebands and the input field causes the oscillating

output intensity. The salient feature of our approach lies in its intuitive ap-

peal, namely, it is possiole to predict the behavior of the system for a wide

range of parameters. Moreover, our model enables understanding of the system's

evolvement beyond the first bifurcation, something usually not possible with the

other approaches.

First, consider the interaction of a strong wave - -.

E0  A0 exp[i(w t-koZ)] +c.c. with two symmetrical sidebands00 0 0
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E 1 = A1 exp{i [(w 0 -4 )t-klz] }+c.c. and E2  A2 exp{i [(w 0 + j)t-k 2 z J }+c.c., in

a sluggish Kerr medium having a time constant T The equations governing the

changes of E and E are:

dA1
d -iAA*AI -1 AA*A i AA A_*

d2i_ *A i 1 1

d0 0 2 l+iQT 0 0 *A 2 - +i 0

where C = k0 n2 z, and we assume :A :>:AI!,!A There are two processes, de-

scribed by the second and third terms on the rhs of the equations, which may

contribute gain. The first one, which we denote as Rayleigh gain, is due to the

interaction of each sideband with the main input field, and it results in gain

to the lower frequency and in loss to the upper one. These gain and loss are

maximized at Q T The other process is four-wave mixing which may amplify

both sidebands. When the nonlinear medium is enclosed in a cavity, oscillation

at these sidebands may start from noise. Oscillation threshold and frequencies

were calculated from the requirements of unit gain and the resonance condition.

These calculation are simplified for limiting cases in which t:.e of the process-

es is dominant. The following results were derived for a cavity with high mir-

ror reflectivity R and transit time Tr:

1. For Tr>> T, and a tuned or slightly detuned cavity,several cavity modes,

-1
shifted from w0 by approximately T , oscillate through Rayleigh gain. The out-

put is a complex beat pattern, as shown in figure la. The threshold for this

instability is n2 k0 :A0 
2 =3(1-R) for a tuned cavity. This type of self-oscilla-

tion was not predicted before.

, . • - . - . - . .. ., . " " .
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0.291 0.112 .

--

0 t/T 150 0 t/' 300 ]
.AFigure 1. Light intensity vs. time in a ring cavity with Tr =~20. In a) the *

system is tuned, and the oscillation has a frequency of -t In b)

the detuning is 2.9, and the oscillation has a period of 2 Tr. In

both cases the power is slightly above the threshold value, so that

the depth of modulation is small.

2. When the detuning is close to 7 , but still below t - /3(I-R), oscillations

due to four-wave mixing occur with a period of 2Tr. .
3. If the cavity is in the bistable regime, i.e. detuning below - 3(1-R), the

oscillations occur with a period of Tr, again through four-wave mixing. Only the

upper branch is unstable.2

4. For T >>Tr and a tuned cavity, the system oscillates only if T (1-R)<Tr.

The oscillation is dependent on the system parameters, and can have any value. -i

Harmonics of an oscillating sideband are generated by the wave-mixing pro- -1

cess A *AIA I . Since this is a source term, harmonics are always present. What
0 1
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about period doubling and other bifurcations? Assume two frequencies, w and

.. , are present, thus beating at Q A third field at w (w 04W )12 has gain3 0

* *through the interaction A A A (Note the difference between gain and source
0 1 3

terms). Whether this field oscillates will be determined by the cavity reso-

nance condition. If it does - it beats at Q /2, i.e. period doubling. This .-

process, repeating itself, is the basic mechanism of successive period doubling

in a nonlinear optical system.

References

1. K.Ikeda, H. Daido and 0. Akimoto, Phys. Rev. Lett. 45, 709 (1980).

2. K. Ikeda and 0. Akimoto, Phys. Rev. Lett. 48, 617 (1982). .>

3. R. Bonifacio, M. Gronchi and L.A. Lugiato, Opt. Commun. 30, 129 (1979);

L.A. Lugiato, Opt. Commun. 33, 108 (1980).

• "

2

-z*1
• ° o



WD2-1

* Connection between Ikeda instability and phase conjugation

W J Firth, E M Wright and E J D Cummins 0.
Department of Physics, Heriot-Watt University, Edinburgh.

Period-doubling to chaos (1) and phase conjugation are two nonlinear optical

phenomena which have attracted enormous but largely independent interest in

recent years. In this paper we establish a close connection between the two

phenomena, both being forms of near-degenerate four-wave mixing.

If we consider a strong pump wave E at frequency w, and a weak signal
--

wave c at a nearby frequency w + Q, in a medium with third order nonlinearity

X, supposed real and nondispersive, the dominant nonlinear polarization

source terms are

XIE 2Ee-i t; XI EI2e-i(WL+)t; XE 2 e -i(W-Q) t

The first term describes nonlinear refraction, and thus, in a resonator,

optical bistability. The last, especially for 0 = 0, is identifiable as a

phase conjugation term: more generally, as four-wave mixing. The second

describes a change in refractive-index at w + 0 induced by E: in particular

it will cause the resonant frequencies of a cavity to tune with pump intensity:

we term this process "transphasing". Figure 1 shows this effect as a

lateral movement of the gain spectrum with increasing pump intensity.

Suppose now one feeds back the signal and idler in a ring resonator:

on each round trip the signal and idler ..,erience an attenuation B and a :

phase shift co. The threshold condition takes the form

% -% . •.. .

S--o

%*-•.o. . . . * S
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t+tR

where tR i s the cavi ty round trip time and 9 Bex 2 + I Th

R+ 0Ti

condition is exactly that governing Ikeda instability (1,2), if we

interpret E as the internal field. Figure 1 shows the gain of an

external probe field (i.e. (1) with a source term) versus Q and IE 2

Clearly the maximum gain occurs whenever transphasing allows both signal

and idler to be cavity resonant. If w is also resonant, this coincides

with bistability, but if E and Ji are adjacent cavity modes, then

2Q = 27/ , so that four-wave oscillation gives a 2t R modulation to the
tRR

total field- the Ikeda instability!

There are an infinity of degenerate solutions 2 = (2n+l)7f/tR,

corresponding to more widely separated modes: a finite response time

(or phase mismatch) will obviously impose a finite bandwidth on the gain

spectrum in Fig. 1, thereby raising this degeneracy: c.f. (3).

Higher bifurcations can be given a physical interpretation along

similar lines: the dispersion relation around w is so strongly modified

by large amplitude 2tR, 4 tR oscillations that each mode can, support

several different frequencies with the same mean wavelength: this explains

the separate bifurcation sequences seen in (3) with finite T. %

If we now consider a folded (Fabry-Perot) rescnator, we expect the

same general picture, but with differences due to the fact that each of

E, 6 and p now comprise two counter-propagating components, giving rise

in particular to phase-conjugate reflections. Figure 2 shows that the

probe spectrum for such a cavity is indeed considerably more complex than

Fig. 1. We draw particular attention to the pair of prominent peaks in the

- -'. . . .-.--- .. . .... . . . . .. .. . . . . . . . . "
k . _ .%. ... %..., -.. .... . . . . . . . . . . . . . . . . . . '" '"'" ' ' ""'' '
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wings with no corresponding central peak. These peaks can be shown to

arise fran the phase grating due to interference of the counterpropagating

-' waves: if this grating is washed out by diffusion, these peaks vanish (4):

they are thus a consequence of nonlinear nonreciprocity.

Given the above physical considerations it is not surprising that these

instabilities survive when transverse effects are included: Fig. 3 shows

this for a Gaussian pump beam in a Fabry-Perot cavity. There is a band of

t-oscillation due to nonlinear nonreciprocity, the first indication of a

-" dynamic effect of this kind. Physically, the nonlinear medium (a thin -."

central slice in this case) is acting as an intra-cavity phase conjugate

mirror.

A close physical connection thus exists between Ikeda instabilities

and four-wave mixing, especially phase conjugation. One important facet of

this connection is that a full quantum optical treatment exists for phase

conjugation, and predicts that "squeezing" can occur (5): adaptation of

these results to nonlinear resonator will be of great significance.
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Critical Quantum Fluctuations in Optical Bistability

Peter D. Drummond,Department of Physics and Astronomy,

University of Rochester,Rochester,New York 14627.

Intrinsic optical bistable elements that have been

investigated to date typically are either high-Q devices

dominated by the interferometer relaxation, or else are fast

- . switching devices dominated by relatively slow population

transfers. In the case of the one-mode quantum theory of optical

bistability with two-level atoms,these limits can be treated in a

unified way with a single Fokker-Planck equation.

In the critical region, a great increase in fluctuations

occurs.This has the potential of allowing quantum fluctuations to

be directly observed,either through fast quantum tunnelling

,- .measurements or through observations of intensity correlations.

However the standard calculation of intensity correlations, which

involves linearizing the Fokker-Planck equation,cannot be used to

calculate critical fluctuations.

A technique of treating the critical region is therefore

presented in which the Fokker-Planck equation is expanded to

cubic order in the relative fluctuations.It is found that a

useful simplification occurs in the limits of high-Q or of

population-dominated optical bistability respectively.In the

" first case,the Fokker-Planck equation depends only on the

9: interferometer mode intensity; in the second case it depends only

on the population inversion.

: i'i- . . . . . . . . * .. . .. . . .*. . - . + . . - . . . ,-.., - : ,° - .
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In each case, large increases in fluctuations occur at the

critical point. The resulting equations have the structure of

Ginzburg-Landau equations often found in equilibrium

critical-point phase transitions.This allows the calculation of I
the intensity correlations in a straightforward way.In the case 0O

of the high-Q interferometer,for example, the intensity

fluctuations increase by a factor of n , where n is the

threshold photon number.

An unexpected result is that in each case, with purely

absorptive optical bistability, identical equations result in

either the P-representation or the Wigner representation.This

suggests that near an absorptive critical point the fluctuations

are large enough so that a quasi-classical description of the

field is sufficient.

41
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Fluctuations in Optical Bistability: Experiment with Shot Noise O

S. L. McCall

Bell Laboratories, Murray Hill, NJ 07974

S. Ovadia, H. M. Gibbs, F. A. Hopf, and D. L. Kaplan

Optical Sciences Center, University of Arizona

Tucson, AZ 85721

The behavior of an optical bistable system in which the fluctuations play the dominant role

has been studied on the basis of a Fokker-Planck description by Schenzle and Brand. 1 However,

all the analyses so far approximate the fluctuations as arising from a constant external noise

source described by a 6-correlated, Gaussian random process. 2 ,3  In this paper intensity-

dependent shot noise fluctuations of a bistable system are experimentally studied for the first

time, using a hybrid bistable optical device, and analyzed by a simple *ladder' model that fits

the data well.

In the present experiment a hybrid device consisting of an electro-optic crystal between

• crossed polarizers is employed as shown in Fig. 1. The fluctuations are introduced and

controlled by attenuating the transmitted light as it passes through the neutral density filter,

ND. The photomultiplier (PM) is operated in a single-photon-counting mode in which one

standard pulse is generated for each PM pulse within the discriminator window. The percentage

noise is larger but the absolute magnitude of the fluctuations is smaller when the system is in '.O

the lower state rather than the upper state. Data have been taken in two modes. In the first,

the bistability operating point is selected so that switching back and forth occurs, and both

tunneling times and the distribution of the transmitted voltages (Fig. 2) are recorded. In the

other mode, the operating point can be anywhere within the bistable loop; the system is forced

into one state by an external pulse and the return time to the original state is recorded (Fig. 3).
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* -."In the 'ladder' model we assume a collection of two-level atoms in which only a few are

excited. The decay rate is 1/t due to spontaneous emission, while the rate for photon

S.. absorption and excited atom creation is RN/*. If PN is the probability that the bistable device

has exactly N excited atoms, then PN evolves according to the master equation:

... • dPN
dPN/T) -NPN + (N + 1)PN+1 - RNPN + RN_1PN_1 (1) 0

where

RN -CoT(VN) = -T rC0 [1 - 0.965018 cos(GVN) (2)"

where C0 is the counting rate for maximum transmission and T(VN) is the transmission with

voltage VN from the PM, GVN is the voltage across the modulator, and G is the feedback gain.

One can obtain the non-steady state solution of Eq.(1) by assuming PN eXt/T and

calculating the eigenvalue A for a given counting rate C0 , amplifier bandwidth 1/7tt , and gain

G. It can be shown, using the equations of motion for the probability that the device is in the

lower or upper state, that the tunneling times are related to the eigenvalue as: X = (l/Tt +

1/T+)T. Thus the model allows us to obtain the return times after forced switching vs the gain

and vs. the amplifier upper-roll-off frequency. Within the experimental errors, the simulated

curves agree well with the experimental data (Figs. 3, 4). Comparisons with Fokker-Planck

results are under way.

The Arizona work is supported by the National Science Foundation.
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Room Temperature Optical Bistability in Semiconductors and Reqlizatiun of

Optical AND Gates
--.. S. D. Smith

"".. Department of Physics, Heriot-Watt University, Riccarton, Edinburqh, U.K. 0

Summary

Recent measurements of parameters concerning dynamic third order _

nonlinearity for both 77K and 300K near the band gap of InSb are reviewed.

New measurements and theory of carrier lifetimes are now available.

Optical bistability at room temperature has been observed in a

situation where two-photon excitation is the prime agent for populating
(3) 10-4

states near the conduction band minimum. X ( 10-4 e.s.u. is implied with

a response time of 30 ns at an intensity of 1 100 kW/cm Thus similar power

levels to those seen in GaAs devices are demonstrated.

Using the more sensitive 77K 5im region where c.w. holding of the device

near switch point is possible, AND gate operation is demonstrated and definite

switching energies of ". 5 nJ determined. Delay of one of the switching pulses

gives implicit information on carrier lifetime. Interaction of such logic

elements over various path lengths will also be discussed.
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Advances in GaAs Bistable Optical Devices

J.L. Jewell, S.S. larng, H.M. Gibbs, K. lai, and LU.A. Weinberger

Optical Sciences Center, University of Arizona

Tucson, AZ 85721

and

A.C. Gossard, S.L. McCall, A. Passner, T.N.C. Venkatesan, and W. Wiegmann

Bell Laboratories, Murray Hill, NJ 07974

Bistable Optical Devices (BOD's) using GaAs as the nonlinear medium are viable candidates I
for the achievement of fast (4 ns), room temperature,1 low-power (mli), externally

controllable2 optical switches which are easily fabricated3 and operated. Advances have been

made in all of these areas and efforts are in progress to improve performances in ways that are I
simiultaneously compatible.

Active external switching was performed at =80 K in an etalon consisting of 4.1 Pjm of

(.aAs between 0.21-1pm-thick windows of Al. 4 2 Ca0 5 8 As dielectric coated to give = 90%

- reflectivity. With a 1-1,s, 825-nm, triangular-shaped input pulse both switch-on and switch-off

were about 4U ns. Faster switching was observed using a flat-topped input pulse with an

intensity between the switch-on and switch-off values and a second 600-nm, 10-ps, 1-nj

switching pulse. Switch-on occurred faster than the detector limit of 200 ps. The device was

also externally switched off in 20 ns by a 7-ns, bOO-nf, 300-nj pulse. This kind of switching

off was a brute force technique in that the large pulse energy heated the etalon, shifting the

hysteresis loop to higher intensities until the constant input intensity fell below the switch-off

*value. both switch-on and switch-off were performed on a single input pulse as shown in Fig.

1. At room temperature a CaAs-AIGaAs multiple quantum well (MQW) structure was externally

switched on with a - 10 ps, 800-nnm pulse of only 10 pJ. Another MQ+, device which was

previously bombarded with protons to speed up the response times showed for a 200-ns,

r % %
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triangular-wave input, switch-on in 5-ns and - 10-ns switch-off.

Room temperature bistability with modest input power was first achieved in a GaAs-AIGaAs

MQW structure consisting of 61 periods of GaAs 336A thick and 401A AlGaAs layers. Removal ,

of the device from the dewar allowed easier access and better focusing such that the contrast

and difference between switch-up and switch-down intensities was better than had been

observed previously (Fig. 2). More recently, devices containing MQVV structures with 152A thick '

GaAs layers have shown bistability with input powers of less than 20 mW. 3 The MQWV devices

exhibit regenerative pulsations4 due to competing excitonic and thermal effects similar to the

low-temperature GaAs. Several attempts have been made to heatsink the etalons; some show a

significantly smaller thermal effect, but none yield cw bistability.

Fabrication of GaAs BOD's has almost become a routine operation. The MQW structures are

grown on a GaAs substrate by molecular beam epitaxy5. This process in itself allows

tremendous versatility in material properties as the layer thicknesses and/or doping schemes are

varied. A combination of grinding and selective etching removes the substrate leaving the - I
3-1jm thick MQW. The use of multiple etch-stop-layers has improved surface quality to a -awl

flatness of much better than X/4 over a few mm 2 area. Our unsupported samples are somewhat

fragile, but handling techniques are being refined. The improved surface quality and the

versatility in implementing these "flakes' into working devices is well worth the extra handling

care required. It is quite easy to cement a flake to a washer allowing immediate study or

evaporation of dielectric coatings. Flakes are also routinely mounted between dielectric mirrors

saving considerable time and expense in Fabry-Perot BOD construction. These etalons have K.I

exhibited the low-power operation and external switch-on mentioned earlier. More complicated

structures such as two overlapping flakes sandwiched between mirrors, and heatsunk devices

have also been constructed. Further advances in etching techniques and refinements in etalon

construction will no doubt greatly improve device performances.

Presently, when speed, size, power, temperature and fabrication are all considered, GaAs-

AIGaAs MQW structures appear to be promising candidates for practical optical switching, but

they are by no means optimized.

.............
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Figure 1. External switch-on and switch-off during a single input pulse.
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NONLINEARITIES AT THE BANDGAP IN InAs

Craig D. Poole, E. Garmire
Center for Laser Studies

University of Southern California
Los Angeles, CA 90089-1112 .'-"

InSb has been shown to exhibit bistability and a very large

1 .
nonlinear index. A semiconductor which is similiar, but which

has a bandgap at shorter wavelengths is InAs. In this talk we

present measurements of saturable absorption in InAs using an

HF laser, which matches the bandgap of InAs at temperatures

from 50 to 1000 K. Using these measurements we have calculated

-5 2
a nonlinear refractive index of n2 = 2x10 cm /W for light

near but below the bandgap. These numbers are comparable to

those measured in InSb and indicate that InAs may be a good

material for bistable devices.

Figure 1 shows a plot of bandgap vs. temperature for InAs

with relevant HF laser lines indicated. By changing the

temperature of the sample, the bandgap can be tuned to a part-

icular HF line, allowing measurements at seven different wave-

lengths over a wide temperature range.

Transmission measurements were made on polished, single

16 - 3
crystal InAs samples (ND - N 3xl0 cm-). Data wereD A

taken on crystals of 130 and 70 pm thickness. The HF laser

was cw, grating-tunable with an average power of 30mW and a

single spatial mode. The output from this laser was focused

down on the sample using a CaF2 lens, giving a rough focal

spot size of 40 Mm. Input and output powers were measured " -"

using InAs photodiodes with the output beam focused down onto

° . . .. . .2. . " 2 . ., " . - " . ° 
•
"
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the output detector in order to measure total power. The

linearity of the photodiodes was checked by removing the sample.

Figure 2 shows the total power transmitted vs. the total power

incident on a 70 pm thick sample at three different temperatures

and three different wavelengths. A semi-empirical fit to the

data points was done by assuming a gaussian beam and an absorp-

-*" tion coefficient given byct= a (1+I/Is) The saturation
0 5

intensity obtained for each set of data is shown.

The measured values for saturation intensity are comparable
2

to those measured in InSb. As the temperature was changed,

the wavelength of observation was also changed, so that the dis-

tance into the bandgap was roughly comparable. It can be seen

that the saturation intensity was also comparable. Estimates

of maximum temperature rise at the beam spot were less than 1°K

for the powers used in this experiment. Furthermore, if heating

- occurred, the absorption should increase with intensity, ruling

out the possibility of thermal effects causing the saturable

absorption.

From the measurement of saturable absorption within the band-

gap, one can estimate the nonlinear index which will be measured

below the bandgap. Following a procedure similiar to that used

3by Moss, we may obtain an equation for the nonlinear index in

terms of the measured saturation intensity:
2E"°"

n2- TI E in(
sg g

where E is the energy of the bandgap and Vw is the energy of

the applied light. The linear absorption coefficient is . -\

•. . . . . . . . . . ..
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At T = 30 K and for a light frequency given by

(E - )w )/E= 1/400, linear absorption measurements giveg g "
-1 2 -5 2

= 00 cm Thus, since I 250W/cm , n2  2x10 cm /W. .

This is comparable to the values measured in InSb.

Experiments are underway to look for optical bistability ->-

by temperature -uning the bandgap to optimize the nonlinear

index.

This work was supported by the National Science Foundation. "
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cal fit to the data giving the stated saturation intensities.
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Nonlinear Optical Interfaces

by

P. W. Smith and W. J. Tomlinson
Bell Laboratories

Holmdel, NJ, USA 07733

SUMMARY

In this paper we will review the results of previous theoretical and

experimental studies of nonlinear interfaces, and report new experimental results

obtained using a liquid suspension of dielectric particlesl' as the nonlinear

- .medium. This medium has a sufficiently large nonlinearity to permit nonlinear

interface experiments to be performed with low-power CW laser beams, and thus

simple, direct experimental verification of theoretical predictions is now

possible for the first time.

Early theoretical work on nonlinear interfaces (interfaces between

two dielectric materials, one of which has an intensity - dependent refractive

index) predicted bistable behavior for incident plan waves. (2) The first

experimental results appeared to exhibit optical bistability although the detailed

behavior did not conform to the plane-wave predictions.3.

We recently developed a numerical technique to study the behavior of

a (two-dimensional) Gaussian light beam at a nonlinear interface. The results

of this analysis show several new features. The most dramatic deviations from "I

the plane-wave results, however, are the prediction of a second reflectivity

step' as the input power is increased, and the absence of hysteresis upon

subsequent reduction of the input power. These results are shown in Figure 1.

We performed experiments using a CW argon ion laser beam with a LiF
O--

crystal (n=l.39) as the linear medium and an aqueous suspension of 600 A quartz 2
particles (n=1.37) as the nonlinear medium. The experimental conditions were

- .-. " - - . "- -.- - - -- - -
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chosen to correspond to the parameters used for the numerical analysis. The

experimental results are also shown in Figure 1. These results conform much -"

better to the 'Gaussian beam' curve than the 'plane-wave' curve. Note, however,

1.0

FLAW WAVE

S0.4

0L-",+"
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Figure 1 Reflectivity vs. incident intensity for incident angle equal to 0.7
critical angle.
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that the reflectivity 'steps' are smaller than the (two-dimensional) Gaussian

beam predictions. The critical intensity for the first and second reflectivity

*2 'steps' is in good quantitive agreement with the results of our analysis.

For some experimental conditions, hysteresis was observed. Only the

upper branch of the reflection hysteresis characteristic was stable, however.

The lower branch would decay to the upper branch with a time constant of -lO.

- the response time of the nonlinear medium.

It is interesting to take a new look at the experimental data for the

(3)glass - CS2 interface and to reinterpret it in terms of our present under-

- -standing of nonlinear interface behavior. The experimental data shows that at

intensities substantially above the first reflectivity 'step' there is a second

'step'. These results appear to be in qualitative agreement with our numerical

analysis. The hysteresis observed in these early experiments is also not

inconsistent with our prediction of an unstable lower state, for the measurement

time was of the order of 300x the response time of the nonlinearity (2ps) and

our current experiments show that this is of the order of the stability time of

the lower state.

What are the implications of our results for device applications?

Nonlinear interface devices are attractive because of their simplicity, and " '

their potential for sub-picosecond response (with suitable fast nonlinear -.

materials). The quasi-stability of the lower branch could cause problems. '.'

Gaussian beam devices do not have a high contrast between "on" and "off" states.

Because a high contrast is predicted from the two-dimensional Gaussian beam

analysis, we would expect that the contrast could be much improved by using an

eliptical input beam.
-.
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Mirrorless Intrinsic Optical Bistability Due to the L.Qwcl

Field Correction in the Maxwell-Bloch Formulation

C. M. Bowden

Research Directorate, US Army Missile Laboratory

US Army Missile Command
Redstone Arsenal, Alabama 35898, USA

F. A. Hopf

Optical Sciences Center, University of Arizona
Tucson, Arizona 85721, USA

and

W. H. Louisell (deceased) .

University of Southern California
Los Angeles, California 90002, USA

Summary

The !ocal field correction (LFC) is associated with the Dassa '

microscopic to macroscopic electrodynamics. The conventional deriv-i*-

of the LFC is found in Jackson1 , and the implication is that the

, is due to all of the atoms in the system, which implies some kirn . -

*] tive phenomenon. In the work reported here, we draw heavi'y ipor ' -  "
Sip e 2

cussion of the LFC of Van Kranendank and Sipe (KS). -

In the passage from microscopic to macroscopic electroma , ,

main problems occur: (1) The macroscopic Maxwell's equation n T) I.-,

media is

V2E 2E 47T 2PP

E+
-- 2

where P is the macroscopic polarization. The sou : ,I. ... r .:

field E from (1) then results in contrihutIono T ....

o * . " -" . - . ,. * *
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all the atoms. If this field is used to drive, say atom 9 , it contains

the self-field of atom k As shown by KS 2 , this extra contribution is

removed by taking the atom to be driven by the local field EL

4Tr(2EL E + - P ,(2

where the amplitude of P is given by the amplitude of atom Z , and not

by the surrounding atoms. Thus, in this interpretation, the local field

seems to be a single atom phenomenon. (2) In the case of crystals, it is

by no means clear that the field at atom Z is accurately represented by

smearing out positions of atoms j i . This can only be significant for

atoms in the neighborhood of 9 , so the correction is again proportional

to P in the static limit (there are other problems in the dynamic limit).

If one can neglect these other problems, then the LFC is given as

EL 3 E + + P (3) 0

where s is a structure factor. In this situation, the contribution from

s appears to be collective (it may not be cooperative).

For the purposes of this study, we assume that (2) is the appropriate

relation and incorporate this LFC in the Maxwell-Bloch model representing

a collection of two-level atoms interacting with an externally-applied co-

herent field. The results of numerical calculations are presented for the -0

case of a small volume of nearly resonant absorbing medium (i.e., a volume

smaller than a resonant wavelength) in one-spacial dimension. The usual

slowly-varying envelope and phase approximations are not valid for this case .

and the conditions on the field and its derivatives at the dielectric boun-

daries are explicitly satisfied. It is found that for suitable values for

O* the material parameters, a bistable relation xists between the applied in- --

cident field and the output field, which is due entirelj to the local field

correction.
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Optically Induced Changes in the

Faraday Rotation Spectra of the Ferromagnetic

Semiconductor CdCr2 Se4 --

Norman A. Sanford .
Sperry Research Center, Sudbury, MA 01776

Chromium chalcogenide spinel semiconductors have gained

attention because of the strong interaction between their

electronic and magnetic systems. CdCr2 Se4 , the most extensively

studied Cr spinel, is ferromagnetic and orders at 130 K. The

optical absorption edge is found to red shift for temperatures

below the Curie point (1 )  Faraday rotation spectra measured

near the absorption edge are highly dispersive with peak

rotation increasing and shifting to the red as temperature is

reduced. In particular, the rotation spectra scanned at fixed

temperature display zero crossings characteristic of the

temperature (T less than Tc). The red shifting of both the

absorption edge as well as the rotation dispersion result from

increased magnetic order with reduced temperature

The Faraday rotation spectra were measured with a tunable 71

probe beam. A dramatic shift in the spectra could be observed --

when measurements were made with simultaneous application of a

weak monochromatic pumping beam. Each were directed in a

coaxial fashion through a sample suspended in the bore of a

split coil superconducting magnet configured for optical access.

Right circularly polarized pumping at 1.06 microns effectively

shifts the rotation dispersion to the red as if the sample were

Scooled. Left circularly polarized light had the opposite

effect. The stability of the probe beam polarization, as it

traverses the sample, is thus seen to depend upon the sense of

pump polarization. The maximum response is found at probe

@O4' wavelengths near rotation zero crossings. In these regions, the -

slope of the rotation dispersion is extremely steep and a small

offset induced by the pump produces a large change in probe beam

.....-..--:- . -.-.'- I.. . " ' '" -,: " -'- '-. . : .- " ." - -.,- -"" "- " " - ' - -" , ." '"
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Faraday rotation. At 78 K and pumping with a power of .12
0

milliwatts, the rotation spectrum can be shifted ±30 A depending

upon the sense of pump polarization. Such a shift brings about

a variation in probe Faraday rotation by ±5 degrees.

The effects described above are best explained within the

context of optically induced magnetization. For CdCr Se the
2 4

possibility of light enhancing magnetic order has been raised

before (3)• Previous experiments have detected transient induced

magnetization due to high powered pump excitation . The

sensitivity afforded by the all-optical technique presented here

permits very low pump power to be effective, in addition,

heating effects and transient artifacts are discriminated

against. Selective repopulation of magnetically active bands by

the pumping radiation is found to account for the observations.

Details of the opto-magnetic model can be found in reference 2.
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' Multi-parameter universal route to chaos in a Fabry-Perot resonator

E. Abraham and W.J. Firth

Department of Physics, Heriot-Watt University, Edinburgh, U.K.

We recently reported [i] preliminary investigations of positive-branch

instabilities in nonlinear resonators in the Fabry-Perot (folded) con-

figuration. We deal with the dispersive limit of the Maxwell-Bloch

equations (Kerr medium). The finite longitudinal relaxation time (T) means
-1.01

that diffusion of the excitation is possible, and we assume that the

% diffusion length greatly exceeds the wavelength. We thus derive the

following equations for the nonlinearity, the forward and the backward

fields:

X. - + IFj2 + B11)

j 3F +no xNL ti'
aF F F CX (2)
ax c 2

aB no XNL..... B ix B--B (3) •.,°
ax c2

These partial differential equations are integrated directly to obtain the

numerical results quoted below, but an integration along characteristics

leads to a quasi-difference equation form which is a generalisation of the

*.. result obtained by Firth [2]

-" -"h -(XL iO N L  -'

F(o, t + tR ) = A + F(o,t)(RIR e e (4) ."
R 1 2

where

NL a dtI  -(t- t')/T tIF(o, t ' l e - L + R e-LR 2e-L)/.L

+ dye-C'L(l-Y)[ F(ot'+yt) -2+ReXL IF(ot'-t + yt) 2 }- (5)

0

. ...- . *.2
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The stationary solutions of (4,5) for particular parameter values are shown

in Fig. 1, showing e.g., eight positive slope branches at A = 4.463. The 01

stability of the stationary solutions is well described by a linearisation of

- .,(4): Fig. 2 shows how the positive-branch instability regions narrow down

and disappear as the ratio T/tR  is increased. Even when this ratio is as @O

large as 5, however, Fig. 3 shows that only one of the eight branches is stable:

initial conditions corresponding to all other branches lead, after numerical

integration over a few hundred times t to limit cycles in different regions,-.,

.. .~ of the phase plane. We show that all orbits, fixed points aid strange attract-
an

ors must be within/annulus of the phase plane of outer radius AB/(l-B) where

B is the feedback fraction [3], equal to 0.3 in this case. The inner radius

is smaller by a factor (1-2B), vanishing if B > 2

We have examined in detail the development of an instability on the lowest

branch (stable point in Fig. 3). As T is reduced, an oscillation with period

z 2.5 tR develops for T % 2 tR: further reduction in T results in a period-

doubling sequence leading to chaos at T % 1.8 tR.

As shown in Table , the bifurcation sequence closely obeys the univer-

sality Lelation found by Feigenbaum [41, i.e. the response time T at the nth

bifurcation obeys the relationship ,.,'

n-l= 6 = 4.669 (6)

T" -t n
n n+l

Investigation reveals that the same universal sequence occurs when the limit

point is approached by varying the input field A or the detuning o - Table -
0

, or, presumably, any other parameter. Further, the form of (6) means that any

linear combination of parameters obeys the same relation, so that a limit

point may be approached along any convenient "line" in parameter space.

A major difficulty with numerical investigation of bifurcation sequences in

............................... ...... .........
; .,.--. .... ..- -: .. . -.,., - . . . .. ..-,- -. .. .- .- ., '.- .. '.. ... -.. . . . -. .. . °. . . •. .
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equations as complex as (1-3) is that the convergence of time series becomes

poor as a bifurcation point is approached: simple analysis points to an

exponential convergence in general, but only a geometric convergence at the

bifurcation point. We have thus used an extrapolation procedure to locate

the bifurcations. If the vector of "new" Fourier components simply re-

scales as the control parameter A is increased beyond the bifurcation point

n, simple analysis shows that the scale factor must be (X-X n Fig. 4

shows that this rule is excellently obeyed, the squared differences (A2)

between corresponding intensity maxima showing an excellent linear dependence,

with all lines extrapolating to zero at essentially the same point. This

technique is used to obtain the data in the Table. (The same technique has

recently been applied to the high-finesse ring resonator [5]: that work is

a special case of our own [11).

Control AA6
Parameter A 8 8 16 32

A 4.476 4.463 3.902 4.768 4.612

.O 09046 0 4.411 4.601 4.658

T/tR 1.826 1.78636 4.506 4.643 4.618

We believe that (1-3) are among the most complex systems in which

Feigenbaum universality has been found, and we will present an analysis of a --

general class of equations, including (4,5) which already yields in lowest

order a value 4 for the parameter 6.
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SUMMARY

This paper describes a theoretical analysis of the steady-

state and transient behavior of a laser-with-saturable- absorber

system consisting of two GaAlAs semiconductor laser elements in

an external cavity.

The facets of each semiconductor laser are coated so that

when placed in the cavity and properly biased, one functions

as a gain medium and the other as a saturable absorber. The

guided-wave structure of the absorber section is used to good

advantage to provide the high power densities necessary for S-

W.-i saturation. Since the two structures are electrically isolated, .-'

the problem of a parasitic resistance encountered in double-

section diode-lasers' is eliminated.

-:-:!::. ,- -.:, .:- .: -: .-. : -- -:.Q -- .. i -- -: .-- : -. .:. i - " i.: ::- i .:.. " :: i...
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The analysis is based on three coupled, semiconductor-

laser, rate-equations: one for the photon density in the cavity,

a second for the electron concentration in the gain section, '1
and a third for the electron concentration in the absorber

section. The steady-state analysis leads to a simple result

for N1 , the upper state photon density at the low-to-high out-

put switching point:

N =N [(R/R .)-1 11 s crit

where Ns is the saturation photon-density; R = gANo, with gA

the constant of proportionality in the assumed linear relation-

ship between absorption and electron density, and N the carrier
0

density required for transparency in the absorber element; and

R depends in a simple way on the photon cavity lifetime Tph' "
crit p

the spontaneous carrier lifetime T5sp the cavity length L, and

Ns (defined above). It also leads to a simple result for N2, the

upper state photon-density at the high-to-low output switching

point:

N 2 = N [R/Rit) - 1. (2)

Similar formulas have been derived by Lugiato et al 2 using a

semiclassical treatment.

To study the transient response of the system, the rate-

equations were solved numerically for various types of switch-

ing pulses. We find that bistable operation is achieved when

either (or both of) the absorber section or the gain section is

activated by a suitable electrical pulse. In addition, our

results predict ringing with fast-risetime switching pulses and

. ,
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critical slowing down near the current for switching the cavity

to its high output state.
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Optically-Induced Bistability in a Nematic Liquid Crystal
0!

Hiap Liew Ong and Robert B. Meyer
Department of Physics, Brandeis University, Waltham, MA 02254

Since 1979, considerable effort has been expended by many researchers in

analyzing the purely optical-field-induced molecular reorientation in a

homeotropically oriented nematic liquid crystal (NLC) by a normally incident

light wave.1 -4  Recently, the exact solution which is consistent with

Maxwell's equations for describing the orientation of the molecule was O

obtained by Ong.5  In this paper, we shall discuss the exact solution

describing the orientation of the director. In particular, by examining the

deformation angle near the threshold, the criterion for the existence of a O

first-order Freedericksz transition is obtained.

We consider a homeotropically oriented NLC cell of thickness d confined

between the planes z=O and z=d of a Cartesian coordinate system. The NLC .O

director always lies in the xz-plane and in the absence of a light beam, the

directors are parallel to the z-axis everywhere. O(z) denotes the angle

between the director and the z-axis. Then the director can be described by

n(r) = (sin 0, 0, cos 0). A harmonic time-dependent light beam is normally

incident on the NLC medium with the polarization parllel to the plane of

incidence, which is the xz-plane.

By taking the time average of the energy flow 3Fopt/3t + div S = U, we
+

find that div <S> = 0, where Fopt is the electromagnetic energi density and S

is the Poynting vector of the optical field. Consequently the time-average of S

the z-component of the Poynting vector is a constant throughout the medium.

This conclusion agrees with the geometrical optics approximation but

disagrees with the infinite-plane-wave approximation4 in which the magnitude O.

of the Poynting vector is a constant. If the scattering loss in traversing

* S

-,- - -.. ..- -
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the medium can be neglected, then <Sz> is equal to the intensity of the

incident beam, I. 0

It can be shown that for a normally incident wave, Fopt S z np/c with

np = no ne / (no2 sin2 0 + ne2 cos 2 0)1/2, where no and ne are the ordinary and

extraordinary refractive indices respectively at the optical wavelength X.
5  "

The free energy density of the NLC can then be written as

F 1) ) 1 2 T ""'
"F 1 kl (div n2 + 1 k 22 (n x curl n)2 + - k33 (n - pnp 0) (1)

2 k;.n..ur,)

where k 1 , k2 2 , and k3 3 are the splay, twist and bend elastic constants. By

the symmetry of the problem, we look for solutions which are symmetrical w.r.t.

the z = d/2 plane, i.e. 6(z) - 0(d-z). Then minimization of the total free

energy f F d3 r leads to the Euler equation which has a solution of the form

Sck 3 3 1/2 08  1 - k sin 2 0 1/2
z -(k3)1/ 1 [ 1/ dO, (2)

21 ', np(6m) _ np(0)

for df 0 and 0z~d/2, where k = (k33 - k1l) / k 3 3 and 
0m = 0(z=d/2). In

dz 3

obtaining Eq. (2), we have made use of the rigid boundary conditions at the

two interfaces, i.e. 0(z=O) = 6(z=d) = 0.

-- We compute the solution for the tilt angle up to and including terms -62

and obtain the following equation for the tilt angle:

0 em sin (rz/d) (3)

2
where e = (/I/Ith - 1) / B, Ith = c k 3 3 (Ell/no ea) (ff/d) 2 , where Ith is the

m

threshold intensity, B = (1-k-9u/4)/4, u = Ea/6l, ci = no2  Ell = ne 2
, and

a =Ell - Ei. As a comparison, infinite-plane-wave approximation predicts that S

Ith=ck33 ( 1
2 /no ei ca) (n/d) 2 and B (1-k-9w/4-3u/4)/4 where w=1-(Ei/Ell) 2 .4 ,5

From Eq. (3), we see that as B > 0, the transition is second-order.

However, for B < 0, small distortion are not stable and the transition becomes .

., -,a first-order transition accompanied by hysteresis. Thus, the criterion for

the existence of the first-order optically-induced Freedericksz transition is

* . ...* * ,. ... ,. .. .. .* . . , . . .. . . .j .
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given by B < 0, i.e. k 11 /k3 3 + 9 cj/4 sl < 9/4 for this approach, and _

kll/k 3 3 + 3 ei /4 el + (3 el / 2 c 1)
2 < 3 for the infinite-plane-wave approxi-

mation. The criterion for the existence of a first-order transition is shown

in Fig. 1. For the first-order transition, the lower threshold intensity I'th

can be determined by dI/dOm=0. By computing the integral in Eq. (2) up to and

2 = /2including terms -4, we find that I'th=Ith(l-B 2 /4G)2 and 02 = [B+(B+4GF)l/2]

' m

/2G, where F = (/1/Ith - 1) and G =11/2-k+9u/4+63ku/4-9k2 /2-261u 2/32. Infinite-

plane-wave approximation predicts that G = 11/2-k+9w/4+3u/4+63kw/4+3ku+153wu/16

-9k 2 /2-261w 2 /32-189u2 /32. 5

By examining the material parameters from known NLC's, we notice that the

bistability could be observed experimentally for PAA (p-azoxyanisole) in a

temperature range of 110 to 130'C and a pump beam of intensity -150 Watts/cm 2

for a cell of 250 um thick. Figure 2 shows the predicted maximum deformation

angle as a function of the intensity for PAA and MBBA [N-(p-methoxybenzylidene-

p-butylaniline)]. For MBBA, the transition is second-order but for PAA the

transition is first-order accompanied by hysteresis. This hysteresis, if it

is confirmed experimentally, may be exploited in bistable display systems.
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* 5. H. L. Ong, "Optically-Induced Freedericksz Transition in a Nematic Liquid

Crystal", to be published. A detailed comparison between the exact solution 0!

and the solutions obtained from the geometrical optics approximation3 and the

* infinite-plane-wave approximation4 is made.

Figure I Figure 2
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Figure 1. The criterion for the existence of a first-order optically-induced -

Freedercksz transition, where this approach is referred to as approach I and

the infinite-plane-wave approximation is referred to as approach II.

Figure 2. The maximum deformation angle as a function of the pump beam inten-

*1sity for MBBA and PAA. For,MBBA, we put X =6328 A, no 1.544, ne 1.758,

k1 l and k33 = 6.95, 8.99 *10-7 dyn respectively. The Fresedorfcksz transition

is second-order with B=0.06, G--0.06, and IFr=1 2 0.6 W/CM 2 for a cell of 250 pmnn

thick. For PAA, we put X=4800 A, n0= 1.595, ne=l .995, 1,1i and k3 3 = 9.26, -

18.10 1 0-7 dyn respectively. The Freedericksz transition is first-order

accompanied by hysteresis with B =-0.08, G =0.07, 'Fr and T1Fr =149.0 and

142.8 W/cm2 res-,,ctively for a cell of 250 prn thick.
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Room-Temperature Thermal Optical Bistability in Thin-Film Interference 0

Filters and Dye-Filled [talons

M.C. Rushfora, L.A. Weinberger, H.M. Gibbs, C.F. Li*, and N. Peyghambarian

Optical Sciences Center, University of Arizona .

Tucson, AZ 85721

*Permanent address: Harbin Institute of lechnology, Harbin, People's Republic of China :

Passive optical bistability in semiconductors was first seen in an interference filter with an

intemaediate layer of ZnS one-wavelength thick, and implied switch-on time of 200 is.1 Thin-

- film interference filters may be potential practical bistable devices due to their room-

temperature operation, extreme thinness, ease of production, and low-power operation.

Wee have observed thermal optical bistability at mW powers in narrow-band visible

*" interference filters with ZnS and ZnSe spacers. ihermal optical bistability can be defined as

dispersive optical bistability 2 in which the intensity dependence of the optical path length arises

frons a temperature change of the intracavity medium. The slow switching times (200 I.s at

best), the sign of the nonlinearity (n2 > 0), and the laser-etalon detuning are consistent with a

*' thermal mechanism.

Proper input focusing was critical. In general the bistability loop drifted in time,

. preventing LW operation. Apparently as the filter heated up, the cavity progressively detuned,

causing the switch-on intensity to increase in tinte. Also, in a ZnS 514.5-nni filter (1.2-nm

* FWHM) an irreversible change in transmission and shift of the peak by 1.2-nm to shorter

. wavelength was observed. lhis transmission-peak shift took several months to recover,

" suggesting that the local water vapor concentration was changed via laser annealing.*

I Further work is on-going to investigate production conditions of thin films to determine

whether fast switching (implied to be ns, due to a thin-filr nonlinearity apparently caused by

structural effects1 ) is achievable.

" .- . ". . - . -. ,a , .. .. •
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Perhaps the simplest device exhibiting thermal CW optical bistability is dye solution between

two mirrors. ihe addition of Rhodamine B to ethylene glycol or other solvents lowers the

bistability turn-on intensity compared with that for solvent alone. The dye aids by increasing

the absorption, heating the solvent, and lowering the solvent index of refraction. Various 'ij

solvents and dyes at different concentrations were tried; all had similar switch-on times from...".'..

200 to 20 L;s, strongly dependent on the input focusing. Input powers were 5 mW to 2 W.

If the input laser wavelength lies within a strong dye absorption band (or within a weak

band, but the focus is at the edge of a bubble), the bistability regeneratively pulsates. 3 The

oscillation period varied from a few milliseconds to seconds.

We have investigated crosstalk and observed that two bistable regions on the same etalon

can operate independently within three to four spot diameters apart, apparently limited by

thermal diffusion. Deliberate control of a red laser beam by a more powerful yellow laser was

possible when the two beams overlapped, as the etalon could not simultaneously transmit both

wavelengths. The stmplicity of this device and flexibility in choice of lasers should encourage

widespread use in demonstrations, student labs, and studies of optical signal processing. -'1

COv dye etalon bistability and the resultant far-field output will be demonstrated at this

meeting.

We gratefully acknowledge support from NSF, AFOSR, and ARO.
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Self-Defocusing and Optical Crosstalk

in a Bistable Optical Etalon

K. Tai, H. M. Gibbs, J.V. Moloney, S.S. Tarng,

J.L. Jewell, and D.A. Weinberger

Optical Sciences Center O

University of Arizona

Tucson, Arizona 85721

Self-focusing effects in optical bistable hysteresis loops have been observed in a GaAs-

GaAlAs superlattice. 1  Experimentally, one sees drastic overshooting in the hysteresis loops

and changes in the output profile as the imaging lens is translated along the propagation

direction, thus imaging different object planes onto a fixed image plane (i.e. aperture).

Nearly identical results are found by a one-transverse-dimension numerical simulation of good-

cavity bistability in which the output is free-space propagated backwards in space,

corresponding to the movement of the imaging lens. These effects arise from a radially-

dependent phase shift caused by the excitonic nonlinear refraction and a gaussian beam

profile.

The parallel opeartion2 of neighboring optical bistable devices on the same etalon is also

simulated numerically in both one- and two-transverse-dimension cases. Diffractive coupling

can cause a device operating in the lower branch to switch to the upper branch when its

neighbor is switched on. Simulations show, for Fresnel numbers close to unity, that a

separation of a few beam widths is sufficient for independent operation. The results give

promise for performing parallel operation, in spite of transverse diffractive coupling. -

Transverse effects which are neglected in the calculation, such as exciton and free-carrier
.' ... o|

diffusion, could make larger separations necessary for independent operation. .- .

1. H.M. Gibbs, S.S. Tarng, J.L. Jewell, D.A. Weinberger, K. Tai, A.C. Gossard, S.L. McCall,

A. Passner and W. Wiegmann, Appl. Phys. Lett. 41, 221 (1982).
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Routes to Optical Turbulence in a Dispersive Ring Bistable Cavity

Containing Saturable Nonlinearities

J.V. Moloney, H.M. Gibbs and F.A. Hopf

Optical Sciences Center, University of Arizona

Tucson, AZ 85721

The transition to turbulence in fluid dynamical systems involves many different pathways "

depending on parameters such as the Reynolds number, aspect ratio of the fluid, etc. . -'

Remarkable progress has been made over the past 10 years in understanding qualitatively,

transitions to low level turbulence in low aspect ratio, low Reynolds number systems by studying

mappings of one and two dimensional nonlinear functions. 1  However no quantitative relation

appears to exist between fluid parameters (Reynolds #, Prandtl # etc.) and the parameters

appearing in the mappings.

Numerous papers citing period doubling bifurcations in nonlinear optical systems have

appeared since Ikeda's original paper in 1979. With only two exceptions, 2 , 3 all theoretical

studies have been confined to plane wave analyses. These studies have focussed on establishing

that Feigenbaum sequences exist for instabilities in these systems. Our contention is that the

Feigenbaum period doubling sequences represent a subset of a much more general class of 1 .O

instabilities.

As an explicit example, we study a unidirectional ring bistable cavity containing a nonlinear

O saturable medium. In the plane wave approximation and in the limit that the nonlinear medium

response is much faster than a cavity roundtrip time tR( - L/c, L = total cavity length), the

dynamics of the complex intra-cavity field reduces to the following map

r cLIEnj 21]
En+"-= vT E* B exp 1  A JEnFj exp[i6(1EnI 2 )]En ()

where

-. . - .

I " .
" ' , "

' , , , " ". % " ". " .a - • .. - ". ," ." - "* '- " - " ' - ." . ." - " ,, .. " - -, .
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1EV6(IEnV) = - + 1 J+ Enl'

is the intensity dependent total cavity mistuning. Eq. (1) maps the field (En) at roundtrip ntR

to the field (En+1) a cavity roundtrip later ((n + 1)tR); En is the input amplitude (all amplitudes

are scaled to the saturation amplitude), B = Re - L (cL = aL/2(1 + A2 ); = (w - Wab)/Yi

and ' is the laser-empty cavity detuning.

Figure 1 exhibits the full complexity of the intracavity dynamics represented by Eq. (1).

Co-existing attractors appear on the low transmission bistable branch. Furthermore, the shaded

domain encloses a stable six cycle and its associated subharmonic bifurcations. It is evident
'N rj

from this picture that Eq. (1) when viewed as a mapping of the complex plane to itself contains

multiple basins of attraction associated with different attractors. These behaviors appear more

consistent with the two dimensional Henon map rather than Feigenbaum's one dimensional

logistic map.

When transverse variations are allowed for new transition sequences appear which are S

consistent with the Ruelle-Takens picture of the transition to turbulence. 4 Bifurcation

sequences involving outputs which go through periodic, quasiperiodic, frequency locked, followed

by period doubling of the locked outputs are common, in marked contrast to plane wave

predictions (see Figure 2). The numerically computed dynamical outputs of the optical cavity

show remarkable similarities to measured radial velocity outputs from a recent flud namicai .

experiment. 5 These latter results emphasize the important role played by the Fresnel number in

determining the nature of the transition to optical turbulence.
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Resonant Frustrated Total Reflection (Fm) Approach to

Optical Bistability in Semiconductors.

Bruno Bosacchi

Western Electric - Engineering Research Center

Princeton NJ 08540

Lorenzo M. Narducci

Drexel University - Department of Physics

Philadelphia PA 19104

SUMMARY

The recent observation of very large non-linearities and of optical bi-

stability in semiconductor structures at room temperature has heightened

the interest in all-optical switching and signal processing as a practical

prospect in optical information technology. Along with the search for suit-

able non-linear materials, some attention is also being paid to the study of

structural configurations designed to optimize the performance of a bistable

device. In this paper we will discuss the resonant FTR (Frustrated Total

Reflection) approach, as an experimental configuration fully compatible with

semiconductor and integrated optics technologies, which should lower the

power requirements of a, bistable device through the "enhancement" of the oi-

tical field inside its non-linear region.

At the basis of the resonant FTR approach is the concept of non-linear

4 FTR optical cavity, a thin film structure into which light is cou]led by to-

tal internal reflection, and whose cavity layer is mad(l of a n- near me-

dium. (Fig.1) At resonance, a very intense electric field builds uT in tr.

cavity layer (enhancement factors of 2 to 9 order of manitude arc on'por, -O

and a sharp minimum occurs at. e in the angular reflectivity siectruoi l:,'

M\

T2n .
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structure. m depends on the refractive index n2 of the cavity layer

=( nnpo+PIE 1 2, where npo is the refractive index at low intensity, [, the

non-linear Kerr coefficient, and 1Ep1 2 the optical field intensity inside the
cdit

Scavity layer). Conversely, at a fixed angle of incidence e., appropriately

chosen, 1Ep 22 depends on (ra, being maximum when m=ei. From the simultaneous.

and reciprocal interdependence of 2 and np, optical bistability is ex-

pected to occur.

We have performed a numerical study of the optical response of a non-

linear FTR optical cavity as a function of the incident power, using the pla-

ne wave approximation and assuming a uniform enhancement of the optical field

*" in the cavity layer. A typical result is shown in Fig.2. Preliminary esti-

*. mates of the critical intensity II for the switching of the system from high

" to low reflectivity regime suggest that, with respect to the non-linear in-

terface configuration, a reduction of at least one order of magnitude can be

expected. This fact, and the possibility of a convenient angle of incidence,

point to the non-linear FTR optical cavity as a better candidate for the ex-

perimental study of the non-linear effects predicted by Kaplan. We will

also discuss the relationship, and some potential advantages, of the resonant

FTR approach with respect to the waveguide and the surface-plasmon configura-

tions. 
-

RTEENCES 
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Fig.1 -Schematic representation of the PTh optical cavity.

F'Ig.2 -Typical 'reflecti.vity vs. ncideont I,,ntensity respons7e

o-f' an FIR otlca! ca'vLty.
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Optical hysteresis and bistability in the

wave-front conjugation by electrooptic

crystals

Kukhtarev N.V., Semenets T.I., and Starkov V.11.

-'[ Institute of Physics, Ukrainian Academy of Sciences

" - 252650, Kiev-28, GSP,prospect Nauki,144, Kiev, USSR

Summary

Analitical and numerical investigation of the wave-front

conjugation in electrooptic crystals (LiNbO3, BaTi0 3 , SBN)

show that uoncavity optical bistability and hysteresis /1,2/

depends on the dominant mechanism of nonlinear responce (dif-

fusion or drift) as on the orientation of the crystal C axis,

and is strongly influensed by absorption or gain. Calculation

show that critical effects may be observed for crystal length

0.1 rm (SBN,B-TiO3) and 1.5 cm (LiNbO3 ) for the optimal

experimental geometry.

1. Kukhtarev N., Starkov V. Pisma v ZTF (Russian) Z, N 11,

p.692, 1981.

2. Kukhtarev N., Semenets T. ZT'F (Russian) 51, N 9, p.1990,

1981.
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Observation of Bistability in a Josephson Device

%I.

%I

Barry Muhifelder and Warren W. Johnson A

Dept. of Physics and Astronomy,

-. University of Rochester, Rochester, N.Y. 14627

We have been building devices with two Josephson junctions

coupled to,.,ether by a transmission line or waveguide. We have

'.. "°

*found that these devices can exhibit a type of bistable behavior

not seen before in other Josephson devices. The observed

behavior appears to have certain similarities to optical multi-

tinlyosed in Physepso ndevcs tstrnomy on awysfid

-:.

University b Rtyhestero-volhestae.Y

Turheymaorhsi observtonai thate tho(eal? uputvrable ofaths

r ebeeen to va uesatling ei the rti o rou 2 Tosephson ishaul-aed ro na e s of t transmission line .orwaegise wul hven. :

xuatate t deret fom te s t ypeo bise tbiety onenho

tonallyn beored in Jteosephson devices threoe alwsefnds

tehation o eras t i the zeroage frques to ote mvoltage state.

""A. -i< :

Ourhypothesisoisehatns thse toearly?)t strable states

epreen the ae-lokin of the oscllatio nsf outhe Joshiso

jun ctons toaeithe o orteoerv te os o the tag t lest.odr o

half-wave resonances of the transmission line. This would then _

* explain the two output voltage states, because the Josephson

"" relation requires that the average frequency and the voltage be -..

*in exact proportion. ..'

We actually have not yet observed true stability of the two .. ,o

*A*.A,*. ... A

A , ~ A *~*~*-. A* . ** A . . . . . ..-
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states. The spontaneous switching between states has not yetj
been observed to cease. The average switching rate has been-., *
observed to vary systematically, as a function of the two input

parameters, over a range of < 102 to > 105 per second. This is

much slower than the Josephson oscillation frequencies charac-

teristic of the device (1010 to 1011 Hz). At this time we can not

say if the cause of the switching is intrinsic, or if it is

induced by external perturbations.

J..

.. .*i."
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Theory of Multistability in Josephson Junction Devices

Peter D. Drummond, Barry Muhifelder, and Warren W. Johnson,

Department of Physics and Astronomy,University of Rochester,

Rochester,New York,14627. .

The existence of phase-transition like behavior in Josephson

junctions is well known. However most studies of the theory of

.- 

.

.

these transitions are restricted to numerical calculations, owing

to the nonlinearities of the Josephson equations in the regions

of usual interest. Approximate analytic techniques that do exist

are often restricted to regions where the oscillations are nearly

sinusoidal.

The theoretical technique introduced here is, instead, a

nonlinear perturbation theory that includes the nonlinearities of

the Josephson equations to zeroth order. A renormalization of the

zeroth order solution is then used to remove secular terms from

the perturbative solutions. This results in relatively simple

input-output relations that are applicable to typical

current-driven Josephson devices.

The renormalization method is first used to deal with the

theory of the onset of capacitive (lightly damped) bistability in

single junctions, in general agreement with previous work. Next

the theory of waveguide superconducting quantum interference

devices is described. Optical multistability is obtained in the

4%

. . . . . . . . . . . . . . . . . . . . . .
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sense of multistable mode intensities in the waveguide. The

state-equations depend on the external flux, through the

flux-quantization relations. Either even or odd order modes can

become excited provided the waveguide can support the relevant

mode.

A physical picture of the origin of the multistability is

presented, and it is predicted that the upward transitions (i.e.,

increasing frequencies) should have threshold frequencies (w) and

currents (I) related by

(I/Ic)2= 1+(wT)2

where Ic is the critical current and T is the juction

characteristic time scale.

The fine scale time evolution of the system was simulated

numerically. The initial conditions were varied to determine

where the equations had more than one solution. The analytic

results for the input-output relations are compared to these

simulations.

It is noted that optically multistable Josephson devices

have similiar potential switching rates to capacitive (lightly

damped) bistable junction devices. The types of junction

o . transitions described here could therefore have applications in

switching devices.

Finally, while the odd order multistability results appear

to approximately agree with input-output relations that we have

observed in the laboratory, at least one part of the theory

presented here has not yet been tested in experiment. This is the

prediction of even order mode excitations. In order to obtain

......'v,.:..:*... '.... -... .. " ...... .'"5", ,v ." '. . -. " -. -' . . .- "" " "•"". ." •" . "1
4 .. '. -" , r .;;.. " , # ,, ' " , ' , " " ," ' ' " " ' _, , " _ ' ' • '.'. . / . , :" " " _- . " ' . '
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these, one requires a type of waveguide able to support

symmetric modes. This therefore leaves an open area for

* .. experiment which should provide a stringent test of the theory.

41.
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Intrinsic Instabilities in Homogeneously Broadened Lasers

Lloyd W. Hillman, Robert W. Boyd, Jerzy Krasinski,

and C.R. Stroud, Jr.

Institute of Optics, University of Rochester

Rochester, N.Y. 14627

Experimental observation has shown that it is no simple

matter to make a homogeneously broadened laser operate in a

single longitudinal mode. However, elementary theoretical

treatments of homogeneously broadening predict that such ,..

lasers can operate in only a single mode, because all of the

atoms constituting the gain medium experience identical degrees

of saturation.

These same arguments apply in the case of a homogene-

ously broadened absorber. However, we have recently demonstrated -'

that the absorption profile as seen by a weak probe field is

not uniformly saturated. We have saturated the green absorption

band of ruby with an argon ion laser and measured a pronounced

dip in the absorption near the argon laser line. The dip had

a width T_1 of 37 Hz (HWHM).

The measured absorption profile was in good agreement with

2
a previously published theory. This theory shows that the

saturated medium is unstable to the development of self-

modulation which allows modes symmetrically displaced from

the original mode to grow. These modes are locked in a definite

relative phase and amplitude. They are natural modes which '

satisfy a simple eigenvalue equation.

In this paper we will show that this effect occurs in an

.' .- . ,' ., .•,.. • • . . . . * - ,.'..* .- ., - -.-. '_ ,• ". . ' . " .. . ... .- -. .. . . . .. . ,.
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amplifier as well as in an absorber, and that in the case of

an amplifier it can lead to higher gain in the wings than

near line center. When the laser is operating in a single

mode well above threshold the gain at approximately one

" Rabi frequency on either side of the lasing mode can exceed

threshold. Thus the laser becomes unstable and switches to

multimode behavior with a characteristic mode separation.

We will apply this theory to the case of a cw rhodamine

-* 6G unidirectional ring dye laser pumped by an argon ion laser,
.. ".•, .

and will present the results of some experiments showing that

' this system demonstrates the instability.

-. L. W. Hillman, R. W. Boyd, J. Krasinski, and C. R. Stroud,

Jr., "Observation of a Spectral Hole due to Population Oscillations

in a Homogeneously Broadened Optical Absorption Line," to be

published.

2. L. W. Hillman, R. W. Boyd, and C. R. Stroud, Jr., "Natural

Modes for the Analysis of Optical Bistability and Laser Instability,"

Optics Letters, 7, 426 1982.

?' .° .
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Zeeman Coherence Effects in Absorptive Polarization Bistability

Govind P. Agrawal

Bell Laboratories
Murray Hill, New Jersey 07974

The phenomenon of optical bistability is usually treated within the framework of a single optical

mode interacting with a two-level system. Recently, a number of authors -5 have considered the

two-inode case where the mode coupling gives rise to new interesting features such as optical

tristability. 2 In a specific case of particular interest, the coupling between orthogonally circular

polarized modes arises from a two-photon resonance of the Zeeman sublevels.2'5 Bistability or

tristability is then observed in the polarization characteristics of a single optical beam. Although

Zeeman coherence effects are expected to play an important role, these have usually been neglected

in a theoretical description of polarization bistability. '4

In this paper we consider the effect of Zeeman coherence on absorptive polarization bistability.

The nonlinear medium placed inside a ring cavity is modeled in terms of a homogeneously

broadened, folded three-level system. Its response to an arbitrarily polarized incident beam is

obtained using the density-matrix formalism under fairly general relaxation conditions. In particular,

the collisional decay of Zeeman coherence is allowed through a dephasing relaxation rate. The

results indicate that the mode coupling decreases with the increase in the Zeeman-coherence

dephasing rate.

In the absence of collisional dephasing, the bistability state equation gets simplified considerab~y.

The situation is similar to that of a two-level system except for that both modes participate in

optical saturation of each one-photon resonance.' Novel features arising from this cross saturation

are discussed and analyzed. The collisional decay of Zeeman coherence is shown to affect

substantially the behavior of such an optical bistable device. The attention is also paid to the effects

of Zeeman splitting in the presence of an axial magnetic field. -.--..-

REFERENCES
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Effect of Driving Laser Fluctuations on Optical Bistability

Charles R. Willis
Physics Department, Boston University

111 Cummington Street Boston, MA 02215

We derive and analyze the master equation for absorptive and dispersive

optical bistability in the high-Q cavity limit where the driving laser has

both amplitude and phase fluctuations which are larger than the small ampli-

tude and phase fluctuations caused by incoherent spontaneous emission in

the cavity. We treat the amplitude and phase fluctuations of the driving

laser as independent time dependent Gaussian processes. The causes of jitter

and amplitude fluctuations will vary from laser to laser and the fluctuations

need not be Gaussian. However, we use Gaussian processes for mathematical

tractability and because we expect them to be qualitatively correct. L

Recently, we have shown in the case of absorptive optical bistability when

the driving laser has phase fluctuations the fundamental process which de-

termines the statistical properties of the internal field is the competition

between locking of the internal field phase to the phase of the driving

laser and the diffusion of the phase of the internal field as a consequence

of the driving laser fluctuations. The driving laser fluctuations have lit-

tle effect if the phase locking rate is larger than the phase diffusion rate Z.

caused by the driving laser's fluctuations. However, when the diffusion

rate becomes comparable to the locking rate we find the amplitude of the

772internal field is reduced and the dimensionless parameter measuring the

importance of transitions from one branch of the OB curve to the other due

to fluctuations takes on a value which leads to an appreciable transition

rate due to fluctuations.

* . .V. 2I
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In this paper we generalize our previous work to include the effect

of driving laser fluctuations on the amplitude of the internal field. rhe

amplitude of the internal field is more sensitive to driving laser fluc-

tuations than is the phase of the internal field because the :ernal

field amplitude exhibits critical slowing down at the turnin ,nints of

the OB curve while the internal field phase variable does n( We have

found that the effect of amplitude and phase fluctuations of driving

:4 laser have considerably different consequences for absorptive and dispersive

OB. For example, if the driving laser has only phase jitter then in ab-

sorptive OB only the phase of the internal field is directly affected by

the jitter. On the other hand, in dispersive OB the driving laser phase

jitter effects directly only the amplitude of the internal field variable.

If the driving laser has both amplitude and phase fluctuations, then the

fluctuations of the internal field variables depend on two ratios: (1) the

relative strength of the driving laser's amplitude and phase fluctuations

and (2) the relative magnitude of the dispersion and absorption. In order

to derive the master equation we start with the Maxwell Bloch equations with

a fixed driving laser field and then we replace the deterministic driving

laser field by a stochastic driving field which has both amplitude and

phase fluctuations, If the correlation times of the driving laser fluc-

tuations are short enough to satisfy the Kuho condition, 3 we can use the

Stratonovich procedure and obtain a Fokker-Planck equition in which the .

independent variables are the matter polarization-. rntter inversion and

internal field variables, Next we take the high-(u cavity limit which - .

allows us to eliminate the matter variables adiabatically. The resultant -

Fokker-Planck equation has nonlinear diffusion coefficients which depend

- -. -.- .. - ~ - -. ..- - -
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on the relative phase of the driving laser and the internal field and on 0

the driving laser amplitude. The fluctuations of the driving laser also

' . modify the Fokker-Planck drift terms by terms that can be appreciable. We

solve the linearized master equation and compute the spectra. We also

investigate the spectra in the case where the correlation time of the

driving laser fluctuations is not sufficiently short to justify the deri-

'-O

vation of a Fokker-Planck equation.
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Optical Bistability in Nonlinear Media:
An Exact Method of CalculationM6

Y.B. Band

Allied Corporation
7 Powderhorn Drive

Mt. Bethel, NJ 07060

In a recent paper I formulated a method for calculating propagation

through nonlinear media for a number of nonlinear optical phenomena. This

method does not use the SVEA and can therefore solve nonlinear propagation

problems when refraction and reflection at the boundary interfaces are impor-

tant. Here, I report the first calculation using this exact (albeit

numerical) method. For this first test of the utility of the method, I have

chosen to study optical bistability in a thin film whose index of refraction

is intensity dependent.
m" .

Most treatments of bistability describe the phenomena by writing down

the transmission of a Fabry-Perot interferometer, T, as a function of the %

.2 -
intracavity phase shift in a roundtrip pass, 6: T = (I + F sin 6/2)-

22

~~where F = 4r/(1 - r2 ) and r is the reflectivity from the surface of the m-

material.2 When the index of refraction is a function of the intensity

inside the cavity (lin), the phase shift is intensity dependent, and it

appears that one can substitute the expression for the intensity dependent

phase shift into the expression for the transmission thereby obtaining an

expression for the transmission as a function of the intensity inside the

cavity. When this equation is solved in conjunction with an expression for

the transmission as a function of the ratio of 'in to the incident intensity

(I O ) one obtains an expression for T(I o ) which may be multivalued. The flaw

in this argument is that the expression for the transmission as a function

of phase shift is derived assuming linear wave propagation where the super-

.-.
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position principle applies.' But the propagation equation is nonlinear, and

the superposition principle is not valid!

In Ref. 1, the exact propagation equations for the reflection and

transmission coefficients (R, T) for a plane wave with field strength,

SE012 = y, incident normally on a slab of material of length L with an

intensity dependent refractive index. Using the same notation, as in

Section II of Ref. 1, the nonlinear wave equation inside the slab (Qe(O,L))

takes the form

(d2 /dQ2 + k2 )E(Q) = V(Q, E(Q) I E(Q), (1)
S-a

and the boundary conditions can be written as

E(Q) = y[e-ikQ + R(L,y)e+ikQ], Q ? L (2)

E(Q) = y T(L,y)e-ikQ, Q < 0 (3)

where (in MKS units) k is the wavevector in vacuum, k " --ow ,-and V is

given in terms of the susceptibility, X, by

V(Q, I 1 = -k E (Q) 12...(4)

The propagation equations for the reflection and transmission coef-

ficients as a function of varying slab thickness, x, can be derived using

* the method of invariant inbedding. They take the form
" (xx, y)=12ik-iV/k) R(x,y)-iVll2k)(1+R2(x,y) )+ Vy/k R y(x,y) Im R(x,y), (5) "'

Tx(x,y)= -iV/(2k) T(x,y) (1+R(x,y)) + Vy/k Ty(x,y) Im ~(x,y), 16)

" where

R(x,y) E e 2 i k x  R(x,y) (7) .-

* and

V H V(x, IE(x,y)12) = V(x, yle-ikx + R(x, 2 = V(x,y1 Y + R(x,y) 2. (8)

The initial conditions for R and T are

R(0,y) = 0 (9)

T(0,y) 1 (10)

-we,
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3For finite y one can use the method of lines to solve the partial dif-

ferential equations in (5-6) together with the boundary conditions (9-10) and

initial conditions for R(x,O), T(x,0). The x coordinate is descretized and

: the solution is expanded in cubic Hermite polynomials in each subinterval so

that a system of ordinary differential equations in the y variable is

- obtained. The system of ordinary diffrential equations is solved by a

variable stepsize GEAR method. I used a model susceptibility for the non-

linear material InSb proposed by Weaire et al4 wherein X (IE(Q) 12)=
2_ 12 _6x10_9 m2

n1-1 + njn 2 Eo/uoIE(Q), with nI= 4, and and n2= /W at 1886cm 1

(5.31m) radiation. However, the method can be used for any (complex)

susceptibility which is a function of IE(Q)12 . g s s e c_- . Fig. 1 shows the reflec-

tivity (IRI) vs. intensity in films of thickness 0.18 and 0.09 jrm (a small

'J." fraction of a wavelength) where the incident radiation intensity was

increased to 260 MW/r and then lowered back to zero.
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Figure I Reflectivity vs. incident intensity in slabs of InSb of 2j
thickness 0.18 urn and 0.09 urn. Maximum intensity is 260 MW/rn

The dashed line of top curve indicates reflectivity if one

increases the intensity to 280 MW/rn
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SELF-BEATING INSTABILITIES IN BISTABLE DEVICES

J.A. MARTIN-PEREDA ..

M.A. MURIEL

DEPARTAMENTO DE ELECTRONICA CUANTICA

E.T.S. ING. TELECOMUNICACION

UNIVERSIDAD POLITECNICA DE MADRID

CTUIDAD INIVERSITARIA

MADRID- 3 SPAIN

Since the observation of optical bistability, several
3..

papers have discussed the effect of a delayed feedback on

instabilities pointing out that the transmited light from

the system can oe periodic or chaotic in time under certain

*-." conditions. This phenomenon was confirmed by Gibbs et al.

in hybrid bistable optical devices with PLZT as electrooptical

material. ukada et al] have reported similar effects in

LiNbO 3 . In this case a coaxial line was employed as delay.

A sustained oscillatory optical output is show to appear

under tne instable condition. Moreover, as we have shown

previously, similar effects can be obtained from liquid

crystal cells under suitable conditions. In this paper we
extend these results giving an analytical model of some of

-". the obtained oscillatory optical outputs.

The schematic arrangement of our electroptic bistable N

device is similar to the previously reported by us3. A

twisted nematic cell, forming an anqle of around 45°with

.. respect to the input laser beam, is driven by a biasing

voltage and a feedback voltage, which is proportional to

4W the optical output power. With this arrangement, three are

the time constants involved. Tne first one, T., is due to

the photodetector. The second one, T2 , comes mainly from

*" °-"•.".- ". .
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SELF-BEAtING INSTABILITIES... J.A. MAKTIN-PERLDA and M.A.MUKIEL

the capacitive effect due to the liquid crystal cell. The

last one, , is due to the time needed by the nematic

molecules to reach the final position according to the

applied voltage. Under these conditions, the differential

-'. equation governing the system is

.._

where V is the feedback voltage, 0 is the feedback factor

and T kV) is the cell transmission as a function of the

voltage. AS it can be shown, the system will oscillate

with different frequencies dependeni on the system
parameters. NO oscillation appear if any of the above

three times is zero.

This theory is in a very good agreement with tne

output frequencies obtained with our twisted nematic cell.

For low feedback and a biasing voltage of 0 volts, the

optical output signal, has a frequency of 20 Hz. His

shape can vary by either changing slinhtly VB or 8 . A

higher increasing in 0 gives rise to a new frequency, in

our case 70 Hz. Under some condition, a self-beating is

obtainea with the system oscillating from one frequency

* _-. to the other. The beating frequency varies between 0.5 and

1Hz.- ' . ''4

"-•. A 5 mW He-Ne laser was employed as input beam. The
detection system was a TIL78 phototransistor.
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LMPIRICAL AND ANALYTICAL STUDY OF INSIABILITILS IN HYBRID 9

OPTICAL BISTABLL SYSTEMS

J.A. MARTIN PEREDA

M.A. MURIEL ;
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E.T.S. ING. TELLCOMUNICACION

UNIVERSIDAD POLITECNICA DE MAuRID

CIUDMD UNiVERSITARIA

MADRIu-3 SPAIN

In this paper we analize the instabilities of electrooptic

bistaole devices with delayed feedback, giving the instability

condition for oscillation to apoear. This condition will be

given for the two types of curves more commonly used, namely

Iout VS. I and transmission versus voltaqe.

As it is well known from tne work of Gibbs et al. optical

turbulence and periodic oscillations are easily seen witn a

hybrid optically bistable device with a delay in tne feedback.

This behaviour has been studied, both of theoreticaly and

experimentaly, by several groups and different types of

differential equations describe their properties. In the case

of hybrid optical bistable devices the curve transmission

versus applied voltage is the most useful parameter to work -.

with. If the transmission value is expanded in Taylor's series

around the workina point

V~~~~ 4-4- -zT 4--i)+L

where V is tne equilibrium value, we obtain .-

AL t +" IwE t t

A.L= V-V -- I

-.---. .
ALp* ~*P-
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that for +-I(t see Fig.1) qives

(T
d- "--

for the oscillation condition

This condition, in tre I JT vs. IIN curve is

dl T 0 .------ . - .-

This condition is very straiqhforward to obtain if the

transmission curve is known kFig 2.a), because the above

expresion corresponds to

If we study the 01ouT versus V curve, assuminq ( constant

and VB varying, the instability region corresponds to (Fig Z.b)
B2

I -()V -

*1&Ve "* 4.,"

This condition is very easy to acnieve for any particular

case. We nave aeveloped an eiectrooptical bistable device

with a twisted nematic cell as nonlinear material. For a

'- constant input laser beam several oscillation where ootained

for different values of V,, in our case a trianqular varyinq

voltaqe. Depending on the a value either optical bistability

or periodic oscillations where obtained.

Because the new concept developed in this paper it is

ell- possible to obtain oscillations in any nybrid optical bistable

device, if the above condition is satisfied. Tnis new method

to study oscillations can help to a better understanding of

. . . ". 4 "-

,, .*..... .. . ... -.*.. . ,, .' - .. '
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optical bistability in hybrid devices. In our case,

optical multistability and periodic oscil lations (ZQ Hz0

and 2u0 Hz) where obtained.
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Distributed Feedback Bistability in Channel Waveguides

G.I.Stegeman & C. Liao

Optical Sciences Center and Arizona Research Labs

University of Arizona, Tucson, AZ 85721

H.G. Winful

G.T.E. Laboratories, Inc.

40 Sylvan Road, Waltham, MA 02254

Two current goals in the area of optical bistability are (1) to reduce the power

required for switching between two states, and (2) to reduce the material volume (and

hence power dissipation). An obvious approach is to minimize the cross-sectional area of

the beam, for example by using channel waveguides of the type shown in Fig. 1. A grating

milled into the surfaces can be used as the distributed feedback mechanism. In this paper

we analyze a channel, guided wave, distributed feedback geometry and present numerical

results for InSb waveguides. "-" .

Our method of analysis is a direct extension of previous work on distributed feedback

bistability,1 gratings for guided waves2 and guided wave bistability. 3  The guided wave '

fields for both the rib structure and buried channel shown in Fig. 1 were calculated using

the approximate formulae developped by Marcatili. 4  Using these field distributions, the

intensity dependent propagation wavevector was calculated in the plane-wave

approximation3 which should be accurate to within - 10% in the present case. Hence, in

At$ = 00 + Also P where B is propagation wavevector and P the power carried by the "..

channel,

t::8aO = T area channel non4 ,EIEI 4 dydz

..................... " ""' "S"; '"-"""" ,a .... ,. ... .... •..
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where

fln = lno + n 2  is the intensity dependent refractive index and E is the guided wave

field. The switching power is then simply given by Ps = 2/3AaOL where L is the interaction

-'-, , length along the channel.

The second required ingredient is the grating feedback parameter 2 r. Usually, values .

in the range 10 > r > 1 are necessary for useful feedback. From coupled mode theory,

L 0ck -'.

0 f--f [n 2 (z) - n0
2 ] E• trdz

where n2 (z) describes the modulation produced in the refractive index by the grating, and

Ei and Er are the incident and reflected guided waves respectiely.

As an example, we chose InSb which exhibits very large nonlinearities5 for X 5.5 Im.

The modes of the channel are essentially TE in character in the sense that the largest

component of the electric field is parallel to the surface and orthogonal to 0. We assumed

L = Imm, gratings with a 20A peak to peak ripple and sapphire as the substrate (n = 1.7).

Typical results are shown in Fig. 2. They indicate that the power levels for switching

can be as small as a few nanowatts in the optimum case. The ridge waveguide (1b)

requires smaller powers because the beam confinement is optimum for that case. It also

appears that gratings with amplitudes less than 1OOA should be adequate for feedback

*] purposes.

This research was supported by NSF (ECS-8117483), and ARO and AFOSR under the

Joint Services Optics Program.
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2n n no+ n2,,11E12

Figure 1. Buried (a) and ridge (b) channel waveguides with a surface grating on top.
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Figure 2. The critical power for switching and the coupling coefficient r for InSb channel

waveguides with a height to width ratio of 0.4. The solid lines correspond to the ridge case

and the dotted to the buried channel.
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Cyclotron Bistability of Electrons in Vacuum and Semiconductors

A.E. Kaplan

School of Electrical Engineering 0

Purdue University, West Lafayette, IN 47907

The feasibility of an optical cyclotron bistability of free electrons in vacuum as

well as of conductive electrons in semiconductors is discussed. It was recently shown by

us3 that the cyclotron bistability of the free electrons can be based on the dependence

of a cyclotron frequency of forced oscillations on the relativistic mass of the electron

and, hence, on its momentum (or kinetic energy). It was also suggested that' the

analogous effect could be feasible in semiconductors whose conductive electrons have a

particularly strong dependence of their effective masses on energy (or momentum) of

their excitation. The main advantageous features of the cyclotron bistability in sem- •.'

iconductors is that (i) the effective mass of electrons in some semiconductors (e.g. InSb)

is very small which results in a considerable decrease of a required magnet field for a

given resonant frequency, and (ii) the nonlinearity associated with conductive electrons

in semiconductors is by many orders of magnitude larger than the relativistic nonlinear-

ity of free electrons, which allows for a fairly low critical pumping intensity, even if

taking into consideration a faster relaxation time in semiconductors.

In this paper, the unified theory of both of those effects is developed. It is known

that in both vacuum and narrow-gap semiconductors described by the Kane's two-band

model2 with anisotropic nonparabolic bands, the relativistic formula of the same kind

for an effective mass ni-i of free (F = m) and conductive (fi = m* ) electrons is valid:

..-. --... ... ,., -.. .(.- ... -v .. .. ." , :'. : " " .2 . " " " " -" ' •- . " " " ." 1

... ... ... .. . ... .-, .. . . . . ..• .. .. , . . .. . . ... . .. .
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:!"/:? = W/W 0 0,~~o

* Here fi0 - the rest mass tin semiconductors, ii = mo - effective mass at the bottom

of a conductive band), W - kinetic energy, W. - the rest energy (moc2 - in vacuum,

WG/2 - in semiconductors; W0 - the band gap); p and v -momentum and speed of the

electron respectively; p0 = and v0 = - some scaling parameters (p.
-n= c, v0 = c- in vacuum, and p = v = W/2m o in semiconduc-

tors). In a classic approximation for the electron immersed in a constant magnet field

H0 and subject to the action of a plane EM wave h, the equation of the motion of the

electron is:

"V+ --+ = e .+lViR + k.f-
"dt { c W i(p)

where r an inverse relaxation time of momentum, g - some trapping electrostatic

field which is to cancel radiation pressure of EM wave represented by the term

eVE i]l/w. In vacuum, this field could be arranged by Penning trap, whereas in sem-

iconductors, it is automatically generated by the redistribution of charges in a sample;

S.. k and w - wave vector and frequency of the wave. Under weakly relativistic excita-

tion (which is always valid under resonant conditions r << w. and w-wCj <<wC) and

S. for a circular polarization of EM wave, the steady-state magnitude of the momentum p

is determined by the equation:
(eE)2 = p+2r2 + (wr-w, + Wcp2/2p2)2 (3)

where E - amplitude of the EM wave, wc = eH 0/fffoc - an "unperturbed" (i.e. linear) _

cyclotron frequency. Under the critical conditions

(eE)2  ;i6ffiW,/3vf~w; WC-w > V'lwc, (4)

the steady-state momentum (3) becomes three-valued which results in both bistability

..

s...*. .. *... "-K-,-:KiK.. 4

'~~.'-. . -.. '- . . -. . - • . -. -r ..-. ", . -.. ', , -..... .....-......-. . . ...- ,.. .,.,..... .-.-.. .- ,-,.

.. . . . . .." . . . ' ." " " . . . . , % . . . . - " .. . . ' - " . . ' . . . . . . ' . " . ' . . . . . " . ." . - ' - . .,. - ' -. . " • " , . - " -. , . ' ' '.* .,. "..
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and hysteresis. In vacuum, if 1-1. 100kG ( =1.07mm) and r/w, 10A, the criti-

cal incident power is = 3 W/cm which can be readily achieved in cw reginie. In scm- .

iconductor InSb, m.* = 0.014 m.0 , WG = 0.24 eV, such that if r = 2x10 13 See- , 110.

HOWk (i.e. X, = 10.6pm, so that CO2 laser can be used as a source of exciting radia-

tion), the critical incident power is 300 W/cm2 which again can be readily attained.0

~ In semiconductor, the light-induced electrostatic potential g exhibits bistability as well,

which provides an immediate electronic indication of the intrinsic optical bistability.

1. A.E.Kaplan, Phys.Rev.Lett.,48, 138 (1082).

2. E.O.Kane, J.Phys.Chem.Solids, 1, 249 (1957).

3. A.E.Kaplan, A.Elci, to be published.
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SWITCHING BEHAVIOR OF BISTABLE RESONATORS-

FILLED WITH TWO-LEVEL ATOMS

by .

E. Chang, G. Cooperman, M. Dagenais and H. Winful

GTE Laboratories Incorporated
40 Sylvan Road

Waltham, Mass. 02254

l.4

A comprehensive numerical and analytical study of the

switching dynamics of bistable optical devices is reported.

The intracavity medium is modelled as an ensemble of two-level

atoms which may be either homogeneously or inhomogeneously

broadened. By allowing for arbitrary atomic detunings and

cavity mistunings, both the absorptive and dispersive con-

tributionsto optical bistability are included. Standing waves

are fully taken into account in the usual way through Fourier

expansions.

The steady state analysis yields the very important result .-

that even in the dispersive case when one is far detuned from

the atomic resonance it is only possible to observe optical

bistability if the intracavity intensity is of the order of the

lee.

Si , . : -" - -2 . " 1 . . i : : 2 i l . . , • 2 2 -i ..i . .~ ? i --i " i i 2 1 ? . 1 2 2 . . " i . i . - . i - 2 . . . -2 2 . . .
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saturation intensity or way above it. The implication is that

even when operating in the dispersive mode, significant

population of the excited state occurs. This population will

not adiabatically follow the switching laser pulse, and thus

'- switch-off of the device will occur on the same time scale as

T1, the population relaxation time, if, of course, we are in

the bad cavity limit. Thus one does not necessarily gain in

speed by operating under non-resonant conditions. This puts

stringent restrictions for the operation of such a device as

a memory element.

To confirm predictions based on steady state considera-

tions, the time-dependent Maxwell-Bloch equations were solved

numerically using the method of characteristics in finite

difference form. In order to integrate the equations

successfully over several T1 times, non-standard numerical

techniques were required. Since rapid oscillations in the

physical variables (such as polarization) lead to numerical

instability, it was necessary to renormalize these variables

with quasi-integrals of motion which vary more slowly.

Details of the integration scheme will be presented. The

numerical results show that T1 places a fundamental limit on

signal processing speed in all-optical devices which require

saturation of the absorption.

.* . . . . . .
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POLARIZATION BISTABILITY IN CHOLESTERIC LIQUID CRYSTALS -

by 0

Herbert G. Winful

GTE Laboratories Incorporated
40 Sylvan Road

Waltham, MA 02254 -

... -. -.

Cholesteric liquid crystals possess an intrinsic helical

structure which enables them to selectively reflect circularly

polarized light if the wavelength of the light matches the pitch

of the helix. We recently showed that intense light can change

the pitch of the cholesteric and lead to a bistable reflection

characteristic for wavelengths in the Bragg regime' . We hpv-

now extended our analysis to the regime of wavelengths much

shorter than the helix pitch. In this limit (known as the

Mauguin limit) there are no Bragg reflections and, except for . - -

normal dielectric reflections, an incident wave will enjoy

100% transmission. Since the cholesteric represents a twisted,

birefringent medium, the polarization state of the light will

evolve periodically in space.

The starting point of the analysis is the free-energy of

* the liquid crystal in the present of the light field.

2- 7-, -.. .. .
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Minimization of the free-energy yields an Euler-Lagrange
equation for the director field which describes the orientation

of the elongated liquid crystal molecules. The light field 0

couples to the local dielectric anisotropy to exert reorienting

torques on the molecules whose orientation then affects the

propagation of the wave. A simultaneous solution of the coupled

Maxwell and Euler-Lagrange equations yields the self-consistent

field and director distributions. An analytic solution is

obtained by assuming the presence of only two co-propagating

normal modes and by employing the slowly varying envelope

approximation.

The results show that the polarization state of the

transmitted light depends on the intensity of the input linearly

polarized beam. Furthermore, for a range of incident intensities,
there are two possible values for the ellipticity of the

transmitted beam, and transitions between these two values are

obtained. By placing the cholesteric liquid crystal between

crossed polarizers it should be possible to observe an intensity

bistability which does not rely on either Bragg reflections

or mirror feedback. The "nonlocal" character of the nonlinear

interaction between light and liquid crystals will be shown to t.

be important for this single pass, mirrorless bistability.

HG. Winful, Phys. Rev. Lett. 49, 1179 (1982).

J 4
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Simulations of the Dynamics of Optical Bistability with

Fluctuations.

S.W. Koch, H.E. Schmidt and H. Haug

Institut fUr Theoretische Physik der Universitat Frankfurt,

Robert-Mayer-Str.8, D-6ooo Frankfurt-Main, Fed.Rep. Germany. 0

b...

The Langevin-equation (1) for the fluctuating light-field E in - .

a nonlinear semiconductor resonator has been derived in Ref [1I]:

,E -. .--.F'

aE
D-' T K C 

"+
E (K" )+ A )+-7 -F T

All quantities are dimensionless, e i being proportional to the

amplitude of the incoming field, K is a damping constant, w" is

the ratio of imaginary and real part of the dielectric function

and A is proportional to the detuning. The additive term F(T)

is the classical noise source representing a Gauss-Markov pro-

cess. The staionary properties of eq.(1) have been investigated

in Ref.[I1] and the details of optical bistable operation has

been determined. Here, we present numerical solutions of eq. (1)

to study the dynamic effects of the system, such as the response

to time-dependent incident fields IO(T)=ICi(T)1 2. We simulate

the noise source F(T) using random numbers and obtain the most

probable value of e.g. the field intensity in the resonator <I>

by averaging over many stochastically indepent realizations.

In Fig.(1) we show as a typical example the response to a line-

arly increasing incident field. Shown are the instantaneous qua-

sistationary solution (dashed line- -) and the time-dependent

solution (dashed line - - -) of the deterministic part of eq. (1).

+-.v,..,.,.-+...,.., .. ,~...... . . . +. .. ........ + ,. < . -.............- , .. . . . .. .• . -.+..,
L''%. .'''%" -+.' +-,++. ,' . "- * .', ''.....-... .".'. .,".'. . ..

•,
. ." - -. ., , '.-.- . •.." ." v." .-' .. " .,
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Furthermore, we plotted a typical realization of the full sto-

chastic equation (1) (thin full line) and the solution <I> aver- f

aged over 1,000 realization (thick full line). The instantaneous

solution jumps at T= 3 2.5 because at this time the end of the lo-

wer branch is reached. The time-dependent deterministic solution 0

switches even later due to the inertia of the system. The aver-
--..-. '. 12

age intensity <I> shows the destabilization of the off-state due

to the fluctuations. Already at T=25 a certain percentage of re-

alizations has switched to the upper branch (one example is

shown in Fig.1) and the others follow after around T=30 <I> rea-

ches it's stationary value.

"o .. . . x

r ' I N

o..-. 1o:-:,

" .0 o0.0 " .o I .o -- IO . 0 'O

.0 20.0 2~0 3. 2 002.0 1.- .0 1.0 20 3.0 4.

Fig.1: Response to linearly Fig.2: Response to in-
increasing 10 (see text). stantaneous down-
(I0/1OO is shown as dashed switching of 10
line---). (see text).

#3.4 The influence of the noise is also clearly visible in Fig.2. 0
• " E*

Here, we plotted E(T), E (T) as paths in the complex E-plane for

an instantaneous switching of 10 from a value above to a value

below the bistable region. The path parameter is the time. The

deterministic solution of eq.(1) (dashed line in Fig.2) shows a

--. . . . . . . . . . . . .-.. . . . . . . . . . . . ..
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spiraling approach of the final state, a behaviour which has al-

so been found in Ref.[2]. The noise however leads to a signifi-

cant damping of this spiraling motion and the final state is

reached directly (full line in Fig.2).

Furthermore, we investigated the stability of the on- and off-

state against the noise in the bistable region. Our results can

be fitted by an expression of the form --" '

-XT< I (T )> = I ie + I f ( 1 - - X T (2 ).[ ..' [

where I. and If are the initial and

final value of the intensity in the re-

"*" sonator. The obtained decay rate of the •

on- and off-state is plotted in Fig.3 _____

versus input intensity. As it is normal- _________

ly the case in optical bistability, "r P ...

we observe that the upper branch is more - v._
i. .. 4 .. 4 -I.stable than the lower one due to the

fact that the relative strength of the '.

S-ower branch

Upper branch___ _ .*.

0 /00 600 800 -

ft -I.E'%"-

Fig.3: Decay rate X versus Fig.4: Probability dis-
input intensity. tribution function

f(EE*,r) for different
times T.

* . ....-

- .... ...%._-...-
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fluctuations in the on-state is much weaker than in the off-
0

state.

For one of these simulations, in which we watch the decay of

the metastable off-state, we plot in Fig.4a-e the time-evolu-

tion of the full probability distribution function f(E,E*,T)

which has been obtained from 10,000 realizations of eq.(1). One

sees the build-up and decay of the probability current over the

potential barrier in the complex E-plane which separates the .

on- and off-states. Finally, the system has switched to the up-

per branch and approaches it's stationary distribution.

Summarizing our findings, we obtained the detailed time-depen-

dence of optical bistability within the limitations of our

model. The on-state shows a considerably higher stability than

the off-state. Thus, the pronounced hysteresis effect predicted

by the stationary deterministic solution is not fully destroyed

by the external noise.

References:
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Instabilities and Chaos in TV-optical feedback - -

G. H~usler, N. Streib-

Physikalisches Institut der Universitat

Erwin-Rommel-Stra~e 1 0

8520 Erlangen

Federal Republic of Germany

1. About TV-optical feedback

The simplest TV-optical feedback experiment is performed

by a TV-camera looking onto its own monitor. If we intro-

duce some signal processing into the system as convolutionsp

image subtraction, nonlinearites, etc., there are many

applications: in a first approximation we assumed linear

systems and we obtained systems for image restoration,

iterative image processing and for the solution of partial

differential equations El]. However, the world is nonlinear,

and if we introduce nonlinearity in our feedback loops

completely new effects may occur. These effects occuring

in many different physical systems are called "synergetic"

by H. Haken [21.

2. Instability in a system with saturation .

In a linear feedback system all the normal modes evolve

without mutual interaction: they decrease (or increase)

exponentially in space/time [3,4]. If the system becomes

nonlinear a few modes may suppress ("slave") a]l others.

Because of this "mode slavery" we observe e.g. distinct

.......................-

~~~~~~~~~~~~~~~.-........-....- ....-...... •,. .. . .•...-.............. ......
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spatio-temporal oscillations in an unstable feedback system

[3,4]. Very often these oscillations are started by some !

small fluctuations (noise), grow up exponentially and slave

all other modes: thus a macroscopic structure (order) has

evolved out of noise.

3. Bistable behaviour

If a saturation nonlinearity is iterated, we obtain a

switching characteristic. This is the basic idea for the

construction of flip-flop-arrays, which were reported

previously [i].

4. Deterministic chaos

A classical example [51 for a dynamic system with chaotic

behaviour is the iteration of the parabolic nonlinearity

f(l) = l(l-1): if B exceeds a critical value the output

is unpredictable in any practical sense, after few iterations.

We introduced such a nonlinearity in a TV-optical feedback

system identifying the "I" in the eq. above with the cir-

culating intensity. Then the behaviour of the system depeiid!,

on the coupling between adjacent image points. The result

are (pseudo-)random patterns ("texture") whose spatial

structure can be influenced by the spatial part of the

operator in the feedback branc..

O; -O
We will show experimental results, among them a movie on

the spatio-temporal evolution of these effects.

%S

. N . .
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* References:
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-" POLARIZATION SWITCHING WITH J= TO J= ATOMS IN A RING CAVITY

W.J.Sandle, M.W.Hamilton and R.J.Ballagh

Physics Department
University of Otago
Dunedin, New Zealand

This paper reports a steady-state theory for the polarization

behaviour of the output of a ring optical cavity that contains a vapour

of atoms with a Iriven J= to J= transition. The input laser rad- '-.

iation may have arbitrary polarization and detuning. We have extended ..

2
a previously reported theory (which includes analytic results for zero

detuning of the incident laser and zero magnetic field) to include de-

tunings and magnetic fields.

* -The underlying physical mechanism in our model is a coupling

(via optical pumping) between the a+ and G- components of the radiation

which provides a purely atomic feedback in addition to the usual cavity

feedback responsible for optical bistability. This atomic feedback

depends on the decay rates of the upper and lower level orientations,

expressed (at zero transverse magnetic field) through a single para-

meter 3. The value of largely determines the behaviour of the syst-

em: when S > 2 polarization switching, for example as illustrated in

figure 1, is expected to occur while for 5 2 ordinary optical bista-

bility preempts polarization switching.

The phenomenology shown in figure 1 is the same as that pre-

dicted using a suitably chosen three-state atomic model3 : as the

intensity increases, the system reaches a bifurcation point at which

one of the a components of the output increases in intensity while the

S*.
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FIGURE 1. Polarization switching for p = 94.

other decreases. At still higher input intensity, the output reverts

to linear polarization due to saturation of the transition.

We find that if we remove the symmetry between the G and a-

inputs, either by using elliptical input polarization or, for a detuned

laser, by applying a magnetic field (along the laser propagation dir-

ection) the ambiguity in the switching of the output to predominantly

a+ or a- is removed. Otherwise, the phenomenology is similar to the 7O

case of linearly polarized input as we have shown by numerical solution

of the state equation.

The application of a magnetic field transverse to the laser

4.4
propagation direction (for linear or nearly linear polarization) is

shown to be a significant control parameter. We have analytically

solved for the atomic polarization in steady state and found that the

parameter 8 must be modified. For a suffl iently large transverse

:" ," ~~~~~~~~~~~~~~~~~~~~~~~~..':".....,,-... .. .. '.....-...... ......... ...... "..,...'."-'".','",'.,,,
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magnetic field, the effective value of will be small enough that

polarization switching is suppressed and ordinary optical bistability

restored.

First studied for a three-state model by M.Kitano, T.Yabuzaki,

T.Ogawa, Phys.Rev.Lett., 46, 926 (1981).

2 M.W.Hamilton, R.J.Ballagh, and W.J.Sandle, Z.Physik, B49, 263

(1982).

S C.M.Savage, H.J.Carmichael, and D.F.Walls, Opt.Comm., 42, 211

* . ~This has also been examined in the context of self-pulsing

behaviour by M.Kitano, T.Yabuzaki, and T.Ogawa, Phys.Rev.,

A24, 3156 (1981).

.
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Optical Bistability Based on

~Self-Focusing

BY

P. W. Smith and D. J. Eilenberger
Bell Laboratories

Holmdel, New Jersey 07733

SUMMARY

Two years ago, the first proposal and demonstration of self-focusing

optical bistability was published. 1  In this paper it was shown that a self-

focused beam in a nonlinear medium would exhibit hysteresis if the beam were .

reflected back on itself. The effect was demonstrated using a dye laser beam

and Na vapor as the nonlinear medium. The optical hysteresis observed is in

good qualitative agreement with a recently - published analysis of this system.
2

By taking account of the saturation of the nonlinearity, more complex behavior

2
has been predicted. This behavior is due to oscillations of the spot size as

the self-focused beam propagates through the nonlinear medium. In this paper

we report on our experimental studies of optical multistability due to these -.,

spot size oscillations.

Experimental observations were made on a nonlinear system using a

suspension of dielectric particles as the nonlinear medium. The combination

of large nonlinear coefficient (calculable from first principles) and slow

response time makes this medium attractive for CW and transient studies of complex O

nonlinear effects. For these experiments, the medium was contained in a cell

. with an antireflection-coated front face, and with the interior surface of the

hip?, exit window coated for 95 percent reflection. The light source was the 4880 A

output of an Ar+ laser.

. .., -.. , --.
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(a) OUT

(b) CUT

.....O

Figure 1 Experimental results

Figure 1 shows a sample of (a) hysteresis and (b) multistability due

to oscillations in the self-focused beam size. These results will be compared

with the predictions of the approximate theory of Reference 2.

>2-' -:

These studies with model systems using dielectric suspensions as the ,*.,

nonlinear medium are useful for developing an understanding of their complex

nonlinear behavior. Devices employing a fast-responding nonlinearity should

prove attractive for subpicosecond switching elements.

REFERENCES

[1] J. E. Bjorkholm, P. W. Smith, W, J. Tomlinson, and A. E. Kaplan, "Optical

bistability based on self-focusing," Opt. Lett. 6, 345, (1981).

[2) J. B. Bjorkholm, P. W. Smith, and W. J. Tomlinson, "Optical bistability

based on self-focusing: an approximate analysis," IEEE J. Quantum Electron

QE-18, 2016, (1982).
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OPTICAL BISTABILITY IN FOUR-LEVEL NONRADIATIVE DYES

Zhen Fu Zhu and E. Garmire

Center for Laser Studies
University of Southern California

Los Angeles, California 90089-1112

Most saturably absorbing dyes show a large unstaturable loss

which removes the possibility of purely absorptive bistability.

However, nonradiative dyes such as those used for Q-switching

have an intensity-dependent phase shift which may allow bistabil-

ity. We will show that this nonlinear refractive index comes .-

from the population redistribution during saturable absorption.

Consider the four-level model shown in Figure 1, in which

absorption occurs for both the 1-3 and 2-4 transitions. Lack of

fluorescence implies that the 3-2 and 4-2 transitions are so fast

that the steady-state populations in levels 3 and 4 are near zero.

At intensities far above the ground-state saturable absorption

intensity, most of the dye population is in the metastable state

2, and the steady-state susceptibility is given by x = N2 X2 .

Thus a change in population N causes an intensity-dependent
2

phase shift. From rate equations we obtain
-l

X = Np (1 + p) x2

where N is the total density of absorbers and p = I/Is, the inten- -

sity inside the cavity normalized to the ground-state saturable

absorption intensity.

To make numerical predictions, we relate the transmitted

intensity P to the input intensity P. in a Fabry-Perot cavity
t 1

with mirrors of reflectivity R1 and R2 through the relation1 2-j
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P P(1-R ) +Fsin 2 )

i (1-R 1 -R e LL

where a~ is the unsaturated absorption, R (R1R =

2 2
F 4R/(l-R) is the detuning parameter of the Fabry-Perot

cavity, L is the cavity length and A4 is the nonlinear phase shift.

This equation was numerically evaluated using exprimentally

measured parameters for BDN dye dissolved in dichlorethane.

These parameters were determined by measurements of the intensity-

dependent absorption for several dye concentrations. The results

show that there is only a rang of detunings for which the hys-

teresis curve is measurable. The optimum detuning is of res-

onance, indicating that nonlinear dispersion is the dominant

* .mechanism for bistability. However, bistability disappears for

detunings which are either too large or too small. This is differ-

ent from the case of a pure nonresonant nonlinearity and occurs

because the saturable absorption must provide a population re-

distribution to cause a nonlinear index.

Figure 2 shows how the switch-on and switch-off intensities

depend on the initial optical density and the detuning parameter

fr0.9 and R= 0.95. Bistability occurs only in region

(b). Region (c) occurs because for a given optical density there

is a threshold in intensity below which bistability cannot be

observed, for any detuning. Region (a) occurs because for large

detunings, the hysteresis curve becomes an increasingly small

hoph

fraction of the switching intensity. For a given initial optical

density, both the detuning and switch intensity must be chosen
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for operating within region (b) to observe bistability.

We made measurements of optical bistability in BDN dye using S

a Fabry-Perot cavity 1 mm long with mirrors of reflectivity 0.9

and 0.95. The laser was a Q-switched Nd:YAG with a pulsewidth

of 20 nsec and a peak power of about 5 MW. Bistability was ob- -

served for certain dye concentrations and incident intensities

by measuring a change in the time-dependent behavior of the out-

put, as determined from the oscilloscope traces. Transfer curves, S

determined from point-by-point analysis, demonstrated switch-on

behavior and hysteresis. In Fig. 2 we have marked with o's the

dye concentrations and peak intensities for which bistability

was observed and with +'s those values at which bistability was

not observed. It can be seen that there is excellent agreement

between the results of the theoretical model and the experimental

results.

Zhen Fu Zhu is a visiting scholar on leave from Beijing

Institute of Encironmental Features, Beijing, The People's

Republic of China. This work was sponsored in part by NSF.
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Figure 1. Four-level model for 4

saturable dye with unsaturated 1
absorption loss. 3 2

Figure 2. Normalized intensities for J, 2
switch-on (solid curves) and switch- "

off (dashed curves) as a function of

the initial optical density of BDN .)6

dye in a Fabry-Perot with detuning

as a parameter. Circles represent points at which bistability

was observed experimentally and +'s represent points at which

bistability was not observed.
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TRAVELLING WAVE BISTABILITY

J. A. Goldstone, E. Garmire
Center for Laser Studies

University of Southern California
Los Angeles, CA 90089-1112

In the majority of optically bistable systems discussed O

to date, the bistability results from nonuniqueness in the

boundary conditions coupled with a unique wave equation. We

describe here optical bistability which occurs with unique O

boundary conditions but a non-unique wave equation, due to

bistability in the susceptibility tensor.

Bistability in the susceptibility tensor may be seen

classically by studying the Duffing oscillator, which displays

a bistable amplitude response to an external periodic driving
1

source. This oscillator is an harmonic oscillator with a small

cubic nonlinearity in the restoring force and suggests that

atomic or molecular systems which contain quartic potential

terms should display an intrinsic bistable susceptibility

under appropriate conditions.

The essential features of the quantum mechanical calcula-

tion are demonstrated in the classical case. For simplicity

we ignore damping terms here, but will include these terms in

the general results which we will present. The Duffing oscilla-

tor under a sinusoidal driving force obeys the following equation: "

d x/dt 2 = - cx - x3 + F coswt. (1)

Duffing's iteration procedure begins with a first approximation

of x (t) = A coswt, which is placed in the right hand side of -.
0

eq. (1), which is then 5olved for xl(t). This leads to

........................... ...
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3 2
x1 (t) = A1 coswt + ( A / 36w )cos 3wt 2)

-2 3
where A1  -2 (aA + (3/4) A - F). (3)

Duffing argues that AI should differ only slightly from A

if is small, and thus to good approximation eq. (3) becomes

2 2
= + + (3/4) A - F/A. (4)

This avoids the problem of standard iteration procedures which

assume A is a function of w an6 which make it difficult, if not

impossible, to obtain the most striking features of the A vs.

W response curves. From eq. (4) one can show that over a

range of w there are two stable and one unstable values of A

for each w. Keeping w fixed and varying the amplitude of

the driving force leads to a bistable amplitude response vs.

driving force curve identical to those common in bistability.

Classically, the susceptibility of the medium is proportional

to the (average) amplitude of the driven oscillators. Thus

the Duffing oscillator classically may be expected to lead to

• optical travelling wave bistability.

We are in the process of performing a quantum mechanical

% -7calculation of the Duffing oscillator. We are using the

.-.'density matrix approach and first calculate to order .

corrections to the quantum harmonic oscillator due to a time

independent perturbation hamiltonian of the form I' = x

With the new wave functions and energy levels, we calculate the

susceptibility X = v(l) + y'(2 ) + X( 3 ) +... to third order in

a density matrix iteration.

Results of the classical calculation suggest that, at the

• ." ,very least, a travel ling wave dispersive bistability should..

.'-i" '" " ' " . . ... • " .. .."" '"" " "" .. .

-- ". . , .- - - -. ,- - .. - - - , ,, - ,. ." ,- " " " '" ' '." ' ," " ." " ,' . . . . ,, " " " ; ".
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appear which would be observed as a phase bistability at the

fundamental frequency in a wave travelling through such a

medium. This can be converted to an intensity bistability

through interference with a reference beam, or as a polarization

rotation in a nonlinear anisotropic crystal. In addition to
.4

these possibilities, our general expressions permit investiga-

tions of possible bistable absorption and purely quantum mech-

anical effects for systems close to their ground states. The O

effects of bistability on other nonlinear optical processes

may also be studied via this method, and we shall report on

our progress in these areas as well.

This work was supported by the National Science Foundation.
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QUANTUM THEORY OF OPTICAL EXCITONIC BISTABILITY

C.W. Gardiner M.L. Steyn-Ross
Physics Dept Physics Department
University of Waikato and York University,
Hamilton Toronto,
NEW ZEALAND CANADA

Summary

A fully quantum mechanical formulation of the electron-hole-exciton-light

system is developed following the work of Hanamura. In this formulation

1. The excitons are described by the "bosonisation transformation of -

Marumori et al. In this method exciton bose operators are introduced

to describe electron-hole pairs, and antisymmetrisation effects are

taken account of by a unitary transformation of the system operators,

which introduces extra nonlinearities into the hamiltonian. This means

that exclusion principle effects at high exciton densities are fully

accounted for. The th-eory is formulated for Wannier (non-localised) r. a

exci tons.

2. Damping of light and excitons is accounted for by inclusion of heat

baths which are eliminated to give a Q.M. master equation for the

photon-exciton system alone.

3. It is assumed that only one (or a few) exciton modes are coupled

strongly to the light field, and other modes are eliminated as a heat

bath. Optical Bistability occurs at both low densities and high

densities, and arises from distinct mechanisms.

4. Low Density Bistability is a new prediction. The mechanism is that of

nonlinearities in refractive index and absorption which arise from the

exchange force between excitons.

*; 5. High Density Bistability arises when exciton density is very large, -9

and bose condensation effects are noticeable in the mode of interest.

Switching occurs between an upper branch, described by the high density

.;.-................. ..
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theory, and a lower branch described by the low density theory. This

corresponds to the experiments of Gibbs et at.

V
REFE RENCES
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OPTICAL BISTABILITY IN SEMICONDUCTORS .

C. C. Sung

Department of Physics
The University of Alabama in Huntsville

Huntsville, Alabama 35899

C. M. Bowden

Research Directorate, US Army Missile Laboratory
US Army Missile Command

Redstone Arsenal, Alabama 35898, USA

Summary

There are two different models to explain the observed optical bista-

1
bility (OB) in GaAs. Haken and Goll use the saturation of the two-level

(electron and hole) atoms as the mechanism of OB, whereas the Stark shift
2

. of excitons is the dominant factor in the work by Koch and Haug. We

3 b

analyze both models, including the local field effect. It is shown that

the validity of each model depends very much upon the parameters involved.

We also give a similar analysis for CuCZ where the biexcitons are important.

4In contrast to the earlier work by Abram and Maruani, we find by careful

analysis, including the origin of the background dielectric constant, that

the local field correction is not important in this case. The contribution

of the exciton and biexciton interaction, however, can be important and

5
should be included in the calculation of OB given by Haug. The changes

in the numerical results of Ref. 5, by including the exciton-biexciton

* - interaction and the local field correction are to be represented.

. °.
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, Critical Slowing-Down in Microwave Absorptive Bistability

A. Gozzini, F. Maccarrone and Barbarino

Istituto di Fisica dell'Universita

and

I. Longo and R. Stampacchia

Istituto di Fisica Atomica e Molecolare del CNR

In this experiment one utilizes a microwave confocal open

resonator in the transmission configuration, having a Q factor

of 5 10 The resonator is filled with ammonia gas at the

pressure of 1 mTorr. A klystron oscillator, frequency stabili

zed on the 3-3 ammonia inversion line, feeds the resonator

which is tuned at the same frequency. In these experimental

conditions, if the input power P is continuously increased

from a low to a sufficiently high value, the output power chan

ges abruptly from a low to a high value. For a fixed gas pres

sure, this change occurs at a fixed threshold input power P
up

The same occurs if the input power is continuously decreased

from a high value; in this case one has P P , P
down up down

being the threshold power at which the system switches from

the high to the low transmission state.

If the input power is suddenly changed from a low value

to a value P =P +AT with AP/P << 1, the transmitted power
Iup up

P does not follow Imme. diately this change, but there is a ti "

me delay U , whi ch m-ty !o of the order of severa milliseconds

in the experimental ,o,: t i ri. reported, with ]im (-I 1:'--* ) -

*0 =c . 5 .. O

. . . ". -.* " . "
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This efect, called "critical slowing-down", is observed

also in the downward transition, when the input power is sud- -

denly changed from' a high value to P, = P-A.&P.

"down

A theoretical approach to this fenomenon may be given,

in which the behaviour of the system is described writing two

*differential equations. The first equation gives the time evo

ltution of the energy stored into the resonator filled with the

absorbing gas. The second describes the time evolution of the

difference of population of the two states, between which the

'--a

* . microwave transition occurs. These two equations are coupled

.. because the gas absorption coefficient appearing in the first.!r

* . one depends on the population difference, which depends on the

stored energy. The numerical solution of this system of dif-

ferential equations, gives account of the experimental obser-

vations with good agreement. In these calculations the gaus-

sian distribution of the electromagnetic field inside the re-

* sonator has been con~sidered, but the influence of the absor-

bing gas with respect to this distribution has been neglected.

-. .
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Absorptive Optical Bistability with Laser

Amplitude Fluctuations -

M. Kus, K. W6dkiewicz

Institute of Theoretical Physics, Warsaw University

Warsaw 00-681, Poland

J. A. C. Gallas

Max-Planck-Institute of Quantum Optics,

D-8046 Garching, Federal Republic of Germany

In this paper we discuss the influence of laser fluctuations on the .

hysteresis cycle in Optical Bistability. For the simplest case of an

Absorptive Optical Bistability in a good cavity driven by an external

laser light with non-white Gaussian amplitude fluctuations we derive a

Fokker-Planck equation in the limit of large laser linewidth and good

amplitude stabilization. Thi's Fokker-Planck equation has a nonconstant

diffusion term which shifts the most probable values of the steady state

probability distribution from its deterministic positions. From the form

of the steady state solution of the Fokker-Planck equation with non-white

amplitude fluctuations we discuss the relative stability of the bistable

branches. As in the case of quantum fluctuations the random amplitude of

the laser field leads to a small range of values of the injected laser

intensity in which the two bistable peaks have a comparable area. The

transmitted field averaged with respect to the stationary distribution

function coincides with one of the two deterministic branches except on

the narrow transition regionwherewe have large fluctuations.

. . ." . " . . •.
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PRFCISE MEASUREMENTS OF BISTABILITY IN A CO LASER WITH ---

2
INTRACAVITY SATURABLE ABSORBER

by

E.Arirnondo, B.M.Dinelli and E.Vlenchi0

C-ruppo Nazionale di Struttura della Materia

c/o Istituto di Fisica dell'Universita.

56100 PISA Italy

Optical bistability in a laser with an intracavity

saturable absorber is a phenomenon theoretically investi-

(I)gated firstly by Lugiato et al .The experimental obser-

(2,3)
vations in CO lasers have provided clear evidence of

2

the bistability phenomenon and shown that the absorber para-

meters could be determined from these observations. In this

work a quantitative comparison between a theoretical de-. .

scription of optical bistability and the experimental

results is presented for the first time. The parameters

defining the laser cavity and the CO amplifying medium
2

were measured carefully, and the bistability was observed

and analyzed quantitatively as a function of the laser -..

The dashed line of Figure I reports the measured

output power in mW of the CO laser operating on the
2

0 p(T6) 1ini b aersus the amplifier current (in mA "in

saturabee f tl- irtr cavity absorber. The continuous line

respd isentl te nui ut power when 25 mTorr pressure SF 6

ga wistilit p n the absorber cell, with a bistable a

et aV ir iulde d v r i lare rai e obf the ion.itnred

%N" 
N
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Figure I

output power with the absorber cell filled with ammonia

diluted in helium, that behaves as an unsaturable absorber

in the range of available intracavity power. Making use of

the Rigrod equation to describe this laser operation we

have derived the true reflectances of the laser end mirrors

ri= 0.95(3) , r 0.82(3) and the amplifier saturation

parameter I =50(5) W/cm
a

The bistability observations were quantitatively ana-

lyzed by extending the Rigrod model to desr-ibe the laser

operation with an intracavity saturable absorber. Thus we

have properly taken into account the mirror losses and

the exponential growth and attenuation in the amplifier

and absorber respectively. On the contrary a mean field

approximation has Y,(een introduced to descr-Ibe the sta- irif-.

". wave ape rtat ion: the gain and absorpt ion coeff' c nt r '"

been ra ciiIa ei t oi ugh an average c ver the wav i IelO ih

"" '' r i '- ' ,'t ' .1 t :i I i r ,- i .t , ,. '

. - % - , • . , . ... , . ... . , , , - . .

* *". . . . % - . . .. . , . ."., . " ". ' _ .. . .'," ' ' ' " "" ' " . . " " "' . . " ' . " ',. . % '. ' "".'
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of two curves describing the laser operation. The dotted

line of the Figure represents the results obtained from

our steady state equation when the relative saturability

of the absorber and amplifier was fixed to 60. It is im-

portant to notice that although an homogeneous broadening

was introduced to describe the low-pressure inhomogeneously

broadened absorber, the agreement between the theoretical

fit and the experimental results is very good. e
Our model as well the theory of ref (I), valid for

small gain and losses, do not include the frequency pulling

effects produced by the mismatch of the amplifier and ab-

sorber frequencies. We have experimentally verified that

the laser frequency plays a negligible role on the laser

behaviour reported in the Figure. By beating the laser

output against a reference laser we have observed that in

absence of the absorber a laser frequency shift smaller

than 5 MHz occurs near threshold in the 2-3 mA range, but

no shift occurs at larger currents. When the absorber is

introduced no laser frequency shift occurs over the bista-

bility region.

(I) L.A.Lugiato, P.Mandel, S.T.Dembinsky, A.Kossakowsky,

Phys. Rev. AI8 238 (1978)

(2) S.Rusehin, S.H.Bauer, Chem.Phys. Lett. 66 100 (1979);

Appl. Phys. 24 1,5 (1981)

(3) C.. V'ei -, f 'pt ics Comm. )42 291 (1982)

(4) W.W.Rigrod, J.Appl. I Phys. 6 2487 (1965)
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Periodic window, period doubling, and chaos in a liquid

crystal bistable optical device

'01

Jae-11on Song, 1Hai-Youny Lee ,Sanq-Yurig Shin, ana

* Youncj-Se Kwon

Department of Electrical Enclineerin4, Korea Advanced

Institute of Science and Technology, P.O. Dox 150,

Chongyanani, Seoul, Korea a

A twisted neiiiatic liquid crystal (T!ILC) bistable

optical device is constuce tosuy h eigenbauri

scenario1  in ma-nner 0 L Gibbs et al.2 The s impl1e

t ran sm iss ion, having a single near-trapezoidal hump and a ,4

non-negligible extinction level, facilitates experimental

observation anu cormputer simulation. A nuirmber of periodic

winciows, i. e. 3, 4, 5, andl 72(T, rmeans a p..eriod), have 0 C'n

easily observed as- w~ell :As perioi doublings up to 4'" an6

chaos. It waL; also coniiri,-eci that these wavef orm,,s 1 ha ve the.

universal-Lueouence' patterns; reLporteu by 1Letropol is et a-l . -

-!ascd on a s irn.)p1e 1 r o!; e n- 1in e ar mio delli n y o f tih vi

1.zoUlator tranSr'issio0n charactcristAics, t heC coi pu t er

simiulation has been per'oriied to s how pe r i oc dio uiI ia ,1 s

per i ouic %1'n c.ow s ,am, p r i od r ic'i I t ~' .

*reasonably goo(.grcr~n wi tli thu ex:-peririent, canu( al-!1: la1, 1

16S
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easy observation of periodic win(ows.

Fig.l shows the scher:tatic of the e;,pcriuiental set-up,

which is similar to that of Ref .2. The laser irnut ..- *

intensity is controlled by a variable attnuator.

detector output voltag2 is delaye(. at the uelay buffer by

the time t. The adder output signal V is convertcd by the

dc to ac convertor, and fed to the modulator. The (C to ac

convertor produces the 10 klz square wave output, whose rms

value is equal to the absolute value of its input V. Thus

our TNLILC modulator responds to the absolute value of V.

Fig.2 shows the measured transmission characteristics T(V)

of the TNLC miodulator with respect to the absolute value of

V. Allowing V to take also the negative value by a proper

negative bias Vb, we ccn obtain a sincle near-trcpezo ial 

hump in the transmission characteristics.

The equation governing this device nay be simply :iodelec

as 2

r6V(t)/dt + V(t) = aT(V), V=gC t-tR)+V. '  (1)

where V(t) is the detector output voltage, T the response

time of the device, g the total gain of two dc amlifiers,

and a is the bifurcation parameter. Dropping the tern-.

.cV(t)/dt in Lu. (1) under the condition r<<t-, and; defining

=ntp obtain

Vn~ = T(gV +VL) . (2)

nl -.
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For simplicity in computer simulation T(V) is

approximated by the dashed lines as shown in Fig.2, and the 9

bias voltage Vb is chosen as -1.43V. The computer

simulation utilizing these data shows period doublings, -

periodic windows, and period mergings. It also shows the wide

periodic window 3T due to the non-negligible Tmin

Some oscillograms of the detector output waveforms

observed in the experiment are shown in Fig.4. Three

pictures represent (a) 2T, (b) 4T, and (c) 3T, respectively.

The first two cases i.e. 2T and 4T result from the .

bifurcations of the stable state, 1T. The last one is the

periodic window, 3T. The measured value of this window size

is very wide, which is predicted by the computer simulatien.

References•

IJ.-P.Eckmann, Rev. Mod. Phys. 53, 643 (1981).

2 F.A.Ilopf, D.L.Kaplan, H.M.Gibbs, and R.L.Shoemaker, Phys.

Rev. A 25, 2172 (1982).

3 .Nletropolis, II.L.Stein, and P.R.Stein, J. Comb. Theory

Ser. A 15, 25 (1973).
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Effects of the Radial Variation of the Electric Field on

Some Instabilities in Lasers and in Optical Bistability. 0

L.A. LUGIATO and M. MILANI

Dipartimento di Fisica dell'Universit.

Via Celoria, 16

20133 MILANO, ITALY

In 1966 Haken and Risken, Schmid and Weidlich showed

that under proper conditions the stationary state of a

homogenously broadened, single mode ring laser can become

unstable. The instability requires a "bad cavity" situation, "

i.e. the cavity damping constant must be larger than the
(2)

atomic decay rates. Later, Haken proved that such an

instability coincides with the well known Lorenz instability,

which leads to chaotic behaviour. On 'he other hand,
(3)

* Risken and Nummedal and independently Graham and Haken • . -

"' analyzed the homogeneously broadened ring laser taking

into account all the longitudinal cavity modes. They

showed that under appropriate conditions in the good cavity

case some cavity modes, different from the one resonant

with the atomic system, can become unstable. In this

case, one has the formation of a pulse that travels in

(4)the cavity. In 1978, Bonifacio and Lugiato showed that

.. a similar self-pulsing behaviour in good cavity conditions

occurs in optical bistability in a ring cavity filled 4 O.

- with a homogeneously broadened atomic sample. In all of

Refs 1-4 the electric field is treated in the plane wave . *•

% . j - -. *----\ '- - .-.A A . .... .
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approximation. However, in a real laser the electric

field has a radial profile which is typically gaussian,

hence one naturally asks what is the effect of this

transverse structure on these instabilities. In this " :

paper, we assume that the electric field has the radial

profile of the TEM mode of a ring cavity with spherical

mirrors. In the case of optical bistability, we assume

that the incident field also corresponds to the TEM
00

mode. We introduce the hypotheses that i) the absorption
n.¢

parameter aL, with L = length of the atomic sample, and

the mirror transmissivity coefficient T are both small,

with C = aL/2T arbitrary, ii) the Fresnel number
2

F = w /A L, where w is the beam waist and X the
0 0 0 0

wavelength, is large, iii) the atomic system is two-level

and homogeneously broadened. In the case that the transverse -

dimension d of the atomic sample is much smaller than the - .

beam waist w so that only the central part of the beam
0

interacts with the atoms, we are practically in plane

wave conditions and therefore we recover the instability

condition of the plane wave theory. In the opposite case

d>> w , we finds that all the instabilities found in Refs. ,6
0

1-4 both in the good and in the bad cavity case, are

washed out by the integral over the radial variable.While

in the laser case this result seems to esclude that such -"-

instabilities can be experimentally observed with homogeneous
broadening in the usual situation d>>w , in the ease of

0

optical bistability the hypothesis that the field internal

to the filled cavity corresponds to a TEM mode is
(5) 0

questionable at least when F' >1.

................ ..... ... ..................... .. .-. ...... ........
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THEORY OF OPTICAL BISTABILITY IN

COLLINEAR DEGENERATE FOUR-WAVE MIXING

By

Richard Lytel

Quantum Optics Group, Electro-optics Laboratory

Lockheed Palo Alto Research Laboratory
3251 Hanover St., Palo Alto, CA 94304

SUMMARY

Optical bistability occurs in many all-optical devices with non-linear
couplings and feedback mechanisms. Thus, bistabili~y is predicted for phase
conjugate resoritors,1 Fabry-Perot interferometers, and, generally wave
mixing devices with a source of feedback. Bistability is therefore expected
in four-wave mixing, where the Maxwell equations provide nonlinear feedback
through the nonlinear susceptibility.

The purpose of this paper is to present and solve a complete theory of optical
bistability in collinear degenerate four-wave mixing in isotropic media.
Optical bistability has been previously predicted in collinear degenerate
four-wave mixing in isotropic media. 3 This paper extends the incomplete theory
of reference 3 to include all phase-matched contributions to the equations of
motion for the slow-varying amplitudes. The additional non-conjugate
contributions 4 significantly alter the physics of the interactions and provide
additional feedback among the various pump and signal waves. New predictions
for bistability in the reflection coefficient are made and illustrated for
some practical cases.

The full analysis is repeated for collinear degenerate four-wave mixing in
absorbing media. 5 Here, the slowly-varying envelope approximation (SVEA) is
achieved by equating the coefficients of all Fourier coefficients appearing in
the Maxwell equations, and inverting a four by four matrix to get exact SVEA
equations. This technique avoids ambiguitiesb in the SVEA and provides a
correct treatment of four-wave mixing in absorbing media. Optical bistability
is predicted for these media, and specific examples are presented.

References:

1. T.J. Karr, "Power and Stability of Phase Conjugate Lasers," to be published
in Journal of Optical Society of America, May, 1983.

2. J.H. Marburger and F.S. Felber, "Theory of a Lossless Nonlinear Fabry-Perot
Interferometer," Phys. Rev. A 17, 335 (1978)
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4. J.H. Marburger and J.F. Lam, "Effect of Nonlinear Index Changes on
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A Saturable Interferometer Theory

of Absorptive Optical Bistability

by "

N. M. Lawandy and R. P. Willner

Division of Engineering

Brown University
Providence, RI 02912

In this paper we will utilize the method of summing transmitted waves routinely
used to analyze interferometer structures to develop an OB equation. The method
yields a different state equation than the usual mean-field model. However, for
small C values and or large input intensities a Taylor expansion of our state
equation yields the mean field pure absorptive OB equation. Our equation also gives
a different condition for hysteresis. Due to the simplicity of this approach which
utilizes the sum of a geometric series, we are able to interrogate the systcm after
any given number of round trips via the analytic expression for the sum at that
point. This allows us to obtain an inverted function of time and to determine the
time evolution of the system. Using these expressions, we are able to give
switching times for both the up and down processes.

The theory we present is based on a self consistent sum of partial waves

emitted by a resonant structure. In these derivations we consider only the zero
detuning case and therefore assume that there are only hysteresis effects due to "-
saturation. We will solve the case of a Fabry-Perot resonator with plane mirrors
having power transmission coefficient T. The round trip length of the cavity is
taken to be 2. and the cavity is filled by a medium having an unsaturated absorption

coefficient c(o .

The medium is assumed to be an ideal homogeneously broadened two level system
with a saturation intensity Is given by:

yy2
s= u' " nc (1) -">-

In terms of Is, the absorption coefficient is given by

a
0

c ___- (2)

where I is the instantaneous spatially averaged intensity inside the Fabry-Perot.

Using the usual sum of partial waves method utilized for analyzing
interferometers, we can express the transmitted electric field:

1 

%.. 

. . ... . . . . . . . . .. .. .. . . .
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ikt r m ___0 (3)X TYe exp ___ (1-T) expi2m(ik- 2 .- "

1+ ~1 2 i~>i +x2

PO = OCO. and Y and X are the usual dimensionless incident and transmitted electric
fields. This expression can be made self consistent by realizing that I or E2 may
be related to ET in the limit of spatial averaging. In the steady-state limit when
M+40, the sum may be evaluated using the geometric series limit and the self

consistent equation which results is given by:

TY = X[2sinh(p) + Te-  ] (4)

where p . The transmitted intensity as a function of the incident intensity
l+X 2

is shown in figure 1. Figure 2 shows a comparison of our result with that of the
mean field model for small Ao(1, 2 ). A Taylor expansion of the exponentials in
equation (3) results in the usual mean field model cubic equation. The condition

for obtaining bistability for this equation in terms of,40 and T is graphically
shown in figure 3. From the results it is evident that this formulation admits a
larger range of bistability conditions.

The time evolution in OB has been studied numerically and from the standpoint . "
of asymptotic growth rates resulting from stability analysis. (3,4) Mandel and
Erneaux have shown interesting results concerning the switching times in the limit

of C large. (5,6)

An expression which relates the output intensity X after a given number of
round trips M to the input intensity Y can be found from equation (3). This is
accomplished via the expression for the value of a finite geometric sum. This

results in:

"i p (e R e )%" ""n R 2T0Y

MT T '')
C" Zn(l-T) - 2p

Equation (5) gives an expression for the time in cavity round trips it takes to

develop a transmitted field X when a field Y is instantaneously present at the first

mirror of the structure. The results for two values of the input intensity which
exceed the switch up value are shown in figure 4. The upper curve (y2 = 60)
indicates that approximately 25-30 round trips are required and that the time

*O~ evolution is a direct trajectory towards the upper branch value (38 =X2 in this .

case). The lower solid curve shows the results of equation (5) when the input value
' just barely exceeds the up switch value of y2 = 30. The point labelled A represents
-, .' the largest deviation from the dashed curve. This point corresponds to the value of

on the hysteresis loop which comes closest to the line y2 = 35 in the X2-y 2

plane. Thus it appears that the unstable points can act as attractors for solutions
which lie on only the upper branch if the input intensity is near the switch up
value. The time evolving system is drawn in towards the lower branch as it

approaches its steady state value in the upper branch. Equation (S) can be used

-. _A
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to study the effect of the controllable physical parametersf 0 and T on the up
switch and down sw-tching times for the optically bistable system. This is to our
knowledge the only analytic expresion which demonstrates -,his attractor behavior
explicitly in the time domain.0

References

*[11 Re Bonifacio aad L. S. Lugiato, Optics Comm. 19, p. 172, (1976).
[1 J. Fleck, Jr., Api. Phys. Lett. 13, p. 365, (1968).
[31 J. V. Moloney and H. M. Gibbs, Phys. Rev. Lett. 48 (23), p. 1607, (1982).

*[41 L. M. Narducci, D. K. Bandy, C. A. Pennise and L. A. Lugiato, Optics Comm. 48
(3), p. 207, (1983).

.55.Mne.ndT reuOtisCm.4(),p 5 18)

[51 P. Mandel and T. Erneaux, Optics Comm. 44(5), p. 55, (1982).

00o 0

N 40.0

30.0 300o

10.0 200o

0.0~R- 10 90

5'0

X.R-0.90 3
10

017

Palo 8  
Pa, 0.5

0.1 .20. . .

V f~~gure ~2. Comarisn f hi .l coo ttt i .... frctar
'eaoIt. Itc hos fc sa ftield .. td.l. I"-

Ft~.ra . heteta . tnestoe. iea, field resit a. re represeated by thir dadltad

*~ 50

Nx'c 400-

300

le P-010

720

A .20

07

to 02

_____________ 2ir .SO,4*2224
0. 0 03 a 0 Oh T 08003

OS Tl ot .00,I o-etho ctfoo o o nu

0.~~~~, Of010tOS06a.080

Fla 3. 1. "' *a 
- l t



Oil ThB37-1

BISTABILITY IN OPTICAL WAVEGUIDES
- -2

C.Sibilia and M.Bertolotti

Istituto di Fisica-FacoltA di Ingegneria, UniversitA di

Roma, Roma, Italy and Gruppo Nazionale Elettronica

Quantistica e Plasmi of CNR, Italy.

a% Using a treatment due to Bendow, Gianino

and Tzoar (1) in which the electric field of a cw gaus-

sian beam in a nonlinear waveguide is given utilizing

the paraxial approximation, it is shown that a bistable

- - behavior can occur in a cylindrically simmetric non-

linear waveguide in which the dielectric constant has

a parabolic behavior in the radial direction.

The treatment uses Bendow et al.'s method

of expansion of the electric field in a set -f "quasi-

nonlinear" modes of the guide obtained within the sprit

of paraxial approximation.

It is shown that at each chosen length of

the waveguide it is possible, in general, to find a

set of waveguide parametees which give rise to a bista-

.* ble behavior in the light intensity coming out at that

section.

The conditions that the waveguide parameters

must fulfill to give a bistable behavior are discussed. .-

The effect is strongly dependent on the transverse

inhomogeneity of the waveguide, and is absent for

homogeneous structures.

(1) B.Bendow,P.D.Gianino,N.Tzoar - "Theory of c.w.
beam propaqation in non-linear optical wavequides"
LASER INDUCED DAMAGE IN OPTICAl 'IATERIAL - Proc.of
Symp.Boulder (1980), Washingto. pag.453.

..-. *.. . . . .
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NON-LINLAR FABRkY-PERCT TRANSYIS2ION IN9 A CdHp-Ie ETALON

0 Parry, J R Hill and A DMiller

Rocyal 2.inals and Radiar, Lstablishr e n t

Malvern, ;~d3FL, Lnc land,

2-UM-.ARY

:have recently reported the observation of' large intensity depencent

changes in the refractive index of cadmium mercury telluride at l7 K and

lo.K' ;Am [Ell - 'has non-linearity arises because of bandgap saturation,

as seen an In~b [2], and through a free carrier, plasma contribution.

In contrast to the InS's non-linearity which was modelled in terms of an

"ni I" correction to the linear refractive index (I is the incident
2

intensity), the non-linearity in the narrower- bandpap CdHEg-'e at 175K

showed an intencity dependence proportional to I1/ q his was consistent

with the dominant Aufer recombination process.

In thi-s paper we consider the implication of this result for optical

bistability or non-linear transmission using: CdligTe. Although the mag-

nitude ci th. non-linearity at low incident intensities is greater than

that obseve inI~ dependence causes the refractive index
* . 2ch-anpe to become relatively much weaker at intensities _'_l /m.Ti

has a marked effect on the transmission characteristics of an etalon-

the eecparat,.on bet,,-een Dahr',-Ierot orders becomes increasing-ly larg-e and

the first order behaviour is- strongly dependent on the_ initial dEtuning.
Te1/3
hI cieperiiercc ari ses from the nature of' the recombinat-,on process ano

mra',i occur in other semiconductors over Particular, temperature rang-es (eg

InSb at room temperature). ie ,,ill discuss the ilrpl~ cationr: of' our work for

optlnrum horof ma Erials for bastablity. '1Ihe paper will include both

exc rr nalan.: theorcti cal results.

1. J Hill, ii arrv and A Miller, Opt Gomm 4 3 i')l (1982). '.-

2. 1) A B Miller, C T' Seaton, T,_.E Frise, an-i L 1) .mth Phys Rev Lett 47 -

ll-7 (! ?W)

oyr)TT ,,ht q ortroller H>'i C Lonrion
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R. G3raham and Y. Cho

Fachbereich Physik, Universitdt Essen GHS

D-4300 Essen, W. Germany

Summary:

Homogeneously broadened single mode lasers are well known to ex

hibit self-pulsing instabilities and chaotic dynamics under the

combined conditions of large ratio of gain over losses and low

cavity quality. In fact, a homogeneously broadened single mode

laser in resonance has essentially 3 degrees of freedom only and

is realistically described by the Lorenz model, which has served

as a prototype model for investigating chaos in continuous dy- e

namical systems. However, the above mentioned conditions for th-

occurrence of chaos have not yet been realized, experimentally.

Recently, bad-cavity instabilities have also been discussed for -

inhomogeneously broadened lasers, and seem to be more easily

accessible, experimentally, but models of comparable simplicity -

as the Lorenz model have not yet been proposed for inhomo-

*: ieneously broadened lasers. It is the purpose of this contri-

*; hution to show how such models can be constructed. We find that

an infinite hierarchy of models exist which increase in accu-

racy and complexity. We present a 4-dimensional model and a

6-dimensional model, which are the two simplest members of this "

hierarchy. The results of a linear stability of the time-ind(_-.

'endent states and some numerical solutions are given to shw

the various types of dynamical behavior which may occur i. t- ii.

.)dels. The dynamical behavior is found to be much richli t h,. -O

tn the homogeneouslv broadened case and is obtained undw, thv-

"-<.°, . ".. ."-, -", -, . , °. " " • ,• . . • ,. . . , . ... . '..
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sicnlly more realistic conditions.

Permanent address:

The Institute of Scientific and Industrial Research, S

University, Yamadakami, Suita, Osaka 565, Japan
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SELFPULSINGS, HYSTERESIS AND CHAOS IN

A STANDING WAVE LASER 0

L.A.Kotomtseva, N.A.Loiko, A.M.Samson

Institute of Physics BSSR Academy of Sciences

Lenin Avenue 70, Minsk, 220602, USSR

Based on the system of semi-classical equations analysis

and the numerical experiment, the temporal nature of the

standing wave laser generation has been studied. It is shown

that such a laser is a dynamic system in which, along with

the selforganization processes leading to regular continuous

pulsings /1 stochastization of the strange attractor type is

possible /3Z This diversified behaviour is due to the competi-

tion and interrelation of factors accounting for the steady-

state behaviour instaoility. These factors are the de'elopment

'- of nutation oscillations due to the coherent properties of the

active medium and interaction of counterruning waves on the

gain and losses inhomogeneities in the cavity differing in

physical nature.

In particular, the steady-state behaviour instability is

responsible for the appearance of continuous pulsings with the

period of 2L/CS (L is the cavity length, S = 1,2,...). The

change of parameters, for example, an increase in the pump rate

causes a succession of bifurcations to take place, which re-

sult in the appearance of pulsings with a new value of S. The

order of changing S depends on the position of the active me-* -- 0.

lium in the cavity, the mirrors' reflectivity and other laser

1rameters. Under certain conditions, excitation of selfpuls-

with different periods is possible in the system. In this

L ,

.. . * I ' ** I
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case hysteresis can be observed /3/, whose essence is in that,

depending on the prehistory, a sequence of stable ultrashort

radiation pulses with different periods can be generated in

the laser. For example, with the same parameters the system

generates either one or two pulses during the round trip of "

* radiation in the cavity. The pump instability in time requi-

red for such hysteresis can be achieved experimentally.

When the self-oscillations with different periods are un-

stable random motion will take place, whose nature is deter- -*

mined by the main cause of the steady-state instability. In

particular, it has been found that, according to the mechanism '

of the ultrashort pulses formation, their regularity is af-

fected either when the field phase is constant or when it un-

dergoes a chaotic change indicative of a chaotic change of os-

cillations at different steady states. When the laser parame-

ters correspond to the laser spiking low frequency pulsing

stochastization is possible, the fine temporal structure re-

maining regular. The role of coherent and incoherent processes

and the spatial population grating in the formation of such

stochastic behaviour in the laser as a dynamic system with de- * -

termined parameters has been defined.

1. L.A.Kotomtseva, N.A.Loiko, A.M.Samson. Kvantovaja elektro-

nika (Sov.), 2, 1384, 1982.

2. Strange attractors. Moscow. "M~ir", 1981.

3. L.A.Kotomtseva, N.A.Loiko, A.M.Samson. Abstracts of the XI

All-Union conference on coherent and nonlinear optics. Ere-

van, 1982, p. 219.
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THE NMR LASER - A NONLINEAR SOLID STATE SYSTEM SHOWING CHAOS

0'

E. Brun, B. Derighetti, R. Holzner, and D. Meier

Physik-Institut, Universitdt ZUrich, Schdnberggasse 9
CH-8001 ZUrich

Pathways from simple to complex behavior of nonlinear sys- "

tems is a topic of intense theoretical and experimental inter-

est after J.M. Feigenbaum, J.P. Eckmann and others have demon-

strated universal features of a sequence of period-doubling

bifurcations leading to chaotic states.

In this communication we shall report on novel experimental

observations and corresponding theoretical considerations of a

system of strongly polarized nuclear spins in a solid which is

placed inside the tuned coil of an NMR detector such that self-

induced laser activity sets in. I will present experimental

evidence for sequences of subharmonic bifurcations, transitions

to chaotic behavior, the finely interlaced structure of sepa-

rated basins of attraction, hysteresis, intermittency, and a new

type of bistability for driven laser systems. Then I shall con-

front the observed facts with solutions of numerically tracta- .

ble Bloch type order parameter differential equations which

indicate that various normal and inverted Feigenbaum cascades

of bifurcations may exist in a driven laser if appropriate

values of the physical system parameters are selected and con-

trolled to a high degree of accuracy.

~w. .. . - .--- -.-
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Optical Nonlinearity and Bistability due to the Biexciton v

Two-Photon Resonance in CuCI

N. Peyghambarian, D. Sarid, and H. M. Gibbs

Optical Sciences Center, University of Arizona

Tucson, AZ 85721

It is well established that biexcitons can be generated directly by two-photon absorption

in CuCI. The intensity dependent nonlinearity arising from this resonance can be used to

obtain optical bistability. Recently, Koch and Haug01 ) and also Hanamura ( 2 ) have 1..

predicted the possibility of a bistable operation in a CuCI Fabry-Perot etalon. Hanamura

uses a density matrix formalism and predicts that the switching can respond in a picosecond

time scale due to the virtual formation of biexcitons. Koch and Haug obtain the complex

dielectric function from a Green's function formalism and suggest a bistable behavior for a

thin CuLl slab. They use a constant value for the biexciton linewidth, yxx' and a zero

value for the exciton linewidth, -y iheir results indicate that a 1-jam-thick CuCI etalon, I .

with natural reflecting surfaces, can give rise to bistability with a switch-on intensity of

2about 0.1 M/cm . The biexciton resonance, however, is located on the tail of the exciton

resonance, which acts as a background absorption. Since this background absorption can x 0

fatal to biexcitonic bistability, it should be taken into account by using the proper exciton

linewidth. Also, the biexciton absorption line shows a remarkable broadening with input

I . .-°..
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laser intensity. This broadening should also be taken into account because it can modify

the conditions requireo for achieving a bistable operation. The origin of the broadening has S

been the source of some controversy. Chase et al.( 3 ) and also Itoh et al. (4 ) have

attributed this effect to collisions between excitonic particles. This interpretation is

supported by a more recent experime-nt performed by Peyghambarian et al.( 5 ) in which the "

two-photon absorption resonance measured with two weak probe beams was broadened by -

simultaneous injection of biexcitons using an intense pump beam.

We use the complex dielectric function in the vicinity of the biexciton resonance as ,

given in Ref. 1, together with the model developed for the collision broadening of the

biexcitons.( 3 ) This model takes into account liquid-like collisions in which the scattering .

rate is proportional to the ratio of the mean thermal velocity to the interparticle

separation. it yields

1/2 1/2
'Vxx = "'xx,0 + [t~]( xx/2) 4  4(KV/np) 4 1 (E-Exx/2) 2 ) 21/2,

'YXX~~~ 
.YXf 

+ t.- /2)4

where K is a constant, -y is the natural biexciton linewidth at low intensities, Exx is the

biexciton energy, and n is the polariton density.

By choosing 'yx = 0.03 rneV we find that the linear absorption at the tail of the

exciton, near the biexciton resonance, is in good agreement with experimental values, as is

* . the calculated value of the group velocity. The light intensity inside the etalon is obtained

from

0n EI npE VE,

where VE is the energy velocity which is found to be close to the group velocity away from

oE
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* the biexciton resonance.

ihe calculateo absorption coefficient =2Kn" and the change of refractive index An'

-n'(1) -n'(0) are shown in Figs. 1 and 2, respectively, which are in agreement with

* recently published experimental results.4  Figure 3 shows the bistability curves for a

1U-j.-thick CuCI slab having a reflectivity R =0.9 and R =0.8 at both surfaces where E

-3.177 eV. One observes that bistability is lost at reflectivities smaller than 0.9 for this

case. for a 1 - 1,m-thick sample bistability is theoretically possible only with extremely high

intensities which will destroy the sam~ple, and therefore are impractical to use. When the

2.
*biexciton broadening is not taken into account, our results indicate that 35 MWi/cm is

2*needed to switch on a 1-irm device with R =0.9 and about 10 MWv/cm is needed for a

1U-p.m device.

In surriary, we show that unlike the previous prediction that a 1 -im CuCl slab can be

2*switched on with 0.1 MW/cm with uncoated surfaces, bistablity can be obtained only with

a high reflection coating of the Fabry-Perot etalon for '-1U-j.ni samples, and with . *
intensities on the order of 10 MW/crn 2

Vi gratefully acknowledge support from NSF, AFOSR, and AROI.
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Optical extinction theorem theory of optical multi-stability
bifurcations and turbulence in the Fabry-Perot interferompter

R.K. Bullough, S.S. Hassan , G.P. Hildred and R.R. Puri

Department of Mathematics, UMIST, P.O. Box 88, Manchester M60 1QD, U.K.

On leave from Department of Applied Mathematics,

Ain Shams University, Cairo, Egypt.

We have reported two different aspects of this work already [1,2]. Nevertheless
as the point of view is unconventional we review it here strictly within the context ....

of the theory of optical bistability and optical multistability. We are concerned
to connect the envelope Maxwell-Bloch equations with optical bistability (multista-
bility) in a Fabry-Perot (FP) cavity in a rigorous and potentially quantitative way.
One problem in this connection is an adequate statement about standing waves. We
present methods which derive the standing wave equations of motion completely as a
part of a comprehensive non-linear refractive index theory of multistability inside
the FP cavity. The theory is a c-number one - but a comparable quantum theory seems
possible. A key feature of the argument is generalisation of the famous 'optical
extinction theorem' [1,2,3] to this non-linear regime. In practice it means we
do not invoke any boundary conditions at the surfaces of the FP cavity - only
conditions at infinity - and this offers advantages for the quantitative descrip-
tion as we show.

The Maxwell-Bloch equations are taken in fundamental (not envelope) form: the
Maxwell equation is in integral form. In r.w.a. the Bloch equations are

-r(x,t) + yo(l+i6)r+(x,t)) = 2i{E*(x,t) -2eikoz} r (x,t) (la)

(x,t) + 2 y (J+r (x,t)) -i{E*(x,t)-eikz r(x,t) + c.c. (b)3 0 3r( c

with (x,t))* (and * c.c.): 6 = (w-w)y-' is the scaled detuning from
atomic-resonance at w = s is the A-coefficient, and Q = p- 1Eo is the "
laser Rabi frequency: p is he atomic dipole matrix element. The integral form

for the (interatomic) field is

E*(x,t) = np 2 li-1 J dx' r+ (x,t) u u : w*(x,x' ;)dx' ; (2)
V-v

u is the direction of p = p6; the region V occupied by atoms, n per unit
volume, has a small spheTe voTume v about x removed because of obvious features
of the tensor Green's function of Maxwell's wave equation F(x,x';w) E (7v+k2Ueikorr- I:_ x -o ko

2-)L
(r k_ I; = Wc1 ; = unit tensor).

In the steady state r+ oscillate at the driving frequency w; a profound
complication (compared with-linear refractive index theory [2,4]) is that radia-
tion damping in eqns. (1) (described through the yn) means that propagating fields .
must damp and that consequently the inversion r3 (9) (now always > - ) depends
on position z in the FP cavity (we assume normal incidence and transmission
through the cavity 0 z L and u is transverse to Z). This means that after
factoring e+i.wt

.-V,*-. -
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pr+(x, ) - P(x,w) = Pf1 (z)e 0 + A P b(z)e (3)

in which m(w) is a formal refractive index, Pf,bl(z) are forward and backward
(+z and -z) going dipole field envelopes and A is a reflexion coefficient to be
determined. 1

Despite the form of (3) the ideas of the 'optical extinction theorem' [1,2,
3,4] can still be applied. The essence of the theorem is that scattering from each

" . point of the surface of the cavity is exactly sufficient to extinguish the incident
(free) field, wave number ko, at each and every point inside the cavity and replace . -.

it by a field like (3) with wave number mk $ k The non-linearity of the
*'++ present application is contained in the need ?or t~e Pfb1 (Z) in (3): it compli-

cates the analysis but the 'extinction' aspect of the theorem survives intact [1,2].

.'- The final results of the steady state analysis on these lines are these: the
non-lioear refractive index m(w) satisfies the dispersion relation of Lorentz-
Lorenz form in r.w.a.

m2-l _ (_2R 3) 4ffnp2Ti-1 (4)

M2-2 3( -+i

For normal incidence on the FP cavity 0 < z 5 L the output field Eout relates to
the input Eo  by

rE r(o) 2 ['2m xpm e p m L'()
E+Ot :EO r3°) -m ] [m (exp-i (m-l)koL)[l-{ (m-l)2/(m+l)2}exp-2imkoL]-1 (5) ! O

L:: r3(L)] -.ml-m ]

Only the r3 (o)/r 3(L) explicitly reflects the non-linear nature of the problem: in
all other respects (5) is exactly the description of the output of the FP cavity
in linear theory. However the non-linearity is in m(w) because it depends on the
number R3. And in order to achieve the simplicity of (5) with (4) we need to
choose R3 so that

.. -1 L-1  r (z)1-Y dz. (6)

Thus R3 is an average of r3 (z) - but is not a mean field average. Thus though
the results (5) with (4) might be desired-they are not obvious.

Still they show that dispersive OB can otherwise be described in the expected
way. The non-linearity is in m, and this detunes the cavity through the exp-2imkoL
in (5). This leads to a multibranched OB curve of the type described e.g. by
Ikeda [5] for the ring cavity. Absorptive OB arises at atomic resonance via (4).
Since the effects of non-resonant atomic levels are easily added the theory seems
potentially quantitative. It is easy to extract the simple ideas on cubic input,/
output 08 curves from these formulae: for small n one finds
" +' 2 -21imkoL C.R3,,2
11 - {(m-l)/(m+l)} 2e 0 12 [Il - {(m-l)/(m+l)}2eR32 + 41 (m-l )/(m+l) os ii- k,

(7) .

where ,6 are scaled cavity and atomic detunings and C is esentially the usual
co-operation number. The output/input curve is therefore multi-branched but becomf,.".
a simple (cubic) OB curve for sin-" (;-R3 )

A .... • *-.--.
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The complication, consequent solely on the actual physical situation is that

r (z) = -i (r (z)) - e m-in)koz 1P()2+ei 0(mm*)kozIPb(Z)" 2 1A12] (8)
3 3 b ..-.

(A = {(m-l)/(m~l)} exp-2imkoL). This means we have to have a complicated iterative .1
procedure for solving for the output-input curve, This has been carried through for
various values of the parameters and results will be reported.

The steady state analysis so far discards all standing wave effects. Ile are
obliged to extend (3) by harmonic terms Pf,b3 (z,w)e - 3omkoz..... and introduce
reflexion coefficients A 3 , etc, Similarly r3(z) must be expanded in cos v
(m+m*)koz and sin v (m+m*)k z (v= o,2, The result is a coupled system for
envelope functions Pfbl(z5 , Pfb 3(Z) ..... and r (z), r31(z) ..... which also
depends very explicitly on m. Remarkably (or not!) iextinction still operates: '
the output/input relation (5) is changed by the harmonics, the significance of the
FP action is changed somewhat, but all functions and parameters including m are
determined by the theory which is still derived only from the Maxwell-Bloch equations
and the cavity condition that atoms lie only in 0 < z _< L.

Finally we are studying the dynamical stability of the multibranched input/
output curve. We expect bifurcations to one or more oscillation frequencies, period
doubling sequences and "chaos" of the type predicted and seen [6] for the hybrid
device ring type cavity, and we think there are physically realisable parameters
which would permit observation of chaos in the FP cavity. Certainly it is possible
to reach a non-linear difference equation of the form Pf(t+tR) = AQ + BPf(t).
.exp i(o-p), where A,B depend on m, t is a double pass path delay in the
cavity (governed by a speed V $ c) and R depends on the integral of IPf(t+xtR)12

(0 _< x < 1) across the whole cavity. Firth [7] reported the same (generic) form
with a significant difference in the interpretation of the parameters and in related
work [81 reports period doublings and apparent chaos.

theWe shall report the results of our fundamental study of dynamics and "chaos" in
the FP cavity at the meeting.
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Optical Bistability from the Dicke Model

t6
R.R. Puri, G.P. Hildred, S.S. Hassan and R.K. Bullough

Department of Mathematics, UMIST, P.O. Box 88, Manchester M60 IQD, U.K.

SOn leave from Department of Applied Mathematics,

Ain Shams University, Cairo, Egypt.

I" .We have reported a fairly complete analysis of the quantum Dicke model [1].
This consists of N 2-level atoms on the same site driven by arbitrary fields - coherent,
chaotic, mixed coherent-chaotic. le also showed [2] in particular that it is easy
to include, albeit in a rather formal way, the effects of a cavity on the Dicke model
in a broad band chaotic field. The results agree well with those recently observed
on high Rydberg Na atoms [3]. This suggests that a comparable analysis for a cohe-
rent driving field which also includes the effects of a cavity will provide a quantum
theory of optical bistability. It also suggests that some of the consequences of the --
theory, primarily photon statistical properties, which, however, are calculated as
interatomic correlations [2,3], might be observable in a suitable experiment.

The equation of motion for the total density operator p of the system can be
taken to be

dP = -i(H + H + H), p(t)] + Aap(t ) + Afp ()
dt -i( 0  H 2 AaP~) Pt

Ho = S + w a a; Hi = -gaS+ + ga+S_; H2 = k(a+E(t) - aE*(t)) in which S±, Sz
are the usual collective Dicke operators [1,2]; g is a coupling constant and there
is a preferred mode [1,2] on exact resonance with the atomic resonances at W s"
The operator A a is shown to be such that

,'.'- . a P = 1o 2 S p S + - S S P - P S +S -1 ( 2 ) ., .
aP ~ 0 2-+ +- +- 2

in which yo is the A-coefficient; this describes collective spontaneous emission
and seems to accord well with the experiments in the incoherent case [2,3]. It
differs profoundly from the model of super-radiance [4] with which it might be
compared. The damping of the cavity mode is described by Af where

AfP(t) = K [2apa+ a ap - pa+a] (3)

It is easy to show from (1) that an arbitrary atomic operator Q and the preferred
field mode operator a satisfy respectively the equations of motion

--] >;'..-..d<Q> .
d<Qd = +i <[Q 'sz > - ig<[Q,aS+>

+ - -o

+yo<[2S+QS -QS+S - SS Q. +ig-a,s+ I. (4a)

K "11]* d<a>."
d, = - K<a> + ikE + ig S . (4b)
dt
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We have not (yet) solved this sytein exactly. But the work on the coherently driven . 0
Dicke models [la] indicates that for large enough N (N - c,) we can de-correlate
<aA> = <a><A> when A is an arbitrary atomic operator. De-correlating eqns. (4)
this way and moving to a frame rotating at we find (with ai <a>) that

= -iga <[Q,S+]> +ig a*<[Q,S ]> + yo<[2SQS_ - QS+S - SSQ]> (5a)
dt + o + .+.
da-

Ka + ikE + ig<S_> (5b)

For a theory of bistability we need the steady state solution of this system. " -

We can use the exact results for the coherently driven Dicke model obtained previously
[1]. For N we know that a solution of (5a) for Q E S_ can be obtained in
the form <S >/N = - <S+>/N E iS with S given by

S = ix, x 1; = Jx[l - x2;"-l/x2 sin-l1x)], x _ 1; (6)

where x = g(a+cc*)/yoN. Also the steady state solution of (5b) yields -

25 = - (KY /g2) (x-y) (7)

00where y - ig(E-E*)/yoN is proportional to the incident field. Thus we find.?-"]-...

y (l+C)x, x 1; = x[l+C (I /X2_-/x2 sin-1(/x))] x 1; (8)

where the co-operation number C = g2  Y -. The plot of x against y for differ-
ent C (shown in Fig. 1 for finite N = 50) exhibits conventional bistable behavi-
our for C Z: 0.1. Still this is C << 4 and the curve is not of course the usual
cubic catastrophe curve: for N - it has a cusp between the (stable) lower branch
and the (unstable) portion of negative slope, though hysteresis must occur in prac-
tice. Moreover this quantum theory shows that the intensity-intensity correlations
g(n)(0) n n n

S< S+ S>/ <S+S> apprcach asymptotically the values found previously: inparticular g(2kO)'= 1.2 2, so above the phase transition at y = C the . -
bistable system remains partially coherent.

If, on the other hand, we to try to solve eqns. (5) in semiclassical approxi-
mation by de-correlating the atomic operators we find that the solution of the
resulting equations in the stady state is

<S = -[" , o - 1 ; = 0, e > 1 ; (9a)

<S > = 1 1 , - 1 ; = I/2o , e > 1 ; (9b)

where F j gJE-E* / N(yo+g 2 ,-'). These are just the semi-classically approximated
solutions of the coherently driven Dicke model (with yo -0 + g2K-), and there is
no bistability.

For x < 1 the resonance fluorescence spectrum is that already calculated [I]: .0-
for adiabatic elimination of -a> = in (5) yields the usual Dicke model equa-
tions. These still have not been solved exactly for transients; but for N >> 1
the semi-classical approximation is rigorously valid. We discussed [I] the possi-

bility of a cormparable analysis for x 1.

. ..
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The conclusion from this strictly ....
quantal model coupled to a cavity must 0!

be that quantum fluctuations and cavity
feed back are together sufficient for
optical bistability but that either
separately is not. But this quantal
model is strictly collective: it con-
trasts with ref. [4] and the more
recent work on OB [5] where spontaneous
decay is the sum of individual atom
decays: thus typically C = Ng 2 /Ky-o'
in Ref. [5] but is C = Ng2/KNyo in
our work - which means that y - Ny 0
as usual. This is consequent 8n the
fact that is a constant of the
motion, a feature only broken by
de-correlation. On the other hand in
extended systems (see e.g. [6]) semi- 0
classical theory, in which 2 is not
a constant, gives a good description of .
optical bi- and multi-stability. The
precise significance of quantum fluctu-
ations to OB in general is therefore
to be determined. Fig. 1. Plot of x against y for N= 50"

This paper is an expandec version of the work reported earlier [7]
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Theory of Resonance-Enhanced Optical Nonlinearities in

Semiconductors

H. Haug

Institut fUr Theoretische Physik, Universitdt Frankfurt,

Robert-Mayer-Str.8, D-6ooo Frankfurt-Main, Fed.Rep. Germany. '

In semiconductors the attractive Coulomb interaction between

electrons and holes causes one- and two-photon resonances,

known as excitons and excitc.i molecules, respectively. Large

nonlinearities are observed in the spectral vicinity of these

resonances. These nonlinearties are well-suited for the reali-

zation of optical bistability) as has been demonstrated

by Gibbs et al. 1)for GaAs and by Miller et al. 2)for InSb.

The electron-hole correlations, the screening and the energy -"-

renormalization are most conveniently calculated by the Green's

function formalism. The optical dielectric function can be ex-

pressed in terms of the retarded photon self-energy which is

also called the polarization function. This connection is not

restricted to the linear response regime.

In narrow-gap semiconductors the low-intensity optical spectra

in the band-gap region are strongly influenced by the electron-

hole correlation. For high intensities, the screening of the

Coulomb interactions is so large that these correlations be-

come less important. In this limit, the optical spectra are

those of an electron-hole plasma. In the transition region the

optical spectra change strongly.

",7..-... .. . . .... ., ...... . . . .... . . . .. . ., - . .. - . ...... ..**- .. , ... • . . ...-7
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We have been able 4 )'5 )to develop a calculation of the dielec-

tric function which is valid from the low-intensity excitonic

limit up to the quasi-metallic high-intensity limit in which

free-carrier screening is the most important feature. We neg-

lected the contribution of the excitons to the screening and -'

used a quasi-static RPA approximation. The integral equation

for the complex polarization function has been solved numeri-

cally by matrix inversion. The resulting complex dielectric

function gives immediately both the absorption and the refrac-

tion spectra without using a Kramers-Kronig transformation.

Fig.1 shows the resulting spectra for GaAs for various free-

12 Acarrier densities. This densi-
GoaAs

0 oe .. ty can be related to the light
C= Q5 --- . CIO

".- = -n,.,% Iintensity by a rate equation.

c" 0 For the curve with a free-

0 carrier concentration of
-01

______ ______ ______16 -3e c to enrn=5x10 cm the exciton ener-
40. Go As.1

, gy equals the renormalized

... "3.,0" band-gap, so that the exciton

Z .is ionized. In this situation
e .4

32 still a considerable excitonic

I enhancement exists. At higher
1500 1505 1510 1515 t520

frequency [eV] densities a further band-gap

Fig.1: Calculated spectra ofFig.. Caculaed sectr of shrinkage and a band-filling .:, ,
absorption and refraction for
GaAs at various free-carrier ial
densities and a temperature
of 10 K.

develops for w<p where p is

L--"r



ThCl-3

is the quasi-chemical potential. Naturally, in a single-beam

experiment V is always smaller than the laser frequency. The

refraction index is seen to decrease in the frequency range

below the exciton resonance as the exciton is ionized.

The resulting spectra for InSb (Fig.2) show no resolved exci-

ton resonance, because the energy broadening is twice the ex-

citon binding energy. The resonance enhanced absorption edge

is seen to be bleached by the increasing light intensity and

a corresponding decrease of the refraction index is obtained.
_ In SbThe theoretical results both for

o -77K
. _._ . GaAs and InSb are at least in

-- I,.50 WIcm, .,-

," good qualitative agreement with

., / all known experimental observa-

________ tions. In wide-gap semiconductors

.5 ,, the static dielectric constant of

k4-' 4 T -77K the unexcited crystal is smaller
i -- I" 2S Wlcm, ,

43-- 1,. 50 Wd and therefore the exciton-hole

42 .2 - correlations are stronger. In cu-

41 prous halides, e.g., one observes

220 230 240 250 not only a one-photon excitonic
f requency Imv vIig"Clutdscr resonance but also a two-photon "-.-:., Fig. 2: Calculated spectra .-

.'.' ofabsorption andrefac-L"
ton fbortinb at vao resonance due to the exciton mo-_ -- i tion for InSb at various

"'- '. internal excitation inten- ...sintie Itati nTe- lecule. The first photon creates°.". sities I at 77 K. The ex-
citation laser frequency !'::
ciatin asuer frbequency a virtual exciton which fuses
was assumed to be
..=225 meV with the second photon to yield a

real or virtual molecule. The corresponding intensity-depen-

jN.

,.. . .. .

% % V" " %• "" ' @% % 
•

"%"""""" - -.- -- " % " '• "" %'' "- . . ' . ' ' ' ' %" '"""h
"

"""""""J ","•
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10
[1~1 CuCIdent photon self-energy can

be calculated analytically

I (Ref.3 and references quoted

therein). Fig.3 shows the

E resulting real and imaginary

* part of the optical dielec-

01L
994 95 996 tric function for CuCl. The

(J /WTr calculated two-photon reso-

nance is in principle strong

1.4 -CuCI enough for the realization

* I of optical bistability also

with wide-gap semiconductors. a

CU

= 1. 
--

994 995 .996

a.. j /L.

Fig.3: Calculated dielectric function for CuCi at a polariza- -

tion density of 4x10 15cm-3 . WT and w are the frequencies of
the transverse exciton and of the mo9~ecule, respectively.
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Room Temperature Optical Nonlinearities
in GaAs Multiple Quantum Wells

D. A. B. Miller, D. S. Cnenla, A. C. Gossard* and P. W. Siith

Bell Laboratories, Rin 48-417
Craafords Corner Road

Holmdel, NJ 07733

B 8ell Laboratories, marray Hill, NJ 07974

Progress towards practical all-optical switchinj

and signal processing devices depends crucially on finding'

suitable nonlinear materials. Consequently, various worKers

have explored so-called 'dynamnic' nonlinear optical effects

in seniconductors(l) in which the optical properties cnange

as a result of real excitation of the material. Seniconduc-

tors are particularly attractive for fabrication as small

devices. Unfortunately, wile some of these effects should

. persist to room temperature, one of the nost attractive,

-. saturation of free exciton resonances( 2 ) is basically lim-

ited to lod temperatures in conventional semiconductors

because of thermal broadening.

By confining carriers in GaAs quantum wells 100A

thick, spaced apart with GaAlAs barriers, exciton resonances

can be observed at room temperature ( 3 ) primarily because

the confinement leads to an increase in binding energy, -x2

0
for 100A layers, whereas in GaAs the resonance has all but

disappeared at room temperature. Furtnermore, the MQW

-. .. . * -- -
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absorption near the exciton peaks is much more readily

saturated than GaAs near its exciton peak at room tempera-

ture.(
3 )

rhe mechanism behind the excitonic absorption

saturation at room temperature is thought to be as fol-

lows.( 3 ) Optical absorption near the resonance creates exci-

tons; within -0.5 ps these excitons are ionized into free

electrons and holes. This free carrier density interferes

with the production of further excitons, thus altering the

excitonic absorption spectrum. The free carriers (and con-

sequently the cnanges in absorption and refraction) decay

with -20 ns lifetime.

These observations have stimulated renewed

interest in MQW structures. Optical bistability has been

observed in room-temperature MQW structures,( 4 ) as has

degenerate four-wave mixing (DFWM)•(5) Optical bistability

observations have so far greatly exceeded the measured exci-

tonic saturation intensities and may have to rely on other

processes (e.g., interband saturation) to complete the

switching action.

Unfortunately the microscopic theory(3) is

currently too crude to be of much help in designing effi-

cient devices. Detailed measurements of low intensity

"* behavior( 5 ) have however recently been made.( 5 ) Single laser

- -. -. --. 4
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nonlinear absorption spectra show that the exciton peaks

initially broaden without loss of area and shift to lower

energy. Recent experiments using two lasers support this

interpretation. DFWM spectra combined with the nonlinear

absorption can be used to measure nonlinear refraotion, giv-

ing 'p/N 2xl0-19cm3  dhere Lp is the change in refractive

index and N is the induced carrier density. This is rela-

tively a very large number, and if devices can be designed

to utilize such nonlinearities operating powers may be

reduced by orders of magnitude.

Work is continuing to characterize these non-

linearities in more detail, and currently these materials

offer good prospects for practical room-temperature all- -

optical switching and signal processing devices compatible

with laser diodes. -

_.. 0
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Nonlinear Optical Response of the Lowest Exciton Resonances in GaAs

R. G. Ulbrich

Bell Laboratories

Murray Hill, NJ
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Considerations Involved In the Design of an Optical Digital Computer

Alan Huang
Bell Laboratories

Holmdei, New Jersey 07733

ABSTRACT

The prime concern In the design of an optical digital computer Is "Why?". Optical bistabil-

ity is faced with the same question. If optical bistability is to compete with other switching tech-

nologies solely in terms of speed and power then its development will be haunted by the con-

stant advances in silicon technology.

Optical bistability Is different from other switching technologies in that it is based on optics

rather than electronics. This would seem to be a disadvantage since it would be more difficult

to integrate such devices into an electronic design, however there are advantages. One advan-

tage is the parallelism of optics while another Is its non-interfering propagation. A lens or a mir-

ror can easily communicate thousands of channels of information in parallel. One optical beam

can also be passed through another without interference. Electronic signals on the other hand

must be individually guided and protected from interacting.
- ..: a.. .:,

It is difficult to appreciate these advantages until one studies some of the problems con-

fronting future computer systems. One problem involves interconnection bandwidth. As the

switching speed increases, more bandwidth is needed to communicate. This forces the use of

microstrip transmission lines and terminated coaxial interconnections. These faster switching

speeds also aggravate the problem of dock skew. This limits the maximum interconnection

length and also limits the maximum difference in interconnection lengths. The problems of

bandwidth and clock skew combine to restrict the topology and greatly complicate the design of

future systems.

An even more fundamental problem Is that of the Von Neumann bottleneck. This flaw is

exemplified by the serial, address laden communicat;--l which permeates all current computers.

- _'. '-'---''- ::.-':-':~ 4 .--. -' - -. ':. -- - -:,- '.-'.'. ---.a - ' - "- : ' : ' ' . . - -L. . - 43'
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This bottleneck can be traced to a tradeoff of time for interconnections which is needed to corn-

pensate for the inability of electronics to support n communication channels in parallel. One

result of this bottleneck is that current processors can only manipulate a very small amount of

its state space during each cycle. This means it takes more time to perform a given task.

It is well know that optics can provide many high bandwidth equal-distant Interconnections

in parallel. The question is how to modify the architecture of current computers to exploit thes3

capabilities. An optical digital computer based on a parallel finite state machine is used to illus-

trate how this might be accomplished. This processor consists of a two dimensional array of

optical NOR gates, prisms and lenses capable of offsetting the output image of the NOR gate

array one pixel in each direction, several latches capable of storing the offset Image of the NOR

gate array, and a means of feeding the output image of the latches to the input of the NOR

gate array. This design is used to demonstrates how the problems of bandwidth, clock skew,

and the Von Neumann bottleneck can be avoided by using optics. This design is also used to

illustrate how optical devices can be integrated into a computational structure and how the

capabilities of optics can be used to give optical bistability an edge over other switching techno-

logies.

* . 9. "
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Polarization Switching with Sodium Vapour

in a Fabry-Perot

M.W. Hamilton and W.J. Sandle
Physics Department
University of Otago
Dunedin, New Zealand

We report results of an experiment which demonstrates switching of the

polarization state of the output of a near-concentric Fabry-Perot containing

sodium vapour, excited via the homogeneously broadened Dl transition. An

example of the output, for linearly polarized laser input, at 1.5 GHz below

line centre (illustrated in figure 1) shows switching with hysteresis at

high input power (-400 mW) due to saturation, as well as the switching at

lower power (~200 mW) due to optical pumping effects.

., " Output
Intensity

Input Intensity
Fige 1....

'%"'" Figure 1. [:

. . . . . . . . . . . . .
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We have also observed purely absorptive polariza 'on switching at -50 mW

input power.

Polarization switching has been predicted in the context of three state

atoms in an optical cavity1 , and the lower power switching has been O

previously observed using the inhomogeneously broadened D1 transition of

sodium in a Fabry-Perot with the laser detuned above line centre2 .

By using argon buffer gas at up to 100 torr, we have reduced the

importance of hyperfine structure and inhomogeneous broadening so as to

3make the transition approximate a J = to J = transition . The

behaviour of the switchings that we observe will be compared with a theory

based upon J = to J = transition including the effect of magnetic

fields

1. M. Kitano, T. Yabuzaki, T. Ogawa, Phys.Rev.Lett. 46, 926, (1981)

C.M. Savage, H.J. Carmichael, D.F. Walls, Opt.Comm. 42, 211, (1982)

2. S. Cecchi, G. Giusfredi, E.Petriella, P. Salieri, Phys.Rev.Lett. ..

49, 1928, (1982)

3. W.J. Sandle, A. Gallagher, Phys.Rev. A24, 2017, (1981)

4. M.W. Hamilton, R.J. Ballagh, W.J. Sandle, Z.Physik B49, 263, (1982)
and to be published.
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Transverse Solitary Waves in a Dispersive Ring Bistable Cavity ii
Containing a Saturable Nonlinearity

J.V. ,oloney

University of Arizona, Optical Sciences Center

Tucson, AZ 85721

A.C. Newell and D.W. McLaughlin

University of Arizona, Department of Mathematics -

Tucson, AZ 85721

Stationary and nonstationary solitary waves can gradually evolve when the incident

- Gaussian beam intensity exceeds threshold for switching to the high transmission branch of a

ring bistable cavity. The number of transverse solitary waves scales as the square root of

-- effective Fresnel number and as the incident laser amplitude.

". At high Fresnel number, the switching of an incident Gaussian pulse to the high transmission

branch of a ring bistable cavity exhibits strong radial dependence. The portion of the beam

profile satisfying I(x) ;o It (l(x) is the intensity in the transverse x-co-ordinate and I+ is the

plane wave predicted switch-on intensity) switches rapidly to the high transmission branch in

about 20 cavity roundtrips. The central portion of the beam on recovering from the overshoot

switch causes a singular type edge to appear at the outer extremities of the on-spot. The

subsequent dynamics is dependent upon whether the system is operating under self-focusing or-

defocusing conditions. 1

In the good cavity limit, the wave equation governing propagation through the nonlinear

medium may be written

a E(x,y,z) = A0 a-i ___n2_ 2
%_ __ _ __ _ _ _ _ tjn E(x,y,z)

"4,- -"2 -"n- 0 L , (1

-..m a Z " T 1 +42 EIz= 2NaoLF ;:::-

- and further, the transverse E field satisfies the following boundary conditions.

,',,.,, - % ..'a'iC,' .- .. , . , . . ,, ,-% .% ., .. % * %4- - ,-,. .,, .- , -. .. .. . 4 , .%€ ', . ., ,.-. , ,

4~~~~~*~ . * . . . .§ . . .~*~ . .. ~ ~ A I. - m •" ' "" -.",r & . q " = " " " " " - - " " " " - - " q . - • -' ° . -V • .
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E(x,y,o,t) =T Ein (x,y,o,t) + ReikY'E(x,y,L,t-£E/c) (2)

The first term on the right hand side of Eq. (1) is the saturable term which gives rise to self-

- focusing or self-defocusing while the last term is responsible for diffraction [V =

'wj (si x2); we assume a single transverse dimension]; A = (W - Wab)/YI is the normalized

laser atom detuning, uo the linear absorption coefficient per unit length, F = n 0 wl/2 2 /X L is the

Fresnel number (no the background refractive index, w 1/2 is the beam waist half-maximum, X

wavelength and L the nonlinear medium length; Se - LAL is the total cavity length.

At high Fresnel number in conventional propagation problems it is customary to drop the

Laplacian term and adopt the so called uniform plane wave approximation. Optical bistable

* switching is unique however in that the singular edge discussed above causes the Laplacian to be

important locally and when operating under self-focusing conditions a train of solitary waves

begins to evolve from both outer edges towards the center of the beam. The train of solitary

waves can be stationary or can undergo compllicated periodic oscillations in the transverse

dimension depending on the total area of the switched-on beam. Figure 1 shows the initial stage

of the switching process to the high transmission branch for a Fresnel number of (a) F - 50 and

(b) F - 2200. Once the singular type edge has appeared the solitary waves begin to evolve

inwards. Figure 2 shows a self-sustained transverse oscillation which repeats after

approximately 85 cavity roundtrips (F-50).

A soliton theory has been developed, which replaces the complicated numerical problem of

solving both the nonlinear partial differential equation (propagation) and eqn(2) over many

hudreds of cavity roundtrips tion of two ordinary differential equations and a few

simple projections of the rest s. Quantitative predictions can be made for the

shapes, widths and heights of the - r ry soliton trains. The prediction of the theory is exact

for a single soliton appearing on the upper branch in the bistable region.

References
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Observation of Optical Hysteresis in an all-optical passive ring cavity

R.G. Harrison, C. Emshary and I. Al-Saidi

Physics Department, Heriot-Watt University, Edinburgh, U.K.

We report the first observation of dispersive optical hysteresis in an all

optical passive uni-directional ring cavity system. Ammonia gas is used

as the non-linear medium for which a number of vibrational-rotational

transitions (1)are in near coincidence with the step tunable emission from a

TEA CO2 laser. Pronounced instabilities and optical hysteresis are found

to occur over a gas pressure range commensurate with that for self-focussing.

A grating tunable hybrid TEA CO2 laser with amplifier, operating on a single

mode, with a gain switched pulse duration of '\, 100 nsec was used. The

laser output, sampled via a beam splitter, was coupled through a Ge flat

(R = 36%) which formed one element of the three element ring cavity (cavity

length % 3.5 m) comprising two plane mirrors and incorporating a 1 m long

gas cell and beam. splitter for sampling the cavity signal. Signals were

recorded using photon drag detectors in conjunctioni with Tektronix 7904/7104

oscilloscopes.

Typical results, shown in Fig. 1 for an input signal % 400 kW,were

obtained for off-resonant excitation of the aR(ll) transition of NH3 with

the lOR(14) line of the CO laser (V - V = + 1.23 GHz). For the2 2 C 2  NI

pressure range (9-15 torr) over which instabilities were found, the pressure

(2)broadened bandwidth of the transition ( 13 MHz/torr) is considerably

smaller than the frequency mismatch of 1.23 GHz, indicating the dominant

role of dispersion in these effects.

Oscilloscope traces (a) and (b) are simultaneous recordings of the

input signal and the ring cavity signal for an NH3 pressure of 15 torr.

d,. .-

%. . . . . . . . . . . . . . . . . . . . . . . .
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The temporal features of the cavity signal was sensitive to gas pressure.

Outside the pressure range for instabilities (and self focussing) the ring

signal exhibited a smooth temporal form similar to that of the incident

signal. Cavity blocking and cavity misalignment checks unambiguously

identified these nonlinear effects to be due to cavity feedback. Traces

(c) and (d) are dynamic plots of the input signal (abscissa) versus ring

.. cavity signal (ordinate) obtained by recording the respective signals on the

x and y plates respectively of a Tektronix 7104 oscilloscope. The linear

dependence of trace (c) for zero NH3 pressure serves as a normalisation

curve. Hysteresis associated with optical bistability is clearly evident

in trace (d) for an NH3 pressure of 10 torr, and is characteristic of

results obtained over the pressure range indicated above.

We will report new experiments and theoretical modelling aimed at

characterisation of these effects and at observation of Ikeda 
instabilities (3)

and chaos in all optical systems of this type.
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A-r tiv,, Cr, t I i t~i~it,- .1 i "

]Paul "an'Th1.

Univprsit" librP de Bruxelles, Service de Chimir-hvjipue - I, 0

Campus Plaine, CP 231, 1050 Bruxelles, Belgium

T. Erneux

Dept. of Enineering Sciences and Applied r'athm.tic,.
Northix.-etern University, Bvan.stcn, Illinoi. 60201, USA.

In a theoretical discu.ssion of optical bistasil.i+V,

it is often necessary to resort to some approximation schem"

to discuss time-dependent properties. The standard mpthod

" consists in aqsurinq a very goo! cavity 0,,(1/ or -.-

very bad cavity (ard , ) an- to perform an adiabatic

elimination of the fast varying v:riables. 7n the .ood cavitv

limit /l/ the atomic variables are eliminates and one is

left with an equation for the field. In the bad cavity limit

/2/ the field and the atomic polarization nrp eliminated and

. one is left witl a-n eouqtion for the atomic inversion.

We show that when all three rqecay constantp K ,.

and 4 are of the same order of marnitude an adiabati V

elimination of fast variables can rvertT-lqs be performd .-.

in the limit of large C (fully a ov&-ed hysteresi,. Our

method is based on two arguments. Fir.,t we consider four

domains , each centered around one o' t-e 'rur '-icu]"-

points of coordinates (, ' " vyx (y , .
Tr m.-..

.-.. ',.....'.. -
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In each dormain all stationary field and atomi-c functions

1s3ve a well-definee dependence on C. We seek time-dependent

solutions which have the same scalin!T. Second in each domain

we perform. R multiple- time perturbation expansion after the

scalingz laws have been PDDlied. As a result we obtain in the

two domains pertaining to t'hP lol-'er branch a closer' nonlinear

* if-ferentia- equation for the population inversion which is

closely related to the equation dierived in /2/. On the other

hand we obtain a closed nonlinear differential eauation for

the field in the two dlomains of the upper branch; this equation

is closely related to the equation deriver' in /l/.

Inr the domin .murroundling (Y, Y the atomic inversion

verifies the equa-;tion

+L

-.'nierp Y is the (tire-riependent) input field amplitude. This

eouati or. yielis replevant informations on the jump to the

upper branch. It has been analyzed, both analytically and

* nurerically, for consttant (Y=O), slowly varyinL7Y(i anrl

* i~vvra~~input fJeals. Thin Ile ir : tc t're

.4%
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hysteresis occurq which cn_ 'hp very rdi'-forPt frorn trie

stationary hysteresis. This dynanrical hysteresip is shownM

* to be a function of the sweeping velocity of' the input field,

the initial conditions and the atomic parameters. Particul,3r

attention is devoted to the sawtooth pulse.

In the domain surrounding (Y XYm the output field

.J.. verifies the equation

X =.-X+Y-2/X

H-ere again a dynamical hysteresis is displayed9 whose properties

are mainlyrelated to the sweeping velocity of the input field.-

References.

/l/ V.Benza and IL.A.ILugiato,Lett.Nuovo Cimento,26,405(107q).

/2/ P.D.Drummond,Optics Comm.AC,224(19e2'.
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CRITICAL SLOWING DOWN AND MAGNETICALLY-INDUCED SELF-PULSING

IN A SODIUM-FILLED FABRY-PEROT RESONATOR

J. Mlynek, F. Mitschke, and W. Lange

Institut fUr Quantenoptik, Universitat Hannover, Welfengarten 1,

3000 H.tnnover 1,FRG -~
. We report on the observation of critical slowing down and of self-

-pulsing in a Fabry-Perot resonator (FP) filled with sodium atoms

under conditions of transverse optical pumping /I/. The experimental

set-up (see Fig.1) is similar to the one used in steady-state bista-

bility studies reported before /2/. The dye laser, optically isolated

from the FP by means of a Faraday rotator (FR) is detuned from the
13 -3

Na D1 -line by 10 to 20 GHz. The sodium sample (N - 10 cm - , buffer

gas: argon, p=200 mbar) is placed in a near confocal Fabry-Perot

(Beam waist:120pm) and can be subjected to a transverse magnetic field

B. The intensity of the laser beam can be switched by means of an

.' electro-optic modulator(EOM), thus providing input-steps of variable

height (power:5 - 50 mW). A polarizer P1 is used to either circularly

or linearly polarize the input beam. The right- and left circular po-

larization components of the resonator output beam can be separated

by means of a X/4-plate and a polarizing beam splitter P 2" A pair

of photodiodes PD. is used for detection.

With circularly polarized input light optical bistability can be de-

tected by one of the photodiodes. In Fig. 2 the switching delay TD

between switching of the input intensity from 0 to a finite value I. i

and switching of the output intensity is shown as a function of

• ,. . , , -
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T0[psJ, Fig.2 

* 1500

in/Icr, I being the critical
in cr cr

l input intensity for switchin..

Obviously TD displays the pheno-

menon of criticai slowing down.
5001 The actual behaviour of the sys-

* ten is described in all details

•- by a simple computer model.

With P1 being replaced by a linear polarizer oriented not narallel

with respect to the magnetic field B, optical tristability is expected',

if the transverse magnetic field is weak /3,4/. (Very recently sta-

tionary optical tristability was observed in a longitudinal magnetic

field /5/). rig. 3 shows the time behaviour of the two a-components

following an input step of linearly polarized light with 'in closely

above Icr After a certain delay TD the a+ -component (upper trace)

jumps to the lower branch of the tristability curve (see Fig.2 of Ref.

3), whereas the a -component (lower trace) jumps to the upper branch.

Unde- appropriate conditions coherent Raman-type oscillatory transienrs

are observed in response to bistable or tristable switching.

Fig. 3: Transients in optical

tristability (10 Visec/div.;

upper trace: sensitivity x 2.5)

tI

tCj-. b
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Fig. 4: Magnetically-induced

seif-oulsation (200,,sec/div.)

* When the static tran-sverse magnetic field is increased beyond a cri-

* tical value B the system~ starts to switch between the two high-

* -transmission states (a- or a +-light transmitted) . The intensities

of the two polarization components develop into "complementary"

* regular pulse trains as shown in Fig.4. These pulse trains last

dictions of Kitano et al./4/ concerning "magnetically-induced self- fomiue.Al bsraon aeinxclnt gemntwhtepe-2

-pulsing" in optical tristability.

References:
/1/ D.F. Walls,P. Zoller, Opt. Comm. 34,260(1980) and ref. therein..

/2/ J. Mlynelk,F. Mitschke,R. Deserno,W. Lange, Appi. Phys. B28,135

(1982).

/3/ M. Kitano,T. Yabuzaki,T. Ogawa, Phys. Rev. Lett. 46,926(1981).

/4/ M. Kitano, T.Yabuzaki,T. Ogawa, Phys. Rev. A24,3156(1981).4

/5/ S. Cecchi,G. Giusfredi,E. Petriella,P. Salieri, Phys. Rev. Lett.

* 1928(1982).
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_-__Qptica. .istability and Hysteresis under

Phase doh-jgat 1o n i n CdS Crysta l

Brodin M.S.,Borvhch A.A.,Volkov V.I.,Ykhtare.v _W.V.

Institute o~f Physics of the Academy of Sciences of

the Ukrainian SS1R, 252650, Kiev-28.GSP, prospect

Nauki,144, KieV,USSR.

summary

The exact solution of the nonlinear equations,diescribing

phase conjugation (PC) was obtained.Theoretical dependence of

the backward wave intensity on that of interacting waves with

Gaussian time shape exhibits well-pronounced hysteresis,which

causes the bistable operation when total pump intensity exeeds

some critical. value Ic .Several hysteresis loops are expected

to appear with further increase of pumping.

The experiments w.-ere performed on OdS crystal in four-

wave-mixing configuration at room temperature with ruby laser.Do

41 The onset of bistability was observed at pump intensity above
2tf

20 MW/cm2.The modulation of PC in-tensity due to optical hyste-

*resis was observed.The PC in OdS crystal is due to fifth-order 4*

nonlinear susceptibility.This nonlinearity arises from non-

equilibrium free carriers excited by interband two-quantum

absorption.Its rela-xation time is of the order of 10s

The characteristic curve ofL the bistable "mnirror" with

PC was obtained.Both the value of Ic and time behavior of

* the reversed wave are in g~ood arreement with the theory.

*~~~~*~~* 1 ... .~ -~ * . - * . . . . . t %
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The physical nature of the optical bistability and opti-0

cal feedback in PC under the degenerate '£our-vwave-mixing is

discussed.The nonlinear phase ismatch of the interacting wa-

yes is found to provide for optical feedback in the scheme in

question.The optical feedback in turn leads to hysteretic de-

pendence of the reversed. wave intensity versus pumpinest

so that optical bistability appears.

'p%
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LOW POWER OPTICAL BISTABILITY NEA..

BOUND EXCITONS IN CADMIUM SULFIDE

[C..

by

M. Dagenais and H. Winful

GTE Laboratories Incorporated

40 Sylvan Road

Waltham, MA 02254

The 12 bound exciton in cadmium sulfide has a giant

oscillator strength of 6. It decays mostly radiatively in

500 psec. Such a large oscillator strength leads to a very

large transition dipole moment and to very large nonlinear

effects off-resonance. At 2K, this sytem saturates like an

inhomogeneously broadened system for intensities up to 30 times

the saturation intensity. The transition linewidth is 7.5 GHz.

In a tight focusing geometry, only 3.6 wW is required to see the

onset of saturation. This corresponds to a measured saturation

2
intensity of about 60 W/cm The linear absorption coefficient

right at the resonance peak was measured to be 3.2 x 1 cm

At higher temperatures, the transition linewidth broadens and the

line becomes more and more homogeneously broadened because of

phonon interaction. At intensities above 50 times the saturation

intensity, the absorption coefficient stops decreasing and then

starts increasing. At these high intensities, thermal effects
-lfi7e

.' [' appear to play a significant i'ole in sh ift ing the free and bound

F , € Z .. . . . .•.. . . . . .. '', . . . . .- . . . .,. . . . . . . . . . .. ....., . . .
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exciton resonances toward lower energies. At intensities less '-J O

than 20 times the saturation intensity, thermal effects are be-

lieved to be insignificant in our saturation measurements.

For studying optical bistability, the laser beam was

1°2focused to a 20 p diameter spot size (I/e2) in a high quality

plane parallel cadmium sulfide platelet of 20 p thickness. No

reflective coating was deposited on the sample since the dis-

continuity of the index of refraction is sufficiently large

(nCdS "% 3) for providing the necessary optical feedback. At

very low intensities, the far field profile of the output beam

from the sample was observed to be Gaussian. As the intensity

is increased, the beam diameter increases and a circular fringe

pattern develops. This effect is enhanced when the laser is

tuned near the exciton resonance. By further increasing the

input field, the circular fringe pattern moves in continuously.

This happens up to a point when there is a sudden discontinuity

in the transmission pattern. By monitoring the intensity of the .

- central fringe only, using an aperture and a detector in the far

field, it is found that the transmitted intensity through the

aperture increases proportionally with the input intensity to a

point where it suddenly drops. Reducing the input intensity, "
#01

the transmitted light does not follow the same path, but switches

back to its initial value at a much reduced input intensity. Very

lage hysteresis loops are seen and more than one hysteresis loop

can be observed depending on the detuning. The appearance of -.

... ..-...'. ..1....-.............. ... ...* .-. . . . .. . -
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rings is a clear demonstration of the importance of transverse

effects in optical bistability. At high input intensities, very

regular pulsations at "56 and 112 KHz were observed as the

intensity was raised. There is a regime of input intensities for

which the output appears erratic in time.

Using a two-level representation for modeling the material

inside a Fabry-Perot resonator, and assuming reasonable physical

parameters, we can show that one needs to saturate the transition

in order to see optical bistability. This implies that we cannot

expect to switch off much faster than the two-level energy

relaxation time, given that the cavity build-up time is

sufficiently short. On the basis of such a model, we predict a

turn-off time from the on state of the order of 500 psec if,

of course, thermal effects can be completely eliminated.

In conclusion, optical bistability near a bound exciton in

cadmium sulfide can be seen at very low power. Furthermore,

this sytem promises very fast switching and very fast all-optical

processing of signals.

,.-'-:1,: 1 * :.

... ,1
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Light-Induced Nonreciprocity: Directional Optical Bistability; Spectroscopy of Induced -

Anisotropy; Nonlinear Sagnac Effect .

A.E. Kaplan

School of Electrical Engineering

Purdue University, West Lafayette, IN 47907

In our recent research it was suggested that counter-propagating laser beams in a

Kerr-nonlinear medium can induce intensity-dependent nonreciprocity which consists in

different changes of refractive indecies for both of the waves. Under some conditions,

this can result in such directionally asymmetrical effects as (i) directional bistability in

a nonlinear ring resonator which allows one to switch the direction of propagation of a

dominant mode and (ii) enhancement of the Sagnac effect in a rotating ring resonator.

Recently, the nonlinear nonreciprocity has been observed experimentally2 . Due to for-

mation of a nonlinear index grating in the nonlinear medium, the effective susceptibili-

ties for each of the respective waves are

*A'E, 2 = 'E2(E1, 21 + 21E 2,112), (1) - -

where E2 nonlinear parameter of the material and I E1,21 2 are intensities of the waves,

such that AE1 - A( 2 = E2(I E21 2.. I Ell 2). Let a nonlinear ring resonator be pumped -.

in both directions by two incident beams with the same frequency w (in the vicinity of -.

eigen-frequency of the resonator w0 ) and intensity I Ein 12. Dimensionless intensities of .

both waves 11,2(-C21 E1,2 1 2) are then determined by the equation

A-I{l + [A +Il +213_12} ; j =1,2 (2)

where AO( 2I Ein 2 .dimensionless intensity of the pumping, A = dimension- .

. . .. . -o
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less frequency detuning from the resonance (-y - cavity bandwidth). Eqs(2) always have

a symmetric solution (I = 12). However, under some critical conditions, this solution •

becomes unstable. The new stable regime corresponds to non-symmetrical oscillation

the wave propagating in one direction is suppressing the wave propagating in opposite

direction. The dominant wave can be by many orders of magnitude larger than the

another one (Fig.1). It could be either left- or right-propagating wave depending on the

initial conditions, such that the system exhibits a directional bistability. Inside of the

principal domain of a stable symmetrical solution, the system can exhibit an enhance-

ment of the Sagnac effect (the latter is due to linear nonreciprocity originated by the

rotation of the ring resonator). The nonlinear Sagnac effect becomes extremely large

(with the enhancement of 103 - 104) at the onset of the instability and directional bis-

3tability. A "hybrid" analog of this system has been also proposed recently

In this paper, we show that the effect of nonlinear nonreciprocity is directly related

to the anisotropic properties of the third-order nonlinear susceptibility. Therefore, it

must be extremely sensitive to the mutual arrangement of polarization of both of the

counter-propagating waves. In the case of arbitrary third-order nonlinear tensor, the

induced anisotropic response of the matter can be expressed as 4

D 2L = + , (3)

where a and 13 - some constants, [ - the total field of both of the waves. Basing on

Maxwell equations and Eq(3), we show that these equations have four invariants which

allow for some mutual "eigen-polarizations" to propagate without distortion of their

initial directions of polarization: both of the beams are linearly polarized, with their

electric vectors either (i)parallel to each other or (ii) orthogonal to each other; both of

the beams are circularly polarized being either (iii) co-rotating or (iv) counter-rotating.

All of those "eigen-polarizations" have different respective magnitudes of nonlinear non-

reciprocity. For instance, the ratio of pertinent nonlinear nonreciprocities for these

. . .

"->" "' i-:----~~~~~~~~~~~.-..-... . . .--........ ,,..... . ..- -• - ... . . .
:." ". ... ........ ... .. .:: .. , : -- ' ,. ..-.- . ,. . . - .. ,... . -,
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configurations in the case of pure Kerr-effect is 1:(-3/4):(1/4):(3/2). Therefore, the pro-

posed effect can be used as a novel experimental tool for the spectroscopy of the aniso-

tropic components of the third-order nonlinear tensor of matter.

1. A. E. Kaplan, P. Meystre, (a) Opt. Lett. 6, 590 (1981); (b) Opt. Comm. 40, 229

(1982).

2. S. Ezekiel, J. L. Davis, R. W. Hellworth, Opt.Lett. 7, 457 (1982).

3. A. E. Kaplan, Appl. Phys. Lett. March 15, 1982. .

4. P. D. Maker, R. W. Terhune, C. M. Savage, Phys. Rev. Lett. 12,507 (1964).
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Vacuum-Deposited Thin-Film Interferometers

as Bistable Devices Operating Continuously

at Room Temperature

Apanasevich S.P., Karpushko F.V., Sinitsyn G.V.

Institute of Physics of the BSSR Academy of .. 0

Sciences, Lenin Avenue 70, 220602 Minsk, USSR

Bistable operation of a nonlinear thin-film semicon-

ductor interferometer, fabricated by vacuum deposition,

was first observed in [1]. Refractive index nonlinearity re- .1
quired was achieved in a ZnS-spacer of submicron thickness

2with the input light beam intensity of about 6 kW/cm 2 .

Later we also realized a bistable regime in nonlinear

interferometers made of other materials, such as ZnSe, MgF2 ,
Nle ti i it e et absb2

Na 3AlF 6 , and we think that logic response can be achieved

in most thin-film interference filters described in [2].
Nonlinear thin-film interferometers as bistable de-""-,-

vices have the advantage of operating at room temperature in

the cw regime. A prolonged effect of the input light beam

on ZnS-interferometers does not cause any changes resulting

in a decrease in light-induced photorefraction, and this bi-

stable element can remain in any of its stable states until I' :-.

,* the switching signal appears. In non-linear thin-film inter-

ference filters with ZnSe and Na3AIF6 spacers, the switching

of the input intensity is first followed by a short-term

(a few seconds) transient after which operation of the bi-

stable device stabilizes.

In all the thin-film interferometers studied we ob-

served the beam profile hysteresis and an unusual form of

* the hysteresis loop with the negative slope of the upper

branch for the on-axis zone of the input beam. The decrease

- .. ...- - - - . - -. . . . . . " .. .. - , - I
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in the output intensity as the input intensity increases

after the bistable device is switched on is likely to be

determined by the difference between the stationary spatial

profile of the light field distribution inside the interfe-

rometer and the temperature distribution profile.

Unlike thin-film filters made of ZnS, ZnSe, and

Na2 AlF6 , bistable interferometers with the MgF2 spacer do

not demonstrate stable operation. The "backward" hysteresis

loop is characteristic for them and on achieving certain

input intensity transition to the regim of regenerative

pulsations is observed. Like in [3], these pulsations can

be explained by the competition between processes which

lead to the refractive index changes with opposite signs.

In our case these processes are the light-induced photore-
i fraction which increases ,and a slower negative change _

of the spacer refractive index initiated by heating.

Another advantage of the bistable devices based on

evaporated thin-film interferometers is a comparatively low

threshold of the bistable regime. For example, input power

of 7.5 mW is sufficient to switch on the ZnSe-device with I
the detuning equal to a quarter of the peak width at half-

transmittance. Since the focused beam has a diameter of

50j this light power corresponds to the input intensity

of 400 W/cm2 .

The experimentally observed switch-on and -off times

of our bistable interferometers are equal to 8 and 17 Ps,

respectively. However, we do not consider these figures to

be the principal limits. The speed of the bistable device

is restricted by characteristic times of light-induced re-

fractive index change relaxation, and a special experiment

showed that these times can be as short as 0.1-0.5 s. In

V-.., -,',- .
.,, r ..

•. • . . * . *. ..
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the same experiment the induced absorption was found cor-

responding to the band gap of the materials used. The

change of the imaginary part of the complex refractive--

index turned to be equal to 0.002 which corresponds to the

coefficient of light-induced absorption of about 400 cm 0

Ref erences

1. F.V. Karpushko, G.V. Sinitsyn, Zhurn. prikladn. spektro-
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2. F.V. Karpushko, G.V. Sinitsyn, Appl. Phys. B,28, 137
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Multistability due to the helical optical

distributed feedback in the cholesteric liquid

crystals

Kukhtarev N.Ve

Institute of 'Physics, Ukrainian Academy of Sciences

252650, Kiev-28, prospect Nauki, 144LI, Kiev, USSR

S umraary

It is shown that optical helical dLstributed feedback may

cause the appearence of the multistability in transmission

and reflection of the laser light by the cholesteric liquid

crystal (OWC) (where helical distributed feedback laser was

proposed /I/ and realized /2/) show that multistability may

be. realized with the intensities I kW/c 2 witvh response

* time 10-9 sec*

I* Kukhtarev N*y. Kvant., Blectrono. 2 N 6, 1360, 1978.

2. Ilchishin I.P., Tikhonov 3E.A., Tishenko V.P., and Shpak JA.T.

Pisma v ZFTF, 329 N 2, 27, 1980.
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".5 "Bistable Injection Laser.

Ch. Harder, K Y. Lau and A. Yarlv

Caltech 128-95 '-.

Pasadena, Ca 91125

Semiconductor lasers with inhomogeneous current injection have been pro- .

posed nearly twenty years ago [1] as highly compact and efficient bistable dev-

ices. Recently, we demonstrated that a semiconductor laser with a segmented

contact, as shown in Fig. 1, displays bistability without pulsations. The key to

the proper design of such a bistable laser is the electrical isolation between the

two segments which requires that the parasitic resistance (Rp in Fig. 2) between

the two contacts be as large as possible. This can be achieved by doping the top

cladding layer only slightly p-type.

When both sections of the laser are pumped equally, the light current charac-

teristic is linear as shown in Fig. 2, curve (a). For bistable operation, the

absorber section is pumped with a very small negative constant current 12 (to

introduce the saturable absorption) and the light output as function of the

current through the gain section displays a giant hysteresis ( Fig. 2 curve (b)).

The amount of saturable absorption can be easily adjusted by changing the

current 12 through the absorber section resulting in a different size of the hys-

teresis ( Fig. 2 curve (c)).

Crucial to the understanding of the characteristics of this bistable laser is a

negative differential resistance (which is opto-electronic in origin) across the

absorber section, as shown in Fig. 3, reminescent of a tunneldiode. Like tunnel-

diodes, which can operate as bistable devices or as self-sustained oscillators

depending on the bias resistor, the double contact laser can operate also in a

bistable or unstable mode by choosing the proper load resistance ( R2 in Fig. 2)
.7..

at the absorber section. We have observed that a small load resistance causes

the laser to pulsate and that a large load resistance causes bistability [2]. ..

-' . . V- ",,,.

'" "". 5 . . . . , - " " """ " "
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The laser has two stable states when biased within the hysteresis ( i.e.

11=25mA; 12=-11014A in Fig.2 ), an off state ( the laser emits only spontaneous ... ,

radiation ) and an on state ( the laser radiates stimulated emission ). A small

positive current pulse superimposed on I increases the gain momentarily, thus

bleaching the saturable absorption and the laser switches on. Switching off is

achieved by a subsequent negative current pulse. While the switching off is usu-

' ally fast, the switching on dynamics depends critically on the trigger pulse

amplitude. For small trigger pulse amplitudes these switching delays are very

long but they can be reduced by increasing the trigger pulse to typically 5 ns at

power delay products of 100 picojoules.

We will present a simple model which explains the main features of an injec-

tion laser with inhomogeneous current injection. A set of three rate equations

is used, one for the density of the carriers in the gain section, one for those in

the absorbing section and one for the density of photons in the lasing mode. The

calculated light current characteristic is shown in Fig. 4. It is a unique feature

of semiconductor lasers that the quasi-Fermi levels of the inverted population

* .":- can be acessed directly since the externally applied voltage is equal to the . -

difference of the quasi-Fermi levels. Many interesting effects in injection lasers

are a direct consequence of this fact. For a complete description, two equations

.. relating the voltage across the absorber section and the gain section to the

respective carrier densities have to be added to the three rate equations. The
calculated current voltage characteristic of the absorber section shows a nega-

tive differential resistance as shown in Fig. 5.

The switching dynamics of this bistable laser shows the critical slowing down

as expected from an analogy between a bistable laser (which is explicitly a none-

quilibrium system) and a first order phase transition (which relies implicitly

74 upon the assumption of thermal equilibrium). We will present a small signal -

interpretation of the critical slowing down.

S-Or . U. <... . .. ..... ... . .
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Experimental results of this device placed in an external optical cavity are

also reported. Depending on the biasing condition the device will be bistable

(R2 =200kO) or pulsating (Re 33001 as shown in Fig. 6. In the bistable mode

the laser can be switched on and off by varying the amount of optical feedbackJI

and it can be used as an optical stylus to read an optical disk. In the pulsating

mode ultrashort pulses through passive mode locking can be generated at a

repetition rate corresponding to the round trip time in the external optical cay-

ity.

This research was supported by the Office of Naval Research, the National Sci-

* . ence Foundation under the Optical Communication Program and by the Army

Research Office.
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Figure 3: Current voltage characteristic of the Figure 4: Calculated static light current character..-
absorber secton for different pump currents in the tic. For homogeneous pumping: curve (a) and for
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(Re = 3300. V = -1.05V). The device is b. table for
current biasing and pulsating for voltage biasing.
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As it is well known from nonlinear optics, the dielectric function
. %.

E(QM) and the resulting polariton dispersion are functions of the

excitation intensity. Since in CuCl biexcitons with energy EBi may be

created by the absorption of two photons provided by different light

sources, E (Q,Q) depends on the density of photons with frequency w,..

defined such that

qi + 1r = EBi (1)

Therefore, if the sample is excited by a strong laser beam with a

frequency w£, the complex dielectric function will be appreciably modified Pa

at the frequencies 0 which fulfil equation (1) 1,2. This effect has been

observed recently by two photon Raman scattering in CuCl 3 . It is well

suited to generate dispersive optical bistability. As the effect is due

to virtual creation of biexcitons, it should respond within the transverse

relaxation times of exciton and biexciton, which are of the order of

pico-second 4,5. ;;;LAW

In our experiments, CuCl samples of the order of 30 pm thickness are .

placed between two glass plates which are coated with platinum films.

Their reflection coefficient is chosen to be about 90 % and gives rise to

a transmission variation of 40 %. The obtained Fabry-Perot etalon is

placed in a pumped helium dewar working at 1.90K. %

Concerning the exciting source, we use an excimer laser (Lambda

Physik EMG 101) with XeCl as active medium to pump a dye laser working

".,- - ,.,-. , *. *- *.- *,. -... , - . .. ....... ..... ...-....- °...--..-. -... ,. . -- •. •. .-.....- ,
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with a diluted solution of aNND in ethanol. The obtained laser beam has a

narrow spectral width (0.05 meV FWHM) and a well defined time dependence.

Transmission of this beam through the F.P. is detected by a fast photo-

cell (UVHC 20) registered by a 7104 Tektronix oscilloscope using a GHz

amplifier. A part of the beam is taken as reference before entering the

F.P. and, after an optical delay, detected by the same photocell. The

overall time resolution amounts to 400 picoseconds.

If the photon energy of the dye laser hw is tuned around half the

biexciton energy (Eq. 1), optical bistability is clearly observed. It

shows up in the deformation of the pulse transmitted through the F.P.,

coreo the reference switch and off intensities

correspond to 40 and 20 MW/cm respectively. Both commutation times are

beyond our time resolution.

The effect is strongly resonant (+ 3 meV) on the biexciton energy. k

If the laser is detuned from the resonance, no effect could be detected.

The photon energy region in which optical bistability is observed depends

on the relative position of half biexciton energy with respect to a

transmission maximum of the F.P. A systematic study of this point will

be performed.
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Over the last few years optical bistability has been predicted and/or ob-

served in a number of configurations involving a nonlinear medium placed

inside an interferometer and irradiated by a laser field -

In this communication, we discuss the conceptually simplest system to

exhibit optical bistability. Here, no nonlinear medium is required.

Rather, we take advantage of radiation pressure to achieve hysteresis

in the transmission of an interferometer 2

Consider an interferometer consisting of a fixed mirror and a second

mirror allowed to move freely, with some restoring force. This can be

achieved for instance by hanging it with a thin wire, so that its motionO74 I,.O.

is that of a pendulum. In the presence of a radiation field inside the

resonator, its equation of motion is

.- ... . , .. '. . .. .. . .: .... . . .° ... . . . .. .. : . - . . ° - ... . . . .,. ... ... . .* . ..
- **.!
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where the last term is the radiation pressure force.

Here, is the displacement of the mirror from equilibrium, w its eigen-

frequency, y its damping constant, m its mass, and E(t) the electric field

inside the resonator.

2(2= ' Ec (2) .

where R is the reflection coefficient of the mirror, eo the dielectric

constant of vacuum, and S the irradiated area. In deriving Eq. (1), we

have assumed that the mirror exhibits small displacements only.

The equation of motion for the transmitted field is, as usual .

Er ~ C~t(3)

where K = cT/L is the linewidth of the resonator, ET = EIT is the trans-

mitted field, and

I.:R [,, + L[Ot2~>.~ (4)

L C

Here, L0 is the rest length of the resonator and w0 the corresponding

.. . . . ..... . . . . . -.. . . . . .. .....

0• c

~frequency, while w is the corresponding eigenfrequency for a length "-O
c

"a"" L :L o  + 2 >, ..
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At steady-state, Eqns. (1) and (3) yield

where Y E1 12 and X = I1ET( 2 and K = cT/L o. 00 0!

Thus, we obtain a cubic relationship between incident and transmitted

field, and optical bistability. Using very light mirrors (1-100 mg), it 0

can be shown easily that bistability can be reached for very reasonable

powers of 1-200 mWatt. We note that this bistability is in a sense very

similar to dispersive bistability with a Kerr medium, except that here, ,D9

the effective change in optical length is replaced by a real change of

cavity length. This system opens a number of applications, in particular

in sound waves to optical signal transducers, very sensitive scales, etc... 4-.

* . In the presentation, a detailed time-dependent analysis of this system,

its experimental verification, and possible applications, will be dis-

cussed.
"* .-...
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